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ABSTRACT

This thesis describes the electrical properties of
hydrogenated amorphous silicon-based alloy/crystalline silicon
heterojunctions and development of new methods for getting
information on midgap states in undoped hydrogenated amorphous

silicon-based alloys. In order to Investigate . the
heterojunctions in metal/amorphous/crystalline diodes, the
property (Ohmic or rectifying)} of each contact has been studied
first. Then, characteristics of their current-voltage (I-V),

capaclitance-voltage (C-V) and transient capacitance have been
measured and discussed. From the above fundamental studies,
methods for determining a midgap-state density and its profile in
highly resistive amorphous semiconductors, such as undoped
hydrogenated amorphous silicon (a-Si:H), undoped hydrogenated
amorphous silicon germanium alloys (a-81,_,Gey,:H) and undoped
hydrogenated amorphous silicon carbon alloys (a—Sil_xCX:H), have
been developed. Furthermore, the nature of midgap states in them
has been researched.

First of all, it has investigated the I-V characteristics of
metal/undoped a-Si:H/n* (or p*) crystalline silicon (c-81)
structures wusing Mg, Au, Pt and Al as a metal. Although Al has
been thought to form an Ohmic contact with not only P-doped but
also undoped a-Si:H, Al as well as Au and Pt is found to form a
Schottky barrier junction with them. On the other hand, Mg |1is
found to form a good Ohmic contact not only with P-doped a-Si:H
but also with undoped a-Si:H. This contact does not exhibit the

thermal degradation at least up to 100 °C. Next, investigated
are the 1I-V characteristics of metal(Au,Mg)/B-doped a-Si:H/c-
Si(n+,p*) diodes for variocus doping levels of B in a-Si:H. The

Junction studies determine the conduction type of B-doped a-Si:H
on the basis of "dominant" carriler concentration, and find that
the p-n transition occurs at B2I16/51H4'~-10_6 although the
conductivity minimum appears at BZH6/81H4-10_4.

From the study of the C-V characteristics of undoped a-
Si:H/p c-S1 heterojunctions under high frequency (= 100 kHz), a

v



midgap-state density (Nj) of a-Si:H and an electron affinity
(x Z) of a-S1:H are obtained. This method is called a steady-
state heterojunction-monlitored capacitance (HMC) method. The
analytical approach is that the capacitance in the a-S5i:H side
becomes equal to the geometric capacitance of the a-Si1:H film due
to its longer dielectric relaxation time, while that in the c¢-Si
slde 1s associated with the depletion wldth 1in ¢-S1 which
reflects the space charge of the depletion region in a-Si:H by a
dc bias. In order to understand the physical background of Ny
which 1s experimentally obtalned from the steady-state HMC
method, a model for simulating high-frequency C-V characteristics
of highly resistive amorphous/lowly resistive crystalline

semiconductor heterojunctions has been developed. In the
reasonable case that its Interface-state density is less than
1011 cm'z, the results experimentally obtained from the steady-

state HMC method are found to be valid.

It has also measured the temperature dependence of the I-V
characteristics of undoped a-Si1:H heterojunctions on p ¢~-S1 with
different resistivities. The forward current of all the
junctions studied shows voltage- and temperature-dependencies
expressed as exp(-AE ¢/kT)exp(AV), where AE e and A are
constants 1independent of an applied voltage (V) and a measuring
temperature (T), being successfully explained by a multistep-
tunneling capture-emission (MTCE) model proposed here. The
reverse current 1is proportional to (VB—V)1/2. where Vg is the
built-in poctential. This current is probably 1limited by a
generation process in the depletion reglons.

A novel technique (transient HMC method) has been proposed
for determining a midgap-state profile in highly resistive
amorphous semiconductors from the study of the transient
capacitance of highly resistive amorphous/lowly resistive
crystalline semiconductor heterojunctions. The transient HMC
method has been applied to undoped a-8i:H, undoped a—Sil_xGex:H
and undoped a—Sil_xCx:H. These midgap states are found to
correspond to singly-occupled dangling bonds (DO). The density
of the midgap states increases slowly with the Ge content in the
film, while it increases rapidly with the C content. The peak of



the midgap-state profile appears clearly in a-S1i:H and

a-51,y_4Ge,:H, but 1t does not appear clearly in a-51;_xCy:H.
Next, changes of the midgap-state profile of light-soaked undoped
a-Si:H have been measured in the process of a 150-°C annealing by
the transient HMC method. Monomolecular annealing kinetics are
found to be suitable for explaining the results, and the thermal
activation energy for annealing decreases with an increase in the
energy position measured from the conduction-band edge. Finally,
midgap-state profiles in undoped a-Si:H have been measured after
light soaking, rapid coocling, and thermal annealing using the HMC
method. After short-time (< 4-h) light soaking under AM1 with
100 mW/cm2 at room temperature, the 1lncrease in midgap states
which are assigned to D0 in as-deposited films are observed. The
attempt-to-escape frequency (v n) for electrons of those states
is 7x1011 s'l. Successive long-time (= 75-h) 1light soaking,
however, mainly produces another midgap states with v n °of leO13
s”1. Both light-induced metastable states with two kinds of v
are located at around 0.85 eV below the conduction-band edge.
After annealing those samples up to 200 °C for 2 h, both states
are completely recovered, but recovering behavior 1s quite

different from one with a small v to the other with a large

n
7 On the other hand, the states produced by rapid cooling

from 300 °C are similar to those induced by the short-time 1light

scaking 1in their v as well as in recovering behavior by the

n
annealing.
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

Crystalline/crystalline semiconductor heterojunctions have
been studied extensively over the years,l—T) and thelr
applications to devices such as heterojunction-bipolar
transistors (HBT) with a wide band-gap emlitter, laser diodes, and
solar cells are well known. From the viewpoints of understanding
the fundamental device physics, Anderson.z) Rediker et al..3)
Hampshire et a15,4) Riben et al.,5'6) Donnelly et al..7) and
other groups reported the electrical properties of
heterojunctions of crystalline materials. Anderson has Initially
propbsed an energy-band diagram assuming no interface states and
extremely abrupt change from one material to the other. Rediker
et al.,a) Hampshire et al..4) and Riben et al.s) reported the
experimental evidences for supporting the abrupt heterojunction
model (i.e., Anderson's model) through their capacitance-voltage
(C-V) measurements. With regard to the current~transport
mechanism of the heterojunctions, Andersonz) and Perlman et a1.8)
have put the basis of their calculations on a Shockley diffusion
modelg) and a Schottky emission model,lo) respectively, while
Riben et al.,5’6) Donnelly et al.,7) and Rediker et a1.3) have
independently published tunneling models to explain their own
data.

On selecting the combination of crystalline materials 1in
crystalline/crystalline semiconductor heterojunctions, it is
always necessary to consider lattice matching between two
crystalline materials, which greatly affects the properties of
the hetercjunctions. 4 In the case of amorphous/crystalline
semiconductor heterojunctions, on the other hand, it 1is not
always necessary to conslider the combination. Moreover, it |is
much easier to fabricate the hetercjunctions than to do
crystalline ones, for example, good amorphous films can easily be
deposited onto crystalliine semiconductors at such a low
temperature of 250 °C. Grigorovicill) was the first to report
the properties of amorphous germanium/crystalline germanium

12)

hetercjunctions. Stourac later reported that



CHAPTER 1 INTRODUCTION

chalcogenide/crystalline semiconductor heterojunctions could be
essentially approximated by abrupt heterojunctions, and reported
that the current-transport mechanism could be based on space-
charge-1imited currents (SCLC) 1in the amorphous material
(chalcogenide). However, those amorphous materials were not
appropriate for most of device applications. This is because the
electrical properties of those amorphous materials were poor,
i.e., 1t was quite difficult to make p-n control in these films.
In amorphous semiconductors, doping experiments intending to
control the Fermi level from the conduction-band edge to the
valence-band edge were not successful before 1975. In 1975,

Spear and LeComberla)

achieved the initial success of p-n control
in hydrogenated amorphous silicon (a-Si:H) using a glow-discharge
technique, which was followed by the announcement of a-Si:H solar
cells by the RCA group (Carlson and Wronski) In the following

year. 14)

This was recognized as real break through, because some
pessimistic suggestions had been made by Mottls) and Gubanov.lS)
independently, against the capability of p-n control in
disordered structures before 1975. The incorporation of hydrogen
into amorphous silicon reduced the number of electrically active
gap states, and thereby enabled p- or n-type doping via the
incorporation of group N or group V element, respectively.
Since then, a great number of experiments have been done in the
area of a-8Si:H from the viewpoints not only of the physics of
amorphous semiconductors but also of their applications to a
variety of electronic devices such as thin-film solar cells,
Xerographies, direct-contact line sensors, and thin-film
transistor arrays.

Amorphous/amorphous semiconductor heterojunctions have been
used for most of device applications, and for instance,
hydrogenated amorphous silicon-carbon alloy (a-Siq_4Cy:H)/a-Si:H

solar cells have shown a great potentiality.17)

However, the
physics of amorphous/amorphous semiconductor heterojunctions is
clearly far from being understood; - even ‘ the amorphous
homojunctions being not yet completely understood.ls) The study
of amorphous/crystalline semiconductor heterojunctions can thus

be a first step towards understanding amorphous/amorphous
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semiconductor junctions. From the investigation of
amorphous/crystalline semiconductor heterojunctions, moreover,
important information on amorphous semiconductors has been found
to be obtained.lg) And this study has been important to take
advantage of both the good properties of amorphous and
crystalline materials in one device.zo)

In the early 1980's, it started to study hydrogenated
amorphous silicon-based ailloy/crystalline silicon (c-S81i)
heterojunctions. Sasaki et al.21) have Investigated the diodes
with Al/undoped a-Si:H/n c-Si structures, and from the high-
frequency C-V chéracteristics of them density-of-state (DOS)
distributions [g(E)] in a-S1:H were estimated. From the reasons
of similarity of high-frequency C-V characteristics between those
heterojunctions and a metal-oxide-semiconductor (MOS) diode as
well as of similarity of very high resistivity between the
undoped a-Si:H film and the oxide film, it was natural to discuss
their high-frequency C-V characteristics using a MOS~-type
analysis.

We have studied the diodes with Mg/undoped a-Si:H/p c-Si
structures.zz)
type23) and Mg forms a good Ohmic contact with undoped a—Si:H.24)
These diodes exhibited good rectifying properties and the
current-voltage (I-V) characteristics of those dicdes were found
to originate from a p-n junction of the undoped a-Si:H/p c-Si
heterojunction, which means that the depletion regions are formed
in both sides of a-Si:H and c-Si and are changed by a dc applied
voltage. Although the high-frequency C-V characteristics were
somewhat similar to those of MOS diodes, they were discussed

where the conduction type of undoped a-Si:H is n-

using a p-n Jjunction-type analysis, which could estimate a
midgap-state density (NI) in undoped a-Si:H and conduction-band
discontinuity (Alqﬂ between a-Si:H and ¢-Si. This method 1is
referred to as a steady-state heterojunction-monitored
capacitance (HMC) method.

Smid et 31.25) have also surveyed the undoped a-Si:H/p c¢-Si
heterojunctions and concluded on the analogy of the study of
chalcogenide/crystalline semiconductor heterojunctions that the
currents Iin them were SCLC (1.e., bulk-limited currents), not
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Junction-1limited currents which we have proposed. Moreover, the
g(E) above the Ferml level in a-Si:H was estimated using an SCLC-
type analysis.

As 1s <clear from the above descriptions, two kinds of
analyses have been proposed in order to explain those C-V
characteristics;

1) a MOS-type analysis,

2) a p-n junction-type analysis.

Moreover, two sorts of current-transport mechanisms have been
proposed in order to explain those I-V characteristics;

1) a bulk-limited current-transport mechanism,

2) a junction-limited current-transport mechanism.

Since those were reported, many researchers have been interested
in those heterojunctions.

From a 1lot of studies in this field, the a-Si:H/c-Si
heterojunction has been found to have junction properties
sulitable for a variety of device applications.zo) such as

(a) a high forward-to-reverse current ratio;

(b) a small dark current even at a large reverse bias
condition;

(c) wide depletion regions in both a-Si:H and c-Si;

(d) large valence-band discontinuity (AEy) and small
conduction-band discontinuity (A E;) between a-Si:H and
c-S51.

Okuda et al.26) have reported a-Si:H/poly-crystalline silicon
stacked solar cells. Rahman and Furukawa27) have reported the
electrical properties of p+ a—Sil_xCx:H/n ¢-51 heterojunctions,
and applied those heterojunctions to solar cells which showed the
open-circuit voltage of 0.50 V, the short-circuit current of 30
mA/cmz, and the efficiency of 11.38 % under AM1 1ight (100
mW/cmz). Also Furukawa's groupzs) has studied an HBT with a wide
band-gap emitter made of hydrogenated amorphous silicon-based
alloys. Ghannam et 81.29) have investigated the similar HBTs.
Mimura and Hatanakaso) have studied vidicon targets without a p-n
diode array, whose main junction is a B-doped‘ a-Si:H/n c¢-Si
heterojunction. Yabe et a1.31)
with an undoped a-Si:H/p c¢-Si heterojunction. Vidicon targets

reported a gamma-ray detector
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and gamma-ray detectors make good uses of junction properties (b)
and (c), solar cells take advantage of (a) and (c¢), and n-p-n
HBTs make good uses of (a) and (d). Another big advantage of
these heterojunctions is a low-temperature fabrication process.
There have been some disputes about those experimental
results. For example, we have obtained that the average value
for AE between a-Si:H and c¢-Si is 0.20 eV,?2) indicating that
the main band discontinulty occurs 1In the valence band
(z&Ev-0.44 eV). On the other hand, Cuniot and Marfaingsz) have
insisted that AEy is close to zero using an internal
photoemission technique, while Mimura and Hatanaka33) have
obtained the results similar to ours using the same 1Internal
photoemission technique as Cuniot and Marfaing used. Essick and
34) reported that A E; was nearly zero {~0.05 eV) using the
temperature dependence of capacitance in undoped a-Si:H/n c¢-Si

Cohen

heterojunctions. Another problem 1is concerned with their
current-transport mechanism. We have proposed a multistep-
tunneling capture-emission (MTCE) current for a forward bias
condition and a generation current in the depletion regions for a

reverse bias condition.zo'zz) 1.35)

Xu et a and Symons et a1.36)
have supported the MTCE model, and Mimura and Hatanaka37)
successfully applied the MTCE model to B-doped a-Si:H/n c-Si and
B-doped a-Si:H/n-type crystalline gallium arsenide (n c-GaAs)
heterojunctions. However, Mimura and Hatanaka38) have insisted
that 1in the case of B-doped a-Si:H the reverse current 1is a
generation current at the 1interface, not 1in the depletion
regions.

As for the theoretical approach of amorphous/crystalline
semiconductor heterojunctions, Rubinelll et a1.39) first
simulated their C-V characteristics at 0 Hz. The theory of the
C-V characteristics of Schottky barrier junctions with amorphous
semiconductors as well as amorphous/crystalline heterojunctions
has not been well developed. There are two main problems when
one tries to simulate the C-V characteristiecs: One is how to
deal with energetically distributed gap states, and the other |is
how to treat the frequency dependence of capacitance, which 1is

related tc the dielectric relaxation time of the highly resistive
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amcrphous film as well as to the trapping/detrapping time of
carriers between gap states and the extended states. Becéuse of
the latter problem, almost all the models can accurately simulate
only zero-frequency c-v characteristics which cannot
experimentally be measured. However, it has been found that the
simulation of the high-frequency C-V characteristics 1in highly
resistive amorphous/lowly resistive crystalline heterojunctions
can easily solve the latter problem as follows. Since the
frequency 1is 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 reglon in the
crystalline semiconductor produced by a dc reverse bias in order
to calculate the capacltance, indicating that it 1is able to
simulate accurately the high-frequency C-V characteristics of
those amorphous/crystalline semlconductor heterojunctions.
Another big subject has been how to estimate g(E}Y 1In the
mobility gap of amorphous materials, as shown 1in Fig. 1.1,
because the optoelectronic properties of a-Si:H films are
critically 1inked with the g(E) in a-Si:H. 1In order to enhance
the performance of a-Si:H-based devices such as solar cells and
thin-film transistors where undoped a-Si:H layers play the most
important role, a 1low g(E) in undoped a-S1:H 1is essential.
Measurement of the g(E) and understanding of the nature of gap
states are, therefore, very important. The problem has received
considerable attention, and many techniques have been developed
to determine the g(E). These include both optical and electrical
methods. Photeoacoustic spectroscopy (PAS).40) photothermal
deflection spectroscopy (PDS),41) and constant photocurrent
measurements (CPM)42) give the wvariation of the optical
absorption coefficient (a ) versus the photon energy (hy ) in the
material. The number of defects 1s related to the absorption.
However, the optical absorption coefficient is associated with a
Joint density of the initial and final states. Therefore, 1in
general, 1t 1s rather difficult to distinguish one from the
other. The main results obtained by PAS, PDS, and CPM are
considered to show information on the valence-band tail 1in the
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Conduction-band edge (E

o

“~Conduction-band tail

Fermi level (Ep) ———————— e

«Singly-occupied Si dangling bonds

<—Valence-band tail

Valence-band edge (B

— log g(E)

Fig.1.1. Schematic sketch of density-of-state distribution [g(E)] in undoped a-
Si:H.



CHAPTER I INTRODUCTION

case of hydrogenated amorphous silicon-based alloys. While
modulated photocurrent (MPC) methods43) give information on the
peak position of g(E) above the Fermil level for highly resistive
(e.g., undoped) a-S5i:H, estimation of the actual density of gap
states is impossible. SCLC measurements44) do give quantitative
estimation of the g(E), but only above the Ferml level. However,
the determination of the g(E) below the Ferml level for undoped
films 1s important, because gap states located below the Fermi
level 1include singly-occupied Si dangling bonds which are
considered to be main midgap states. Moreover, those midgap
states would determine the optoelectronic properties of the film
and would, therefore, affect the performance of devices based on
these films. Transient capacitance methods 1like deep-level
transient spectroscopy (DLTS)45) and 1sothermal capaclitance
transient spectroscopy (ICTS).46) which usually make use of a
Schottky barrier junction, are tested techniques for determining
the g(E) below the Fermi level. However, these methods are
limited in their application to doped samples of low resistivity.
For high resistivity materials, such as undoped or compensated a-
Si:H films, the dielectric relaxation times are too long for the
measurement of the capaclitance which can reflect the depletion
width in the junction. That is why we have tried to determine
the g(E) below the Fermi level in undoped hydrogenated amorphous
silicon-based alloys. Since the steady-state HMC method could
determine the density of the midgap states, transient capacitance
of the undoped a-Si:H/p ¢-Si heterojunction must include
information on the g(E) below the Fermi level 1in a—Si:H.19'22)
Actually, the study of the transient HMC has made it possible to
determine the g(E) below the Fermi level 1in highly resistive
amorphous semiconductors.lg)

A great problem, which has been directly associated with the
degradation of the efficiency of a-Si:H solar cells, was reported
in 1977, that 1s, Staebler and Wronsk147) discovered photo-
induced metastable changes 1n the dark conductivity and
photoconductivity of undoped a-Si:H. They found that both
conductivities decrease after expose to prolonged band-gap
1{l1lumination, and are restored to their original state by
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subsequent thermal annealing at 150-200 °C. Since then, much
work has been done to elucidate the mechanism of this 1light-
induced phenomenon, commonly called the Staebler-Wronskl (S-W)
effect, Dbecause it is directly associated with the stability of
amorphous sillicon-based photosensitive devices. Stutzmann et
al.48) have propcsed the following mechanism; the rate of
increase 1in dangling bond density (NS) determined by electron
spin resonance (ESR) measurements is given by the relation that
dNg/dt is proportional to AnAp, where An and Ap are the free
electron and hole concentrations, respectively, under 1light
exposure. Each concentration 1is proportional to G/NS. where G is
the carrier generation rate by 1light exposure. They have
concluded that N (t) is proportional to GZ/3t1/3, where t 1s the
time of 1light exposure. Once Ng has been increased by 1light
exposure, the kinetics of its thermal annealing can be explored.
Stutzmann et a1.49) have proposed a monomolecular annealing
process with a distribution of activation energiles (Ea), while

50)

Lee et al. have proposed a bimolecular annealing process with

constant Ea' Smith and Wagner51)

expanded the Stutzmann's model
into a more general model which can explain the reason why Ng
cannot be reduced to the value below 101° cm™3 for undcoped a-
S1:H. Since the transient HMC method enables us to carry out the
real-time measurements of the g(E) 1In the process of a 150-°C

annealing,sz)

the annealing kinetics can be investigated and Eg
at each energy position of midgap states can be directly
determined from the method, where the g{(E) can be obtained in a
short time (e.g., several seconds). As 1s described above, both
the nature and creation models of metastable midgap states have
intensively been investigated.

The contribution of this thesis to a-Si:H solar cells 1is
mentioned. As shown in Fig. 1.2, an n+—p diode is suitable for a
crystalline semiconductor solar «cell while a p-i-n diode 1is
desirable for an amorphous semiconductor solar cell, which
results from the difference between minority carrier diffusion
lengths 1In crystalline and amorphous semiconductors. In the
crystalline semiconductor, electrons of electron-hole palirs

precduced by light exposure in the bulk region of the p-layer are
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Crystalline solar cells

Longer minority carrier diffusion length
(100 @ m for c-Si)

nt P

_ Diffusion
Drift /— L
hy /

Depletion Bulk region

region

Amorphous solar cells

Shorter minority carrier diffusion length

Depletion Bulk
(~0.1 wm for a-Si:H) epletion Bu

region region

p 11 High series

resistance
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—_— —_—
hv

Conversion / Maximum \
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Fig.1.2. Schematic sketches of energy-band dlagrams 1in crystalline and
amorphous solar cells. The conversion efficiency of amorphous p-i-n
solar cells depends on the i-layer thickness. The symbols of O and
@ represent a hole and an electron, respectively.

10



CHAPTER 1 INTRODUCTION

diffused 1into the depletion region and are separated by the
internal field in the depletion region, as shown in Fig. 1.2.
In the amorphous semiconductor, however, electron-hole pairs
cannot be separated due to its much shorter diffusion 1length.
That {is why the internal field is necessary in the place where
electron-hole pairs are produced by light exposure, suggesting
that the most sultable structure for the amorphous semiconductor
Is a p-i-n diode structure, where the i-layer 1s usually an
undoped a-Si:H layer. Since light absorption 1in the 1i-layer
contributes to a photocurrent of the a-Si:H solar cell, the
thicker the i-layer becomes, the higher its conversion efficiency
might be considered to be. However, a thicker 1-layer is divided
into the depletion region and the bulk region shown in Fig. 1.2,
and the latter region does not contribute to the photocurrent at
all. To make matters worse, the bulk region acts as high series
resistance in the circuit, which means that the efficiency drops
down. The thickest 1-layer which 1s completely depleted,
therefore, 1s desirable. A space-charge density (Nj) 1in the 1i-
layer, which determines the depletion width in the i-layer, Iis
necessary in order to know the desirable i-layer thickness. That
is why a method for determining the value of NI is discussed 1in
this thesis. As mentioned before, origin of the photodegradation
in a-Si:H solar cells has extremely been investigated. Even 1if
an a-Si:H solar cell is designed to deplete the whole 1-layer,
after 1light exposure the bulk region appears 1in the 1i-layer,
which makes the efficiency worse. This 1s because N1 in the 1i-
layer increases by light exposure from a macroscopic point of
view and because the singly-occupled S1 dangling bonds are
produced by light exposure from a microscopic standpoint. Since
the singly-occupied Si dangling bonds are correlated with the
g(E} under the Ferml level as shown in Fig. 1.1, a method for
determining the g(E) under the Fermi level in the 1-layer (e.g.,
undoped a-Si:H layer) is discussed in this thesis. Figure 1.3
shows the relationship between the contents of this thesis and
problems in a-Si:H solar cells.

This thesis describes the electrical properties of a-Si:H/c-
Si heterojunctions and applies these properties to estimating

11
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a-Si:H solar cells

(1) Enhancement of the conversion efficiency
Optimization of i-layer thickness
of p-i-n diodes
Estimation of maximum i-layer thickness
which can be completely depleted
Estimation of N; which determines the
depletion width in the i-layer

(2) Prevention of their photodegradation
Macroscopic origin: increase of Ny
Microscopic origin: increase of Si

dangling bonds

Investigation of g(E) corresponding to
Si dangling bonds
[Chapter VI]

Fig.1.3.
solar cells.

This thesis

Study of a-Si:H/c-Si heterojunctions
in metal/a-Si:H/c-Si diodes

{1} Current
a. Contact properties {Ohmic or rectifying)
of metal/a-Si:H and a-Si:H/c-Si
[Chapter 1]
b. Heterojunction properties
Multistep-tunneling capture-emission
(MTCE) model
a model proposed for their forward
[ current-transport mechanism :I
[Chapter V]

(2) Capacitance
Heterojunction-monitored capacitance
(HMC) method
a method proposed for analysis of capacitance
|: in highly resistive amorphous/lowly resistive i|
crystalline semiconductor heterojunctions
a. Capacitance-voltage characteristics
Steady-state HMC method for determining
the space-charge density (Ny)
[Chapter Il
b. Transient capacitance characteristics

<«——  Transient HMC method for determining

the density-of-state distribution [g(E)]
[Chapter V]

Relationship between the contents of this thesis and problems in a-SiH
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some Iimportant properties of undoped hydrogenated amorphous
sllicon-based alloys. Then it discusses changes of the g(E) 1in
undoped a-Si:H by 1light socaking, rapid cooling, and thermal
annealing.

Chapter I presents systematic experimental results of
contact properties (Ohmic or rectifying) on metal/a-Si:H contacts
and c-Si/a-Si:H heterojunctions. Since this study enables us to
understand where a current is limited (i.e., in a junction or 1in
the bulk) in a device and also whose contact exhibits a
rectifying property, the investigation of
metal/amorphous/crystalline diodes mentioned in the following
chapters can be easily done.

Chapter I describes the high-frequency C-V characteristics
of highly resistive amorphous/lowly resistive crystalline
semiconductor heterojunctions experimentally as well as
theoretically. From the study, a new method for estimating both
the density of midgap states and band discontinuity between
amorphous and crystalline semiconductors is developed.

Chapter IV presents the I-V characteristics of undoped a-
S1:H/p c¢-81 heterojunctions with various resistivities of ¢-Si.
A model for explaining the experimental results is discussed.

Chapter V develops a new method for determining the g(E)
below the Fermi level in highly resistive semiconductors using
the transient capacitance of these heterojunctions at various
temperatures under high frequency.

Chapter VI describes the g(E) below the Fermi 1level 1in
undoped a-Si:H, undoped a—Sil_xGeX:H, and undoped a—Sil_xCx:H.
Then, it discusses changes of the g(E) in undoped a-Si:H by 1light
soaking, rapid cooling, and thermal annealing.

Finally, conclusions of the present study are made 1in
Chapter VI .

13
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CHAPTER 1  PROPERTIES OF CONTACTS

CHAPTER T PROPERTIES OF CONTACTS BETWEEN HYDROGENATED AMORPHOUS
SILICON AND OTHER MATERIALS

2~-1. Introduction

Studles of metal/semiconductor junctions and heterojunctions
are helpful for understanding fundamental device physics as well
as for reallzing applications to various devices. In other
words, it 1is necessary to recognize whether each contact 1in a
device shows COhmic behavior or rectifying behavior.

This thesis has investligated the electrical propertles of a
rectifying Jjunction between an undoped hydrogenated amorphous
silicon-based alloy and crystalline silicon (c-Si) in a
metal/amorphous/crystalline diode. So, it is necessary to make
only one rectifying heterojunction and the other good Ohmic
contacts in the diode. 1In order to get Ohmic contacts with
undoped hydrogenated amorphous silicon-based alloys, however, the
use of heavily doped hydrogenated amorphous silicon (a-Si:H)
should be avoided because of keeping the dopant of heavily doped
a-Si:H from contaminating the undoped hydrogenated amorphous
silicon-based alloy. This is because the properties of undoped
hydrogenated amorphous silicon-based alloys have been
investigated by the study of those heterojunctions. Therefore,
metal 1is preferable to an Ohmic-contact material for undoped
hydrogenated amorphous silicon-based alloys as long as metal is
evaporated onto amorphous films at room temperature.

This chapter has investigated electrical properties of
metal (Au,Pt,Al,Mg)/a-Si:H/c-Si(n*,p*) diodes and has described
the property (Ohmic or rectifying) of each contact. Furthermore,
the conduction type of P-doped, undoped, and B-doped a-Si:H has
been classified into three categories such as n-type, intrinsic,
and p-type from the study of junction properties.

2-2. Contact Properties for Undeped and P-doped a-Si:H
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CHAPTER @I PROPERTIES OF CONTACTS

Undoped a-81:H films, ~ 1 gzm in thickness, were deposited
on n' and p* c-Si heated to 250 C by the rf glow-discharge
decomposition of pure SiHy. A flow rate of 5 scem and a gas
pressure of 50 mTorr were malntained during the deposition. The
dark conductivity at 297 K and its activation energy were 5x10 9
S/cm and 0.72 eV, respectively. After depositing a-Si:H films,
four different kinds of metals (Mg,Al,Au,Pt) were subsequently
evaporated onto different positions of identical a~-Si:H films.
Current-veltage (I-V) measurements have been performed on those
metal/undoped a-Si:H/c-Si structures.

P-doped a-Si:H films were deposited on n* ¢-Si heated to 300
°C from PH3/8iH, gas mixture under the gaseous impurity ratios of
3x10™% and 3x10°3, where a total gas-flow rate of 5 scem and a
gas pressure of 50 mTorr were Kkept constant, Similar
measurements have also been done on metal/P-doped a-Si:H/n* c¢-Si
specimens.

Figure 2.1 shows the I-V characteristics of the
metal/undoped a-Si:H/n% c-§i specimens for four different kinds
of metals. The essential features of the characteristics of the
Au, Pt, and Al specimens are almost the same, while the I-V
characteristics of the Mg specimen are quite different from the
others.

As 1is shown 1In Fig. 2.1, the magnitudes of the currents 1n
the Mg/undoped a-Si:H/n* ¢-Si diode at bias voltages of 0.1 V
are equal to or larger than 5x10'8 A/mm2 which 1is simply
calculated from the dark conductivity (5){10_9 S/cm) and thickness
(about 1 gz m) of the a-S1:H film, indicating that the current 1in
the Mg specimen must be a bulk-limited current 1like an Chmic
current or a space-charge-limited current (SCLC). Therefore,
both the contacts of Mg/undoped a-Si:H and n* c~-S1i/undoped a-Si:H
must behave as an Ohmic contact. This results in an energy-band
diagram of Fig. 2.2(b). Although this diode shows a 1little
rectifying property, the Mg/undoped a-Si:H contact could not
affect the electrical properties of undoped a-Si:H/p c-S1i
heterojunctions in Mg/undoped a-Si:H/p c¢-S1i diodes mentioned 1in
the following chapters because the current level studied there is
much lower than the Ohmic current level.
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(Almmz)

ol
T

CURRENT DENSITY
o =
<

1612

16‘3 1 1 1 1 1 1 2 i 1 |
0 0.5 1.0

VOLTAGE (V)

Fig.2.1. 1I-V characteristics of metal/undoped a-Si:H/n* c~Si structures.

undoped n’c-Si
a-Si:H

Au,Pt Al

Au,Pt Al p*c-Si
_— '—_EF - .—EF
(a) {c)
Mg n*c-Si Mg p'c-S5i
—_ —E, —- —E;
(b) {d)

Fig.2.2. Energy-band diagrams of undoped a-Si:H: (a) metal(Au,Pt,Al)/undoped a-
Si:H/n* c-Si; (b) Mg/undoped a-Si:H/n* c-Si; {c}
metal (Au,Pt,Al)/undoped a-Si:H/p* c-S1; (d) Mg/undoped a-Si/p* c-Si.
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In contrast to the Mg specimen, the I~V characteristics of
the Au, Pt and Al specimens are mainly 1limited by Schottky
barrier junctions formed by metal/undoped a-Si:H contacts,
because the n* c-Si/undoped a-Si:H contact is found to be Ohmic.
Actually, consldering the I-V characteristics shown in Fig. 2.1,
it 1s quite reasonable to present an energy-band dlagram of
undoped a-Si:H for Al, Pt and Au contacts, as 1s sketched In Fig.
2.2{(a). A positive blas voltage on the metal electrodes induces
forward currents.

Figure 2.3 shows the I-V characteristics of the
metal/undoped a-Si:H/p* c-Si specimens. It is considered that
the currents of metal(Au,Pt,Al)/undoped a-Si:H/p* c-Si specimens
for a negative blas on the metals are limited by the reverse-
biased metal/undoped a-Si:H contacts, since the magnitudes are of
the same order as those of the reverse currents of the
corresponding metal(Au,Pt,Al)/undoped a-Si:H/n* c¢-8i specimens
shown in Fig. 2.1. On the other hand, the current flowing
through each specimen, on applying a positive bilas voltage to the
metals, 1is determined by the reverse-biased p+ c¢-51/undoped a-
Si:H contact, which is evident from the fact that each value
coincides with every other independent of metal electrodes within
a small statistical scatter. Consequently, the I-Vv
characteristics of the metal (Au,Pt,Al)/undoped a-Si:H/p' e-si
structures are considered to be those of back-to-back diodes with
an energy-band diagram shown in Fig. 2.2(c).

Only when a negative bias voltage is applied to the Mg
electrode, does the specimen show forward I-V characteristics
originating from the property of the p+ ¢-Si/undoped a-Si:H
contact, since the current level is considerably lower than that
of the Mg/undoped a-Si:H contact shown in Fig. 2.1. An energy-
band diagram of Fig. 2.2(d) can thus be obtained for the
Mg/undoped a-Si:H/p* ¢-Si structure.

From the above experimental results, it is clear that Mg
makes a good Ohmic contact with undoped a-Si:H. These
experimental results could be discussed 1in terms of the
difference Iin work functions between metal (¢ m) and a-Si:H

(¢ S). According to the conventional metal/semiconductor
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Fig.2.3. 1I-V characteristics of metal/undoped a—Si:H/p+ c-S1 structures.
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Jjunction theory.l) the relation
¢m S ¢g (2-1)

should be satisfied for making an Chmic contact when majority
carriers are electrons, as long as its interface states are
assumed to be absent.

The work function of each metal used in the present study is
3.486, 4.20, 4.70 and 5.48 eV for Mg, Al, Au and Pt,
2) On the other hand, the electron affinity of the
a-Si:H (y 2) can be tentatively estimated from the photoemission
data of Yamamoto et a1.3) on S105/a-Si:H structure, because the
electron affinity of 8105 [ x (S§105)1 1s independently given as
0.90 evV. Then yx 2 1s calculated as

respectively.

X9 = ¢ + (SiOz) = 3.93 ev , (2-2)

where ¢ represents the barrlier height at SiOz/a—Si:H and was
estimated to be 3.03 ev.3) As will be discussed in Chapter 1,
the study of the high-frequency capacitance-voltage {C-V)
characteristics of undoped a-Si:H/p c-Si hetercjunctions will
make It possible to estimate 9. Since 0.72 eV 1s the
activation energy (6 9) of the dark conductivity of the present
undoped a-Si:H as mentioned above, ¢ g becomes 4.65 eV because
$g=x2v0 5 .

From the above discussion, both Mg and Al satisfy the
condition represented by Eq. (2-1), while the present study
indicates that only Mg forms an Ohmic contact with undoped a-
S1:H. The observed non-Ohmic property of Al/undoped a-Si:H
contacts might be caused by the presence of the interface

states.4)

Namely, $n ©of Al 1s not low enough to make the
Al/undoped a-S1:H contact Ohmic.

The metal(Mg,Al)/P-doped a-Si:H contacts for different
doping levels of P have also been investigated, as shown in Fig.
2.4. As 1s clearly indicated, Mg forms better Ohmic contacts
than Al regardless of doping levels of P in P-doped a-Si:H. It

1s likely that Mg 1s a desirable Ohmic-contact material, superior
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Fig.2.4. 1I-V characteristics of metal/P-doped a-Si:H/n* c-Si structures.
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to Al, even for n* a-Si:H which is usually introduced into a-Si:H
devices as an intermediate layer between Al and undoped a-Si:H
for getting Ohmic contacts,

In order to check the stability of the Mg/a-Si:H contact, a
thermal annealing experiment at 374 K under No atmosphere for 6
hours was performed. The I-V characteristics of the specimens
showed no change before and after the thermal annealing.

On discussing the C-V and I-V characteristics of Mg/undoped
a-S1:H/p ¢-Si diodes in Chapters W and IV, it is worthy of note
that a dc applied voltage can form the depletion regions in not
only p c¢-Si but also undoped a-Si:H of undoped a-Si:H/p c¢-Si
heterojunctions, which 1is quite different from the case of
chalcogenide/c-S1 heterojunctionss) and amorphous

6) Its reason is

germanium/crystalline germanium heterojunctions.
as follows. Since the contacts between metal(Pt,Au,Al) and
undoped a-S1:H exhibit rectifying properties which originate from
a Schottky barrier junction, the depletion region must be formed
in the a-Si:H. 1Its another evidence was reported that at low
frequency the diodes with those metal/a-Si:H contacts showed the
Cc-v characteristics originating from the Schottky barrier

1)

Junctions. Therefore, the quality of these undoped a-Si:H 1is

good enough to form the depletion region in a-Si:H.

2-3. Contact Properties for B-doped a-S1:H

Junction properties of metal (Au,Mg)/B-doped a-Si:H/c-
Si(n+,p+) structures as a function of B-doping level are studied,
and the conduction type of each B-doped specimen in terms of
carrier concentration is discussed. Crystalline Si wafers were
soaked in a solution of HF to remove §i0,5 on c-Si, then rinsed in
distilled water. B-doped as well as undoped a-Si:H films, ~ 1.5
gm in thickness, were deposited on both n* and p+ c-51 heated to
300 C by means of the rf glow-discharge decomposition of
BZH6/81H4 gas mixtures; the ByHg-to-silane ratios were between 0
and 1.1x10_2. A fTlow rate of 5 sccm, a gas pressure of 50 mTorr,
and an rf power of 5 W were maintained during the deposition.
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The dark conductivity of a-S1:H deposited 1n this way was
measured 1Iin a coplanar electrode geometry on Corning 7059 glass
substrate, and the lowest dark conductivity was around 10"12 S/cm
at B2H6/SIH4~v10_4. After depositing a-Si:H films, Au and Mg
patterns were evaporated onto the virginal surface of each a-Si:H
film to produce four different types of diodes; type-1(Au/a-
Si:H/n* c-Si), type-2(Au/a-Si:H/pt c-S1), type-3(Mg/a-Si:H/n* c-
Si), and type—4(Mg/a—Si:H/p+ c-S1). The I-V measurements have
been performed for these diodes at room temperature. In these
diodes the depth profile of B concentration in the a-Si:H layer
1s found to be flét by secondary lon mass spectroscopy (SIMS).
That is why ¢-81 is used as a substrate instead of heavily P- or
B-doped a-Si:H, thereby avoiding "cross contamination” of the two
a-Si:H layers.

Figure 2.5 shows the I-V characteristics of diodes {types 1-
4) with the a-Si:H films deposited at flve different doping
levels; (a) BoHg/SiH4=0, (b) 3.0x10°8, (c) 1.5x107%, (d) 2.7x1079,
and (e) 8.0x10°3

For the case of undoped a-Si:H, shown in Fig. 2.5(a), the
type-3 dliode shows Ohmic behavior and the current is limited by
the resistance of the a-Si:H film, which means that the junctlons
of Mg/a-Si:H and n* c-Si/a-Si:H are Ohmic. The currents of type-
2 and type-4 diodes, for a positive blas on both metals, are of
the same order of magnitude, indicating that those currents are
limited by the reverse-biased p* c¢c-Si/a-Si:H junction in both
diodes. Likewise, the similar I-V characteristics of type-1 and
type-2 diodes for a negative bias on the metal{Au) imply that the
currents are limited by the reverse-biased Au/a-S1:H junction.
The properties of the junctions involved 1In each diode for
BoHg/S1Hy =0 can then be classified qualitatively into "R"
(rectifying) or "0" (Ohmic), and can be summarized in the first
column of Table 2-1.

When diodes of B-doped a-S5i:H with ByHg/SiH, ratio of
1.5%x10”° shown in Fig. 2.5(c) are compared with the diodes of
undoped a-Si:H .shown in Fig. 2.5(a), the type-2 diode 1In Fig.
2.5(c¢c) shows the behavior similar to the type-3 diode 1in Flg.
2.5(a), indicating that the junctions of Au/a-Si:H and p* c-si/a-
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Fig. 2.5. I-V characteristics of four different types of diodes: O,®, type-1
(Au/a-Si:H/n* c-S1); A,A, type-2(Au/a-Si:H/p* c-Si); V,¥, type-
3(Mg/a-S1:H/n* c¢-81); and (,M, type-4(Mg/a-Si/p* c-Si). BH gSiH,
ratios are (a) 0, (b) 3.0x10°8, (c) 1.5x107%, (d) 2.7x1073, and (e)
8.Ox10_3. Open and solid marks represent data points for a positive
bias and a negative bias voltage on metal, respectively,
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TABLE 2-1. Properties of metal/semiconductor Junctions and heterojunctions with
various B-doped a-Si:H.

BoHg/SiHg  Au/a-Si:H p*c-Si/a-Si:H Mg/a-Si:H n*c-Si/a-Si:H Conduction typeD

0 R R 0 0 n

7.0x10°7

1.5x10-6 R R R R intrinsic
3.0x10°6

1.5x107° 0 0 R R p
2.7x10°3

4.0x10°9
8.0x10-3 0 0 0 R P
1.1x10°2

8 R:rectifying property, 0:Ohmic property.
b Judging from junction properties.
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Si:H are Ohmic for ByHg/SiH,=1.5x10"°. The currents of type-3
and type-4 dlodes, for a positive bias on Mg, are of the same
order of magnitude, supporting that those currents are limited by
the reverse-~biased Mg/a-Si:H junction in both diodes. Likewise,
the similar I-V characteristics of type-1 and type-3 diodes for a
negative bias on both metals imply that the currents are limited
by the reverse-biased n' c¢c-Si/a-Si:H junction. The behavior of
the dilodes with BZH6/51H4=2.7X10_3, shown in Fig. 2.5(d), is
similar to that with B2H6/SIH4=1.5x10_5. Therefore, the
properties of the junctions involved in each diodes for the gas
ratios of 1.5x107° and 2.7x10" 2 can be summarized in the third
column of Table 2-1.

Diodes of B-doped a-Si:H with BoHg/SiH, ratios of 4.0x10’3,
8.0x1073, and 1.1x10"2 exhibit similar characteristics, as shown
in Fig. 2.5(e). The currents of type-2 and type-4, which is
quite different from those shown in Fig 2.5(c) and (d), are of
the same order of the magnitude, indicating that the Mg/a-Si:H
Junction changes from rectifying into Ohmic when the BzHB/SiH4
ratio increases from 2.7x10°° to 4.0x10°°. On the other hand,
the behavior of type-1 and type-3 results from that of the n* e-
S1/a-Si:H Jjunction. Then the properties of those junctions are
classified, as shown in the fourth column of Table 2-1,

Dlodes of B-doped a-Si:H with the gas ratios of 7.0x10'7,
1.5x10°%, and 3.0x107% exhibit similar characteristics, as shown
in Fig. 2.5(b). The forward-biased currents of type-1 and type-4
dicdes at higher voltages are limited by the resistance of the B-
doped a-Si:H films. Since the currents of type-2 and type-3
diodes are substantially lower than the forward-blased currents
of type-1 and type-4 diodes at higher voltages, it is reasonable
to consider type-2 and type-3 diodes as back-to-back diodes.
Then all Jjunctlons here are rectifying, as seen in the second
column of Table 2-1.

The above results can be discussed in more detail using
energy-band dlagrams for the diodes of types 1-4 shown in Fig.
2.2, The energy-band diagrams were obtained on the basis of
undoped a-Si:H flilms, as described in Section 2-2. But the
essential features should be similar qualitatively for the diodes

28



CHAPTER I PROPERTIES OF CONTACTS

of B-doped a-Si:H. Since the junction properties of undoped a-
Si:H are similar to those of P-doped a-Si:H as described in
Section 2-2, the conduction type of undoped a-Si:H 1is n-type,
i.e., the majority carriers in undoped a-Si:H are electrons.
Therefore, junctions of Au/a-Si:H and p+ c-Si1/a-Si:H behave as a
rectifying contact and agree with the experimental = results
summarized in Table 2-1.

For ByHg/SiH,21.5x107°, on the other hand, junctions of
Mg/B-doped a-Si:H and n* c~Si/B-doped a-Si:H exhibit
rectification, indicating that the conduction type of those B-
doped a-S1:H 1in the above doping range is p-type, 1.e., the
majority carriers are holes. The junction of Mg/B-doped a-Si:H
switches from rectifylng to Ohmic when BZH6/81H4 exceeds
4.Ox10'3, which is due to tunneling of holes through the very
thin Schottky barrier which results from the heavy doping of B.

In B-doped a-Si:H for doping ratios between 7.0x10—7 and
3.0x10-6, all junctions exhibit rectification which means that
both electrons and holes probably affect the junctlon properties;
the concentration (p) of holes is nearly equal to that (n) of
electrons.

From Jjunction properties, the conduction type of a-Si:H
deposited at BZHB/SiH4;§1.5x10_5 is found to be p-type, whille the
minimum conductivity occurred at B2H6/81H4-10'4, similar to the

case of Spear and LeComber.B)

The conductivity 1is glven by
q( u pP* & nn). where pu D and u p are the drift mobilitlies of holes
and electrons, respectively, and q the magnitude of electronic
charge. Although p exceeds n at BZH6/51H4=1.5x10'5, i’ pP is
still smaller than g ;n because u p is much smaller than
I n'9—11) Therefore, the value of pu pP is close to that of g n
at BoHg/SiHy~ 104

Although it is general to determine the conduction type (p-
or n-type) of semiconductor by means of Hall measurements, 1t 1is
quite difficult to do in the case of a-S1i:H because 1its low
conductivity makes a Hall voltage immeasurably small. Spear and
LeComberB) have reported on the baslis of the activation energy of
film conductivity that a transition from n- to p-type conduction

in a-Si:H occurs at BZH6/51H4~10w4 since the activation energy
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shows the maximum at that doping ratio. In contrast, in the
present work which is based on the junction properties we have
successfully characterized B-doped a-Si:H into three categories
of conduction type in terms of "dominant" carrier concentration;
n-type for B2H6/51H4<10'7. intrinsic for BZHG/SiH4~—1O'6, and p-
type for ByHg/SiH,>1075.

On discussing the C-V characteristics of undoped a-Si:H/p c-
Si heterojunctions, it is noteworthy that near the interface
between undoped a-Si:H and p c-Si1 the energy band of undoped a-
Si:H shows an upward bending, while the energy band of p c¢-Si
shows a downward bending. This is because the conduction type of
undoped a-Si:H is found to be n-type.

2-4. Summary

(1) The electrical properties of undoped a-Si:H/p c-Si
‘heterojunctions can be investigated in Mg/a-Si:H/p c-Si diodes,
because the Mg/undoped a-Si:H contacts are found to be Ohmic.

(2} In the undoped a-Si:H/p c-Si heterojunctions, the
depletion reglons are formed in both sides of a-Si:H and p c¢-Si,
and these heterojunctions behave like a p-n junction because the
conduction type of undoped a-Si:H is n-type.

(3) P-doped and wundoped a-Si:H films make a rectifying
contact with Au, Pt, Al, and p* c-Si, but those form an Ohmic
contact with Mg and n" c-S1, indicating that majority carriers in
those films are electrons.

(4) B-doped a-Si:H films, which are deposited in the range
of 7x10” 7S B Hg/SiH,<3x107%, form a rectifying contact with all
of the metals(Au,Mg) and c—Si(n+.p+), suggesting that the films
should be intrinsic.

(5) B-doped a-Si:H films for ByHg/SiH,21.5x10"° make a
rectifying contact with Mg and n* c-S1, while those films form an
Ohmic contact with Au and p* c-Si, indicating that majority
carriers in those films are holes.

(6) Although the conduction type of B-doped a-Si:H changes
from n-type to p-type at B2H6/81H4~v10_6 from the study of the
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Jjunction properties, the minimum conductivity appears at
B2H6/51H4-10—4. This 1s simply because the value of g pP
becomes nearly equal to that of u p at the gas ratio of 10_4.

(7) Al does not form an Ohmic contact with undoped and n
a-Si:H.

+
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CHAPTER m C-V CHARACTERISTICS

CHAPTER W = CAPACITANCE-VOLTAGE CHARACTERISTICS OF UNDOPED
a-51:H/p c¢-S1 HETEROJUNCTIONS

3-1. Introduction

Hydrogenated amorphous silicon (a-Si1:H) has been a highly
important material for device applications. In order to take
advantage of both the good properties of a-Si:H and crystalline
silicon (c-51), electric properties of a-Si:H/c-S1
heterojunctions have been intensively studied.l'z) Moreover, the
study of these heterojunctions helps to obtain a midgap-state
(i.e., space-charge) density (N;) of undoped a-Si:H, with which
the electronic properties of a-Si:H-based devices are critically
linked.

In the case of lowly resistive semiconductor (e.g., c¢-S1 and
P-doped a-Si:H), it is easy to estimate the value of its space-
charge density which determines the depletion width in it using
Schottky barrier Junctions and p-n junctions. In the case of
highly resistive semiconductor (e.g.. undoped a-Si:H), however,
it 1s quite difficult to do using those junctions. Figure 3.1
shows the schematic energy-band diagram and the equivalent
cilrcult of a Schottky barrier junction, where Cp is the
capacitance determined by the depletion width (W,), which Iis
expressed as Cp=¢ sz/wz, Cg is the capacitance due to the
trapping/detrapping processes of electrons between gap states and
the conduction band, Cg is the capacitance determined by the
width 1n the bulk region [i.e., Cg=¢ S2/(L-W2)]. and Gg 1s the
conductance 1n the bulk region. Here, L is the thickness of
undoped a-Si:H. The influence of admittance in the bulk region
on the measuring capacitance (C) changes with the measuring
frequency. The frequency, which corresponds to a dielectric

relaxation time in the film, is considered;

H

fde GB/Z T CB

1/27!5 52,0 2 s
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Metal for Schottky Undoped a-Si:H

barrier junction {(highly resistive film) Metal for Ohmic contact

Trapping/detrapping
of electrons

EF— -------------------------------

Depletion
region : Bulk region :
(a) W, A L-W,—>

C C
= A
I_
(b) Cq Cg

Fig.3.1. Schematic sketches of (a) energy-band diagram in Schottky barrier
Junction and (b} equivalent circuit.

Measuring frequency
Higher AS

/ 0 1, 2 —

C Cg
i Eﬂ:]_m
Cc
[
Cp Cp
Lower % — (Ide _[II I-_/\/\,——
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0 Cq I Gg
(b)

(a)

Fig.3.2. Frequency dependencies of (a) 1/cz—v characteristics and
(b} equivalent circuits.
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where ¢ g2 and p o are the semiconductor permittivity and the
resistivity of highly resistive amorphous semiconductor,
respectively, and ¢ g2P 2 1s referred to as a dielectric
relaxation time. In the case of undoped a-Si:H (& g2~ 12¢e o, and
Jo) 2~109 Q cm),

fde ~ 160 Hz
and
e g00 p ~ 10735

Figure 3.2 shows the schematic l/CZ—V characteristics and the
equivalent circuits corresponding to different measuring
frequencies, At a frequency much higher than 160 Hz, C becomes
constant and is given by the thickness of the undoped a-Si:H film
as C=¢ Sz/L. At a frequency much lower than 160 Hz, however, C
becomes the value of CD+Cg and 1/C2 is empirically proportiocnal

to V. The space-charge density can be estimated from the
reciprocal of this slope, but it is strongly dependent on the
measuring frequency because of frequency dependence of Cg. In

order to estimate Np which determines the depletion width, the
value of Cp should be measured because of Cp=¢ Sz/wz.

The main discussion in this chapter is derived from the
study of wundoped a-Si:H/p-type crystalline silicon (p c¢-Si)

heterojunctions. As 1s clear from Chapter I, a Mg/undoped a-
S1:H/p <¢-S1 diode enables us to investigate the undoped (i.e.,
slightly n-type) a-Si:H/p c-Si heterojunction. These

heterojunctions, moreover, are found to behave 1like a p-n
junction. On other words, the depletion regions are formed 1in
both sides of a-Si:H and c-Si, and vary with a dc applied
voltage, resulting from the evidences that the current in the
diode 1is limited by the undoped a-Si:H/p c-Si heterojunction as
well as that the heterojunction exhibits a good rectifying
property.

The high-frequency Cc-v characteristics of those
heterojunctions have experimentally been studied, from which NI
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and conduction-band discontinuity (AEg) between a-Si:H and c-Si
are discussed. Moreover, in order to make the above discussion
clearer, a mcdel for simulating high-frequency c-v
characteristics of highly resistive amorphous/lowly resistive
crystalline semiconductor heterojunctions has been developed,
where the high frequency indicates a frequency higher than fde‘

3-2. Experimental High-frequency C-V Characteristics

3-2-1. C-V characteristics

In the case of undoped a-Si:H the thermal emission rate of
electrons from a gap state to the conduction band is usually much
lower than the capture rate of electrons from the conduction band
into the gap state, indicating that the capacitance should be
measured from a higher to a lower reverse bias. In order to get
the steady-state condition, moreover, the voltage sweep rate
(dv/dt) should be small, for example, the C-V characteristics in
this study were measured at dV/dt smaller than 0.004 V/s, and the
heterojunction at the highest reverse bias (starting bias for the
C-V measurements) was kept for a few minutes. Figure 3.3 shows
typlcal high-frequency C-V characteristics of an undoped a-Si:H/p
¢-S1 heterojunction with the acceptor density (NA) in p ¢-81 of
1.0x1016 e¢m™3. When p c-Si is replaced by p* c¢-Si, having the
resistivity of <0.01 Qcm, the capacitance was found to be
independent of the appllied voltage. The value of this
capacltance 1s found to be determined by the film thickness of
the undoped a-Si:H layer, and it is the same as that of the
saturated capacitance (C5) in the positive bias region 1in Fig.
3.3, Indicating that the dc applied bias forms the wide depletion
region in a-Si:H but the negligible depletion region in p* c-Si.
This suggests that the capacitance in Fig. 3.3 is a series of the
capacitance determined by the width (wl) of the depletion region
in c¢-Si and the capacitance determlined by the thickness (L) of
the a~8i:H film.

In order to explain the high-frequency C-V characteristics,
two kinds of models have been proposed;
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Flg.3.3. C-V characterlstics of undoped a-Si:H/p c-Si heterojunction.
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1. a metal-oxide-semiconductor (MOS)-type model, where a-
Si:H 1s considered to behave as an oxide layer (i.e.,
insulator);a_s)

2. a p-n Jjunction-type mode1.6'7)

In the MOS-type analysis, the electric field produced by the dc
applied bias should be constant over a-Si:H. Furthermore, the
quasi-Fermi Jlevel for electrons is assumed to colncide with the
quasi-Ferml level for holes in the depletion region, which means
that at any applied bias the Fermi level can be defined in the
depletion region. In the p-n Jjunction-type analysis, on the
other hand, the electric field produced by the de¢ applied bias
should not be constant in a-Si:H at all and exists only in the
depletion region. Moreover, when the dc bias is applied across
the junction, the quasi-Fermi level for electrons is separated
from the quasi-Ferml level for holes in the depletion region. As
is clear from Fig. 2.3, the undoped a—Si:H/p'+ c-S81
heterojunction, where the depletion region formed by the dc bias
is negligible in p* ¢-S1i, exhibits a good rectifying property,
suggesting that the current should be controlled by the change of
the depletion width in a-Si:H. 1In the case of the undoped a-
Si:H/p c¢-81 heterojunctions which will be investigated here,
therefore, the C-V characteristics should be analyzed by using
the p-n junction-type analysis. Another evidence is also
presented as follows.

The frequency dependence of the C-V characteristics for the
a-S1:H/p c-Si heterojunction at 298 K is shown in Fig. 3.4. The
frequency of 1 kHz remains higher than the reciprocal of the
dielectric relaxation time given by 1/2r ¢ go¢ o (about 180 Hz),
where € g9 is the semiconductor permittivity of undoped a-Si:H
and [ is the resistivity of wundoped a-Si:H. The C-Vv
characteristics measured at 100 Hz were much different from those
given in Fig. 3.4. The saturated capacitance (Cz) observed at a
high forward bias for 1-MHz curve did not appear at the frequency
lower than 100 Hz, because the capacitance in a-Si:H is no longer
determined by the thickness of the a-Si:H film. On other words,
the capacitance 1in principle approaches a series of the
capacitance determined by the depletion width (Wl) in ¢-Si and
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Fig.3.4. Set of four C-V characteristics at 298 K corresponding to different
measuring frequencies for undoped a-Si:H/p c-Si (NA=1.0x1016 cm“a)
heterojunction.
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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
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(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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(A) p c-Si

(a) energy-band diagram
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(B) undoped a-Si:H
(a) energy-band diagram
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(nuetral region) (positively charged region)

n~0
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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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Fig.3.8.

pc-Si  Undoped a-Si Mg

N
% W, L
(©) N “aNa
Pac 40
o S
0 W, L
@  -dQ

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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Fig.3.9. Wwidth

Mg/undoped a-Si:H/p c-Si “E
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(Wl) of depletion

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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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.

0.70% T —_
060 - 0.29
013
112 i 112 0.72

p c-Si a-SitH p c~-Si a-SitH
(0.005~0.01 2cm) (-2 Rem)

(a) (c)

p ¢-Si a-%iH p c-5i a-SitH
(0.1~0.15 lcm) (5~10 fiem)

(b)) (d)

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.
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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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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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Calculated results without interface layer; (a) calculated C-V
characteristics and {b) voltage dependence of square of depletion
width in crystalline semiconductor.

The values of NI and VB are
obtained from the steady-state HMC method. The solid 1line is

calculated data, and the dashed line is a line extrapolated from high
reverse biases.
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Fig.3.13. Dependencies of Ng and Vg obtained from steady-state HMC method on NI
without interface layer. The values of Ni and VE are parameters for
simulating the high-frequency C-V characteristics.
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Fig.3.14. Dependencies
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the interface layer was taken into account, were similar to those
in Fig. 3.12, although the lowest reverse bias, where the
discrepancy from the straight line starts to occur, 1is higher
than the reverse bias (about 0.7 V) calculated without the effect
of the 1nterface layer. Figure 3.15 shows the dependence of NI
and VB on the charge (QSS=N;dS) of the interface 1layer for
gmax=3x1016 em 3ev !  and NA=1O16 em™3. In the region of
N;§;2x1017 cm_3 {(i.e., the Interface-state density Qgg is 1less
than 1011 em™2), the values of N1 and Vg are quite close to the
values of Nz and Vg, respectively, then they increase rapidly
with N; in the case of NE=5.9x1015 em™ 3. These increases result
from Qgg. This critical value of Qgg (or N;) lncreases with an
increase of Nz.

It 1s clear from the above results that if Qgs Is low, the
values of N1 and VB obtained by the steady-state HMC method
represent the real midgap-state density and the real bullt-in
potential, respectively.

3-4. Summary

The high-frequency (e.g., 100-kHz} C-V characteristics of
undoped (1i.e., slightly n-type) a-Si:H/p c¢-5Si heterojunctions
have been studied experlimentally as well as theoretically. These
heterojunétions have been found to form depletion regions in both
sides of a-Si:H and c¢-Si by dc bias voltages, and energy-band
diagrams for those heterojunctions with four different
reslistivities of p ¢-51 have been presented. Since the measuring
frequency 1is much higher than the reciprocal of the dilelectric
relaxation time of the high-resistivity undoped a-Si:H, the
capacitance in the a-Si:H side is determined by the thickness of
the a-Si:H film. That is why the measuring capacitance at the
high frequency becomes a serles of this capacitance in a-Si:H and
the other capacitance which is determined by the width of the
depletion region in c-Si. Moreover, the trapping/detrapping
processes cannot respond to the high-frequency ac voltage, which
easlly enables us to analyze the C-V characteristics. The main
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results are summarized as follows:

(1) The high-frequency C-V characteristics of the

heterojunctions with high-resistivity a-Si:H have been
successfully analyzed, from which it has been made clear that the
abrupt heterojunction model is valid for a-Si:H/c-Si
heterojunctions.

(2) A method for estimating the midgap-state density (NI) of
undoped a-Si:H has been developed, which is called a steady-state
heterojunction-monitored capacitance (HMC) method. Those
densities of the highly resistive films have been difficult to be
estimated from the studies of Schottky barrier junctions and
homogeneous p-n junctions.

(3) The conduction-band discontinuity between a-Si:H and c¢-
Si has been estimated as 0.20 + 0.07 eV, from which the electron
affinity of a-Si:H is found to be 3.85 + 0.07 eV.

(4) A model for simulating high-frequency cC-Vv
characteristics of those heterojunctions has been developed for
the first time, and the physical background of the space-charge
density (NI) of the amorphous film, which is obtained from the
steady-state HMC method, has been discussed.

(5) From the simulation of their high-frequency Cc-V
characteristics, 1in the reasonable case that their interface-
state density is less than 1011 cm'z. the values of Ny and Vg
obtained by the steady-state HMC method are found to represent
the midgap-state density of the amorphous film and the built-in
potential of the heterojunction, respectively.
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CHAPTER IV I-V CHARACTERISTICS

CHAPTER IV CURRENT-VOLTAGE CHARACTERISTICS OF UNDOPED
a-Si:H/p c-S1 HETEROJUNCTIONS

4-1. Introduction

There are very few reports concerning amorphous/crystalline
semliconductor heterojunctions after the first report of
Grigorovicl et a1.l) on amorphous germanium (a-Ge)/crystalline
germanium (c—Ge)‘heteroJunctions. Those a-Ge films had such a
loet of gap states that p-n control in the films could not be
made. According to Stourac,z) for the case of chalcogenide
materials as an amorphous material, the current-transport
mechanism was based on space-charge-limited currents (SCLC) 1in
the chalcogenide materials. Concerning hydrogenated amorphous
silicon (a-S5i:H)/crystalline semiconductor heterojunctions,
almost no data had been published before this study started,
where a-Si:H has been attractive for device applications because
p-n control in a-S8i:H has succeeded.a)

This chapter presents a systematic study of undoped (i.e.,
slightly n-type) a-Si:H/p-type crystalline silicon (p e¢-Si)
heterojunctions for the first time. The purpose in this chapter
is to elucidate the current-transport mechanism of those
heterojunctions.

4-2. I-V Characteristics

Figure 4.1 shows the typical I-V characteristics in (a) log-
log and (b) semilog presentations for an undoped a-Si:H/p c-Si
heteroJunction with an acceptor density (NA) in p c¢-S1 eof
1.0x1016 cm"3. Two sorts of current-transport mechanisms have
been proposed to explain these I-V characteristics;

(1) a bulk-limited (space-charge-limited) current-transport
mechanism,4)
(2) a junction-limited current~transport mechanism.s)

The essential difference between (1) and (2) is whether the
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Fig.4.1. 1I-V characteristics of undoped a-Si:H/p c-Si (I‘d'A=1.0xlO16 cm’a)
heterojunction; (a) log I-log V plots and (b) log I-V plots.
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resistance of the depletion region is higher or lower than the
resistance of the amorphous film. On other words, in the bulk-
limited case the applied blas drop is malnly across the whole
amorphous 1layer, while in the junction-limited case the applied
bias drop 1is across the depletion regions. Because the
reslstivity and thickness of the a-Si:H film were about 109 qem
and 1.2 g m, respectively, the expected current 1in the bulk-
limited case should be equal to or larger than 3.3x1072 A at 0.05
V for an electrode area of 0.785 mm2. The current at blas
voltages lower than 0.05 V seems to be Ohmic in nature, as Smid
pointed out,4) beéause the value of I seems to be proportional to
V In this voltage region. The observed current, however, 1s much
smaller than .’3.3){10_9 A. Judging from the magnitude of the
current, the current for V0.4 V {close to the built-in
potential, Vg) 1s thought to be 1limited by the a-Si:H/c-Si
heterojunction. The voltage dependence of the junction-limited
current can generally be expressed by

I = Iglexp(AV) - 1] , (4-1)

where A 1s voltage-independent and IO is the prefacter
independent of the voltage. The forward current seems to be
proportional to V Iin the voltage range lower than 0.05 V because
exp{AV) can be approximately expanded in Talyor's series of 1+AV.
Therefore, the I-V characteristics should be discussed on the
basis of the junction-limited current-transport mechanism in the
voltage region. There 1s another evidence that the current
flowing through this heterojunction is not an SCLC. According to
the SCLC model.e) the relationship between I/L and V/L2 should be
independent of the thickness (L) of the a-Si:H film. However,
I/L—V/L2 characteristics in this study strongly depended on the
thickness, 1ndicating that the SCLC model cannot apply to this
heterojunction.

4-3. Forward I-V Characteristics
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Three kinds of models for explaining the current of
heterojunctions, which can be expressed in Eq. (4-1), are
discussed:

(1) A is independent of the measuring temperature (T) for a

tunneling model;

(2) A=q/kT for a diffusion model:

(3) A=q/2KkT for a recombination model.

Samples 5-8 shown In Table 3-1 in Chapter M have been used for
studying the I1-V characteristics, since the a-Si:H films of 1.02
#m in thickness were deposited simultaneously on p ¢-Si with
four different resistivities; samplie 5 (0.005~0.01 Q cm)}, sample
6 (0.1-0.15 Q cm), sample 7 (1-2 Q cm), and sample 8 (5-10 Q cm).
Their I-V characteristics have been measured as a function of
temperature in the range of 297-374 K, but the temperature range
scanned 1n the present work is rather limited. Not only the
band-like conduction but also hepping conduction like a variable-
range hopplng might prevail in the transport of a-Si:H at 1low
temperatures as LeComber et a1.7) reported that the nearest-
neighbor hopping predominated below 240 K. Furthermore, their

current below 297 K decreases down to as low as 10_12 A,

causing
another difficulty for measuring accurate currents.

Figure 4.2 shows temperature dependencies of the I-Vv
characteristics of Mg/undoped a-Si:H/p c¢-Si diodes for samples 5-
8, respectively. It is clear from the experimental results that
the slope (A) of the forward characteristics 1is constant for
different temperatures; therefore, the current in this voltage

region can be described by

I = Igexp(AV) (4-2)
and

Iy = Bgexp(- A Eg¢/KT) , (4-3)
where A, AEge, and By are temperature- and voltage-independent

constants. From Eq. (4-3) the values of AEg p were estimated to
be 0.72, 0.80, 0.65, and 0.63 eV for samples 5-8, respectively,
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as shown in Fig. 4.3. Since the value of A in Eq. (4-2) 1is
independent of temperature, the forward current must be limited
by tunneling.

Models for junction transport based on tunneling processes
have been proposed by several groups,s'g) and these are
schematically shown in Fig. 4.4(a). To explain the present
experimental results, each model is examined separately.

The simplest model consists of the tunneling of carriers
through the spike-shaped barrier in the conduction band shown 1in
Fig. 4.4(a}. According to Riben.g) predominant tunnel flux takes
place at an energy close to the peak of the barrier within an
energy difference of about 0.1 eV for crystalline
heterojunctions, which is indicated by path A in the figure. In
the present heterojunction, however, a tunneling process at an
energy range far below the barrier peak, indicated by path B 1in
the figure, is quite possible because the gap states are quasi-
continuously distributed within the gap of a-Si:H, spatially as
well as energetically. The magnitude of AEge 1s expected to be
larger than 1.12 eV for sample 5, because at V=0 V the difference
between the conduction-band edge in p ¢-S1 and the Fermi level in
a-S1:H 1s 1.12 eV, as 1is clear from Fig. 3.10(a}. This
requirement contradicts the actual data, i.e., the value of A.Eaf
for sample 5 was obtained experimentally to be 0.72 eV.

A second model based on the tunneling of carriers was
origlnally presented as the reason for the excess current 1n
tunnel diodes.lo) As was discussed by Riben,g'll) one-step
tunneling [C or D 1in Fig. 4.4(a)] 1is always smaller than
multistep tunneling [E in Flg. 4.4(a)]. The multistep-tunneling
process should predominate in the present system because gap
states are quasi-continuously distributed in the mobility gap.
According to this multistep-tunneling process, I3 should change
exponentially with T due to the temperature dependence of the

bandgap.g'll)

The value of I, obtained in this study, however,
varies exponentially with -1/T, as shown in Fig. 4.3.

In order to solve thils disagreement, a multistep-tunneling
capture-emlission (MTCE) process has been proposed as the most

probable model for the present system, shown in Fig. 4.4(b). A
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hole in the valence band of P ¢-S1 flows from a gap state to
another in a-Si:H 1located 1in an energy range of KT by a
multistep-tunneling process and keeps flowing until the tunneling
rate becomes smaller than the rate for hole release from the gap
state to the valence band of a-Si:H or the rate for recombination
of the hole with an electron in the conduction band of a-Si:H.
An ending point of tunneling must be close to the edge of the
depletion layer in a-Si:H, since the tunneling rate decreases due
to a decrease of the electric field.

Thus, a current flowing from p ¢~S1 to undoped a-Si:H 1is
given by

I = B(ep + 0 pVipn)exp (AV) . (4-4)

where B is a constant almost independent of the applied voltage
and temperature, o n 1s the capture cross section of electrons,
Vth 1s the thermal velocity of electrons, n 1is the electron
density in the conduction band of a-Si:H given by

n = Ngexp[-(Eg - Ep)/kT] , (4-5)
ep 1s the hole emission rate given as
ep = g thhNVeXP[—(ET - EV)/RT] y (4-6)

T Is the capture cross section of holes, NV and NC are the

ef?ective densities of states in the valence band and the
conduction band of a-Si:H, respectively, and Er. Ey. Ec, and Er
are the energles of the Fermi level, the top of the valence band,
the bottom of the conduction band, and the gap state where the
hole combines with an electron or emits intc the valence band,

respectively. Therefore, the current is described by
I = Igexp(AV) (4-2)

with
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IO = B{U thhNVeXp[_(ET - Ev)/kT]
+ O nvthNCexp[-(EC - EF)/kT]} . (4_7)

By comparing Egs. (4-3) and (4-7) with the experimental data,
several possibilities can be deduced. For the junction property
using p c-Si with the lowest resistivity (sample 5), the value of
AE,e=0.72 eV was obtained. This coincides with the activation
energy 4 o (=EC—EF) of the dark conductivity of undoped a-Si:H.
Therefore, considering the energy-band diagram shown 1in Fig.
4.4(b), the electron-capture rate is 1larger than the hole-
emission rate, that 1s, the second term predominates in the
right-hand side of Eq. (4-7). For samples 6-8, on the other
hand, the obtained values of AEge were 0.80, 0.65, and 0.63 eV,
respectively, which correlates with an increase in the substrate
resistivity. As is clear from Fig. 3.10(b)-(d), the magnitude of
Er-Ey decreases with an increase in the substrate resistivity.
This suggests that the hole emission dominates for these samples,
namely, the first term in the right-hand side of Eq. (4-7)
determines the magnitude of I5. It is In progress that the
transition from the electron-capture process to the hole-emission
process 1s discussed in detail.

4-4, Reverse I-V Characteristics

The a-Si:H/c-Si heterojunctions can keep a small dark
current even at higher reversed bias range, as shown in Figs. 4.1
and 4.2. From Eq. (4-1), the saturated value of the reverse
current 1s expected to be I,- However, the reverse current
eXxceeds the wvalue of Iy, indicating that the reverse current
should be limited by another transport mechanism.

Figure 4.5 shows the reverse current as a function of
(VB—V)I/2 for samples 5 and 6 with 1lower-resistivity p c¢-Si
substrates, which is replotted from the data given in Fig. 4.2(a)
and (b), respectively. Figure 4.6 shows the reverse current as a
function of (VB—V)I/2 In the larger range of -5 V< V £ -0.5V,
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which 1s replotted from the data given in Fig. 4.1. When a
generation current 1s taken 1Into account 1in the depletion
region,lz) this current should be proportional to the width of
the depletion region that varies with (VB-V)l/z. The data show a
good linearity, indicating that their reverse currents should be
limited by the generation process in the depletion region. This
proportionality between reverse current and (VB—V)]'/2 is held
throughout the temperature range studied here. In sample 5, the
depletion region exists only on the a-Si:H side because the p c-
Si is heavily B-dqped, indicating that its generaticn current is
produced in the depletion region of a-Si:H under reverse bias
conditions.

The reverse current 1s an increasing function of the p c¢-Si
resistivity, as shown in Filg. 4.2. Because the width of the
depletion region in c¢-S1 increases with an Increase of the p c-Si
resistivity as shown in Fig. 3.10, the contribution of the
generation current in p c¢-S81 to the reverse current increases
with an Increase of the c¢-51i resistivity. Those suggest thét the
generation current per unit volume in the depletion region of c¢-
S1 1s greater than that in the depletion region of a-Si:H. This
may be Dbecause the bandgap (1.12 eV) of ¢-Si is narrower than
that (about 1.7 eV) of a-Si:H.

4-5, Summary

The current-transport mechanism of the undoped a-Si:H/p c-Si
heterojunctions has been discussed from thelr I-V characteristics
and thelr temperature dependence. The main results are
summarized as follows.

(1) The forward current, described as exp(-A E,¢/KT)

x exp(AV), can be explained by a multistep-tunneling capture-
emission (MTCE) model, where a hole in the valence band of p c¢-Si
keeps flowing from one gap state to another in a-Si:H by the
multistep-tunneling process until its tunneling rate becomes
smaller than a rate either for hole releasing from the state to
the valence band or for its recombination with an electron in the
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conduction band of a-Si:H.

(2) The reverse current, which is proportional to (VB—V)l/z.
is reasonably ascribed to a generatlon process in both depletion
regions of a-Si:H and ¢-Si. The generation current per unit
volume 1in the depletion region of c-S§i 1is conslidered to be
greater than that in the depletion region of a-Si:H.
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CHAPTER V  MIDGAP-STATE PROFILES DETERMINED BY TRANSIENT HMC
METHOD

5-1. Introduction

The optoelectronic properties of hydrogenated amorphous
silicon (a-Si:H) films are critically linked with the density and
distribution of gap states in a-Si:H. In order to enhance the
performance of a-Si:H-based devices, such as solar cells and
thin-film transistors, a low density-of-state (DOS) distribution
[g(E)] 1n the mobility gap 1s essential. Measurements of the
g(E) and understanding of the nature of the gap states are,
therefore, very important. The problem has received
conslderable attention, and many technlques have been developed
to determine the g(E). These 1nclude both optical and electrical
methods as mentioned in Chapter I .

This chapter has tried to determine the g(E) below the Fermi
level 1n highly resistive amorphous semiconductor, such as
undoped a-S1:H films and undoped hydrogenated amorphous silicon
germanium alloy (a-Si;_;Gey:H) films, the Importance of the
latter arising from the low band-gap component 1in tandem-type
amorphous solar cells.

Prior to this, from the study of the capacitance-voltage (C-
V) characteristics of undoped (i.e., slightly n-type) a-Si:H/p-
type crystalline silicon {(p c¢c-Si) heterojunctions under high
frequency (=2 100 kHz), a midgap-state density (NI) of a-Si:H and
its electron affinity (x 5) were obtained, as - discussed 1n
Chapter 1. The analytical approach there has been that at a
high-frequency small ac voltage the capacitance of a-Si:H becomes
equal to geometric capacitance of the a-Si:H film due to 1its
longer dielectric relaxation time, while that of c¢-Si is
assoclated with the depletion width of c¢-Si which reflects the
space charge of the depletion region in a-Si:H by a dc¢ reverse
blas. This method 1is called a steady-state heterojunction-
monitored capacitance (HMC) method.

In this chapter, it has been demonstrated that the g(E)
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below the Fermi level 1n highly resistive amorphous films can be
determined from the experimental results involving measurements
of transient capaclitance as well as its temperature-dependence of
those heterojunctions.

5-2. Transient Capacitance

Figure 5.1 shows the change in the capacitance after a
reverse-bias voltage (-4 V) is applied to an undoped a-Si:H/p c-
Si (NA=1.0x1016 cm"s) heterojunction which was under the zero-
bias condition for a certain time. In almost of the whole a-
Si:H, the gap states between Ep and Egg are full of electrons
under the zero-bias condition. After applying the reverse-bias
voltage, the electrons trapped at the gap states between Ep and
Egop are golng to be re-emitted to the conduction band, which
results in the change of the positive space-charge density 1n the
depletion region of undoped a-Si:H. Because a-S1:H possesses
deep gap states whose emission rates are small, the capacltance
gradually decreases with time (t). Since the steady-state HMC
method has made it possible to get the midgap-state density, this
transient HMC must include information on the g(E} of the midgap
states. From the transient behavior of the capacitance, the g(E)
in undoped a-Si:H can be determined as discussed in the following
sections. This method is a powerful technique for determining
the g(E) below the Fermi level in undoped a-Si:H because 1t has
been difficult to obtain the g(E) 1n such a highly resistive
semiconductor by the conventional transient capacitance methOdé:
such as deep-level transient spectroscopy (DLTS)l) and isothermal
capacitance transient spectroscopy (ICTS)Z) using Schottky
barrier dlodes and homogeneous p-n dlodes, as mentioned in
Chapter 1 .

5-3. Theory of Transient HMC Method

In order to estimate the g(E) below the Fermi level, the
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Fig.5.1. Transient capacitance of undoped a-Si:H/p c-Si (NA=1.0x1016 cm'a)
heterojunction.

82



Fig.5.2.

CHAPTER V  TRANSIENT HMC METHOD

C~Si  Amorphous

Schematic representation of energy-band diagram and space-charge
density of heterojunction at four different times: (a) t<0, (b) t=+0
{(c) t>e¢ gp+ and (d) t=w. In energy-band diagrams, gap states as
Indicated by hatched areas are occupied by electrons, so are neutral.
In the depletion region, therefore, empty gap states between Ep and
Eop behave as positively charged states. Gap states below Egp are
always occupied by electrons. The symbol of © represents a
negatively charged acceptor.

¥
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transient HMC is considered after a reverse-bias voltage (VR) is
applied to the sample for a certain period of time. The zero-
bias condition is kept for t<0 s in order to f11l1 electrons at
gap states below the Fermi level, as shown In Flg. 5.2(a). At
t=+0 s, the voltage VR is applied across the whole regions of a-
Si:H and c¢-S81i as shown in Fig. 5.2(b). Electrons trapped at
shallower states are thermally emitted into the conduction band.
After the applied bias has been on the dielectric relaxation
time of the amorphous film, the space charge in the vicinity of
the heterojunction will redistribute itself in response to the
applied potential [Fig. 5.2(c)]. Here, the dielectric relaxation
time of c¢-Si is much shorter than that of the amorphcus film.

The HMC data after the dielectric relaxation time can be
analyzed using Eq. (3-11), where W; and Ny are a function of time
(t), thus,

WE(t) = 26 gye gaN[{t) (Vg = VRI/QNAIN{(t) & gp + Npe q]. (5-1)

Since

Vi(t) = aNpWE(t)/2e o1 (5-2)
Eq. (5-1) can be written as

Vl(t){NI(t) £ s2 + NAS 51] = & SZNI(t)(VB = VR) . (5—3)
By solving Nj(t) from Eq. (5-3), we obtain

NI(t) = & Slvl(t)NA/a SZ[VB - VR - Vl(t)} ’ (5-4)
where Wl(t) 1s the depletion width in c¢-Si at time t and V4(t) is
the voltage at t across the depletion region of c¢-Si. From Eq.
(3-10), on the other hand, we can also obtaln experimentally

Wi(t) = ¢ S1[1/C(t) - 1/Cql , (5-5)

where C(t) 1s the measured capacitance (HMC} at t, as shown 1n
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Fig. 5.1. To make the above analysis feasible, the absolute
value of Vi must be high enough for Nj(t)Wo(t) to become much
larger than Ny(« }W,5(0), indicating that the average value of Ny
over the depletion region at t becomes close to NI(t). This
condition also suggests that i1ts interface states do not affect
the measurement of HMC.

The function H(t) is defined as

H(t) = td[ANp(t)1/dt (5-6)

with
ANjy(t) = Ny(t) - Ny(e) . (5-7)

Since NI(G>). which represents Nj at t== s, is constant, Eq. (5-
6) can be rewritten as

H(t) = tdNj(t)/dt : (5-8)

Therefore, the HMC signal of H(t) is experimentally obtained from
Eas. (5-2), (5-4), (5-5) and (5-8).

On the other hand, the signal of H{(t) is theoretically
considered. The value of AIWI(t) 1s determined by the change 1in
the electron occupation of the g(E), thus:(See Appendix)

Ec
AIVI(t) = - [f(E) - FGD(E)]g(E)exp{—[en(E) + ep(E)]t}dE, (5-9)
Ey

where Ec and Ey are the conduction-band edge and valence-band
edge, respectively, f(E) is the Fermi-Dirac distribution function
which coincldes with the occupation function at t=0 s, F_ (E) 1is
the occupation function at t=« s, and e, (E} and ep(E) are
thermal emlssion rates of electrons and holes, respectively. The

function f(E) is expressed as

f(E) = 1/{1 + exp[(E - Ep)/kT]} ) (5-10)
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and Feo (E) 1s glven by the thermal-emission process: (See
Appendix)

Fo (E) = ep(E)/[eg(E) + ey(E)] . (5-11)

The values of en(E) and ep(E) are described as

en(E) v nexp[(E - E()/KkT] (5-12)

and

il

ep(E) = v pexpl[(Ey - E)/KT] . (5-13)

Then from Eqs. (5-6) and (5-9), we obtailn

Eq
H(t) = § (f(E) - Fa,(E)]g(E)[en(E) + ep(E)]t

E
v X exp{—[en(E) + ep(E)]t}dE . (5-14)

The determination of g(E), by which H(t) of Eq. (5-14) can be
obtained to fit the measured H(t) using Eqs. (5-10)}-(5-13), 1is
described in the next section.

In the case that en(E) is much larger than ep(E). on the
other hand, the following relation between g(E) and H(t) 1is
obtalned. Equation (5-14) can be rewritten as

E
H(t) = J C[f(E) - F_ (E)g(E)D(E,t)dE | (5-15)
Ey
where
D(E,t} = en(E)t exp[—en(E)t] . (5-16)

The function D(E,t) is maximum at en(E)t=1. If this function
1s assumed to be a delta function, the following relation could
be obtained approximately:
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Ec
[£(Ep) - Fo (Ep)le(Ey) § — D(E,ty)dE

Ey

Ir

H(tp)

a0

[f(Ep) - Fo (Ep)lg(Ep) f  D(E,ty)dE
0

Ir

= [f(Ep) - F (Ep)lg(Ey KT (5-17)
where En 1s the energy at which D(E,t) has a maximum value when
en(Em)tm =1 . (5-18)

Therefore, the relation between Em and th is derived from Egs.
(5-12) and (5-18):

Ec - Ep = kTIn( v tp) : (5-19)
In a more general form, this equation can be expressed as

Ec - E(t) = kTIn(wv pt) . (5-20)
Under the conditions that e, (E) is much higher than ep(E) [i1.e.,
Fo (E}=0] as well as that f(E) is close to unity for the gap

states between Ep and Eog: the relation between H(t) and g{(E) is
generally obtained from Eq. (5-17) as

g(E) = H(t)/kT . (5-21)
Therefore, the g(E) around the middle of the energies between EF

and Egp can be easlly estimated from the measured H(t) using Egs.
(5-20) and (5-21).

5-4, Transient HMC Measurements

Undoped a-Si:H films were deposited by the rf glow-
discharge decomposition of pure SiH4., and undoped a-Sil_xGex:H
films were prepared by the rf glow-discharge decomposition of
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Fig.5.3. Reverse-bias dependence of measured H(t).
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Fig.5.4. Set of two measured H(t) corresponding to (111) and (100) surfaces

p c-S1 for undoped a—Sil_x Gex:H (E0=1.44 eV).
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GeH,/SiH,/H, gas mixture. Good quality films could be obtained
by those techniques. The optical gap (EO) was determined by the
Tauc plots of (ahv )1/2=Bl(hy —EO). where a is the optical
absorption coefficlent, hy 1is the photon energy, and B, is =a
constant. The heterojunctions were fabricated by depositing the
amorphous fillms onto p ¢-Si substrates (NA=1.0x1016 or 3.5x1016
cm_3) heated to 250 °C and then evaporating Mg on an area (0.785
mm2) of those films at room temperature In a vacuum of 7x10'7

Torr. Thicknesses of amorphcus films were kept between 0.8 and
1.2 um. Mg formed a good Ohmic contact with those amorphous
films. All the heterojunctions exhibited good rectifying
properties.

Transient HMC measurements were carried out at 2 MHz for
various temperatures. Only signals of H(t) at time longer than
the dlelectric relaxation time are valid as mentioned in Section
5-3. The signals of H(t) get saturated at a filling time 1 ¢
(under the zero-bias condition) longer than 1 s. In the following
measurements, H(t) has been measured at t =50 s under the zero-
bias condition.

Figure 5.3 shows the reverse-blas dependence of H(t) for an
a-Si;_,Ge,:H(Ep=1.55 eV)/p c-S1 heterojunction. The signals of
H(t) for -5 VsVgps -3 V are found to be 1independent of the
reverse blas VR while the signals for Vr of -1 V and -2 V depend
on Vg, I1ndicating that the relation, that Ny(t)W,(t) 1s much
larger than Nl(u>)wz(0), 1s invalid for the reverse blases of -1
V and -2 V. As described in Section 5-3, these H(t} 1Include
information not only on the bulk but aisoc on the 1interface.
Since the g(E) in the bulk is necessary, H{(t) has been measured
at VR=—4 V.

In order to check to what extent the interface states can
affect the signal of H(t), the signals of H(t) with different
surfaces of ¢-Si are compared, as shown In Fig. 5.4. The (111)
surface of c¢-S1 has the largest number of available bonds per
cmz. and the (100) surface has the smallest. According to the
experimental results from Si/§510, systems.3'4) the 1interface-
state density for the (100) surface is reported to be lower by a
factor of 10 compared to that for the (111) surface. In the
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Fig.5.5. Set of five measured H(t) corresponding to five different measuring
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present work, however, H(t) has not shown any significant
variation with surface orientation, as is clear from Fig. 5.4.
Thus, H(t) is considered to be unaffected by the interface states
In the present heterojunctions. From the figure, moreover, H(t)
is considered to be independent of the resistivity of p c¢-S1,
which 1s considered to be natural since Ny obtained from the
steady-state HMC method is independent of the p c-S1 resistivity
as discussed Iin Chapter In.

In order to calculate H(t) using Eq. (5-14), only v n and
Y p are necessary. Here, an undoped a—Sil_xGex:H/p c-Si
heterojunction with NA=1.Ox1016 cm_3, as shown in Fig. 5.5, is
considered 1in order to estimate the values of v p and v ;. The
electron thermal-emission rate [en(E)] for a particular gap state
at a depth (Ec-E) from the conduction band is given by Eq. (5-
12), and the time , which is required for a trapped electron to
be thermally re-emitted, is 1/ep(E). Under the assumption that
the gap states corresponding to the peak of H(t) 1s located
between EF and EOB’ the g(Ep) is obtained as H(tp)/kT from Eq.
(5-21). Therefore, the value of v n can be approximately
estimated from the temperature dependence of the time (tp) at the
peak of H(t). Then,

tp = 1/en(Ep)
= (/v plexp[(Eg - E;)/KkT] . (5-22)
if v n is independent of temperature and energy. Figure 5.8

shows the temperature dependence of tp. and from the intercept on
the vertical axis in the figure using Eq. (5-22) the value of v n
is found to be 2x1013 g7 1, Next, a maximum value of v p/u n 1is
estimated as follows. Figure 5.7 shows the calculated H(t) for
different v , with g(E}=1x1017 ecn™3ev™! and » =2x1013 571, The
measured H(t) at 1.4 s (T=306.8 K) is about 5x1014 cm=3 from Fig.
5.5, while 1in the case of v p/u n=1 using Eg2=Eo=1-52 eV the
calculated one is about 108 cm"3 from Fig. 5.7, suggesting that
the wvalue of g(E) corresponding to 1.4 s should attain an
unreasonable value of 5x1023 cm Jev~1 simply because
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g(E) : 1x1017 = sx1014 . 108

From the above consideration, the value of v n and the maximum
vaiue of v p are taken as leo13 and 2x109 s_l. respectively.
The calculated H(t) was approached to the measured H(t) by
changing g(E), and then the g(E) shown in Fig. 5.8 made the
calculated H(t) fit in with the measured H(t) very well, as shown
In Fig. 5.9. Here, it is assumed that the mobility gap coincildes
with Eg. Flgure 5.10 shows the temperature dependence of the
calculated H(t) which fits in with the measured H(t) at each
temperature.

The g(E) for undoped a-Si:H, estimated from the measured
H(t) 1in Fig. 5.11, is shown in Fig. 5.12 using » p=1x1011 71,
v p=1x10% sl and  Egy=Eq=1.70  ev. Density-of-state
distributions for other amorphous silicon-based alloys will be
discussed in Chapter WVI.

The distribution g(E) obtained here is found to be the bulk
DOS distribution unaffected by interface states. This appears to
be the first systematic effort to electrically estimate the g(E)
below the Ferml level for undoped amorphous materials.
Therefore, the following part of this section considers the
valldity of this transient HMC method in more detail. The
followlng pertinent questions could arise, viz.,

(1) Is the assumption that v n and » p are independent of

temperature and energy correct?

(2) Are the values obtained for v and v reasonable?

(3) To what degree does tunneling gffect g?E)?

There has been a controversy in opinion regarding the
answers to (1) and (2) mainly on the basis of results obtained
from DLTS1:5:6) and ICTS.2'7) These techniques have mainly been
applied to P-doped a-Si:H, but no data exist for undoped a-Si:H
and undoped a-Si;_,Ge,:H.

If v n has a temperature dependence of the form
v = ¥ poT2exp(-AE , /kT) , (5-23)

where no and AlEu are constants independent of T, Eq. (5-22)
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Fig.5.8. Density-of-state distribution for a-Sil_xGex:H (E0=1.52 eV).
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changes into
tp = (1/v noT?)expl(Eg - E, + AE, )/kT] , (5-24)

indicating that the energies shown in Figs. 5.8 and 5.12 are
overestimated because of the assumption that AIEy'=0. The
situation 1s the same as that reported by Lang and Cohen.l)
Therefore, it 1s 1important to 1investigate the temperature
dependence of v n- Furthermore, Lang and Cohenl) assumed that
v o was Independent of energy locations of gap states which were
ascribed to the same origin, while Okushiz) reported that » n has
an energy dependence. In the above discussion, the energy-
independence of v n is adopted. We has tried to investigate the
temperature- and energy-dependencies of v , by means of the trap
filling method 1l1lke ICTS which investigates the dependence of
H(t) on the filling time (7 ¢),2) but difficulty has been
encountered owing to the long dielectric relaxation time of
amorphous films. However, the energy locatlions of the peak of
DGS feor undoped materials are found to be close to those reported

by Tsutsumi et al.,8) 9)

and Kocka, Vanecek and Schaver.

Since the values of v n are reported to be between 109 and
1013 s71 for st dangling bonds.l_z) the values obtained here are
consldered to be reasonable. On the other hand, there 1s no
experimental data on the values of v p- The value of Y p
estimated from the fitting procedure depends strongly on the
mobility gap (Egz) because ep(E) is a function of (EC-E)-Egz.
The g(E) estimated with v n= ¥ p=1x1011 s_l and Eg2=1.91 eV is the
same as the g(E) shown in Fig. 5.12 with v n=1x1011 s_l.
v p=1x108 s 1
cases. The value of the mobility gap poses an open question.
Vanecek et al.lo) concluded that the mobility gap of a~-Si:H was
quite close to Ej (~1.7 eV). On the other hand, Lang and co-

6) used the values between 1.9 and 2.1 eV for the mobility
-1

, and Eg2=1.70 eV because EOB 1s the same 1in both

workers
gap of a-Si:H based on the assumption of v =v p=1013 s
Jackson et al.ll) reported it as 1.93+0.2 eV, However, the
estimated g{(E) does not change at all when the best fit |{is
obtained using the maximum of v p/v n Which is determined by the
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value of Egz.

Regarding the third question, it seems like tunneling does
not affect the g(E) in the range of the measuring temperatures
from the consideration similar to the ICTS analysis of P-doped a-
Sil_xGex:H.IZ) The value of tp , when the tunneling process
affects H(t), is not on the linear relation between tp and 1/T
expected from the range of higher temperature. In the present
study, the 1linear relations between them are obtained 1in the
whole temperature range studied here for all the samples. This
transient HMC method will be applied not only to determining the
g(E) in other wundoped amorphous silicon alloys but also to
investigating the changes of g(E) by 1light-soaking, rapid
cooling, and thermal annealing in the following chapter.

5-5. Summary

A novel technique for determining the magnitude as well as
energy location of midgap states in highly resistive amorphous
materials has been developed from the study of the transient
capacitance 1in the highly resistive amorphous/lowly resistive
crystalline semiconductor heterojunctions. This transient HMC
method has been tested and applied on undoped a-Si:H and undoped
a—Sil_xGex:H. The g(E) obtained by the transient HMC method 1is
found to be representative of a homogeneous bulk property of the
amorphous material, unaffected by their interface states.

98



1)
2)
3)
4)
5)
6}
7)
8)
9)
10)

11)

12)

CHAPTER V  TRANSIENT HMC METHOD

References

J. D. Cohen and D. V. Lang, Phys. Rev. B25(1982)5321.

H. Okushi, Phil. Mag. B52(1985)33.

P. V. Gray and D. M. Brown, Appl. Phys. Lett. 8(1966)31.

M. H. White and J. R. Cricchi, IEEE Trans. ED-19(1972)1280.
J. D. Cohen, D. V. Lang, and J. P. Harbison, Phys. Rev. Lett.
45(1980)197.

D. V. Lang,‘ J. D. Cohen, and J. P. Harbison, Phys. Rev.
B25(1982)5285.

H. Okushi, Y. Tokumaru, S. Yamasaki, H. Oheda, and K. Tanaka,
Jpn. J. Appl. Phys. 20(1981)L549.

Y. Tsutsuml, S. Sakata, K. Abe, Y. Nitta, H. Okamoto, and Y.
Hamakawa, J. Non-Cryst. Solids 97&98(1987)1063.

J. Kocka, M. Vanecek, and F. Schaver, J. Non-Cryst. Solids
97&9B(1987)715. ‘

M. Vanecek, J. Stuchlik, J. Kocka, and A. Triska, J. Non-
Cryst. Solids T7&T8(1985)299.

W. B. Jackson, S. M. Kelso, C. C. Tsal, J. W. Allen, and S.
J. Oh, Phys. Rev, B31(1985)5187.

H. Matsuura, H. Okushi, and K. Tanaka, J. Non-Cryst. Solids
97&98(1987)963.

99



CHAPTER VI CHANGES OF MIDGAP STATES

CHAPTER VI CHANGES OF MIDGAP STATES

6-1. Introduction

Many techniques, summarized by LeComber and Spear.l) have
been developed to determine a density-of-states distribution
ig(E)] 1in hydrogenated amorphous silicon {(a-Si:H), silicon-
germanium alloy (a-Si;_,Ge,:H) and silicon-carbon alloy (a-811_4
CX:H) films, because the electric properties of these films are
critically 1linked with their g(E). All these techniques have
some 1imitations in their application. It 1is especially
difficult to determine the g(E) 1n highly resistive (e.g.,
undoped) amorphous semiconductors, but the properties of undoped
films usually limit the performance of amorphous devices, such as
solar cells and thin-film transistors. Chapters I and V have
developed techniques for determining a midgap-state density (NI)
and the g(E) below the Ferml level (EF) in highly resistive
amorphous semiconductors from the high-frequency capacitance of
highly resistive amorphous/lowly resistive crystalline
semiconductor heterojunction structures, referred to as the
heteroJunction-monitored capacitance (HMC) method.

Cnce the g(E) 1n undoped a-Si:H has been determined, the
change of g{E) due to incorporation of Ge or C into undoped a-
S1:H 1s interesting. Furthermore, the changes of g(E) in undoped
a-S1:H by light soaking, rapid cooling and thermal annealing are
anxious to be surveyed in order to understand the nature of
metastable midgap states which has been interesting to
researchers both studying the physics of amorphous semiconductors
and designing a-Si:H-based devices.

The existence of the light-induced reversible changes in a-
S1:H has attracted considerable attention, mostly because of the
degradation of the efficlency of a-Si:H solar cells. This
effect, which is known as the Staebler-Wronski (S-W) effect.z)
arises from the creation of metastable gap states by 1light
soaking, and it is recovered by the thermal annealing at 150-200
C. Stutzmann et al.3) have proposed the following mechanism;
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the rate of increase in dangling bond density (Ns) determined by
electron spln resonance (ESR) measurements is given by the
relationship that st/dt is proportional to AnAp, where An and
Ap are the free electron and hole concentrations, respectively
under 1light exposure. Each concentration 1s proportional to
G/NS, where G 1s the carrier generation rate by light exposure.
They have concluded that Ng(t) is proportional to 02/3t1/3.

Once Ng has been increased by light exposure, the kinetics
of 1ts thermal annealing can be explored. Stutzmann et al.4)
have proposed a monomolecular annealing process with a
distribution of activation energiles (Eg), while Lee et a1.5) have
preposed a bimolecular annealing process with one E;. Smith and

Wagners)

have expanded the Stutzmann's models for creation and
annealing of midgap states intc a more general model which can
explain the reason why NS cannot be reduced to the value below
101° em™3 for undoped a-Si:H.

7) and Qiu et al.B) have reported that two
kinds of light-induced states are produced by light soaking; one

is detected by photoconductivity measurements, and the other 1is

Han and Fritzsche,

observed by constant photocurrent measurements (CPM). Kumeda et
al.g) have pointed out from the results of ESR that singly-
occupied dangling bonds (D°) created by short-time (3-h) 1ight
soaking are easily annealed out, while p° created by long-time
{(53-h) light soaking are resistant to the annealing.

 Section 6-2 has applied the HMC method to undoped a-Si:H,
undoped &-Si,_,Gey:H and undoped a-514_4Cx:H, and discusses the
behavior of these midgap states when Ge atoms (or C atoms) are
incorporated 1into undoped a-Si:H. In Section 6-3, the thermal
annealing Kkinetics of midgap states 1In wundoped a-Si:H are
investigated, and E, at each energy position of midgap states
(i.e., DO) is directly determined from the transient HMC method.
Since the transient HMC method can obtain the g(E) in a short
time (e.g., several seconds), it enables us to carry out the
real-time measurements of g(E) 1in the process of a 150-°C
annealing. In Section 6-4, changes of g(E) in undoped a-S1:H are
investigated before and after light soaking, rapid cooling, and
thermal annealing by means of the HMC method.
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6-2. Midgap-state Profiles in Undoped Hydrogenated Amorphous
Silicon-based Alloys

Undoped a-Si:H films and undoped a-S1;_,Cy:H films were
deposited using a diode-type rf glow-discharge reactor from pure
SiH, gas and Hy/SiH,/CH, gas mixture, respectively. Undoped a-
Sil_XGex:H films with an optical gap (Eg) of 1.30 and 1.44 eV
were deposited using a dlode-type rf glow-discharge reactor from
Ho/GeHy/S1H, gas mixture, and undoped a-51;_ yGey:H (1.55 eV=Eps
1.70 eV) films were prepared using a triode-type rf glow-
discharge reactor'from GeH4/SiH4 gas mixture. The thicknesses
were between 0.5 and 1.2 zm.

The heterojunctions were fabricated by depositing the
amorphous films onto p-type crystalline silicon (p c-§1)
substrates with an acceptor density (NA) of l.OxlO16 cm_3, heated
to 250 °C, and then evaporating Mg on an area (0.785 mmz) of
those films at room temperature. Mg formed a good Ohmic contact
with those amorphous films. All the heterojunctions exhibited
good rectifying properties. The samples for measurements of
optical gap, conductivity, photothermal defection spectroscopy
{(PDS) and ESR were fabricated by depositing the amorphous films
onto fused silica substrates heated to 250 °C.

The capacitance was measured using a Sanwa MI-415
capacitance meter (2 MHz). The transient HMC was measured as a
function of temperature in the range between 213 and 413 K.

Figure 6.1 shows the dark conductivity and photoconductivity
of films used in this study, indicatlng that the quality of the
films was good. The Ge contents (x) determined from electron
probe microanalysis (EPMA) in a-S5i,_,Ge,:H were 0.80, 0.48, 0.44,
and 0.27 for Ep=1.30, 1.55, 1.63, and 1.70 eV, respectively. The
C contents (x) determined from Auger electron spectroscopy (AES)
in a-S1;_4Cy:H were 0.11 and 0.15 for Ep=1.80 and 1.88 eV,
respectively. The Urbach energlies obtained from PDS were 73, 58,
52, 62, 50, 84, and 87 meV for Ey=1.30, 1.55, 1.63, 1.70, 1.76,
1.80, and 1.88 eV, respectively. The Urbach energy is considered
to be related with the slope in the valence-band tail.

Figure 6.2 shows the relation between the optical gap (Eg)
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and the denslity of midgap states (NI) obtained from the steady-
state HMC method, and the relationship between N1 and the bulk
spin densities (Ng) from ESR which represent the density of D0 1s
inserted. The density of midgap states increases slowly with the
Ge content, whille it increases rapidly with the C content. This
optical-gap dependence of the midgap-state density colncides with
the result obtained from PDS, where the midgap-state density
obtained from PDS is reported to be proportional to Ng. As s
clear from the inserted figure, furthermore, the value of Ny s
close to the corpesponding bulk ESR spin density where surface
state contributions were estimated by results from a serlies of
films over a range of thicknesses, 1iIndicating Ny represents the
density of DY in the bulk.

The g values obtalned from ESR were 2.018, 2.006, and 2.005
for a-51;_yxGey:H (Ep=1.30 eV), a-Si:H (Ep=1.76 eV), and a-S1i,_y4
CyH (EO=1.88 eV), respectively. Shimizu et al.lo) have reported
that the g values for dangling bonds of Ge, Si, and C are 2.019,
2.005, and 2.003, respectively. Morimoto et al.ll) have reported
that the ratio of Ge dangling bonds to Ge atoms is higher by a
factor of four to fifteen than the ratio of Si dangling bonds to
51 atoms in a-Siy_;Ge,:H films. According to their experimental
results, Np in a-S1i;_,Ge,:H with Eg=< 1.63 eV represents the p°
density of Ge. 1In a—Sil_xCx:H (EO < 1.88 eV) and a-Si:H, Nt
represents the p° density of Si. The value of Ny for the C
content of 0.15 was 1.7x1017 cm™3 although N; for the Ge content
of 0.27 was 6.5x1015 cm_3, indicating that the ratio of §8§i
dangling bonds to Si atoms in a—Sil_xCx:H should be much higher
than that in a-Si1,_,Ge,:H. This indication seems reasonable 1in
the 1light of bonding energles (Ge-H<Si-H<C-H), in other words,
preferential attachment of H to Ge, §8i, and C. Thus,
incorporating a small amount of C into a-~-Si:H causes C atoms to
take H atoms from Si-H bonds near the surface of the film during
the deposition, resulting in formation of excess §8Si dangling
bonds.

Figure 6.3 shows six g(E) corresponding to Eg, which are
estimated from the transient HMC method. Here, the attempt-to-

escape frequencles (v n) for electrons which were experimentally
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obtained were 4x1012, 1x1012, sx10ll, ax10!!, 4x10ll, and sx10ll
sl for Ey=1.55, 1.63, 1.70, 1.76, 1.80, and 1.88 eV,
respectively, and they were used to estimate the g(E), as
described 1n Chapter V. As the Ge content increases 1in the
film, the energy location of the peak of g(E) is shifted slowly
toward the conduction band. 1In the figure, however, the two
peaks of dangling bonds of Si and Ge cannot be seen. Figure 6.4
shows the g(E) for a—Sil_XGex:H (E0=1.44 eV) with v n=1x1014 s_l.
which 1is obtained from Fig. 5.4. Figure 6.5 depicts the g(E) for
a-5iy_,Ge,:H (Eg=1.30 eV) with n=3x1014 s 1. Both the films
were deposited wusing an inductively-coupled rf glow-discharge
reactor from H2/GeH4/SiH4 gas mixture on p ¢-Si substrates heated
to 200 °C. As is clear from the study of ESR , both the main
midgap states are D0 of Ge. In the flgures, therefore, both the
main peaks of their g(E) should arise from D0 of Ge, and the
shoulders, which appear in the right-hand side, must result from
p? of S1.

In the case of a-51y_4Cy:H (Ejs 1.88 eV), as 1s clear from
ESR, the main midgap states originate from DO of Si, 1indicating
that the g(E) shown in Fig. 6.3 should represent the distribution
of singly-occupied Si dangling bonds. From the fact that the
peak of g(E) does not appear clearly in a—Sil_xCx:H, however, the
singly-occupied Si dangling bonds are considered to be
distributed in energy wider than them in a-Si:H. Since the ratio
of Si dangling bonds to Si atoms in a-Si,_4C,:H becomes higher
than that in a-Si:H, the limitation on formation of S1 dangling
bonds in a-811_4x~Cx:H should get looser than that in a-Si:H, and
the energy location of the Si dangling bonds in a~Sil_x Cy:H are
allowed to broaden, coinciding with the broaden of their g(E)
shown in Fig. 6.3.

As 1indicated in Fig. 6.3, the energy location of p® in a-
Si:H 1s around 0.85 eV below the conduction band edge, which

1) whereas

belongs to group B classified by LeComber and Spear,
group A has insisted that the energy location of D° of si is
around 1.1 eV. These results for the peak energy location of DO
in a-8i;_,Gey:H coincides with the results obtained by Tsutsumi

et 31_12) who could not, however, determine the g(E) of DO.
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Since there are only a few data concerned with the peak energy
location of DO in a-Si;_yGey:H and there is no data concerned
with that in a—Sil_xCx:H, a lot of researches determining their
energy location should be performed by means of different
techniques.

6-3. Thermal Recovery Process of Midgap-state Profile of Light-
soaked Undoped a-Si:H

Undoped a-S1:H films (about 1.2 xm thickness) were
deposited by the rf glow-discharge decomposition of pure SiH,.
In order to measure dark conductivity (¢ 2). photoconductivity
(Ao ph ), and the activation energy (& 2=Ec-Ep } of dark
conductivity 1n a-Si:H films, samples with coplanar electrodes
were fabricated by depositing a-S1:H onto Corning 7059 glass
substrates heated to 250 °C for sample 21099 and heated to 310 °C
for sample AK362, and subsequently by evaporating Al at room
temperature. Thus-determined properties are shown in Table 6-1.
Oxygen, carbon, and nitrogen concentrations estimated using
secondary-ion mass spectrometry (SIMS) were 7x1019, 1x1019, and
3x1018 cm_3 in sample 21099, respectively, and they were 5x1019,
2x1019, and 8x1017 em™3 in sample AK362, respectively.

The heterojunctions were fabricated by depositing the films
onto p c¢-Si substrates heated to 250 °C for sample 21099 and
heated to 310 °C for sample AK362. The acceptor density (NA) of
p ¢-S1 was l.OxlO16 em 3. Since Mg has been known to form a good
Ohmic contact with undoped a-Si:H, Mg was then evaporated on an
area (0.785 mmz) of as-deposited a-Si:H films at room
temperature. For other heterojunctions, Mg was evaporated after
a-Si:H films were exposed to the AM1 light with 100 mW/cm2 at
room temperéture. As soon as the sample 21099 heated to 150 °C
in a vacuum, the transient HMC was measured using the Sanwa MI-
415 capacitance meter (2 MHz). It was also measured 30-min
later, 1-h later, and 2-h later. However, the transient HMC of
sample AK362 could not be measured at 150 °C because of low
resistivity of its a-S1:H film. Therefore, after the sample was
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Sample As-deposited Light exposure AnnealC Anneald
2109928

o 5 (x1078 s/cm) 0.1 0.01 0.09 0.2

Ag pp (x10748/cm) 2 0.2 1 2

Ec-Ep (eV) 0.71 0.78 0.76 0.69
AK362D

o 9 (x1078 S/cm) 1 0.02 0.6 2

Ao pp (x10748/cm) 3 0.2 2 3

Ec-Ep (eV) 0.63 0.70 0.66 0.62

a8 AM1, 100 mW/cm? for 3.3 h.
b AM1, 100 mW/cm2 for 4 h.

€ 150 °C for 3 h.

d 200 "C for 1.5 h.
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annealed at 150 °C for 3 h, the sample was cooled down, and then
the transient HMC was measured at 80, 100, and 120 °C. After
this, the sample was anncaled at 200 °C for 1.5 h, and then the
transient HMC was measured at 80, 100, 120 °C. The signal H(t)
of transient HMC for as-deposited films did not change before and
after the heterojunctions were annealed even at 200 °C for 1.5 h
In a vacuum. Figure 6.6 shows the time-resolved g(E) and the
corresponding signals H(t) of the transient HMC in the 1inset.
These g(E) were calculated from these H(t) using the attempt-to-
escape frequency for electrons (v n) of 1012 s_l. The signal of
H(t) for the as-deposited film did not change at all during the
thermal annealing process at 150 °C, indicating that contact
properties were not affected by this thermal treatment.
Therefore, changes of H(t) in the light-soaked film should be
ascribed to the changes of the bulk g(E) in a-Si:H.

Two sorts of models have been proposed for explaining the
thermal annealing kinetics;

(1) monomolecular kinetics.4)

(2) bimolecular kinetics.®%)
Lee et al.s) have proposed a bimolecular annealing process with
constant Eg;

d[ ANg(t)1/dt = -7 ,exp(-E,/KT) AN (t)? (6-1)

while Stutzmann et a1.4) have proposed a monomolecular annealing
process with a distribution of Eg;

d[ANS(Ea.t)]/dt = -y aexp(—Ea/kT)ANS(Ea.t) . (6-2)

Though they discussed the change (A.NS) of the total density
estimated from ESR, the transient HMC method enables us to
investigate the annealing behavior of midgap states at each
energy position (EC—E). Let us consider the bimolecular
annealing process at each energy position;

dl A g(E.t)1/dt = -7 , exp(-Ey/kT) A g(E,t)2 (6-3)
and
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Ag(E,t) = g(E,t) - gy(E) ’ (6-4)

where g(E,0) and go(E) are the midgap-state profiles for the
light-soaked film and the as-deposited film, respectively, t is
the annealing time, and 7 a 15 the pre-exponential factor of the
bimolecular decay rate. The 1Integral of Eq. (6-3) implies that

Ag(E,0}/Ag(E,t) =1+ 7 , exp(-E_/kT) Ag(E,0)t. (6-5)

Although this equation predicts a linear relatlion between
Ag(E,0)/Ag(E,t) and t, the experimental data did not produce
the straight lines, as shown in Fig. 6.7(a).

The monomolecular annealing process is given by
d{ A g(E,t)]/dt = -v 45 exp(-E4/kT) A g(E,t) , (6-6)

and the integral of this equation implies that
InfAg(E,t)/Ag(E,0)] = -v 45 exp(-E4/kT)t (6-7)

where v 5, 1s the pre-exponential factor of the monomolecular
decay vrate. As 1s shown in Fig. 6.7(b), the data produce a
straight 1line for each value of (EC—E), indicating that the
experimental results can be predicted by Eq. (6-7). Values of Eg
obtalned from the slope of the curves of Flg. 6.7(b) are plotted
as a function of (E--E) in Fig. 6.8(a). Here, the value of v,
010 571 which Stutzmann et a1.4)
reported. The value of E, decreases monotonously with an
increase in (Eq-E}.

is tentatively assumed to be 1

From the above results, at least phenomenologically, the
monomolecular annealing kinetics with a distribution of E; are
more suitable for explaining these experimental data.

The behavior of E, for states closer to the conduction band
has been investigated. Although the real-time measurement of
g(E) 1in sample AK362 could not be carried out at 150 °C due to
its low resistivity, E, could roughly be estimated using Eq. (6-

a
7) from 1low-temperature (80-120 °C) measurements in the films
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annealed at 150 and 200 °C. The g(E) after 1light exposure
increased by a factor of about 1.7 compared with the g(E) for the
as-deposited film, but the energy position of the peak of midgap
states did not change by light exposure. After annealing at 150
‘C for 3 h, the g(E) for (EC—E) in the range higher than 0.8 eV
decreased. In the film annealed at 200 °C for 1.5 h, the g(E)
for (EC—E) in the range higher than 0.85 eV approached to the
g(E) for the as-deposited film, while for (EC—E) in the range
lower than 0.85 eV it was still larger than the g(E) for the as-
deposited film. The value of E, which was roughly estimated from
this experiment is shown in Fig. 6.8(b), and E; seems to get
saturated in lower (Ec-E).

This 1is the first report which elucidates the relation
between E, and (Ec-E). Although Stutzmann et a1.4) and Smith et
a1.6) predicted that midgap states should have a distribution of
Eg. they did not discuss the relation between E, and (EC—E). The
values of E, are similar to those reported by Qiu et al..8) while
they are rather larger than those reported by Stutzmann et al..4)
Shepard et al.l3) have predicted from photoconductivity
measurements that the g(E) above the Fermi level (maybe doubly-
occuplied dangling bonds, D7) closest to the midgap is annealing
first, with which the present results coincide if the correlation
energies between D® and D are kept constant.

6-4. Optically and Thermally Induced Reversible Changes of Midgap
States in Undoped a-Si:H

Undoped a-S1:H/p c¢-S1 heterojunctions were fabricated as

follows. Undoped a-Si:H films (1.2-1.5 pum thickness) were
deposited by the rf glow-discharge decomposition of pure SiH4 gas
onto p c¢-Si substrates heated to Tg=200-300 °C. After turning

off the plasma, the substrate temperature was kept as it was for
10 min. Then the specimen was cooling down slowly. The acceptor
density (Np) in p c-Si was 1.0x1016 ¢cp~3. Since Mg 1is known to
form a good Ohmic contact with undoped a-Si:H, Mg was evaporated
on an area (0.785 mmz) of as-deposited films at room temperature
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(as-deposited films). For other heterojunctions, Mg was
evaporated at room temperature after the a-Si:H films were
exposed to AM1 light with 100 mW/cm2 at room temperature (light-
soaked films), or after those films, which had been kept at a
given high temperature (TRC) in Hy atmosphere for 10 min, were
immediately dropped into liquid nitrogen (rapidly-cooled films).

The midgap-states density (NI) of undoped a-Si:H was
estimated from the high-frequency (1-MHz) capacitance-voltage (C-
V) characteristics at room temperature using the steady-state HMC
method, as mentioned in Chapter M. The HMC signals of H(t),
which are obtained from the transient capacitances of their
heterojunctions measured at 2 MHz, approximately correspond to
their density-of-states distributions [g(E)] through (See Chapter
V)

g(E) = H(t)/kT , (6-8)

and the energy location below the conduction band edge (EC) 1s
expressed by

Ec - E = kTln{ v t) : (6-9)

where k is the Boltzmann's constant, T is the measuring absolute
temperature, t is the time after the reverse bias is applied to
the Junction, v, 1s the attempt-to-escape frequency for
electrons which can be estimated from the temperature dependence
(353-393 K) of the time (tp) at the peak of H(t).

First, the i1illumination-time dependence is considered. The
value of Ny 1increased with about one-third powers of the
illumination time (tIL). whose behavior was quite similar to the
results obtained from the ESR measurements, as described in
Section 6-1. The value of the activation energy (6 ) of dark
conductivity of the film was independent of tIL as long as tiL
was longer than 3 h. The value of & 2 of light-scaked films,
however, was larger than that of as-deposited films, as 1is
similar to the data in Table 6-1. The H(t) signals did not
change before and after the as-deposited film was annealed at 200
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Fig.6.9.

Fig.6.10.
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Dependence of H(t) signals on illumination time: (a) 4-h illumination
on sample  Ak362; (b) 17 h and 81.3 h on AK376; and {c) 75.3 h and

157.7 h on AK377. The solid curves represent H(t) for as-deposited
films.
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‘C for 2 h in a vacuum, and the H(t) signals for the fillms
annealed at 200 °C for 2 h after the light soaking were quite
similar to those for as-deposited films.

Figure 6.9 shows the dependence of H(t) signals on ty.
After short-time (= 4-h) light soaking, the magnitude of H(t)
increased without any shift of tp. while after long-time (=2 75-
h) 1light soaking tp was shifted toward shorter time and kept
constant, as 1s clearly shown in Fig. 6.10. From the temperature
dependence of tp. v, and the energy position (EC-Ep)
corresponding to the peak of H(t) were estimated; Y ni and
(EC-Epl) for the as-deposited and the short-time 1light-soaked
films were about 7x1011 571 and o0.86 eV, respectively, and v 9
and (EC-Epz) for the long-time light-soaked fllms were about
2x1013 s'1 and 0.84 eV, respectively. Although the change of tp
could, as one possibility, be thought to arise from the change of
the free electron concentration 1n the depletion region of a-Si:H
which leads to the change in the reverse current of the

heterojunction.14)

the reverse current for the long-time 1light-
soaked fi1lm was the same as that for the as-deposited film,
indicating that the change of tp must originate from the change
of v n: Figure 6.11 schematically summarizes the above results.
The solild curve A represents the g(E) In the as-deposited film.
After the short-time light-soaking, both midgap states increased.
However, the midgap states with v n2 (the dashed curve B1l) are
still hidden by those with v ni (the so0lid curve Bl). Subsequent
light-soaking makes the midgap states with » 5, (the dashed curve
B2) larger than those with v nl (the solid curve B2). Therefore,
the rate of increase of midgap states with v nz must be larger
than that with v 4.

Second, the change of light-soaked films by thermal
anneallng 1ls discussed. Figure 6.12(a) shows the changes of H(t)
for the long-time light-soaked films by a 150-°C annealing for 2
h, and Fig. 6.12(b) shows those by a 200-°C annealing. Since the
H(t) signals include iInformation on two kinds of midgap states,
two sorts of energy scales corresponding to v nl1 and v o are
shown 1n the abscissa below the time scale. Section 6-3 has

studied the thermal anneallng kinetics using the short-time
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Fig.6.11. Schematic
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Fig.6.14.
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light-soaked films, from which +the monomolecular annealing
kinetics are found to be suitable for explalning those results.
Figure 6.13 shows the activation energies for the 150-°C
annealing (2 h) and the 200-°C annealing (1 h) from Fig. 6.12,
assuming a monomolecular anneallng process. In Fig. 6.13, the
dashed curve at t>10"1 s and the solid curve at t<10"} s are
quite similar to the curve shown in Fig. 6.8, and those curves
represent the actlivation energies for midgap states with v nl:
So, the dashed curve at t<10™ 1l s and the solid curve at t>1071 s
must be affected by the activation energies for the midgap states
with v 5. Since the energy dependence of E; for the short-time
light-soaked films is already known as shown in Fig. 6.8, changes
in Eg and H(t) for the annealing process in the long-time 1light-
scaked films can be schematically described as shown 1n Fig.
6.14, After the long-time light-soaking, there are the midgap
states with » ;; (the solid curve B2) and those with v ;» (the
dashed curve B2). The annealing at 150 C for 1 h makes the
midgap states decrease a little. Those decreases of midgap
states correspond to that of the midgap states with n2 at
t<10"l s and that of those with v n1 &t t>1071 s. Midgap states
with v o still dominate at t<10"1 s and those states with nl
are still dominant at t>10"1 s. The annealing at 200 °C for 1 h
makes the midgap states decrease to the curve of Al. The value
of E, at t<10" ! s 1s close to that with v ni- and E, at 1071
s<t<l s must be close to that with v ;o . In final, the
subsequent 200-°C annealing for more 1 h gets the midgap states
with v n2 hidden by those with v 4 (the solid curve A).

Third, the effect of rapid cooling 1s mentioned using Fig.
6.15. Smith and Wagners) have combined the creation process with
the annealing process, where both have been proposed by Stutzmann

et a1.3'4):

dNS/dt = CgylP - ¥ aeXp(-E4/KT)Ng {(6-10)
and the product of n and p In the dark is expressed by

np = NCNVexp(-Egz/kT) , (6-11)
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Flg.6.15. Schematic sketch of temperature-dependent midgap-state density.

122



CHAPTER VI CHANGES OF MIDGAP STATES

where NS is the total density of midgap states and Cow is the
constant related with the Staebler-Wronskl effect, n and p are
the free carrier densities in the conduction band and the valence
band, respectively, and Nc and Ny are the effective densities of
states In the conduction band and the valence band, respectively.
During the deposition at a substrate temperature (Tg) or keepling
the film at a given temperature (TRC). the equilibrium condition
(dNg/dt=0) 1is assumed to be held. In this case, the total
density of midgap states is expressed as

Ng = (cszCNV/y a)exp[—(Egz - Ea)/kT] , (6-12)

where T represents TS or Tpe. If the substrate was cooled very
slowly from the high temperature to room temperature (Troom)' the
total density observed from ESR would be expressed as

NS = (CSWNCNV/D a)exP[’(Egz - Ea)/kTroom] ’ (6-13)

which means that Ng should be lower than 1015 cm'3. However, 1t

is Impossible to cool down so slowly. Therefore, N. 1s frozen in

s
at some temperature (Tfr) which strongly depends on the cooling
rate and it is expressed as Eq. (6-13) where Tfr replaces Troom:
The actual cooling rate causes the value of Ng to become of the

order of 10° em™3.

In the case of the film deposited at 200 C, Np 1in the
rapidly-coocled film for TRc=200 °C was equal to that (about 1016
cm_a) in the as-deposited film. The value of Ny for Tpre=250 C
decreased as 1low as Ny (about 5x101° cm"s) in a good quality
film. And then Ny increased with an increase of Tre - In the
case of the good quality films deposited at 250 °C and 300 °C, on
the other hand, N; (about 5x101° cm'a) did not change in the
range of Tgpe-=250 °C, and then N;i 1increased with a further
increase of Tpre- The midgap states may equilibrate during the
deposition at 250-300 °C, and the midgap states are frozen in at
the temperature lower than 250 °C during the real slow cooling
because the value of Np at T =300 °C was close to that at Tg=250

C. From the result of rapid cooling from TRC=250 ‘C, the wvalue
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Fig.6.16. Change of measured H(t) by rapid cooling from 300 °C. The solid and
broken curves represent H(t) of as-deposited and rapidly-cocled films,

respectively.
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of 5x1015 (:m_3 is considered to correspond to Ng at  equilibrium
near 250 °C. Then, when the films are heated up to 300 °C., the
midgap states equlilibrate at 300 °C, which means that Ng at
equilibrium becomes larger than 5x1015 cm ™o, By the rapld
cooling, Ng becomes close to Ng at equilibrium near 300 °C,
resulting 1in the increase of Ng. The deposition condition of
Tg=200 °C, which is considered not to obey Eq. (6-12), 1is not
good. So, this film has a lot of midgap states even if the
substrate is cooled down slowly. When this film is heated to 250
‘C, the midgap states equilibrate at 250 °C according to Eq. (6-
12). The rapid cooling makes the value of Ns keep at the
condition near 250 °C. |

From the transient HMC method, the states increased by rapid
n1: since tp in the
p In the as-deposited film,
as shown in Flg. 6.16. Therefore, the metastable states induced
by rapid cooling are assigned to the midgap states 1in as-
deposited films.

Finally, these results obtained by the HMC methods are
discussed and compared with other results. Both states produced
by the light soaking, which are distinguished by the difference
in v ,, must originate from electron-spin centers because the
behavior of N1 by light soaking 1s quite similar to that obtained
from ESR. From the study of as-deposited films, the states with
v 1 are found to be pY of Si, and those states could also be

cooling from 300 °C were the states having v
rapid cooling film was the same as t

thermally created because they exist In the as-deposited and the
rapidly-cooled films. On the other hand, the other states with
YV na: which will be noted as DE, can be created only by 1light
soaking.

Han and Fritzsche,7) and Qiu et al.8) reported that two
kinds of metastable states could be produced by 1light soaking.
The first light-induced reversible states had a small capture-
cross section (¢ pq) for electrons, and were detected by a
constant photocurrent measurement (CPM). The second states had a
large capture-cross section (o n2) for electrons, and were
detected by an increment (Ao p) of conductivity using a small
incident light flux with a 2-eV photon energy. The value of ¢ nl
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was smaller by about one order of magnitude than ¢ n2+ and both

states were located in the midgap. The value of Ac p decreased
by the short-time (3-4 h) light soaking at 100 K, while an

absorption coefficient (a 1) at 1.0 eV obtained from CPM did not

change. By the same light soaking at 300 K, however, Ao p
decreased and « 1 increased. The values of Acrl)and a 1 are
expressed as

AO'p=B2/(G'nlNl+Un2N2) (6‘14)
and

a 1 = B3(Nl + Nz) . (6"'15)
respectively, and

¢ g 5 100 4 . (6-18)

where By and Bg are constants, N; 1Is the density of the first
states, and N, 1s the density of the second states. If the value
of N, were smaller by the order of 10 than the value of Ny, the
increment of N2 could hardly be detected by the increment of «a 1
according to Eq. (6-15), but i1t could easily be detected by the
change of Ag¢ p according to Eq. (6-14) because of Eq. (6-18).
Therefore, these indicate that the density of the first states
Increases only at high temperature, while the density of the
second states increases at any temperature and that the value of
Ny 1s still smaller than that of N; in the short-time 1light-
soaking. In the 1ight of our results, the first states
correspond to DO Just as they concluded, and the second states

should correspond to DE because v n Is proportional to o

ne
Indeed, in the case of deuterated amorphous silicon (a-S1:D),
only the midgap states with nl Were reported to 1increase by
1ight-soaking.15) That 1s why the rate of conductivity decrease
in a-Si:D 1is reported to be smaller than that in a-Si:H. The
origin of DE 1s still an open question, although Okushi et al.ls)

have insisted a model in which the dangling-bond-like centers are
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produced by a spatially intimated coupling of pairs between
dangling bonds and positively ionized impurities.

6-5. Summary

(1) The steady-state and transient HMC methods have been
applied to determining densities and profiles of midgap states in
undoped a—Sil_xGex:H. undoped a-Si:H and wundoped a—Sil_xCx:H.
The midgap states are correlated with DO; the density in a-51,_4
Gey:H (Eg=1.83 eV) represents the po density of Ge, and in a-
Si:H and a-5i1_4Cy:H (Ep=1.88 eV) it represents the p0 density
of Si. The density of midgap states increases slowly with the Ge
content in the film, while it increases rapidly with the C
content. The peak of the midgap-state profile appears clearly in
a-Si:H and a—Sil_xGex:H, but it does not appear clearly 1in a-
S11_4Cx:iH.

(2) Thermal annealing kinetics of metastable gap states in
short-time light-soaked a-Si:H have been investigated.
Monomolecular kinetics are suitable for explaining the
experimental data. The thermal activation energy (Ea) for
annealing decreases monotonously with an 1increase 1n (EC—E).
This 1is the first report which elucidates the relation between E
and (Eq-E}.

(3) The midgap states having a small v

a

n are created both

optically and thermally, while the midgap states having a large
v, are created only by light soaking. Both states are located
around 0.85 eV below the conduction band edge.
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CHAPTER WM CONCLUSION

This thesls has mainly lnvestigated and discussed

(1) the electrical properties of wundoped hydrogenated
amorphous silicon (a-Si:H)/p-type crystalline silicon (p
c-Si) heterojunctions; '

(2) new methods for determining a density (N;j) and a profile
[g(E)] of mlidgap states in highly resistive amorphous
semiconduptors using the property of those
amorphous/crystalline semiconductor heterojunctions; and

(3) the nature of midgap states in undoped a-S1:H, undoped
hydrogenated amorphous silicon germanium alloys (a—Sil_x
GeX:H). and undoped hydrogenated amorphous silicon
carbon alloys (a-Si;_,C,:H).

Prior to investigation of undoped (i.e., slightly n-type) a-
Si:H/p <c¢-Si heterojunctions in diodes with metal/a-Si:H/c-Si
structures, each contact Iin those diodes has been studied in
order to know whether each contact behaves like an Ohmic contact
or 1like a rectifying contact. From this study, Mg was found to
form a good Ohmic contact with undoped a-Si:H, instead of Al, and
the undoped a-Si:H/p c¢-S1 heterojunctions exhibited good
rectifying properties. Additional results from the study were
that the conduction type of a-Si:H was classiflied 1into three
categories such as n-type for P-doped and undoped a-Si:H,
intrinsic for B-doped a-Si:H with B2H6/81H4~'10'6. and p-type for
B-doped a-Si:H with B2H6/81H4>10'5. which has been difficult by
means of Hall measurements due to their high resistivity.

The study of high-frequency (= 100-kHz) capacitance-voltage
(C-V) characteristics of the undoped a-Si:H/p c-S1i
heteroJunctions has made 1t possible to obtain the density (NI)
of midgap states in highly resistive amorphous semiconductors
such as undoped a-Si:H, whose value was checked with that
obtained from simulation of high-frequency C-V characteristics of
a highly resistive amorphous/lowly resistive crystalline
semiconductor heterojunction. 1In the reasonable case that 1its
interface-state density was less than 1011 cm'z, the density
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experimentally obtalned from the C-V measurement represented a
bulk density of midgap states in undoped a-Si:H. This method 1is
referred to as a steady-state heterojunction-monitored
capacltance (HMC) method.

The forward currents in undoped a-S1:H/p c-Si
heterojunctions were expressed as exp(—t&Eaf/kT)exp(AV). which
could be explained by a multistep-tunneling capture-emission
(MTCE) model proposed here, where A is a constant independent of
the applied voltage (V)}, AEgr 1s a constant independent of the
measuring temperature (T), and k is the Boltzmann's constant. The
reverse currents were proportional to (VB-V)l/z, resuiting from a
generation process in both sides of a-Si:H and c-Si, where VB is
the built-in potential.

The investigation of transient capacitance of the undoped a-
S1:H/p c-Si heterojunctions has made it possible to estimate the
density-of-state distribution [g(E)] between the Fermi level and
the midgap 1in highly resistive amorphous semiconductors. The
distribution obtained from this method was considered to be
unaffected by their interface states. This method is <called a
transient HMC method.

From the study of ESR, N; represented the density of singly-
occuplied Si dangling bonds for undoped a-Si:H and undoped a»Sil_x
Cyx:H [an optical gap (EO)§]u88 eV], while N1 mainly was assigned
to the density of singly-occupied Ge dangling bonds for undoped
a—Sil_xGex:H (EO§]”63 eV). The peak of g(E) appeared clearly in
a-51:H and a-S1,_,Ge,:H, but it did not appear clearly in a-Siq_4
Cx*H. In a-Si,_,Ge,:H with Ep=1.30 and 1.44 eV, furthermore, not
only a peak of g(E) originating from singly-occupled Ge dangling
bonds but also a shoulder arising from singly-occupied Si
dangling bonds were clearly observed.

Light soaking produced two sorts of metastable states which
were annealed out completely up to 200 °C for 2 h; (1) one, which
was dominant 1in short-time (< 4-h) light soaking, had a small
attempt-to-escape frequency (v n) for electrons and colncided
with the midgap states in as-deposited films, and (2) the other,
which became dominant in long-time (= 75-h) light soaking, had a

large v Both the metastable states were located in around

n-
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0.85 eV and they originated from singly-occupled 81 dangling
bonds, but the behavior by thermal annealing was quite different
each other. The midgap states produced by rapid cooling from 300
°C were similar to those induced by the short-time light soaking.

From the fundamental research on capacltance 1in undoped
hydrogenated amorphous silicon-based alloy/p c-51
heterojunctions, the steady-state and transient HMC methods have
been developed 1in this thesis. The HMC methods have great
potential for determining Ny and g(E) 1in highly resistive

semiconductors with gap states.
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APPENDIX

At thermal equilibrium (i.e., in the neutral region of an
amorphous semiconductor film), the densities [ny(E) and pp(E}] of
traps [g(E)] occupied by electrons and holes (which mean
vacancles of electrons), respectively, are expressed as

np(E)/g(E) = f£(E) (A-1)

and

g(E) = np(E) + pplE) (A-2)

according to the Fermi-Dirac statistics, where f(E) is the Fermi-
Dirac distribution function.

A rate equation for capture and emission processes of
electrons and holes at gap states, which are located in an energy
of E, is given by

dnT(E)/dt = ngo n(E)VthpT(E) -~ en(E)nT(E)
- pbo p(E)VthnT(E) + ep(E)PT(E) ) (A-3)

where n and p are concentrations for free electrons and free
holes in the extended states, respectively, o ,(E) and o p(E) are
capture Cross sections for electrons and holes at E,
respectively, e, {(E) and ep(E) are thermal emission rates of
electrons and holes into the extended states, respectively, and
Vip 1s the thermal velocity of electrons.

At the steady state and in the depletion region, Egq. {A-3)
is considered. The conditiocn [dnT(E)/dt=0] holds for the steady
state, and free electrons and free holes are swept out (i.e., the
product of p and n is much smaller than niz) in the depletion
reglon, 1indicating that the first and third terms in the right-
hand sides of Eq. (A-3) can be neglected, where n; 1is the
intrinsic carrier density. Therefore, Eq. (5-11) in Chapter V
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F o (E}

i

np(E) /g (E) (A-4)

ep(E)/[ey(E) + ey (E)] (5-11)

is obtained from Egqs. (A-2) and (A-3).
In the depletlion region, Eq. (A-3) can be rewritten as

dnp(E)/dt = ep(E)g(E) - [en(E) + ey (E)Iny(E) »  (A-5)
using Eq. (A-2), and this solution is

np(Eit) = [£(E) - Fo, (E))g(E)exp{-[e,(E) + e, (E)]t}
+ ep(E)E(E) /ey (E) + ey (E)] (A-6)

using the relations of ny(E;0)=f(E)g(E) obtained from Eq. (A-1)
and np(E; « )=F  (E)g(E) obtained from (A-4). Therefore,

E

C
ANp(t) = f [np(E; <) - np(E;t)]dE
Ey
Ec
= - J [f(E) - Fg (E)]eg(E)
Ey

X exp{—[en(E) + ep(E)]t}dE . {A-T)

is obtained, and then Eq. (5-14) in Chapter V

E
H(t) = § CLE(E) - Fo (E)IE(E) [en(E) + ep(E)]t
: E
v x exp{-[e,(E) + ep(E)]t}dE (5-14)

is derived from Eq. (A-7) easily.
On the other hand, the energy EOB is derived from the
condition of F_, (Egg)=0.5. Since

ep(E)/[en(E) + ep(E)] = 0.5 , (A-8)

the following equation is obtained;
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ep(E) = en(E) . (A-9)
Therefore, the equation appeared in Chapter I
EOB = EV + Egz/z + (kT/Z)ln( v p/l/ n) (3_2)

1s obtained from the following equations in Chapter V ;

n

e, (E) v neXp[(E - E()/KkT] (5-12)

and

ep(E) = y pexp[(EV - E)/KT] . (5-13)

In the case of a metal-oxide-semiconductor (M0OS) diode, a
current does not flow across the junction, which means that the
Fermi level can be defined even in the depletion region because
the quasi-Ferml 1level for electrons coincides with the quasi-
Fermi level for holes. Thus a relation (np=n12) in the depletion
reglon is valid and nT(E)/g(E) colncides with f(E) as deécribed
by Eq. (A-1) instead of F_ (E) as described by Eq. (A-4),
indicating that the energy of Epgg and the occupation function of
F (E) cannot be defined even In the depletion region.
Therefore, Eq. {(3-2) in Chapter M and Eq. (5-11) in Chapter V
are valid only when a current flows across the junction, 1i.e.,
the quasi-Fermi level for electrons does not coincide with the
quasl-fermi level for holes in the depletion region.
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Symbol

Unit

1/cm
1/cm

pF/cm2
pF/cm2

cm3/s
cm3/s

V/s

cm
eV
eV
eV
eV

eV

eV
eV
eV

eV

eV
eV
eV
eV

eV
eV
eV

LIST OF SYMBOLS
Description

Optical absorption coefficient

Optical absorption coefficlent at 1.0 eV
obtained from CPM

Capacitance of heterojunction

Saturated capacitance at higher forward
biases

Constant of the Staebler-Wronski effect

Pre-exponential factor of bimolecular decay
rate

Voltage sweep rate

Function which takes a maximum at e (E)t=1

Thickness of interface layer

EF’EV in p ¢-Si

Ec-Ep in a-Si:H

Activation energy of thermal annealing

Activation energy of a pre-exponential
factor (IO) for forward currents

Characteristic energy for conduction-band
tail

Fermi level

Fermi level in a neutral region of a-Si:H

Quasl-Fermi level of electron in the
depletion reglon

Quasi-Fermi level of holes in the depletion
region

Energy bandgap of c¢-5i

Energy bandgap of a-Si:H

Optical gap determined by Tauc plot

Energy level at which a thermal emission
rate for electrons equals to one for holes

Egp in a neutral region of a-S5i:H

Energy level of a peak value of g(E)

Energy level of a peak value of g(E) with
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a small v ,
p2 eV Energy level of a peak value of g(E) with
a large v
Ep eV Energy level of the gap state where a
tunneling hole combines with an electron or

emits into the valence band in a-Si:H

Ey eV Half width of Gaussian distribution

Ert V/cm Electric fleld at x=Wgp

En eV Energy at which D(E,t) takes a maximum value

Ec eV Conduction-band edge

A Eg eV Conduction-band discontinuity

Ey eV Valence-band edge

AEy eV Valence-band discontinuity

AIEV eV Activation energy for v n

en (E) 1/s Thermal emission rate of electrons

ep(E) 1/s Thermal emission rate of holes

E @ pF/cm Free space permittivity

£ g1 pF/cm Semiconductor permittivity for c-Si

€ g9 pF/cm Semiconductor permittivity for a-Si:H

F, (E) Occupation function at t=o s

f(E) ‘Occupation function at t=0 s (i.e., Fermi-
Dirac distribution function)

G 1/cm35 Carrier generation rate by light exposure

g(E) l/cmseV Density-of-state distribution in a-Si:H

g(E,0) 1/cm3eV Midgap-state profile in light-soaked film

gO(E) 1/cm3eV Mlidgap-state profile in as-deposited film

g(E, t) 1/cm3eV Midgap-state profile at thermal annealing
time t

Ag(E,t) 1/cm3eV g(E,t)—go(E) at thermal annealing time t

Zmnax 1/cm3eV Maximum value of g(E) with Gaussian
distribution

H(t) 1/cm3 Transient HMC (heterojunction-monitored
capacitance) signal

hy eV Photon energy

I A Current

k eV/K Boltzmann constant

L cm Thickness of a~Si:H
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T " B &
[+~ B = B R

cmz/Vs
cmZ/Vs
cmZ/Vs
1/s

1/s

1/sK?
1/s

1/s

1/s
1/cm3
1/cm3
1/cm3eV

1/cm3

1/cm3
1/cm3
1/cm3
l/cm3
1/cm3

1/cm3

llcm3

Mobility 1n a-Si:H

Mobility of electrons

Mobility of holes

Pre-exponential factor of monomolecular
decay rate

Pre-exponential factor of thermal emission
rate (attempt-to-escape frequency) for
electrons

Pre-exponential factor of v with
temperature dependence

Small attempt-to-escape fregquency for
electrons

Large attempt-to-escape frequency for
electrons

Pre-exponential factor of thermal emission
rate (attempt-to-escape frequency) for
holes

Density of acceptors in p c¢-S§Si

Effective density of states in the
conduction band

Density-of-state distribution at a bottom
of the conduction band

Midgap-state density (i1.e., space-charge
denslity) graphically estimated from the
steady-state HMC method

Density of midgap states between Ep and Epp
in a-Si:H

Midgap-state density (space-charge density)
at time t

Change in space-charge density at time t

Space-charge density at t=e« s

Bulk spin density cbtained from electron
spin resonance (ESR) measurements

Bulk spin density from ESR at light-soaking
time t

Density of defects between p c¢-Si and a-Si:H
in plate of interface layer (l.e.,
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ngt

ny
l’lT(E)
nT(E;t)

An

pp(E)

1/cm3

l/cm3
1/cm3
1/cm3

l/cm3
1/cm®
l/cm3
1/cm3

1/cm3
1/cm
1/cm

1/cm3
C/cm2

C/cmz
C/cm3
Q cm

S/cm
cm?

sz

[ab)

cm

b

cm
S/cm

S/cm

cm

°C (or K)
‘C (or K)

interface and the near-interface regions)

Effective density of states in the valence
band

Density of first states

Density of second states

Electron density in the conduction band of
a-Si:H

Electron density in conduction-band tail

Intrinsic carrier density in a-Si:H

Density of traps occupied by electrons

Density of traps occupied by electrons at
time t

Electron density under light exposure

Hole density in the valence band of a-Si:H

Density of traps occupled by holes (i.e.,
density of empty traps)

Hole density under light exposure

Space charge in region 1 (WOBg xng) in a-
Si:H

Space charge in Interface layer

Space-charge density in region 1

Dark resistivity of a-Si:H

Magnitude of electronic charge

Dark conductivity of a-Si:H

Capture-cross section of electrons

Small capture-cross section of electrons

Large capture-cross section of electrons

Capture-cross section of holes

Increment of conductivity using a small
incident light flux with a 2-eV photon
energy

Photoconductivity with AM1 light
Electrode area

Measurlng absolute temperature

Freeze-in temperature

Temperature from which a film is rapidly
cooled by liquid Ng

138



°C (or K)
°C (or K)
s

s

eV

eV

eV

eV

v

\

cm/s
eV
eV
eV
cm

cm

- CIn

CcIn

cm

Room temperature

Substrate temperature during deposition
Il1lumination time

Filling time

Energy at position x

Energy at x=w0B

Work function of metal

Work function of a-Si:H

Applied blas voltage (V=V{+V5)

Built-in potential graphically estimated
from steady-state HMC method

Built-in potential at heterojunction for c-
Si

Built-1in potential at heterojunction for a-
Si:H

Built-in potential at heterojunction
Reverse bias voltage under transient HMC
measurement

dc applied-bias voltage for c-Si

Voltage at time t across the depleticn
region in c¢-Si

dc applied-bias voltage for a-Si:H

Thermal velocity of electrons

Electron affinity of c-S51

Electron affinity of a-Si:H

Electron affinity of Si0,

Width of the depletion region in e¢-Si

width of the depletion region in a-Si:H
Depletion width in c-Si at time t
Depletion width in a-Si:H at time t
Cross polint at EFn=EOB in a-S8i:H
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LIST OF ACRONYMS

AES Auger electron spectroscopy
AM1 Air Mass 1

a-Ge Amorphous germanium

a-S81:D Deuterated amorphous silicon
a-Si:H Hydrogenated amorphous silicon

a—Sil_xCx:H Hydrogenated amorphous silicon carbon alloy
a—Sil_xGex:H Hydrogenated amorphous silicon germanium alloy

c-GaAs Crystalline gallium arsenlide

c-Ge Crystalline germanium

CPM Constant photocurrent measurement
c-Si Crystalllne silicon

c-vV Capacitance-voltage

DLTS Deep-level transient spectroscopy
DOS Density-of-state distribution

D0 Singly-occupied dangling bond

ﬁg p% with n2

D~ Doubly-occupied dangling bonds

EPMA Electron probe microanalysis

ESR Electron spin resonance

HBT Heterojunction bipolar transistor
HMC Heterojunction-monitored capacitance
I-v Current-voltage

ICTS Isothermal capacitance transient spectroscopy
MOS Metal-oxlde-semiconductor

MPC Modulated photocurrent

MTCE Multistep-tunneling capture-emission
PAS Photoacoustic spectroscopy

PDS Photothermal deflection spectroscopy
p c-S1 p-type c-Si

p* c-si p-type c-Si1 with resistivity lower than 0.01 Q cm
rf Radio frequency

SCLC Space-charge-limited current

SIMS Secondary lon mass spectroscopy

S-w Staebler-Wronski effect
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.60210x10°19
.38054x10 23
8.854x10712
.6256x10 34
.1091x10731

E o=
n I
(S

= o
=)
L R

CONSTANTS

J/K
F/m
Js
kg

[}

8.61707x10°°  eV/K
8.854x10 2 pF/cm
4.1356x10° 1%  evs
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(2)

(3)

(4)

(5)
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(1)

LIST OF PUBLICATIONS

Full Papers

Electrical properties of n-amorphous/p-crystalline silicon
heterojunctions

Hideharu Matsuura, Tetsuhiro Okunc, Hideyo Okushi, and
Kazunobu Tanaka: J. Appl. Phys. 55(1984)1012-1019.

Dark current transport mechanism of p-i-n hydrogenated
amorphous silicon diodes

Hideharu Matsuura, Aklhisa Matsuda, Hideyo Okushi, and
Kazuncobu Tanaka: J. Appl. Phys. 58(1985)1578-1583.

Schottky barrier Jjunctions of hydrogenated amorphous
silicon-germanium alloys

Hideharu Matsuura and Hideyc Okushi: J. Appl. Phys.
62(1987)2871-2879.

A novel method for determining the gap-state profile and its
application to amorphous Sil_xGex:H films
Hideharu Matsuura: J. Appl. Phys. 64(1988)1964-1973.

Hydrogenated amorphous-silicon/crystalline-silicon hetero-
Junctions: Properties and applications
Hideharu Matsuura: IEEE Trans. ED-36(1989)2908-2914.

Simulation of high-frequency capacitance-voltage character-
istics of amorphous/crystalline heterojunctions

Hideharu Matsuura: J. Appl. Phys. 68(1990)1138-1142.

Letters

Ohmic contact properties of magnesium evaporated onto
undoped and P-doped a-Si:H

Hideharu Matsuura, Tetsuhiro Okuno, Hideyo Okushi, Satoshi
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(3)

(4)
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Yamasaki, Aklhisa Matsuda, Nobuhiro Hata, Hidetoshi Oheda,
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