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ABSTRACT

Characterization and properties of amorphous silicon-nitrogen
(a-Si:N) alloys deposited by chemical vapor deposition (CVD) and
amorphous silicon-nitrogen-hydrogen (a-Si:N:H) alloys by glow-
discharge (GD) deposition are investigated and described.

A new method and improved method on measurements of the gap-
state density of CVD a-Si are proposed and demonstrated. The gap-
state density of CVD a-Si films deposited at 550°C from SiH4 in Ar
gas is evaluated by these methods. Response time, capture cross
section, and density'of traps in metal/insulator/semiconductor
structures where the semiconductor is CVD a-Si:N or GD a-Si:H alloys
are evaluated from the frequency and temperature dependence of the
flat-band capacitance.

Amorphous Si:N alloys are prepared by chemical vapor deposition
of SiH4, NH3, and Ar gases at 550°C. The deposition rate and nitro-
gen content of films at various SiH4 and NH3 gas concentrations are
measured, and the deposition process of films and the nitrogen
incorporation process into films are discussed.

Optical and electrical properties of CVD a-Si:N films are
described, and influences of the nitrogen incorporation on their
properties, defects, and gap states are investigated. The nitrogen
incorporatién widens the optical gap, decreases the refractive index,
and eliminates the hopping conduction around room temperature. The
paramagnetic defects detécted by electron spin resonance and gap-
state density evaluated by the field-effect method are decreased by
the nitrogen incorporation.

Thermal annealing of CVD a-Si:N films increases the hopping
conduction, the number of paramagnetic defects, the gap-state
density evaluated by the field-effect method. Post-hydrogenation
of CVD a-Si:N films increases the dark conductivity and photo-
response.

Amorphous Si:N:H alloys are prepared by glow~discharge decompo-
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5> No» and H2 gases. The dependence of nitrogen and

hydrogen contents in films on deposition conditions is described.

sition of SiH N

Optical and electrical properties of films are described, and their

dependence on deposition conditions is investigated.
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I. INTRODUCTION

Amorphous silicon-hydrogen (a-Si:H) alloy films are a unique
electrical material. These films can be grown onto various substrates
without loosing their applicability to electrical devices. Especially,
their effective absorption of solar energy in thin film structure,
which results from the high absorption coefficient, makes it possible
to fabricate low-cost solar cells onto low-cost substratesl?? Further,
various devices can be fabricated by utilizing a-Si:H films, e.g.,
thin film transistors for large-area liquid-crystal displays§ vidicon

targets,’5

photoconductive drums for xerography or laser printer§’7
or photoconductive sensor arrays?

One of important features of semiconductor is the bipolarity of
carriers. Most of semiconductor electrical devices are operated due
to electrons and holes moving through the conduction band and the
valence band, respectively. On the other hand, carriers can be
transported via localized states by hopping conduction in amofphous
semiconductors? It is supposed that the localized states in' amor-
phous Si originate from structural disorder, <.e., fluctuations in a
tetrahedral bond angle and bond length, or breaking the covalent
bond. Although the a-Si films in which the hopping conduction domi-
nates are poor for their applications, their applicability can be
improved by-the hydrogenation.

It is generally understood that electronic states form energy
bands even in amorphous semiconductors. It is considered that these
bands result from interactions of bonding states, anti-bonding states,
or lone-pairs between themselves. The electronic states in a-Si are
composed of the conduction band and the valence band resulting from
interacting anti-bonding states and bonding states of covalent bonds
between Si atoms, respectively, and the defect states. It could be
considered that the randomness in atomic configurations introduces
the localized states into the conduction band and the valence band,

which are often called as the tail states. It is believed that the
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band states can be separated by a specific energy, Z.e., the mobility
edge, into the localized states and the extended states. In other
words, it is considered that the localized states are composed of the
tail states and defect states, and the localized states are often
called by the gap states. Recent innumerable investigations on prop-
erties of a-Si:H alloys have shown that the hydrogenation of a-Si
films drastically decreases the gap states.

Electrical properties of a-Si and its alloys are strongly influ-
enced by the gap states. It can be considered that the gap states
act as (i) trapping centers. for mobile carriers in the extended
states, (ii) recombination centers of excess carriers, (iii) charged
centers which shield applied electric fields, and (iv) compensation
centers for active doping of donors or acceptors. The reduction of
the gap states is essential to application of a-Si and its alloys to
electrical devices.

Since an a-Si:H alloy is a promising photoconductive material,
the control of their optical absorption is essential to their wider
applications. Although a-Si:H sub-micron-order thin films are semi-
transparent for visible lights, a-SiN is known to be transparent for
them. Thus, a-Si:N:H alloys are interested as a wide optical gap
materiall0-11

In this study, effects of nitrogen incorporation into a-Si and
a-Si:H films on their optical and electrical properties are investi-
gated. Although electrical properties are strongly influenced by
the gap states, characterization method of the gap states has not
yet been established. In Chapter II, reported methods on the gap-
state density are reviewed and discussed. A new measurement method
and improved method of the gap-state density in a-Si or its alloys
are proposed, and their results are presented. Further, a new meas-
urement method of the response time at charging and discharging of
traps in metal/insulator/a-Si structure is proposed. In Chapter III,
preparation of a-Si:N films by chemical vapor deposition (CVD) is

described. Their optical and electrical properties are described in
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Chapter IV and V, and influences of the nitrogen incorporation on
their properties are discussed. Effects of the nitrogen incorpora-
tion on defects and the gap-state density of CVD a-Si are presented
and discussed in Chapter VI. Although these CVD a-Si:N films contain
little hydrogen atdms, a small amount of incorporated hydrogen atoms
could influence their electrical properties. 1In Chapter VII and VIO,
influences of incorporated hydrogen atoms on their properties are
investigated in terms of thermal annealing or post-hydrogenation.
Preparation of ternary a-Si:N:H alloy films by glow-discharge deposi-
tion is described in Chapter IX. Their optical and electrical prop-
erties are presented and discussed in Chapter X. The results inves-—

tigated in this study are summarized in Chapter XI.
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IT. CHARACTERIZATION OF GAP STATES IN AMORPHOUS SILICON

2.1 INTRODUCTION

Various measurement techniques for determinig the gap-state
density of amorphous silicon (a-Si) or its alloys have been reported.
1-13 They are summarized in Table 2.1 and briefly reviewed.

Methods (i) and (iii) involve the assumption about the magni-
tude of the parameters, and only the gap-state density around the
Fermi level can be evaluated. 1In method (ii), (iv), and (v), the
metal/insulator/a-Si structure is used. In this structure, inter-
face states always exist at the insulator/a-Si interface. Thus, the
results may be influenced by these interface states. Tt is diffi-
cult to measure separately the bulk gap-state density from the inter-
face-state density. However, it is possible to estimate the bulk
gap-state density, because the influence of the interface-state
density on the measurement result can be excluded by using the

field-effect method and the low-frequency C-V method* Tn method (iv),

TABLE 2.1 Measurement techniques for determining gap-state
density of amorphous Si or its alloys.

METHOD - STRUCTURE REFERENCE

(1)  MOTT'S VARIABLE RANGE HOPPING  BULK 1
(ii) FIELD EFFECT MIS 2-5
(iii) AC CONDUCTIVITY MIS TUNNEL =

. ; JUNCTION
(iv)  CONDUCTANCE MIS TUNNEL

JUNCTION

v) LOW~FREQUENCY C-V  MIS 8
(vi)  DLTS SCHOTTKY 9
(vii) ICTS SCHOTTKY 10
(viii) FREQUENCY DEPENDENT SCHOTTKY 11,12

CAPACITANCE AND CONDUCTANCE

(ix) SPACE-CHARGE-LIMITTED

CURRENT BULK 13




the bulk gap-state density has been assumed to equal the 3/2 power

of the interface-state density. However, the effective interface-
state density is considered to equal the product of the bulk gap-
state density and the maximum tunneling distance. Methods (vi) and
(vii) can eliminate the influence of interface states and can deter-
mine the gap-state density under the appropriate measurement condi-
tions, Z.e., the differential capacitance must be measured at a suf-
ficient lower frequency than the inverse of bulk dielectric relaxa-
tion time. This requirement limits the measurable energy range.
Moreover, the measurements must be carried out at a temperature at
which conduction in extended'states dominates, since the analysis
assumes that the electrons injected into gap stateé are emitted into
extended states within a specific relaxation time after removal of
the injection pulses and are then swept out into the bulk. At the
low temperatures at which hopping conduction dominates, the electrons
injected into gap states are emitted into other gap states and are
swept out by hopping conduction. Method (viii) can be used to evalu-
ate the effective gap-state density around the Fermi level by four
different ways, Z.e., from results of capacitance and conductance
measurements in the low-frequency and the high-frequency ranges. The
results will be reliable, provided the gap-state density does not
vary drastically near the Fermi level. In method (ix), information
on the bulk gap-state density can be obtained, provided the energetic
distribution of the gap-state density is constant or logarithmic and
the carriers are transported by the extended state conduction.

The applicability of these methods to chemically vapor-deposited
(CVvD) a-Si is discussed. 1In metal/CVD a-Si junctions, electromns can
be tunneled through the junction via gap states, since CVD a-Si con-
tains many gap states. Thus, metal/CVD a-Si junctions do not show
rectifying behavior, and the differential capacitance of the junction
is hard to be measured. Besides, carrier transport in CVD a-Si is
dominated by hopping conduction up to about 150°C. Therefore,

methods (vi), (vii), (viii), and (ix) are not applicable to CVD a-Si.
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Assumptions about the magnitude of parameters are not desirable,
since these values are very difficult to verify. Consequently, it
can be considered that only the field-effect method and the MIS low-
frequency C-V method are suitable for gap-state measurements of CVD
a-Si.

In this chapter, measurement of the gap-state density in CVD
a-Si by the field-effect method is described. However, the gap-state
density at |E-—EF|§JL1 eV cannot be measured precisely by this
method. Thus, the high-frequency C-V method using a-Si/crystalline
Si junctions is proposed and demonstrated as an appropriate measure-
ment technique for the gap-state density around the Fermi level in
CVD a-Sild Further, response time measurements of gap states are

described.

2.2 HIGH-FREQUENCY CAPACITANCE-VOLTAGE METHOD1S

When the capacitance of an undoped a-Si films is measured at a
high frequency, e.g., 1 MHz, the ionization of gap states cannot
follow the measurement frequency, and the a-Si films can be consider-
ed to be dielectrics which in the capacitance is determined simply
by the dielectric constant and geometric size. The differential
capacitance of metal/a-Si/n-type crystalline Si (c-Si) structure at
high frequency is given by the series capacitance of the a-Si films
and the n—tjpe c-5i space charge layer which can be calculated in
terms of the voltage across the c-Si space charge layer, wc. Thus,
from the measured capacitance of the metal/a-Si/n-type c-Si struc-
ture, the voltage across the c-Si space charge layer, wc’ can be
determined.

The energy-band diagram of a CVD a-Si/c-Si junction at thermal
equilibrium can be determined from the high-frequency capacitance at
zero bias and is shown in Fig.2.11% The blocking barrier for elec-
trons in the c-~Si conduction band is formed by the mobility gap of
CVD a-Si, and negative space charge in the c-Si space charge layer,

Qc’ is formed by accumulated electrons in the c-5i conduction band.
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FIGURE 2.1 Energy-band diagram of CVD a-Si/n-type crystalline

Si junctions at thermal equilibrium.

On the other hand, positive space charge in the a-Si space charge
1ayer,;Qa, is formed by positively charged.gap states in the a-Si
and equals —Qc. The relation Qa4-Qc==0 remains valid even after
application of voltage to the junctionsl.5 Figure 2.2 shows space
charge and potential distributions in CVD a-Si/n-type ¢-Si junctions
schematically. In each junction, the following expression is

expected:
V=\pa+1pc+VFB, (2.1)

where VF is the flat-band voltage, Z.e., the applied voltage which

B
makes wc zero. The differential capacitances of c-Si at ¢C= 0 and of

Yq $ Pe
e
T FIGuRE 2.2
a-5j c-5j Potential distribution and space charge
distribution in a positively biased CVD
a a-8i/n-type crystalline Si junction.
o]
= X
Qqa+Qc=0



an a-5i film can then be calculated, and VFB is determined by the
experimental (-V characteristic. From the measured capacitance

after application of a voltage VU, wc can be obtained and then wa is
evaluated from Eq.(2.1). Since the space charge Qc can be calculated
from wc’ Qa is obtained as a function of wa. From the relationship
between Qa and wa’ the gap-state density is obtained without assum-

ing the potential distribution in an a-Si space charge layerl5

2.3 FIELD-EFFECT METHOD FOR CVD a-Si

The field effect of CVD a-Si was measured in the structure shown
in Fig.2.3. Since CVD a-Si contains a high gap-state density, a high
electric field must be applied to the insulator, and the leakage
current through the insulator affects the field-effect measurements.
Thus, interdigitated geometry was used for source and drain elec-
trodes. Figure 2.4 shows typical field-effect results on CVD a-Si
at several temperatures. The U-shaped characteristic appears in the
field effect and implies that the CVD a-Si film is intrimsic. This
characteristic is believed to originate from hopping conduction. The

dark conductivity of CVD a-Si above room temperature is given by
o=clexp[—&z—e—!]+02exp[—w] R (2.2)
J
kBT kBT
where the first term arises from extended-state conduction and the .

second term from hopping conduction. The relative contribution of

I
D VD
—&—
i SOURCE| Al | DRAIN FIGURE 2.3
~7000A .
~1100A Sample structure and experimental

set-up for field-effect measure-

ments,




FIGURE 2.4

Vpi= 5V
o127
5| a, s
107 % f
3 d .
R / o°60c
o, b [ & e
16°% 2\ [§s
- ?1& ’j;
g 3L 17
o0 \0\ vg’\ ,,/°/ !.,/
W=l
B I
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R
\ o
\ 4
16°
R D S T B B B 1
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Typical field effect of CVD a-Si measured at

various temperatures. The film was deposited using

a mixture in which silane gas concentration in

argon was 0.27%.
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FIGURE 2.5 Definition of <. in the calculation of source-

drain conductance.
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hopping conduction decreases with increasing temperature. This
reduction is also expected in the field effect. Actually, the drain
current changes even at small gate voltages at elevated temperatures,
as shown in Fig.2.4. Since it is desirable to reduce the contribu-
tion of hopping conduction to field-effect data, elevation of the
measurement temperature in field-effect method on CVD a-Si is useful.
The gap-state density can then be derived by a numerical analy-
sis, as follows. The gap-state density distribution is assumed to be

N V. at Z. <E-EF<E'7: » (2.3)

()~ "¢ -1
where EO is zero, and 7 is an integer. We consider the a-Si space-
charge layer in which the potential distribution is denoted by w(x)'

As shown in Fig.2.5, z, is defined by

qw(xifE'i . (2.4)
For xi_léx;xi (z >2), the Poisson equation becomes
2
Ty
dxz =Ai‘l’(:c) + Bi . (2.5)
where
2 -1
q Ni q
A;=g—— and B, =- I (E.-E._ )W, .
a0 afo . J J J
J=1
Integration of Eq.(2.5) yields
B;
‘p(x)=CJEXP{@(x_xi)}-*—CZeXp{—@(x_xi)}—Z; s (2.6)

where
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F. B, F, B,
ST Py 4 _w] C=_1_[ w+_z]

2 Ve T 4 ’ AUCH A, ’
7 1

and Fi denotes the electric field at‘x==xi.

For the region of O<x<x,, we have

w(x)=w(xl)exp{q(x—xl)} .o (2.7)

The conductivity G(x) is assumed to have the form

E -E,-qV E A
0, \=0 exp[ ¢ (x)]+0 exp[——H—] , (2.8)
@ 1 kT 2 kT )
B B

and the source-drain conductance G is given by
d
G=-—J o dx (2.9

where W and L are the width of and the gap between the source and
drain electrodes, respectively. The electric field at x=d, Fs’ is
obtained from differentiation of w(x) , and gives the space charge

density Qs' Thus,

dy
Q —-e € .F —-—e € €9)

0 0 dx |x=d (2.10)

G and Qs can be calculated numerically by Eqs.(2.6)-(2.10), provided
Ni and ws (==¢(d)) are known. On the other hand, G and Qs can be

obtained experimentally, since QS is given by

Q=20 (V,-Vyp-b) (2.11)

s

where €ox and dox are the dielectric constant and thickness of the
oxide film, respectively. The sets of Né and ws which make G and Qs
consistent with the experimental results can be determined by a

computer analysis.
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2.4 RESULTS ON GAP-STATE DENSITY OF CVD a-Si
The gap-state densities in CVD a-Si films deposited at 550°C

from two SiH4/Ar gaseous mixtures are shown in Fig.2.6. The results

near the Fermi level were determined by the high-frequency C-V method,

and those far from EF, the field-effect method.

minimum gap-state density of CVD a-Si is 24 5x 10

F

It appears that the

17 cm_BeV_l. The

increase of the gap-state density above EF4-0.4 eV and below EF-O.4

eV might result from the tail states or the weak bonds between Si

atomsl® The gap states at E,- 0.3 eV'<E<:EF4-0.35 eV seem to origi-

nate from the dangling bonds.
dangling bond states locate near the mid—gapp"21 The density of

dangling bonds in CVD a-Si is reported to be the order of 10

F

It has been considered that the

18 -3y

em )

which agrees with the integrated density of gap states shown in the

figure with respect to their energies.

2.5 MIS CAPACITANCE-FREQUENCY-TEMPERATURE MEASUREMENT?22

The gap-state density around the Fermi level and their capture

cross section can be evaluated from frequency and temperature

dependence of the flat-band capacitance of MIS diodes in which an

. s
. 3
1
: 020_. \i} °7'
= 11 ¢
] ® 9 Q
> \ o L4
[:¥] L] Y
(?E \°\ ' e 3831
2109 TN i
T 2y ]
i
\o o
of SiH, in Ar
L 0:0.2%
10 0:1.0%
| 1 1 i i 1 1 | |
-0.4 -0.2 0 0.2 0.4
E- EF (eV)
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Gap-state densities in CVD a-Si

films deposited at 550°C.
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o SgT—o o
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FIGURE 2.7 TFrequency and temperature dependence of flat-band
capacitance of a GD a-Si:H MIS diode.

a-8i film is used as semiconductor.

Figure 2.7 shows the flat-band capacitance of the a-Si:H MIS
diode, in which 0.6-um-thick GD a-Si:H film is deposited at 250°C
onto 0.37-pum-thick GD a-SiN insulator on crystalline Si substrate,
measured at various frequencies and temperatures.

The contribution of a-Si:H neutral bulk region to a measured
capacitance for frequencies below 100 Hz can be eliminated by eleva-
tion of measurement temperature above 80°C, and the contribution of
free carriers in the extended states to the MIS flatfband capacitance
is negligibly small?? Thus, the contribution of a-Si film to the MIS
diode capacitance could be dominated by charging and discharging of
traps at interface and/or in a-Si:H space-charge layer. Since the
insulator is dielectric, variations in the MIS diode capacitance
with temperature or frequency could be associated with a variation of
the number of responsible traps to measurement frequency at a spe-
cific temperature.

The results shown in Fig.2.7 can be well understood by assuming

that the fast trapping state fully responsible to 100 Hz at 110°C
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capacitance of a-Si MIS diodes.

G R
IGURE 2.8
—w F GPR ' .
. Equivalent circuit for flat-band
Ci —w—

Co Ry

and the slow trapping states partly responsible to 20~ 100 Hz above
130°C. The response time of slow trapping states can be evaluated
from the results shown in Fig.2.7 by an analysis assumig an-equiva-
lent circuit shown in Fig.2.8. The response time of slow trapping
states in the MIS diode is shown in Fig.2.9. The activation energy
in the temperature dependence of response time is 0.72 eV, which
agrees with the activation energy of dark conductivity of 0.75 eV.
This suggests that trapping of free carriers by the slow states is
due to states around the Fermi level, since the activation energy of
dark conductivity would represent the energy difference between the
electron mobility edge and the Fermi level. In contrast, the re-
sponse time of slow states in metal/SiOZ/CVD a-Si:N diodes has the
activation energy of 0.63 eV, which is smaller by 0.1 eV than the activa-
tion energy of dark conductivity. In this case, the trapping by

slow states might be by ways of tail states around 0.1 eV below the

ou
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§ i d// Response time of slow states in
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electron mobility edge in CVD a-Si:N films. Provided the density of
states around the mobility edge of 1020 cm_3eV_1 and the electron
thermal velocity of 107 cm/s, the capture cross section of slow

states can be deduced to be 10“15 cm2 in a GD a-Si:H MIS diode and

10-17 cm2 in a CVD a-Si:N MIS diode. The density of trapping states
could be evaluated by assuming that these traps originate from the
bulk gap states or interface states. The results are summarized in
Table 2.2. It is noted that the trap densities of slow and fast
states in a GD a-Si:H MIS diode are remarkably smaller than those in a

CVD a-Si:N MIS diode.

2.6 SUMMARY

"In order to understand detailed electronic processes in a-Si and
its alloys, characterization method of the gap states has to be es-
tablished. As reviewed in this chapter, reported measurements of the
gap-state density include any disadvantage. Especially, most of
reported measurement techniques are not available to reliable meas-
urements of the gap-state demsity in CVD a-Si. In this chapter, new
measurement method and improved method of the gap-state density in
CVD a-Si films have been proposed and demonstrated. The reponse time
and density of traps in MIS diodes having GD a-Si:H and CVD a-Si:N
films as semiconductor, which originate from the gap states or inter—
face states, have been evaluated from frequency and temperature

dependence of flat-band capacitance of the diodes. The results in

TABLE 2.2 Trap densities in a-Si MIS diodes.

GD a-Si:H MNS CVD a-Si:N MOS
BULK GAP STATES:
FAST STATES 7 x 102 6 x 10t/ (cm'3 ev'l) ,
16 19 -3 -1
SLOW STATES 2x 10 0.6v2x10 (cm "eV )
INTERFACE STATES:
FAST STATES 2x 100 3x 1011 (cm_zeV_l)
SLOW STATES 7 x 100+ 0.6v1x 1073 (cm'zev"l)
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this chapter can be summarized as follows.

(1) The gap-state density in CVD a-Si films at 550°C has a minimum
around the Fermi level of 27 5x 10l7 cm-3eV-l and rapidly increases
away from the Fermi level. The gap-state density reaches the order
of 1020 cm—?’eV—1 at E—-§F=i 0.4 ev.

(ii) The response time and density of traps in MIS structures have

been evaluated from frequecy and temperature dependence of the MIS

diode flat-band capacitance. Tt has been found that the GD a-Si:H
and CVD a-Si:N MIS diodes contain slow and fast trapping states at

the interface and/or the bulk.

(iii) The response time of slow states was found to be 2.5><10—ll
exp(0.72eV/kBiﬁ s and 2.4 x 10—9exp(0.6eV/kB15 s for GD a-Si:H and
CVD a-Si:N MIS diodes, respectively.

(iv) The trap densities of fast and slow states were found to be

7x 101 em eyt and 2 x 1070 em eyt for GD a-Si:H MIS diodes, and

6x 10" enSev™! and 6 x 108 to 2x 10" cn3ev ! for cup a-si:N MIS
diodes, respectively, provided these states originate from bulk gap
states.

(v) Provided from interface states, the trap densities of fast and -
slow states were found to be 2><1011 cm_zeV_l and 3><10ll cm_zeV"1
for GD a-Si:H MIS diodes, and 7 x 10ll cm_zeV_l and 6x 1012 to

1x 1013 cm-zeV—l for CVD a-Si:N MIS diodes, respectively.
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ITI. CHEMICAL VAPOR DEPOSITION OF AMORPHOUS SILICON-NITROGEN ALLOYS

3.1 INTRODUCTION

Chemical vapor deposition (CVD) is widely used in the industrial
field of solid-state electronic devices. Epitaxial layers of crys-
talline Si can be grown by the thermal decomposition of silane gas
(SiHa)} and insulator films of Si0. or Si N4 can be deposiﬁed by the

2 3
thermal reactions of SiH ‘with O 2 qu§ COZ’ or NH3? The silane gas

s
is thermally decomposed into Si itoms above 500°C which are deposited
onto a substrate and form Si films® The Si films deposited below
650°C are amorphous® The deposition mechanism of CVD Si films from
SiH4 gas is not fully understood but discussed in terms of either
the homogeneous reaction model’~? in which the gas phase reaction is
the rate-limiting step or the heterogeneous reaction modell0—13 in
which the surface reaction is the rate~-limiting step.

Si3N4 films can be thermally deposited by the reaction of SiH4
and NH3 gases above the deposition temperature of 700°C%>14-16 The
films deposited below 900°C are amorphousi" The deposition rate is
decreased, relative to the rate of a-Si films, by a little incorpo-
ration of NH3 gas into the reactant gas and saturated by a further
incorporation of NH3 gas, where the films deposited at a little flow
of NH3 gas is Si-richi* Moreover, the deposition rate is rapidly
decreased by lowering the deposition temperature with the activation
energy of 2.2 eV below 900°ci"

In this chapter, preparation of CVD amorphous silicon-nitrogen
(a-Si:N or a—SiNx) films from SiH4, NHB’ and Ar gases at 550°C is
described. The deposition mechanismof CVD a-Si:N films and the

incorporation mechanism of nitrogen into a film are also described.

3.2 PREPARATION
The CVD reactor in this study is a conventional resistance-
heated quartz tube reactor. The deposition gas-pressure and temper-

ature are atmospheric and 550°C, respectively. Since the reactor is
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a hot-wall type, the quartz tube and susceptor are contaminated by
deposits after the film deposition. These contaminated instruments

were cleaned by HF-HNO, acid etching, purified water and acetone

rinse. After these chimical cleaning, the instruments were baked at
950°C for 2 hrs.

The reactant gas flows were controlled by a mass flow controller
for SiH4 gas and rotameters for Ar and NH3 gases. The SiHl+ gas flow
could be controlled within #0.2 sccm. The Ar gas was deoxidized and
demoistened by an inert gas purifier. The.SiH4 gas was supplied by
a pure gas. The NH3 gas was supplied by a 100 ppm, 1% Ar-diluted,
or pure gas. The total gas flow rate was maintained at 1 £/min,
which could yield the reactant gas flow of about 6 cm/s above sub-
strates.

Substrates were fused quartz, crystalline Si, and thermally oxi-
dized crystalline Si, where films on fused quartz were used for char-
actefization of optical and electrical properties, films on crystal-
line Si for measurements of infrared absorption, and thermally oxi-
dized crystalline Si for electrical measurements of metal/insulator/
semiconductor (MIS) diodes. Fused quartz and crystalline Si sub-
strates were cleaned by trichloroethylene and acetone, and boiled in
HZSO4 and HNO3 acids successively. The cleaned and boiled crystalline
Si substrates were etched by diluted HF acid. Thermally oxidized
crystalline Si substrates were prepared in the CVD reactor b& dry
oxidation at 950°C. After the oxidation, the oxygen gas. in the
reactor was eliminated by a vacuum pump.

When films were deposited onto fused quartz at a high NH3 gas
concentration [NHS]’ cracks were observed in the films, e.g., in
films of thickness d= 0.3 um deposited by the silane gas concentra-
tion [SiH4]==O.05% and [NH3]==0.33% and d=0.6 ym by [SiH4]==O.2% and
[NH3]==0.33%. These cracks are considered to originate from the
differences in thermal expansion coefficients between the quartz

substrates and films which contain many nitrogen atoms. The electri-

cal properties of these films were not investigated. It was confirm-
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ed by the X-ray diffraction that the films were amorphous.

3.3 DEPOSITION RATE

Figure 3.1 shows the deposition rate of undoped CVD a-Si films
at 550°C under various SiHa gas concentrations [SiH4]. As shown in
the figure, the deposition rate is approximately proportional to
[SiH4]. Figure 3.2 shows the deposition rate of CVD a-Si:N films at
550°C under various SiH4 and NH3 gas concentrations. The deposition
rate is drastically decreased by the high NH3 gas introduction into
the reactant gas. Similar reduction of the deposition rate was also
reported on PH
Si filmsi’*18

It has been proposed that the thermal deposition of Si films

3 or AsH3 incorporation into the reactant gas for CVD

from SiH4 gas below 700°C consists of the elemental reactions of :12°13
(i) the gas phase decomposition of SiHa, .e.,

k

1
51H4§ SiH, +H, , (3.1)
~1

'S o
1 !
\

N
1

DEPOSITION RATE (A/s)
i
0]

| 1 ] 1 ]
0 0.2 0.4 0.6 0.8 1.0

SiHy GAS CONCENTRATION %

FIGURE 3.1 Deposition rate of undoped CVD a-Si films at 550°C.
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FIGURE 3.2 Deposition rate of CVD a-Si:N films at 550°C.

(ii) the adsorption of Sin, Z.e.,

k
2
Sin(gas)+-* Zz Si(solid)%—Hz* s (3.2)
-2
and (iii) the desorption of H2, Z.€.,
E
H,* *+H (3.3)

ks o 2

where * denotes the adsorption site at surface, HZ* the H2 molecules
adsorbed to surface, and kX the rate constant. Provided the rate-

limiting step, the deposition rate R could be derived and is summa-
rized in Table 3.1, where the poor decomposion of SiH,, which yields

4

[SiH2]==VK1[SiH4 , is assumed for the derivations of R2 and R3' If
and only if Ri (2=1,2, and 3) is the smallest among the deposition
rate summarized in Table 3.1, the Z-th reaction step could limit the

deposition rate. As shown in Table 3.1, the deposition rate RZ is
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TABLE 3.1 Dependence of deposition rate R on silane gas

concentration [SiH4]. K, the equilibrium constant.

RATE-LIMITING STEP DEPOSITION RATE
(i) SiH4 DECOMPOSITION RJ =k1[SiH4]
(i) SiH, ADSORPTION R;kJW[*]
(1ii) H, DESORPTTON Ry= k3K2/m§;Hj[*]

proportional to [SiH4], whereas R2 and R3 are proportional to /E§EZZK
Therefore, the experimental results shown in Fig.3.1l could be under-
stood by that the gas phase decomposition of SiH4 limits the deposi-
tion rate of undoped CVD a-Si films.

It is reported that the nitrogen incorporation into a-Si:H
films suppresses the hydrogen effusion by thermal annealing}9 Thus,
the nitrogen incorporation into CVD a-Si would suppress the hydrogen
desorption duriﬁg deposition, which would yield a decrease of the
rate constant k3. Since the deposition rate R3 is proportional to
ky o, R3 is decreased by decreases of k3. When k; is so decreased
that Rg is smaller than RZ’ the rate-limiting step in film deposi-
tion would be changed from the gas phase decomposition step to the
hydrogen desorption step. The nitrogen incorporation exceeding such
threshold that R1==R3 would decrease monotonically the deposition
rate, As shown in Fig.3.2, the deposition rate of CVD a-Si:N films.
is decreased by the Nﬁ3 incorporation into the reactant gas of which
the concentration exceeds around 20% at [SiH4]==l.0% or around 5% at
[Sibg] =0.2%. Such decreases of the deposition rate could be under-
stood by the suppression of hydrogen desorption due to the nitrogen
incorporation. The larger threshold of NH3 gas concentration, at
which the deposition rate begins to decrease, of films at [SiH4]=
1.0% than that of films at [SiH4]==O.2% would originate from fewer

incorporated nitrogen atoms as described in the next section.
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3.4 INFRARED ABSORPTION AND NITROGEN CONTENT

The films prepared at large ([NHg]/[SiH ]1)-ratios on cfystalline
Si substrates showed absorption near 800 cm in the infrared trans-
mittance, although no absorption due to Si-H (= 2000 cm_l), Si-0 (=
1100 cm-l), or N-H (= 1200 cm—l) was detected. Figure 3.3 shows
typical infrared absorption characteristics of a-Si:N and CVD a—Si3N4
at 700°C2° The maximum absorption wavenumber for the Si-N bond oscil-

lation was reported to be 935 cm—l in crystalline Si powder”’m'and

3N,

around 850 cm_1 in amorphous Si N4 prepared by glow discharge, reac-

tive sputtering, and chemical vzpor deposition%1 The peak shift from
850 cm-l in a—Si3N4 to 800 cm_1 in a-Si:N would result from the dif-
ference in the atomic environments around the Si-N oscillators.
Since it is considered that these absorption bands are due to
vibrations of Si-N bonds, the integrated absorption coefficient over
the absorption band, Sa (cm_l), is considered to be proportional to

the incorporated nitrogen content CN (cm—3). Here, Sa is defined by
S '
Sa-J S dv , (3.4)

in which each nitrogen atom is assumed to bond three silicon atoms.
Here, v denotes the wavenumber in the Si-N absorption band. Since
the density and the absorption coefficient in the Si-N absorption
band were reported on CVD a-—Si3N4 films%2 a proportional constant
between CN and Sa could be obtained. Then, the nitrogen content C

N
can be derived from Sa by

C,=7.73x 1008 (e ™). (3.5)
a
The mole fraction of nitrogen atoms to silicon atoms, &, could
be deduced roughly by assuming the concentration of Si atoms in

films. The number of $i atoms in CVD a-Si or Si.N, can be calculated

374
from the densities reported in literature3’?? and is estimated as
5 x1022 cm_3 in a CVD a-S8i film or 4% 1022 cm_3 in an a-Si, N, film.

374
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Then, with the assumption that the number of Si atoms in a—SiNx
varies linearly with respect to &, the mole fraction of nitrogen

atoms to silicon, x, can be evaluated as23
@ =510 (100~ 1.2x 107 21¢ ) 1/2}, (3.6)

Figure>3.4 shows the ﬁitrogen‘content in films deposited at
various SiH4 and NHBIg?s concentrations. The nitrogen content tends
to saturate with increases.of the NH3 gas concentration. If the
nitrogen incorporation into films is due to the heterogeneous reac-
tion, Z.e., thé catalytic reaction at surface, the over-all reaction
would consist 6f the elemental steps of:

molecules, Z.e.,

(1) the adsorption of NH3

ky

NH3+*k2 NH3* , (3.7)
Ckey, ,
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and (ii) the decomposition of adsorbed NH3, or desorption of H, Z.e.,

ks 3
NH.* ¢ N+ *+=H . (3.8)
3 ks 272

If the incorporatién of nitrogen was limited by the adsorption of
NH3 molecules, the nitrogen incorporation rate RN (atoms/cmzs), which
is equal to the product of the nitrogen content and the deposition
rate, would be ku[Nﬂs][*], which was not approved by the experimental
results, since the nitrogen incorporation is saturated with‘[Nﬂs].

If the decomposition of adsorbed NH3 molecules is the rate-limiting

step, the nitrogen incorporation rate RN

could be represented by23
kel

By =13 &, W1 (3.9)

where Né is the number of adsorption site and equal to the sum of the
numbers of available adsorption site [*] and adsorbed NH3 molecules
[NH3*]. The expression on RN implies the linear relation between the
inverse of RN and the inverse of [NH3]. Figure 3.5 shows the rela-
tion between l/RN and l/[NH3] on CVD a-Si:N films, which shows the
good linear relation between them. Therefore, the nitrogen incorpo-
ration rate would be limited by the decomposition of adsorbed NH

3
molecules, provided the heterogeneous reaction.

3.5 SUMMARY

Preparation of a-Si:N films by chemical vapor deposition at 550°
C from SiHA, NHB’ and Ar gases has been described. The deposition
rate, incorporated nitrogen content, and the nitrogen incorporation
rate of the films were measured and discussed. Their results can be
summarized as follows,
(1) The deposition rate of undoped CVD a-Si films is proportional to
the SiH4 gas concentration, which suggests that the gas phase decom-
position of SiH4 molecules would limit the deposition rate.

(ii) The NH3 gas introduction into reactant gas remarkably decreases
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the deposition rate, and films are hardly deposited from the reactant

gas of which the NH, gas concentration exceeds 20%. These results

might be understood3by that the hydrogen desorption from the adsorp-
tion sites at surface during the deposition is suppressed by the
nitrogen incorporation into films.

(iii) The incorporated nitrogen content in films was evaluated by the
infrared absorption around 800 cm—l. The nitrogen content increases
with increases of the NH3 gas concentration and/or decreases of the
SiH4 gas concentration.

(iv) The nitrogen incorporation rate of films could be explained by

the heterogeneous reaction of NH3 molecules in which the decomposi-

tion of adsorbed NH3 molecules is the rate-limiting step.
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IV. OPTICAL PROPERTIES OF CHEMICALLY VAPOR-DEPOSITED AMORPHOUS
SILICON-NITROGEN ALLQYS

4.1 INTRODUCTION

One of important differences between metals and semiconductors
is that semiconductors are transparent for photons of which the
energy is lower than the energy of the band gap. It is understood
that dominant optical absorption in semiconductors is due to elec-
tron excitation from the valence band to the conduction band. Amor-
phous Si (a-Si) films afe transparent for photons of which the energy
is lower than a specific value, which is one of evidences that a-Si
films are semiconductor.

The dependence of the optical absorption coefficient o of amor-
phous semiconductors on the photon energy sv could be often repre-
sented by Vohv =:B(hv-Ebpt)’ where B and Ebpt are constants! In
the early stage of study on amorphous semiconductor, Tauec has dis-

cussed the relation and proposed that the Eb in the relation could

represent the band gap in amorphous semicondgitors, where the-Ebpt
is called by the optical gap energy?

Optical absorption of a-Si and its alloys is an important sub-
ject in their applications, since a-Si and its alloys are promising
photoconductive materials. Compared with the crystall%ne Si, a-Si
shows stronger optical absorption, which could yield the effective
solar—energy-conversion in thinner films than 1 um? Since one of
important purposes of the nitrogen incorporation into a-Si is widen-
ing the optical gapf’SAit appears that the dependence of optical
absorption on the nitrogen content is principal in characterizations
of a-Si:N films.

In this chapter, the optical absorption, optical gap, and re-
fractive index of CVD a-Si:N films are described, and their depend-

ence on the incorporated nitrogen content is discussed.
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4.2 EXPERIMENTS

The transmittance of films on fused quartz substrates was meas-
ured by a double beam spectrometer, and typical transmittance spectra
at the visible and infrared regions are shown in Fig.4.1. The trans-
mittance waves with respect to the wavelength longer than 1 um, which
could result from the interference among lightwaves multi-reflected
between air-film and film-substrate interfaces. The transmittance of

specimens, T, could be represented by

Q- RJ) (1- R2) - Rg)exp(—cxd)

- 1-+R1R2exp(—2ad)-2P1r2exp(—ad)cos(4ﬂnd/k) >

T

(4.1)

where (

n-1]2 n-nsz g1 1-n ngTh
Rz=[n4-1} ; R2=ln4-ns » Rg= n ¥1) "I TEn and T Fn

Here, n and ns denote the refractive indices of a film and a sub-
strate, o the absorption coefficient, d the film thickness, and A

the wavelength, respectively. ng is 1.46 for the fused quartz used
in this study. In the derivation of Eq.(4.1), the multiple reflec-
tions between film-substrate and substrate-air interfaces or between
air-film and substrate-air interfaces could be neglected, since R2R3;
6><10_3 and Rl(l-RZ)R3§J9X10_3 in this study. When the absorption
coefficient o is so small that exp(-ad) v 1, from Eq.(4.1) the maxi-

mum or minimum transmittance, T or T . ,is equal to
max min

16n82 ond
Doz = (ns+1)II at A=——, - (4.2)
l6n2n2
= s _ 4nd
or T . = (n§+l)2 (n2+ns)2 at A=o- s (4.3)

where m is the integer. As shown in Fig.4.1, the maximum transmit-
tance at A=1.78 um is 0,93, which agrees with the maximum transmit-
tance obtained by Eq.(4.2) with ns==1.46. Therefore, it is consider-
ed that the optical absorption is so small that exp(-ad) ~1 beyond

1.78 um. Then, the refractive index of a film could be evaluated
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FIGURE 4.1 Typical transmittance spectra of a CVD a-Si:N film
at visible (a) and infrared (b) light.

from the minimum transmittance at A =2.35 um in Fig.4.1 by Eq.(4.3).
Further, the film thickness d could be also obtained by

1- 1 1
d=— [—————] s (4.4)
4n Al 12

where Al is the wavelength at the minimum (maximum) transmittance

and Az is the wavelength at the maximum (minimum) transmittance
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adjacent to A, (A <A )

The optlcal absorptlon coefficient o could be evaluated from
the transmittance T by Eq.(4.1). It is noted that the denominator of
Eq.(4.1) is approximately equal to unity in the strong absorption
region of exp(-od) < 0.3, at which the multiple reflection could be
neglected. This approximation is reasonable for results below A=
0.66 um in Fig.4.1l. The absorption coefficient beyond 0.66 um could
be evaluated from the maximum or minimum transmittance by substitut-

ing cos(4mnd/A) = £1 into Eq.(4.1).

4,3 OPTICAL ABSORPTION AND OPTICAL GAP

Figure 4.2 shows the optical absorption coefficient of CVD a-Si:N
films evaluated from transmittance measurements. In the figure,
results on the absorption coefficient of a GD a-Si:H film were evalu-
ated from the photo-acoustic spectroscopy and transmittance measure-
ment by Yamasaki et al® The optical gapsof CVD a-Si:N films are 1.5
eV, 1.55 eV, and 1.7 eV at the mole fraction of nitrogen atoms to
silicon atoms, x, of O, 0.2,'and 0.4, respectively. As shown in the
figure, the nitrogen incorporation decreases the optical absorption
coefficient. The decrease in the optical absorption coefficient is
more remarkable above the optical gap than below it. It could be
considered that the optical absorption above the optical gap origi-
nates from the band-to-band excitation, while below it from the exci-
tation from and/or to the gap states. Compared with GD a-Si:H films,
CVD a-Si:N films show stronger absorption below the optical gap.
Thus, CVD a-Si:N films would contain more gap states than GD a-Si:H
films.

Figure 4.3 shows typical absorption spectra of CVD a-Si:N films
plotted for Yohv. The optical gap is obtained from the intercepts.
Figure 4.4 shows the optical gap of films containing various amounts
of nitrogen atoms. The optical gap.of a—Si3N4 prepared at 1000°C is
5.3 eV/ The optical gap of films containing nitrogen atoms up to

2 x 1022 cm—3 (xn0.4) did not increase drastically. It was reported
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on GD a-Si:N films. that the optical gap increased greatly beyond the
mole fraction of nitrogen atoms to silicon atoms, x=1. It is known
that the energy gaps in crystalline semiconductor alloys are often

approximated by a quadratic dependence on composition, 1,84,
_ 2
Eé(y)-E14-(E2 E})y-kc(y -y) , ‘ (4.5)

where ¥ and ¢ are the composition and the bowing factor, respective-
ly. With the assumption that the optical gap variation in amorphous
semiconductors is similar to that in crystalline semiconductors,
from the results shown in Fig.4.4, the bowing factor in a-Si:N films,
for which the composition ¥ is derived from the mole fraction & by

y=3x/4, can be evaluated as 3.5 eV.
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4.4 REFRACTIVE INDEX

Figure 4.4 also shows the refractive index of films containing
various amounts of nitrogen. The refractive index varies monotonical—
ly with the nitrogen content. It is well known that the refractive
index is equal to the square root of the dielectric constant result-
ing from electronic polarization of substance atoms. The dependence
of the dielectric constant of a—SiNx on the mole fraction of nitrogen

atoms to silicon atoms, &, was deduced by Phillip’as

2

- 3 3
e=(1-gw)e, g+ 7o “a-S1,N, (4.6)
in which anitrogen atoms were assumed to be incorporated homogeneously.
Here, ¢ ., and ¢ . are the dielectric constants of a-Si and

a-Si ::1—813NL+
a—SiBN4 » respectively. The refractive index evaluated from Eqs. (3.6)
and (4.6) and n=+Ve is shown in Fig.4.4. The calculated values agree
with the experimental ones. Therefore, it might be possible to evalu-
ate the incorporated nitrogen content in an a-Si:N film from its re-

fractive index.

4.5 SUMMARY

Optical absorption, optical gap, and refractive index of CVD
a-Si:N films have been evaluated from their transmittance spectra and
discussed. These results can be summarized as follows.
(1) The optical gap is increased from 1.5 to 2.0 eV by the nitrogen
incorporation up to 2.8 x 1022 cm—3. The dependence of the optical
gap on the mole fraction of nitrogen atoms to silicon atoms, x, is
approximated by

3 2

Eopt=l'5+3'5[_4—x] (ev).
(ii) The nitrogen incorporation decreases the optical absorption co-
efficient. The optical absorption coefficient above the optical gap

is more decreased by the nitrogen incorporation than below it.
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Compared with glow-discharge deposited a-Si:H, CVD films show strong-
er optical absorption below the optical gap.

(iii) The refractive index is decreased from 3.5 to 2.2 by the nitro-
gen incorporation up to 2.8 x1022 cm_3. The dependence of the re-
fractive index on the mole fraction of nitrogen atoms to silicon

atoms could be explained by a model proposed by Phillip.
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V. ELECTRICAL PROPERTIES OF CHEMICALLY VAPOR-DEPOSITED AMORPHOUS
SILICON-NITROGEN ALLOYS

5.1 INTRODUCTION

It has been considered that the carrier transport in amorphous
semiconductors is based on the extended-states conduction and the
hopping conduction! It could be understood that the extended-states
conduction is similar to the band conduction in crystalline semi-
conductors. The dark conductivity originated by the extended-states

conduction is often represented by1 o==00exp(—AE/kBT), where o, is

called by the minimum metallic conductivity and AF is considergd to
equal the energy difference between the mobility edge and the Fermi
level, since carriers would be thermally activated from the gap
states just below the Fermi level into the extended states. The hop~
ping conduction is due to hopping of carriers through the gap states
and could often dominate the carrier transport around room tempera-
ture in non-hydrogenated a-Si. It is reported that the dark conduc—
tivity originated by the hopping conduction is strictly related to
the number of defects evaluated by the electron spin resonance?

It is considered that carriers could be excited into the ex-
tended states by photon irradiation which would increase the conduc-
tance. These increases in the conductance by photon irradiation
could be strbngly influenced by the gap states at which the photo-.
excited  carriers recombine.

In this chapter, electric transport properties of CVD a-Si:N
films are described and discussed. The nitrogen incorporation de-
creases the hopping conduction, which could be understood by decreases
in gap states. The increase in conductance by photon irradiation is

little influenced by the nitrogen incorporation.

5.2 DARK CONDUCTIVITY

The dark conductivity of films was measured in a coplanar struc-

ture with aluminum electrodes at an applied electric field of 400~
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800 V/cm. Figure 5.1 shows typical temperature dependence of the
dark conductivity of a-Si:N films prepared at the silane gas concen-
tration of 0.2% and 550°C. The temperature dependence of dark con-

ductivity of films are well approximated by

|,

A similar dependence was also reported on CVD a-8i3

E

1 E,
Ry T

c==clexp[— ]-+02exp[-25;f (5.1)

where E1> EZ'

and evaporated a-Si% The values of the preexponential factor and

activation energy are shown in Fig.5.2. For the films deposited at

large NH3

small relative to the first term and increases the dark conductivity

-gas concentrations, the second term in the equation is

slightly from the values of the first term near room temperature.

Thus, 0, and E2 are not included in the evaluation for these films.

2
The values of Eﬁ are close to half of the optical gap, and oy is
close to the minimum metallic conductivity which is deduced to be
-1,

100~ 600 (Qcm) . Therefbre, the first term in Eq.(5.1) is consid-
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ered to be related to carrier transport in the extended states. On
the other hand, the second term is considered to be due to the hop-
ping conduction through the gap states! The activation energy of
0.1v 0.2 eV in hopping conduction was reported on CVD a-8i3°5 and
evaporated a-8i% Besides, it was reported that the activation energy
implies a rapid increase in gap-state density about 0.1~ 0.2 eV above
the Fermi level® The interpretation of the preexponential factor of
hopping conduction is not well established at this stage. However,
the conductivity due to hopping conduction is closely related to the
gap-state density around the Fermi level.

Figure 5.3 shows the ratio of hopping conduction to extended-
states conduction at 300 K. 1In the figure, & denotes the mole frac-
tion of nitrogen atoms to silicon atoms. As shown in the figure, the
hopping conduction is reduced by the nitrogen incorporation at any
silane gas concentration. Therefore, it can be considered that the

gap-state density around the Fermi level is reduced by the nitrogen
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incorporation. In the next chapter, it is described that the nitro-
gen incorporation decreases the number of paramagnetic defects and

the gap-state density evaluated by the field-effect method.

5.3 PHOTORESPONSE

Figure 5.4 shows the spectral photoresponse of 0.6-um-thick CVD
a-Si:N films, which is flat for incident photons of which the energy
is 2.3v 2.8 eV as shown in the figure. The increase in the conduc-
tance by photon irradiation, AG, is related to the mobility.u and

lifetime T of photo-excited excess carriers, Z.e.
AG=-%;qu(l-R){l'-EXP(‘“d)}n“T R (5.2)

where L (ecm) and W (cm) are the gap and width of the electrodes, IO
(photons/cmzs) the flux of incident photons, R, o (cm-l), and n are
the reflectivity, absorption coefficient, and quantum efficiency,
respectively. As described in Chapter IV, the absorption coefficient
decreases rapidly with decreases of the photon energy; which yields

the rapid decrease in AG with decreases of the photon energy from
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FIGURE 5.4 Spectral photoresponse of CVD a-Si:N films.
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Eq.(5.2). The flat response of AG in the range of 2.3v2.8 eV could
be understood by ad >1 and constant nut product in this range. The
non-linear dependence between AG and Ib was reported on GD a-Si:HS
which could be explained by that the recombination lifetime T depends
on I0. However, AG of CVD a-Si:N films was proportional to IO'
Figure 5.5 shows the nuT product of CVD a-Si:N films at 300 K,
which is little varied by the nitrogen incorporation. Although the
recombination lifetime of photo-excited excess carriers into the
extended states could be associated with the number of recombination
centers, it has been proposed on the photoresponse of CVD a-Si that
the conduction of carriers due to hopping might be enhanced by photon
irradiation® As shown in Fig.5.3, the hopping conduction dominates
the conductivity around room temperature in CVD a-Si:N films includ-
ing a few nitrogen atoms. Therefore, the increase in the conductance
in these films might result from increases in thé number of hopping
carriers and might be independent of the number of recombination
centers. Further, contradictory results’’8 were reported on rela-
tionship between AG and the gap-state density near the Fermi level,
which appears to result from complicated recombination process due

to continuous distribution of gap states. Therefore, it has not been
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concluded whether the nitrogen incorporation influences the recombi-

nation centers in CVD a-Si.

5.4 SUMMARY

The dark conductivity and the photoresponse of CVD a-Si:N films
have been described and discussed. The results can be summarized as
follows.
(i) The nitrogen incorporation reduces the hopping conduction, which
would be due to decreases of the gap—state density.
(ii) The activation energy of the extended-states conduction in films
is from 0.7 to 0.8 eV, which would suggest that the Fermi level lo-
cates around the midgap.

1 cmz/V and

(iii) The photoresponse of films is the order of 10
little dependent on the nitrogen content.

It is considered that these electrical properties are dominated
by the defects or gap states. In the next chapter, it is shown that
the number of paramagnetic defects and the gap-state density evaluat-
ed by the field-effect method could be decreased by the nitrogen
incorporation. Thus, decreases of the hopping conduction by the

nitrogen incorporation could be well understood by decreases in the

gap states around the Fermi level.
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VI. DEFECTS AND GAP STATES IN CHEMICALLY VAPOR-DEPOSITED AMORPHOUS
SILICON-NITROGEN ALLOYS

6.1 INTRODUCTION

Paramagnetic defects in amorphous Si (a-Si) can be detected by
electron spin resonance (ESR). Chemically vapor-deposited (CVD) a-Si
contains the paramagnetic defects of which the g-values are 2,0043,
2.0055, and 2.011173 The defects of g=2.0055 are found in non-doped
CVD a-5i films, g =2.0043 in P-doped films, and g=2.011 in.B-doped
films!™3 These defects have been supposed to be'a neutral Si dangling
bond for g=2.0055, a negatively charged weak bond between Si atoms
or a trapped electron by conduction band tail for 2.0043, and a posi-
tively charged weak bond or a trapped hole by valence band tail for
2.011152 Paramagnetic defects are also found in CVD Si3N4 films and
are supposed to be Si dangling bonds¥s5 Similar results have been
reported on glow-discharge (GD) or sputter deposited SiN films®:7
The g-value and line width of these defects are monotonically varied
with the nitrogen content, which could be understood by the inter-
action between Si dangling bond and nitrogen atoms?

The results on dark conductivity of CVD a-Si:N films described
in Chapter V suggested that the nitrogen incorporation into CVD a-Si
decreases the gap-state density which would result from defects, 1In
this chaptef, the effects on nitrogen incorporation on defects and
gap-state density are investigated by ESR and field-effect measure—

ments.

6.2 ELECTRON SPIN RESONANCE (ESR)

Undoped CVD a-Si and a—SiNo.2 films?2 were investigated by ESR
measurements. Films were about 0.5 um thick and deposited onto
fused quartz substrates. The gas concentrations for a—SiNO.2 film
deposition were 1% of SiH4 and 0.33% of NH3. ESR measurements were
performed in the microwave frequency of 9.439 GHz at room tempera~

ture. Figure 6.1 shows the ESR spectra of undoped a-Si and
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FIGURE 6.1 ESR spectra of CVD a-Si (a) and a—SiNO 9 (b) films
at room temperature. Their peak-to-peak line widths

are 5.3 and 7.5 Gauss, respectively.

a—SiNO'2 films. the g-value is 2.005. The ESR spectrum of localized
electron around N atoms is split into three resonant 1ines§ since
the nuclear spin of 14N is one. However, the ESR spectrum of 4
a—SiNO.2 showed a single resonant line, Therefore, dominant ESR
centers in the a—SiNO.2 film are considered to be localized around Si

atoms similarly to the wundoped a-Si film. These ESR centers would
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originate from Si dangling bonds. It has been reported that the ESR

signal due to the nitrogen defects is neither observed in GD a-Sth&H?
sputter deposited a—Si:NZ and CVD Si3N43’5 It has been proposed that

the N dangling bonds in a-Si:N films could be spinless due to valence
alternation pairsZ’9 although the contrary has been proposed%1

The relative spin density of CVD a-SiN to that of wundoped

a-Si which is evaluated from their ESR specggg is one-~fifth, which
would suggest that the number of Si dangling bonds in CVD a-Si is
reduced by the nitrogen incorporation.' It is understood that the
hydrogen incorporation into a-Si drastically reduces the number of
Si dangling bonds?2» 10,11 Further, it has been reported that CVD a-Si
could contain the hydrogen of which the concentration in films depos-
ited at 550°C is about 0.7 atZ%i? Therefore, decreases of the dangling
bonds by the nitrogen incorporation might be understood by increases
of incorporated hydrogen atoms by it. Alternatively, the nitrogen
incorporation into a-Si makes Si random networks more flexible’

The peak-to-peak line widths in the ESR spectra of undoped
CVD a-Si and a—SiNO.2 films are 5.3 and 7.5 Gauss, respectively. It
has been reported that the line width in the ESR spectrum from Si
dangling bonds is broadened by the dangling bond-nitrogen interaction’
However, it has been reported that the line width in CVD a-Si or GD
a-Si:H narrows with increases in the number of ESR centers%’ll*’15
which could-be understood by the exchange narrowing due to g-factor
atnisotropyl.""15 It could not been known at present whether the broadn-
ing of the line.width in the ESR spectrum of CVD a-Si by the nitrogen
incorporation is due to the dangling bond-nitrogen interaction or the

reduction in the spin density.

6.3 GAP-STATE DENSITY EVALUATED BY FIELD-EFFECT METHOD
Field-effect measurements were carried out for the films depos~
ited on thermally oxidized Si substrates. The substrates were nt+
crystalline Si substrates of which the resistivity is 0.003 Qcm and
used for a gate electrode. The thermally oxidized layer was 1100 &
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thick. In the procedure, CVD a-Si or SJ'_NO.2 films were deposited
subsequent to the oxidation of Si substrates in a reactor after elim-
inating oxygen in that reactor by a vacuum pump. Figure 6.2 shows
the field effect of undoped and doped films at room temperature,

The channel conductance of the undoped film is symmetric with respect
to the gate voltage and little modulated by gate voltage lower than
20 volts. This U-shaped characteristic is considered due to the
existance of large hopping conduction which could not be modulated

by the gate voltage. Further, this would imply that the Fermi level
is located near the mid-gap, and that the flat-band voltage is around
0 volts. On the other hand, the channel conductance of the doped
film rises rapidly at positive gate-voltages. Therefore, the doped
film is considered to be n-type.

Elevation of measurement temperature is preferable to derive
the gap-state density in CVD a-Si by the field effect method. Thus,
the gap-state density was evaluated from the results of the field
effects at 84°C and 114°C for the undoped and doped films, respec-
tively.

Figure 6.3 shows the derived gap-state density in undoped and
doped films. It appears that the gap-state density at 0.1 eV;;E-—Ef
£0.3 eV is reduced by the nitrogen incorporation. This result
agrees with the reduction of the hopping conduction in dark conduc-
tivity descfibed in the previous chapter. As discussed in the pre-
vious section, the Si dangling bonds could be decreased by the nitro-
gen incorporation. Therefore, the gap states due to Si dangling
bonds would be located at E“—E%p<0.3 eV. These states would be
negatively charged Si dangling bond states. Similar results have
been reported on GD a-Si:H1®6=20 (on the other hand, it seems that the
nitrogen incorporation increases the gap-state density around E-—Eb
= 0.4 eV, which might be due to the creation of a new type of defect

with it.
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6.4 SUMMARY '

The effects of the nitrogen incorporation on defects and gap
states in CVD a-Si have been investigated by ESR measurements and
field effect method. Their results can be summarized as follows.

(i) Paramagnetic defects in CVD a~5i and a—SiNO.2 films detected by
ESR have the g-value of 2.005. The nitrogen incorporation into CVD
a-Si decreases the number of these defects to one-fifth and increases
the iine width of the ESR spectrum. |

(ii) The gap-state density at 0.1 eV;E—EF_i_O.B eV evaluated by the
field effect method was decreased by the nitrogen incorporation,
which agrees with the results on dark conductivity described in
Chapter V.

These reductions in the number of paramagnetic defects and the
gap-state density could result from increases of the incorporated
hydrogen atoms or structural relaxation. It is known that the incor-
porated hydrogen atoms in a-Si:H could be effused by thermal annealing.
In the next chaptér, effects of thermal annealing of CVD a-Si and
a—S:i.NO.2 films on their electrical properties, defects, and gap states

are investigated with respect to the role of incorporated hydrogen.

-52—



REFERENCES
1) S. Hasegawa, T. Kasajima, and T. Shimizu, -Philos. Mag., B43
(1979) 149.
2) J. Magarino, D. Kaplan, A. Friederich, and A. Denuville, Philos.
Mag., B45 (1982) 285,
3) S. Hasegawa, T. Kasajima, and T. Shimizu, Solid State Commun, ,
29 (1979) 13.
4) S. Fujita, H. Toyoshima, M. Nishihara, and A. Sasaki, J. Elecron.
Mater., 11 (1982) 795. | |
5) S. Fujita, H. Sato, and A. Sasaki, The 163rd Meeting of Electro-
chemical Society (1983), San Fransisco.
6) S. Yokoyama, M. Hirose, and Y. Osaka, Jpn. J. Appl. Phys., 20
(1981) L35.
7) T. Shimizu, S. Oozora, A. Morimoto, M. Kumeda, and N. Ishii,
Solar Energy Materials, 8 (1982) 311.
8) K.L. Brower, Phys. Rev. Lett., 24 (1980) 1627.
9) C.T. Kirk, Jr., J. Appl. Phys., 50 (1979) 4190.
10) D. Kaplan, N. Sol, G. Velosco, and P.A. Thomas, Appl. Phys. Lett.,
33 (1978) 440.
11) N. Sol, D. Kaplan, D. Dienmergard, and D. Deneuville, J. Non-
Cryst. Solids, 35-36 (1980) 291.
12) D.C. Booth, D.D. Allred, and B.O. Seraphin, Solar Energy Mate-
rials, 2 (1979) 107.
13) M. Kumeda, S. Oozora, N, Ishii, A. Morimoto, and T. Shimizu,
IECE Japan Rept. Tech. Group Electron Devices, ED82-65 (1982) 9
(in Japanese).
14) S. Hasegawa and Y. Imai, Philos. Mag., B45 (1982) 347.
15) U. Voget-Grote, W. Kummerle, R. Fischer, and J. Stuke, Philos.
Mag., B41 (1980) 127.
16) K. Morigaki, Y. Sano, and I. Hirabayashi, Solid State Commun.,
39 (1981) 947.
17) K. Morigaki, Y. Sano, and I. Hirabayashi, J. Phys. Soc. Japan,
51 (1982) 147.

-53-



18) N. Ishii, M. Kumeda, and T. Shimizu, Jpn. J. Appl. Phys., 21
(1981) L673.

19) H. Derch, J. Stuke, and J. Beicher, Phys. Stat. Solidi, (b)105
(1981) 265.

20) W.B. Jackson, Solid State Commun., 44 (1982) 477.

21) J. Robertson, Philos. Mag., B44 (1981)' 215.

22) The optical gap of films is 1.5 eV and 1.6 eV, respectively.

54—



VII. THERMAL ANNEALING OF CHEMICALLY VAPOR-DEPOSITED AMORPHOUS
SILICON-NITROGEN ALLOYS

7.1 INTRODUCTION

Properties of hydrogenated amorphous Si (a-Si) are drastically
varied by thermal annealing}_6 It has been reported that thermal
annealing of glow-discharge (GD) deposited a-Si:H films above 300°C
decreases the photoconductivity and the photoluminescence intensity3>
“s56 Tt has been understood that these variations are associated with
increases of defeéts which are éupposed to be Si dangling bonds3:%>6
On the other hand, it was found that the incorporated hydrogen atoms
are effused by thermal annealingl™3,5-8

Since chemically vapor-deposited (CVD) a-Si are usually grown
from SiH4 at temperature above 500°C, the amount of incorporated
hydrogen in the films at 550°C is about 0.7 at.%® and small as com-
pared with that of GD a-Si:H films. The CVD a-Si contains many
paramagnetic defects in a film!0™3 and shows large hopping conduc-
tion énd poor photoconductivity, which has been supposed to result
from few incorporated hydrogen atoms. 1In Chapters V and VI, it has
been demonstrated that the nitrogen incorporation into CVD a-3i
decreases the number of paramagnetic defects and the gap-state
density. These decreases might result from increases of incorporat-
ed hydrogen>atoms by the nitrogen incorporation. The contribution
of incorporated hydrogen atoms to properties of CVD a-Si and a-Si:N
films could be investigated by variations of their properties due to
thermal annealing.

In this chapter, effects of thermal annealing which effuses the
incorporated hydrogen atoms on the dark conductivity, paramagnetic
defects, and gap-state density of CVD a-Si and a-Si:N films are
described. Their results suggest that the defects and gap states in
CVD a-Si and a-Si:N films could be reduced by the iﬁcorporated hydro-
gen, and the nitrogen incorporation relaxes the internal strain

without breaking the bonds.
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7.2 THERMAL ANNEALING

0.6-um-thick undoped CVD a-Si and a—SiNO.2 films!® were thermally
annealed in Ar flow at 550°C for 2 or 20 h. Here, the a—SiNO.2 films
were deposited at SiHA and NH3 gas concentrations of 1% and 0.337%,
respectively. It was confirmed by X-ray diffraction that 20-h anneal-
ed films were not crystallized. It is reported that CVD or evaporated
a-Si is not crystallized by 100-h thermal annealing at 550°C?* ¥ and
nitrogen doping into a-Si restrains from the crystaliization? However,
the structural change in a random network might be caused by the

thermal annealing. The refractive index and thickness of the film

were little decreased by it.

7.3 ELECTRON SPIN RESONANCE (ESR)

Figure 7.1 shows the ESR spectrum of a 20-h annealed CVD a—SiNO.2
film. Since the spectrum is a single resonant line similar to that of
the as-deposited film described in Chapter VI, the dominant paramag-
netic defects in the annealed films would be also Si dangling bonds.
Table 7.1 shows changes in the relative spin density derived from ESR
spectra and the peak-to-peak line width of spectra by thermal anneal-

ing of undoped a-Si and a—SiN0 9 films. .Thermal annealing increases

\
CVD a-SiNg2
ANNEALED
-
2
ol H
a r [
foa
7y
w )
g~ 2.005
4—_-——’
5.3 Gauss

FIGURE 7.1 ESR spectrum of a 20-h annealed a-SiNj , film.
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TABLE 7.1 Relative spin density (upper) and line width (lower)-

of CVD a-Si and a—SiN0 2 films.

AS-DEPOSITED ANNEALED

- ) 5.0 10
UNDOPED a-Si 5.3G 4.1C
, 1 5.2
a-5iNg o 7.5G 5.3G

the spin density both in undoped a-Si and a-SiN films, which would

result from the hydrogen effusion by it. It isoégted that the incre-
ment of spin density in CVD a—SiNO.2 films by thermal annealing is
close to that in undoped a-Si films. If the hydrogen atoms in films
were completely effused by 20-h annealing at 550°C, this suggests

that the number of incorporated hydrogen atoms is close in undoped
a-Si and a—SiNO.2 films. Further, the spin density in the annealed
a—SiNO.2 film is smaller than that in the annealed a-Si film. Provid-
ed complete hydrogen effusion of films by 20-h thermal annealing at
550°C, it could be speculated that the nitrogen incorporation into
a-5i decreases the number of Si dangling bonds due to structural

changes in the network.

7.4 DARK CONDUCTIVITY

Figure'7.2 shows the temperature dependence of dark conductivity
of as-deposited and 20-h annealed films. As described in Chapter V,
these results can be well fitted by the sum of two activation terms,
which could result from the extended-states conduction and the hop-
ping conduction., The values of preexponential factors and activation
energies are summarized in Table 7.2, where 9 and E} would be asso-
ciated with the extended-states conduction, and 9, and E2 with the
hopping conduction, Thermal annealing increases the dark conductivi-
ty of both a-Si and a—SiNO.2 films around room temperature, which

could result from increases of the hopping conduction. Thus, it is

considered that the gap-state density near the Fermi level is
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TABLE 7.2 Changes of dark conductivity and activation energy
by 20-h thermal annealing at 550°C.

e, 1, P %2 0

(Qcm) (Qcm) (eV) (Qcm) (eV)
UNDOPED AS-DEPOSITED 7 x 10:2 90  0.70 2% 10:3 0.15
| ANNEALED 2% 10 80  0.67 6x10 0.16
a-SiN, , AS-DEPOSTTED ~ 1x 1075 1300 0.73  —--mg =T
*© ANNEALED 4% 10 1400 0.75 6x10 0.19

is increased by the thermal annealing. In the annealed films,
a-SiNO.2 shows the hopping conduction smaller than a-Si. Thus, it is
considered that the gap-state density near the Fermi level in the
annealed films is smaller in a—SiNO.2 film than in a-8i film, similar-
ly to in as-deposited films. It is noted that the changes in the hop-

ping conduction agree with the results on the ESR centers.

\A
- .\‘\
%10 r \. ~a,
& N T
— \‘
\‘\
> <6 \2\ -
~ 10 A\
— F-y
5 \,
5 &A\ a-Sj
p ) o\‘\\A\ l
0,57 LGN
= 10 o A~a__
(@] O, .\. Bea
(8] \ ~e.
z i !
< \o a-SiNg 2
o168 \
]
a0 AS-DEPOSITED \
ae ANNEALED g\
10°F A
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2.2 26 30 34
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FIGURE 7.2 Temperature dependence of dark conductivity in as-

deposited and 20-h annealed films. -
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7.5 GAP-STATE DENSITY EVALUATED BY FIELD-EFFECT METHOD

Figure 7.3 shows the field effect at room temperature of as-
deposited and annealed a—SiNO.2 films. The channel conéuctance in
these films is strongly enhanced by positive gate voltage application.
Since the elevatioﬁ of measurement temperature is desired for the
evaluation of gap—state density by the field-effect method, the field
effect of films for the analysis of the gap-state density were meas-
ured around 100°C. Figure 7.4 shows the results on the field-effect
gap-state density of as-deposited and énneaied CvD a—SiNO.Z-films.

Although the gap-state density evaluated by the field-effect
method might include the states at the interface between a—SiNO.2
film and insulator, these results suggest that the gap-state density
in CVD a-SiNO.2 is increased about one order of the magnitude by 20-
h thermal annealing. On the other hand, it is considered that the

increase of the dangling bond states in bulk of a-SiN films is a

0.2
factor of five from the ESR measurement. This disagreement between

the field-effect method and ESR measurement might be caused by that

, AS-DEPOSITED
o
10 J

CVD a-SiNg 2
ANNEALED

1 1 i 1 1
-20 0 20 40
Vo (V)

FIGURE 7.3 Field effects of as-deposited, 2-, and 20-h anneal-

ed a—SiNO.2 films.
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FIGURE 7.4 Tield-effect gap-state density in as-deposited, 2-,

and 20-h annealed a—SiN0 9 films.
the hydrogen atoms effuse more drastically near the interface region
than in the bulk. Alternatively, the thermal annealing might intro-
duce the spinless defects into the CVD a—SiN0 9 films or the inter-

face states.

7.6 SUMMARY

" Effects of thermal annealing on the paramagnetic defects, dark
conductivity, and gap-state demsity by field-effect method of CVD
a-8i and a—S:’LNO.2 films have been investigated. Their results can
be summarized as follows.
(i) The number of paramagnetic defects in CVD a-Si and a—SiNO.2 films
are increased by thermal annealing, which could be understood by that
these films contain the bonded hydrogen atoms to Si atoms.
(ii) The nitrogen incorporation reduces the number of paramagnetic
defects in thermally annealed a-Si films similarly to in as-deposited
films. This suggests that the nitrogen incorporation relaxes the

strain without breaking the bonds in a Si random network.
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(iii) The hopping conduction in CVD a-Si and a-SiN

0.2 films is in-

creased by thermal annealing, which could result from increases in

the gap-state density near the Fermi level.

(iv) The field-effect measurements also showed the increase of the

gap-state density by thermal annealing.
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VIII.  POST-HYDROGENATION OF CHEMICALLY VAPOR-DEPQSITED AMORPHOUS
SILICON-NITROGEN ALLOYS

8.1 INTRODUCTION

Defects and gap-state density in amorphous Si (a-Si) films could
be decreased by the hydrogenation, which increases the photoconduc-

5 Thus, various hydrogenation techniques of a-Si films

tivityl~
during or after the deposition have been developed and improved! 2>
6716 The hydrogenation of a-Si films after the deposition (post-
hydrogenation) could be achieved by annealing in H+ plasma®=2,%

In previous chapters, effects of the nitrogen incorporation on
properties of chemically vapor-deposited (CVD) a-Si have been inves-
tigated. The nitrogen incorporation into CVD a-Si films changes the
field effects from an intrinsic to n-type characteristic, although
the activation energy in temperature dependence of the dark conduc-
tivity is not decreased. The photoconductivity of the as-deposited
films is not increased by the nitrogen incorporation. On the other
hand, it has been reported that the nitrogen incorporation into glow-
discharge deposited (GD) a-Si:H films introduces donors and increases
the photoconductivityg3_27 Since the incorporated hydrogen atoms are
fewer in CVD a-Si than GD a-5i, it could be considered that such
differences in the effect of nitrogen incorporation on their electri-
cal properties are due to differences in the incorporated hydrogen
content.

In this chapter, properties of post-hydrogenated CVD a-Si:N
films are described and discussed. It is shown that the activation
energy in temperature dependence of dark conductivity of post-hydro-
genated films is decreased by the nitrogen incorporation, and the
photoconductivity of the films is increased by it similarly to

results on GD a-Si:H films.

8.2 POST-HYDROGENATION
0.6-um-thick undoped CVD a-Si and a—SiN0 2 films? were post-

—63—



/
10 &
F

=4

AS-DEPOSITE?/

d/ HYDROGENATED

S
>~
T

S
(%)
T

N

e

ABSORPTION COEFFICIENT (cri)

CVD a-§;

| |
1 2
PHOTON ENERGY (eV)

FIGURE 8.1 Absorption coefficient of as—-deposited and post-
hydrogenated CVD a-Si films.

hydrogenated in a capacitive coupling reactor in which the spacing
and diameter of electrodes are 2 cm and 20 cm, respectively. Here,
‘the SiH4 and NH3 concentrationé at deposition of CVD a—SiNO.2 films
had been 0.2% and 0.03%, or 1% and 0.33%, respectively. The rf
power and frequency at the post-hydrogenation were 300 W and 13.56
MHz. The post-hydrogenation of films were carried out at 5 Torr and
400°C for 1 h. Hydrogen plasma was turned off at the beginning of
cooling down. The refractive index and thickness of the films were
little changed by the post—hydrogenation, although the optical ab-

sorption coefficient was decreased by it as shown in Fig.8.1, Here,

those were evaluated by assuming that films were homogeneous.

8.3 DARK CONDUCTIVITY

Figure 8.2 shows the temperature dependence of the dark conduc-
tivity in post-hydrogenated CVD a-Si and a—SiNO.2 films.: In an un-
doped CVD a-Si film, the hopping conduction disappears after post-
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TABLE 8.1 Post-hydrogenation effects on the dark conductivity
and nut product of undoped CVD a-Si and a—SiNO 2
films deposited at SiH4 and NH3 gas concentrations of

0.2% and 0.03% (A), and 1.0% and 0.33%7 (B), respec-

tively.
ORT . 01 1 EZ ngr
(Qcm) (Qcm) (eV) (cm™/V)
UNDOPED AS-DEPOSITED 7 X 10:?0 90 0.70 2x 10‘31
POST--HYDROGENATED 7x10 3000 0.76 4x10°
'a-SiN, , (A) AS-DEPOSITED 2 x 10:3 700 0.71 2x 10“:;1
: POST-HYDROGENATED 8 x 10 300 0.64 2x10°
(B) AS-DEPOSITED 1x1000 1300 0.73 1x1073
POST-HYDROGENATED 3 x 10 1000 0.58 3x10

hydrogenation. It can be considered that the gap-state density near
the Fermi level is reduced by the post-hydrogenation. The activation
'energy is decreased by the post-hydrogenation in the a—SiNO.2 films.
The activation energies obtained from the results shown in Fig.8.2
are summarized in Table 8.1. It suggests the Fermi level shift
towards the conduction band, since a-—SiNO.2 films are thought to be
n-type from the field effect.

The Fermi level shift due to donor doping into a-5i, AEF, is

represented by28

E_+AE
_[*F"F
ND—J N p)dE (8.1)
Bp

where ND and EF denote the concentration of ionized donors and the
Fermi level, respectively. The Fermi level can be shifted towards
the conduction band by decreasing the gap-state density around the
Fermi level in the films containing ionized donors. Such Fermi
level shift by post-hydrogenation was reported on phosphorus doped
CVD a-Si filmsl’s2 Therefore, the Fermi level shift in CVD a—SiNO.2

by post-hydrogenation suggests that the films contain donors, since
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the post-hydrogenation could decrease the gap-state density. When
the gap-state density near the Fermi level in a post-hydrogenated
a—SiN0 2 film. is assumed to be constant energetically and the order

of 10%7 cm—3eV—l, the concentration of ionized donors is deduced to

be l()16 cm_3.

8.4 PHOTOCONDUCTIVITY— PRODUCT OF QUANTUM EFFICIENCY, MOBILITY,

AND LIFETIME

The product of quantum efficienc&, mobility, and lifetime (nut
product) for photoexcited excess carriers in post-hydrogenated CVD
a-Si and a—SiNO.2 films was evi%uated from ;heir photoresponse at
the incident photon flux of 10 photons/cm”s and energy of 3 eV.
The results are summarized in Table 8.1. The nut product of a film
is increased by the post-hydrogenation similarly to previous workslds
2A22 1t was reported that the nitrogen incorporation into a-Si:H
films enhances the photoconductivity?® ™27 The results shown in
Table 8.1 suggest that the enhanced photoconductivity by the nitrogen
incorporation does not depend on only the amount of incorporated
nitrogen atoms, since the films prepared at the different conditioms
and containing the same amount of nitrogen atoms showed the different
nutT product by two orders of the magnitude. The photoconductivity
might be enhanced by the Fermi level shift towards the conduction
band, since‘it seems that the nut product is related to the activa-
tion energy of the dark conductivity. Similar results were also

reported on electrical properties of phosphorus doped GD a-Si:HZ/

8.5 SUMMARY

Properties of post-hydrogenated CVD a-Si:N films were measured
and discussed. Their results can be summarized as follows.
(1) The activation energy in temperature dependence of the dark
conductivity is little varied for undoped CVD a-Si films and decreas-—
ed for a-Si:N films by the post-hydrogenation, which would be under-

stood by the introduction of donors due to the nitrogen incorporation.
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(ii) The hopping conduction in an undoped CVD a-Si film disappears by
the post-hydrogenation above room temperature.

(iii) The nut product of photoexcited excess carriers is increased by
the post-hydrogenation. The nitrogen incorporation could increase

the nut product of post-hydrogenated films.
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IX. GLOW-DISCHARGE DEPOSITION OF AMORPHOUS SILICON-NITROGEN-HYDROGEN
ALLOYS

9.1 INTRODUCTION

The glow-discharge (GD) deposition of SiN insulator and amorphous
Si (a-Si) films was reported by Sterling and Swann in 1965! Succes-
sively, several authors?™% reported properties of GD SiN films for
passivation or gate insulator films. On the other hand, GD a-Si was
interested as photoconductive thin filmsS Although it had been sup-
posed that the electrically active doping into a-Si was difficult?
the electrically active doping into GD a-Si was reportede’7 by Spear
and LeComber in 1975. 1In 1976, the a-Si solar cell® 10 was fabricat-
ed from GD a-Si films. It was found that GD SiN insulator and a-Si
films contain many hydrogen atoms bonded to silicon or nitrogen atoms
up to 50 at.z¥s- Thus, these films are considered to be silicon-
nitrogen-hydrogen (Si:N:H) or silicon-hydrogen (Si:H) alloys. Most
of a-Si thin film devices have been fabricated from GD a-Si:H films
so far. 1t seems that GD a-Si:H films have advantages to a-Si:H films
prepared by other methods with respect to their applications to elec—
trical devices at this stage.

In this chapter, preparation and fundamental properties of GD
a-Si:N:H films are described. Here, these films are interested as
active semiconductor films rather than passive insulator films!®Y7
Optical and electrical properties of these films are described in

Chapter X.

9.2 PREPARATION

Amorphous Si:N:H alloys were deposited by rf (13.56 MHz) glow
discharge of SiHA, N2, and H2 gas mixture in a capacitive coupling
reactor!®19 in which the spacing and diameter of the electrodes are
2 cm and 20 cm, respectively. The rf excitation power was 40 W.
Substrates were set on the anode. The substrate temperature was 250°C
or 350°C. The total gas flow of N2 and H2 was maintained at 100 sccm,
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and SiH4 gas flow was 10 or 20 sccm. The total gas pressure was 1

Torr.

9.3 DEPOSITION RATE

It has been considered with respect to the deposition process of
GD a-Si:H from SiH4 that the SiH4 molecules are dessociated into Sin
(x=0,1, 2, or 3) species by discharge, which are transported to the
substrate surface and react at the surface?? Tt could be considered
in an asymmetric capacitive coupling rf reactor that SiH4 molecules
are primely dissociated in the cathode sheath by collisions of elec-—
trons and the deposition onto substrates on the anode is dominated by
the surface reaction of neutral spec1es20

Figure 9.1 shows the deposition rate of GD a-Si:N:H films at
various gas flow rates and substrate temperature of 250°C. The depo-
sition rate increases with the Sin and N2 gas flow rates. It is
noted that the deposition rate at the N2 gas flow rate of 100 scem
is remarkably higher than that at the NZ gas flow rate below 80 sccm.

It might be considered that the N, introduction into the reactant gas

2
increases the electron concentration in the plasma, which enhances

the dissociation of SiH, molecules.

4
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FIGURE 9.1 Deposition rate of GD a-Si:N:H films.
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9.4 INFRARED ABSORPTION—NITROGEN AND HYDROGEN CONTENTS
The infrared transmittance spectra of 0.6 to 2-um-thick GD a-
Si:N:H films on crystalline Si substrates showed absorption around

820 cm_land2000 cm—l. It is considered that the former originates

from Si-N bond vibrations and the latter from Si-H vibrations“
Absorption due to N-H bond vibrations around 1200 cm—l or 3350 Cm-l
was not detected. The incorporated nitrogen content in films was
evaluated from the integrated absorption coefficient around 820 cm_1
as described in Chapter TI. The nitfogen content in films prepared
at various deposition conditions is shown in Fig.9.2. The nitrogen
content increases with the N2 gas flow rate and is saturated at the
N2 gas flow rate exceeding 50 sccm. The saturation of the nitrogen
content would be associated with increases of the deposition rate of
films with the N2 gas flow rate as shown in Fig.9.1. The nitrogen
content is increased by decreases of the SiH4 gas flow rate and
little influenced by the substrate temperatures of 250°C and 350°C.
Thus, it is considered that the nitrogen content in films is primely
related to the concentrations of active species in the plasma.
Figure 9.3 shows the peak wavenumber of Si-H absorption band of

GD a-Si:N:H films, which are increased by the nitrogen incorporation.
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FIGURE 9.2 Nitrogen content of GD a-Si:N:H films.
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FIGURE 9.3 Peak absorption wavenumber of Si-H bond vibrations

in GD a-Si:N:H films.

Since the peak wavenumber of undoped a-Si:H films is 2000 cm_l, it
is considered that the hydrogen atoms in the films are incorporated
in the configurations of (SiH)=3Si. The increase of the peak wave-
number by the nitrogen incorporation could be understood by increases
in the electronegativity sum of neighbor atoms of Si-H oscillators-
due to the nitrogen incorporation%1

The relation between the incorporated hydrogen content and the
infrared absorption coefficient has been reported on a-Si:H%? and
a-Si:N:H23 films in which the mole fraction of Si/N is 0.7 to 1.4,
and the proportion constant between them has been determined with
respect to a-Si:H and a-Si:N:H films. Figure 9.4 shows the hydrogen
content of GD a-Si:N:H films evaluated from the infrared absorption
coefficient by utilizing the proportion constant on a-Si:H films%?
However, when the proportion constant on a-Si:N:H films23 was applied,
the evaluated hydrogen content became larger by a factor of two. If
the disagreement in the proportion constant resulted from the nitro-
gen incorporation into a-Si:H films, the hydrogen content of films

containing more nitrogen atoms would be larger than the values shown
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FIGURE 9.4 Hydrogen content of GD a-Si:N:H films evaluated by

the infrared absorption.

in the figure. As shown in the figure, the films containing more
nitrogen atoms tend to contain more hydrogen atoms at the substrate
temperature of 250°C. Further, films deposited at 350°C and the N2
gas flow rate of 20 sccm contain the comparable amount of hydrogen
atoms with that in films at 250°C and 0 scem. Therefore, it could
be considered that the nitrogen incorporation into a film retains

the hydrogen effusion from the solid phase during the deposition.

9.5 SUMMARY

Preparation of a-Si:N:H films by glow discharge of SiHA, N2, and
HZ gases has been described. The deposition rate and infrared trans-
mittance spectra of films have been measured and discussed. The
infrared absorption due to Si-N and Si-H bond vibrations was detected
by infrared transmittance measurements. The nitrogen and hydrogen
contents in films could be evaluated from their infrared transmit-
tance spectra. Their results can be summarized as follows.
(1) The deposition rate is increased up to five times larger by the

N2 gas introduction into the reactant gas.
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(ii) The nitrogen content is increased by the N2 gas introduction
into the reactant gas and saturated at the N2 gas flow rate exceeding
50 scem under the constant total gas flow of N2 and H2 of 100 sccm.
Increases in the SiH4 gas flow rate decrease the nitrogen content.
The nitrogen content is little influenced by the substrate tempera-
ture of 250°C and 350°C.

(iii) The hydrogen content is increased with the H2 gas flow rate,
whereas decreased with the SiH4 gas flow rate, Although the hydrogen
content is decreased by the substrate temperature increase, the
nitrogen incorporation suppresses the decrease of hydrogen contents

caused by the substrate temperature increase.
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X. OPTICAL AND ELECTRICAL PROPERTIES OF GLOW-DISCHARGE DEPOSITED
AMORPHOUS SILICON-NITROGEN-HYDROGEN ALLOYS

10.1 INTRODUCTION

The glow-discharge (GD) deposited amorphous silicon-hydrogen
(a-Si:H) films applied to electrical devices usually contain about
10 at.7Z of the hydrogen atoms. These hydrogen atoms could not only
decrease the defects but also increase the optical gap}_3 It has
been supposed that decreasing of defects by hydrogenation is due to
the termination of dangling bonds or the relaxation of average coordi-
nation number.

In previous chapters, properties of chemically vapor-deposited
(CVD) a-Si:N alloys have been described, and effects of nitrogen in-
corporation on their properties have been discussed. These films
could be considered to be binary alloys containing electrically active
additives of hydrogen. On the other hand, GD a-Si:N:H films are con-
sidered to be ternary alloys. In this chapter, optical and electrical
properties of GD a-Si:N:H ternary alloy films are described and dis-

cussed.

10.2 OPTICAL GAP

The optical gap of films derived from the Vohv - Av plot is shown
in Fig.lO.l.A The optical gap is increased by the N2 gas introduction
into the reactant gas. As described in Chapter IX, the films deposi-
ted at the SiH4 gas flow rate of 10 scem and 250°C contain more nitro-
gen and hydrogen atoms than the films at 20 scem at a fixed N2 gas
flow rate. Thus, these films have the wider optical gap than the
films at the SiHa.gas flow rate of 20 sccm. 1In films deposited at the
SiH4 gas flow rate of 20 sccm, the nitrogen content is almost inde-
pendent of the substrate temperatures of 250°C and 350°C, whereas the
hydrogen content of films at 250°C is larger than that of films at
350°C as described in Chapter IX. Such increases in the hydrogen

content would yield the wider optical gap of films at 250°C than that
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FIGURE 10.1 Dependence of optical gap of a-Si:N:H films on

deposition conditions.
of films at 350°C.

10.3 DARK CONDUCTIVITY

Figure 10.2 shows the dark conductivity of films at room tem-
perature, the activation energy, and the preexponential factor in
the temperéture dependence of the dark conductivity. A little incor-
poration of nitrogen atoms into films increases the dark conductivity,
and further incorporétion decreases it. It is noted that the films
deposited at the SiH4 gas flow rate of 10 scem contain more nitrogen
atoms than the films at 20 sccm. From the results shown in Fig.10.2,
the increase in the dark conductivity by a little incorporation of
nitrogen atoms is related to the decrease in the activation'energy,
which suggests an introduction of donors by the nitrogen incorpora-
tion¥ On the other hand, the reduction in the dark conductivity
could be due to the increase in the activation energy or the decrease
of the preexponential factor. It could be considered that the in-
crease in the activation energy results from the increase in the
mobility gap, and the decrease of the preexponential factor results

from the decrease of the mobility.
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10.4 PHOTOCONDUCTIVITY — PRODUCT OF QUANTUM EFFICIENCY, MOBILITY,

AND LIFETIME

Figure 10.3 shows the normalized photoconductivity of the nurt
product at the incident photon energy of 2 eV, which is drastically
increased by a small amount of N2 gas introduction and the further
introduction decreases it. It is noted that electrical properties of
films at SiH4 gas flow rate of 20 sccm and N2 gas flow rate exceeding
50 sccm depend on the N2 gas flow rate, although the hydrogen and
nitrogen contents in films are independent of it. The reason might
be associated with variations of hydrogen configurationms. It was
proposed that the mobility of a-Si:H films could be decreased by
closely gathered hydrogen atoms which can be identified by the broad
component in nuclear magnetic resonance? The relation between the
nut product and the dark conductivity is.shown in Fig.10.4. These
results suggest that the nitrogen incorporation strongly influences
the mobility. However, the results on the nut products can be inter-
preted by a variation of the lifetime which could be strongly influ-
enced by the shallow trap of the tail states and the recombination
center of the deep gap states. Further study on these states will
clarify the influence of nitrogen incorporation on the electrical

properties.

—Aw___ /
-4k o
/
/ o
- d
= o ////
Z - o FIGURE 10.4
5 a o//{-[ﬁHd=20$U“ Relation between nut product and
é i /// s dark conductivity of GD a-Si:N:H
O _gl- <~ 10scam films.
O o] _
- / T5-250°C
1 1

1 | 1
- -0 -9 -8 -7
LOG(Ogr/(Qem)™)

82—



10.5 SUMMARY

Optical and electrical properties of GD a-Si:N:H films from SiHA,
N2, and H2 gases have been described and discussed. The results can
be summarized as follows.
(i) The optical gap of films is inc?eased by the N2 gas introduction,
the lowering of substrate temperature, and/or the decrease of the
SiH, gas flow rate. Such variations of the optical gap could be
understood in terms of the variation of incorporated nitrogen and
hydrogen contents. .
(ii) The dark conductivity is increased by a small amount of N2 gas
introduction, and further introduction decreases it.
(iii) The dependence of the photoconductivity of films on the SiH4
and N2 gas flow rates is similar to that of the dark conductivity.
The strong correlation between the dark conductivity and the photo-

conductivity has been observed.
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XI. CONCLUSIONS

In this study, optical and electrical properties of amorphous
silicon-nitrogen (a-Si:N) and amorphous silicon-nitrogen-hydrogen
(a-Si:N:H) alloys have been systematically characterized and discuss-
ed. Amorphous Si:N binary alloy films were deposited by chemical
vapor deposition (CVD) of SiH4 and NH3 gases in Ar, while a-Si:N:H
ternary alloy films by glow—dischargeAdecomposition of SiHA, NZ’ and
H2 gases. New characterization methods have been proposed and used
to determine the gap-state density near the Fermi level and proper-
ties of trap states in metal/insulator/semiconductor (MIS) structures.
Moreover, some ambiguous procedure in an analysis of the field-effect
method has been taken off. The dependence of optical and electrical proper-
ties of binary CVD a-Si:N films and ternary GD a-Si:N:H films on
deposition conditions, thermal annealing, or post-hydrogenation has
been obtained. Further, the influence of the nitrogen incorporation
into a-Si or a-Si:H films on the properties, defects, and gap states
has been revealed.

In Chapter TI, the gap-state density measurements reported in
the previous literature have been reviewed and discussed. It has
- been concluded that the reported methods are insufficient to meas-
urements of gap-state density of CVD a-Si and its alloy. Thus, a
new method which would be called as the high-frequency capacitance-
voltage method has been proposed to evaluate the gap-state density
of CVD a-Si. It has been demonstrated that the method is useful for
determination of the gap-state density near the Fermi level.

Although it has been considered that there is the intrinsic ambiguity
in the principle of the field-effect method, e.g., influence of the
interface states, it has been improved into the reliable method by
solving rigorously the Poisson equation in the analysis. It has been
obtained by means of these methods that the gap-state density of CVD
a-Si deposited at 550°C is the order of 10l7 cm"3eV-1 around the

Fermi level and rapidly increases away from the Fermi level. The
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gap-state density reaches the order of 1020 cm_?’eV_l at 0.4 eV below

and above the Fermi level, provided the interface states are negligi-
bly fewer than the bulk gap states.

The response time, capture cross section, and density of traps
in MIS structures where the semiconductor is GD a-Si:H or CVD a-Si:N
films have been evaluated by a new method from the frequency and
temperature dependence of the flat-band capacitance. The respomnse
time of slow states was found to be 2.5% 10_llexp(0.72eV/kBT) s in a
GD a-Si:H MIS diode and 2.4 X 10_9exp(0.6eV/kBT) s in a CVD a-Si:N

MIS diode. The trap densities were found to be about 1016 cm_BeV_l

for bulk traps and the order of 1011 cm—?'eV_l for interface traps in

a GD a-Si:H MIS diode, while the order of 1018 to lO19 cm_?’eV—1 for

bulk traps and the order of 1012 to lO13 cm_zeV_l for interface traps
in a CVD a-Si:N MIS diode. The capture cross sections of traps in GD

a-Si:H and CVD a-Si:N MIS diodes were found to be about 10_15 and

107

cm2, respectively.

In Chapter III, preparation of a-Si:N alloys by chemical vapor
deposition from SiHa, NH3, and Ar gases at 550°C haé been described.
Tt was found that the deposition rate is decreased by high NH3 gas
concentrations. The nitrogen content of films could be determined
by their infrared absorptions, and that dependence on SiH4 and NH3
gas concentrations has been obtained. It has been suggested that
the deposition of films is rate-limited by the gas phase decomposi-
tion at low NH, gas concentrations and the hydrogen desorption at

3
high NH, gas concentrations. It has been also suggested that the

3

heterogeneous reaction of NH, molecules limits the nitrogen incorpo-

ration rate. ’
In Chapter IV, the optical absorption and refractive index of
CVD a-Si:N films have been presented. The optical gap is increased
from 1.5 to 2.0 eV with.2.8x 1022 o:m—3 of the nitrogen incorporation.
The dependence of the optical gap and refractive index of films on
the nitrogen content has been quantatively examined. The dependence

of the optical gap on the mole fraction of nitrogen atoms to silicon
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atoms, x, could be represented by Eqpt= 1.54—3.5(3:1:/4)2 ev ,
The dependence of the refractive index on the nitrogen content has
been also obtained.

In Chapter V, the influence of the nitrogen incorporation on
dark conductivity and photoconductivity of CVD a-Si films has been
investigated. The hopping conduction is drastically reduced by the
nitrogen incorporation, whereas the extended-states conduction or
photoconductivity is little influenced. The results on hopping
conduction could be understood by the feduction of the gap-~state
density due to the nitrogen incorporation.

In Chapter VI, the influence of the nitrogen incorporation on
defects and gap states in CVD a-Si has been examined by means of
electron spin resonance (ESR) and field-effect measurements. It has
been observed that the number of paramagnetic defects and the field-
effect gap-state density at E};+0.1 eV<<E<:EF4-O.2 eV are decreased
to one-fifth by the nitrogen incorporation at which the mole frac-
tion of nitrogen atoms to silicon atoms is 0.2. However, the field-
effect gap-state density above EF4-0.3 eV is increased by it.
Further, the field effect of films was changed from an intrinsic to
. n-type characteristic by the nitrogen incorporation, which suggests
donor introduction with the nitrogen incorporation.

In Chapter VII, the origin of such reductions of defects and
gap states has been investigated by means of thermal annealing. Both
the number of paramagnetic defects and the field-effect gap-state
density in CVD aL—SiNO.2 films are increased by thermal annealing,
which suggests that a small amount of hydrogen atoms can be contained
in films. The hopping conduction is also increased by thermal anneal-
ing, which agrees with results on paramagnetic defects and the field-
effect gap-state density. However, it seems that the reduction of
defects and gap states by the nitrogen incorporation is due to the
reduction of internal strain without creation of the dangling bonds,

since the number of paramagnetic defects in thermally annealed film

is decreased by the nitrogen incorporation.
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In Chapter VIII, effects of pbst—hydrogenation of CVD a-Si:N
films on their electrical properties have been investigated. It has
been obtained that the nitrogen incorporation introduces donors into
CVD a-Si films and increases the photoconductivity of post-hydrogenat-
ed films.

In Chapter IX, preparation of a-Si:N:H alloys by glow-discharge
4° NZ’ and H2
found that the N2 gas introduction increases the deposition rate.

deposition from SiH gases has . been described. It was
The nitrogen and hydrogen contents in films have been evaluated by
the infrared absorptions. It has been shown that the nitrogen in-
corporation increases the hydrogen content.

In Chapter X, the optical and electrical properties of GD a-
Si:N:H fiims have been presented. The optical gap is increased by
the N, gas introduction, the lowering of substrate temperature, and/

2
or the decrease of the SiH, gas flow rate. The variation could

be understood in terms of iariations of incorporated nitrogen and
hydrogen contents. The dark conductivity and photoconductivity are
increased by a small amount of N2 gas introduction and decreased by
the further introduction. The strong correlation between the dark
conductivity and photoconductivity has been found.

It could be suggested that further investigations on structures,
transport properties, recombination or trapping mechanism, and shal-
low states are required for detailed understandings of properties of

a-Si:N or a-Si:N:H alloys and further applications of them to elec-

trical devices.
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APPENDIX
A. ENERGY BAND DIAGRAM OF AMORPHOUS Si/CRYSTALLINE Si JUNCTIONS

Figure A.l shows the possible energy band diagrams of CVD a-Si/
n-type crystalline Si (c-Si) junctions which are classified by the
electron affinity of CVD a-Si, X, (eV). A differential capacitance
of the c-8i space charge region is calculated for each case in the
figure. .

Taking accumlated free carriers into account, the differential
capacitance of the c-Si space charge region, Cc(w ), where wc is
a voltage across the -space charge region, can be Galculated by the
same manner to the evaluation in MIS diodes (see example, S.M. Sze,

Physics of Semiconductor Devices, 2nd ed., John Wiley & Sons, New
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FIGURE A.1 Possible energy band diagrams of CVD a-Si/n-type
¢-Si junctions which are classified by the electron

affinity of CVD a-Si, Xy (eV).
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York, 1981, Chapter 7) for ¢C;=0 as

'eceolexp(ch)-l4-(ni/hB)z[l"eXP(-3¢c)]l

(o4

C = - . (A.1)
e(wc) LDF(lPC)
where
B=qlkyT , LD=/2kBTeceolan2 ,
F, \={exp(B) )= Bp -1+ (n./n) [exp(-By )+8p - 111172
@) PARY. e 1'"B P c c ’

and nB and ni are the free electron concentrations of n-type and

intrinsic c¢-Si. Here, the condition of wc;;o is satisfied in the

cases (d) and (e). For the cases (a) to (c), wc is negative, at

which it can be easily shown by the analogy to the MIS diode that

C;(wc)< Cc(O) for high frequencies to which the generation of holes

in an n-type c-Si cannot respond. It is noted that for ¢c> 0 the
>C from Eq.(A.1).

w,)” %e(0) 4. (A1)

As described in Chapter II, the total differential capacitance

capacitance Cé

C is given by the series of those of the CVD a-Si film and c-Si space
charge region. Thus, we can obtain the total capacitance with respect
to each case shown in Fig.A.,1. Figure A.2 shows a typical C-V
characteristic of 2000—K-thick CVD a-Si/n-type c-Si (nB==2X 1015cﬁf3)
at room temperature and 1 MHz for which the CVD a-Si is dielectric.

The applied voltage is positive when the potential of a-Si is higher
than c-Si, and vice versa. The high-frequency differential capaci-
tance at V=0 is about 4.8 x 10-_8 ch_z. On the other hand, the pre-

dicted capacitance for the cases (a) to (e) in Fig.A.l is

C<3.5x 1078 (Fem™ %) for (a) to (d),

-8 -8 _2 (A.2)
or 3.5x10 "<(<5,2x10 (Fem 7) for (e).
Therefore, the energy band diagram of CVD a-Si/n-type c¢-Si junction

at V=0 could be represented by Fig.A.1l(e).

It can be confirmed that the space charge region is formed by
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FIGURE A.2 A typical C-V characteristic of CVD a-Si/n-type
c-51i (nB==2X 1015 cm_3) junctions in which the

a-Si thickness is 2000 K at 1 MHz.

charged gap states in CVD a-Si near CVD a-Si/n-type c-Si interface,
and the space charge in CVD a-Si, Qa, is equal to _Qc where Qc is
the total space charge in c-Si. Figure A.3 shows the effective
interface charge evaluated from the C-V characteristic shown in Fig.
A.2 , where the effective interface charge is a converted value

of space charges in a-Si weighed with x/d = distance of space charges
from metal-a-Si interface/CVD a-Si thidkness (see, E.H. Snow et al,
J. Appl. Phys., 36 (1965) 1664). 1If the space charges in a-Si
locate just at the CVD a-Si/c-Si interface, the effective interface
charge is equal to the space charge density in a-Si. 1In the figure,
the calculated space charge density in c-Si, Qc’ is also shown.

Here, Qc can be represented by
wCZRBZ’eCeo

T, Ty -
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FIGURE A.3 Effective interface charge Qés in CVD a-Si film

and the space charge density in n-type c-Si, Qe‘

ffom the analysis of the space charge region in an MIS diode (see,
S.M. Sze, Physics of Semiconductor Devices, 2nd ed., John Wiley &
Sons, New York, 1981, Chapter 7). As shown in Fig.A.3, the effecﬁive
interface charge in metal/CVD a-Si/n-type c-Si structure agrees well
with —Qc' Therefore, it is considered that the space charge in a-51
locates near the a-Si/c-Si interface and that amount is equal to
_Qc for a voltage application to CVD a-Si/n-type c-Si junctions.

The gap-state density is derived from the relationship of wa\and

-Qa by the following expression:

v -4 [Q an] | (A.4)
(EF+q1pa) qeaeod(qwa) ady, ? )

which can be derived from the equations described by M. Hirose, T.
Suzuki, and D.H.'Doehler in Jpn. J. Appl. Phys., 18 (1979) suppl.
18-1, 109.
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B. DETAILED DESCRIPTION ON FREQUENCY AND TEMPERATURE DEPENDENCE OF
a-Si MIS DIODE FLAT-BAND CAPACITANCE

Based on the equivalent circuit shown in Fig.2.8, the capacitance
C could be represented by

_ GG+ G)C +C, + Cy) +‘02[T¥(C1C2 + C1)+n3(C,C, + CH+ 27,7,C,C, ]}
(Ci + Ci + G + 0’ [7(C, + Cof + 73(C, + C\)? + 27, 7,C,C, ] + 0* P 2C?

(A.5)

where Tl:=CERZ’ T2==C2Ré, and w is the angular frequency. The fre-
quency dependence of the capacitance at Tlf«Tz,is schematically shown
in Fig.A.4. 1In the frequency range I, both the fast states having

the response time of T and the slow states of 1, fully respond to the

2
measurement signal. In the frequency ranges II and III, the fast
states fully respond, whereas the slow states do not. In the frequen-
cy range IV, both the fast and slow states are hard to respond. In

the frequency ranges I~ III, the capacitance is approximated by

2.2
c 014-02 [l+—aw 121 8.6)
= 2 .
Ci Ci+01+02 1+bwr2j
A
_ Ci(Gi+C2)
| Ci+C +Cy
Y I
z |
= |
(& ]
< | GG
% I | | G+G
I N R
1 v
| | I | 11 |
I | !
| | | -
FREQUENCY -

FIGURE A.4 Schematic illustration of frequency dependence of

a-5i MIS diode capacitance with two response times

of traps.
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where

C,(C,+C))

a:
€, +CH(C +C,

+-C2) |

and

2
b=[ C,+Cy ]

Ci+-01%-C2

If the response of traps can be approximated by one pair of

C-R elements, we can obtain the frequency dependence represented by

C
8
C= ey, (A.7)
1+ (w(,’sli’l)2
where
o Cicl
s C.+C :
1 1

In this case, the capacitance decreases monotonically with the fre-
quency. However, the capacitance expressed by Eq.(A.7) is not con-
sistent with the experimental results shown in Fig.2.7. Here, it
is noted that increases in measurement temperature decrease the
response time, which is equivalent to decreases in frequencies.

As shown in Fig.A.4, 01 and C2 can be determined from the capac-
itances which is little dependent on frequency in the regions I and
III, since the insulator capacitance is obtained from the thickness
and dielectric constant. In the experimental results shown in
Fig.2.7, the variation of capacitance could be represented by Eq.
(A.6) for those above 110°C. Thus, the response time of slow states
at temperatures above 110°C could be obtained as shown in Fig.2.9.

The trap density is related to the capacitances in the equiva-
lent circuit shown in Fig.2.8. 1If the traps originate from the a-Si
bulk gap states, the trap densities of slow states and fast states, -

NJ and N

o can be evaluated from CZ and 02 by
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€ € 1/2
C = E_iil_ Jii
1" N14-N2 ' 1°
and
£ € 1/2
C. = ?_a_(_)__ N (A.8)
2 N1+1V2 2"

If the traps originate from the interface states, the trap density

can be obtained from C=gWV.
C. DERIVATION OF EQUATION (3.6)

Since the number of Si atoms is assumed to vary linearly with

22 =3 22 -3

X and equal to 5xX 107" cm ~ at *=0 and 4x 10°° em ~ at ®=4/3 in

SiNx, the number of Si atoms, Cbi is varied with x as

Oy =5 1022 (1 - 3w/4) + 4 x 10°2(32/4)  (em ™). (A.9)

Since x==CN/CSi by definition, one can obtain

2

1022 (3/4)2% - 5% 10222 + Cy=0 . (A.10)

The expression on x is easily obtained from Eq.(A.10).

D. DERIVATION OF EQUATION (3.9)

Since the decomposition of adsorbed NH, molecules is the rate-

3
limiting, the nitrogen incorporation rate RN equals ks[NHS*]. From

definitions, [NHg*]=.K4[NH3][*], and [NHg*]-+[*]==Né, which yield

[NH3='=][1+@%[§]—] - (A.11)

Thus, the expression on R, is obtained.

N
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