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Interface Electronic Properties between Silicon and Silicon Nitride

Deposited by Direct Photochemical Vapor Deposition
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Interface electronic properties of silicon nitride (SiN;)/crystalline silicon (c-Si) are studied. The interface
electronic properties are improved by changing NH3/SiH, flow ratios (Fnus/Fsina) of a thin SiN, layer (~ 6 nm
in thickness) between c-Si and a thick SiN. layer (=~ 65 nm) deposited with Fnus/Fsiza = 30, where both SiN,
layers are formed by direct photochemical vapor deposition (photo-CVD). In the case of Fnus/Fsina = 120, the
minimum interface-trap density and hysteresis obtained from the capacitance-voltage (C-V') characteristics of
Al/thick SiN;/thin SiN/c-Si diodes are 3 x 10’ cm™2-eV ™" and 0.1 V, respectively. In the deposition of thin
SiNg, the interface electronic properties are degraded by exposing SiH, or N,;H, species to a c-Si surface, where
these species are produced by photodecomposition of NH;/SiHs gas mixtures. Injected carriers, which cause
hysteresis of the C-V characteristics, are discussed in terms of the barrier height for tunneling and the number

of interface traps.
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1. Introduction

Silicon nitride (SiN,) has been an attractive material
for use in LSI as a final protective film and a diffusion
barrier, because of its high impermeability to water or
impurities.»? SiN, has been deposited by plasma chem-
ical vapor deposition (plasma CVD) of NH;/SiH, gas
mixtures at a low temperature (~ 350°C). Recently,
SiN, has been used as a gate insulator in amorphous
thin-film transistors.” However, ions produced in the
plasma bombard a semiconductor surface, which dam-
ages insulator/semiconductor interfaces.

SiN, can be deposited by photo-CVD without ion
bombardment at a low temperature. By direct photo-
CVD with an NH;/SiH, gas flow ratio (Fyus/Fsiua) of
30,% the resistivity of SiN, reached 5 x 10'® Q.-cm which
was higher by two orders of magnitude than that de-
posited by plasma CVD. In SiN, deposited by photo-
CVD at 500°C, the refractive index and the dielectric
constant were 1.95 and around 6, respectively, and these
values approached those of SiN, deposited by thermal
CVD at 700°C.%>® SiN, deposited by direct photo-CVD,
therefore, is one of the candidates for gate insulators.

In order to study electronic properties originating only
from SiN,/Si interfaces, metal/SiN, /crystalline-silicon
(c-Si) diodes are investigated. Yoshimoto et al® re-
ported electronic properties of these diodes fabricated
by direct photo-CVD: a flatband voltage shift (AVgg)
of 0.02 V, hysteresis (AV;) of 0.14 V, and a minimum
interface-trap density of 3 x 10°cm™2-eV~! were ob-
tained from the 1 MHz capacitance-voltage (C-V) char-
acteristics. However, these good properties were ob-
tained in samples prepared without removal of native
oxide on ¢-Si before SiN_ deposition.

Hydrofluoric acid (HF) treatment (removal of native
oxide on ¢-Si) is always done in fabrication processes of
field-effect transistors (FETs). In this study, therefore,
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c-Si wafers soaked in a solution of HF are used. Before
the deposition of a thick SiN, film (about 65 nm) at
500°C with Fyps/Fsma = 30, a thin SiN, layer (about
6 nm) is deposited at 500 °C with various Fyus/Fsins-
The 1 MHz C-V characteristics of the metal-insulator-
semiconductor (MIS) diodes are measured in order to
study electronic properties at the interfaces. By chang-
ing the deposition conditions (Fyys/Fsins, the order of
gas supply, etc.) for thin SiN,, the effects of chemical
species in the vapor phase on the interface properties
are studied. The origin of hysteresis in the C-V char-

acteristics is discussed in terms of N/Si atomic ratios in

thin SiN, and the number of interface traps.

2. Experimental

SiN, was deposited at 500°C by direct photo-CVD us-
ing NH; and Sill, gas mixtures without mercury (Hg)
sensitization. A low-pressure Hg lamp with an input
power of 400 W was used as the light source. Figure 1
shows a reaction chamber (697 mm x 190 mm X 50
mm) with a window made of quartz (165 mm®) which is
transparent for 185 and 254 nm mercury lines. N, was
introduced with a flow rate of 800 sccm to the upper side
of the chamber to prevent the deposition of SiN, on the
window. The total pressure was kept at 7.5 Torr.

Figure 2 shows a schematic of MIS structure. Before
SiN, deposition, an n-type (100) ¢-Si (n ¢-Si) wafer with
a donor concentration (Ng) of 1.5x 10*® cm~2 was soaked
in a solution of HF to remove native oxide on c-Si, fol-
lowed by rinsing in deionized water. A c-Si surface with-
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Fig. 2. Metal-insulator-semiconductor structure.

out native oxide is hydrophobic. As soon as the c-Si
surface became hydrophobic, it was transferred into the
chamber.

A thin SiN,_ layer with thickness around 6 nm was
deposited with 0.5 < Fyps/Fsms < 480. SiH, was in-
troduced to the chamber before NH; was supplied. This
order of gas supply will be discussed in detail in §3.1.1.

A thick SiN_ layer of around 65 nm was subsequently
deposited with Fyps/Fsina = 30. The flow rates of NII;
and SiH, were 45 and 1.5 sccm, respectively. The thick
SiN_ has favorable properties as a gate insulator. The re-
fractive index determined by ellipsometry was 1.94, and
the dielectric constant estimated from the capacitance
at 1 MHz was around 7.0. The resistivity was about
5 X 10 Q- cm below an electric field of 3 MV/cm, and
the breakdown field was around 8 MV /cm.

In order to obtain an ohmic contact with n ¢-Si, Au-
Sb (0.5% Sb in Au) was evaporated onto the HF-treated
back of ¢-Si, followed by alloying at 400°C for 1 min in
Ar. Then, Al was evaporated on the SiN, film with an
area of 1.96 x 107> c¢m?. The 1 MHz C-V characteris-
tics of MIS diodes were measured at room temperature
in the dark using a Hewlett-Packard 4192A impedance
analyzer, where the ramp speed of bias voltages was 0.04
V/s. The interface-trap density (D;;) was estimated from
the C-V characteristics by the Terman method.”

3. Results and Discussion

3.1 Interface traps

Figure 3 shows the relationship between minimum D,
and Fuypus/Fsing for the deposition of thin SiN,, where
minimum D, is the value of the minimum interface-
trap density in its energy distribution within the Si
band gap. The minimum D;; decreased with an increase
in Fyus/Fsina < 120, while it increased rapidly with
Fyns/Fsina > 120. In the case of Fyps/Fema = 120,
the minimum D, reached around 3 x 10° cm~2-eV ™!,

Let us. consider the effects of chemical species in the
vapor phase on interface traps. In the direct photo-CVD
system with a low-pressure Hg lamp using NH; and SiH,
mixtures, NH; absorbs 185 nm light strongly, and is dis-
sociated almost exclusively into NH, and H radicals.®)
On the other hand, SiH, is not decomposed by 185 and
254 nm mercury lines.?) The radicals formed from NH;
decomposition react with SiH,, resulting in the produc-
tion of other radicals and molecules such as silyl radi-
cals (SiHj;), disilane (Si,Hg), silylamine (SiH;NH,), and
diaminosilane [SiH,(NH;),].**® In order to investigate
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Fig. 3. Relationship between minimum interface-trap density and
NH3/SiH4 flow ratio for thin SiN.
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Fig. 4. Dependence of interface-trap density on the order of gas
supply. In SN1, SiH4 was introduced for 30 s before both NHjz
and SiH4 were supplied, and in SN2 or SN3, NH3 was supplied
for 30 s or 30 min before NH3 and SiH4 were supplied.

the role of chemical species, the species produced during
the photo-CVD are classified into three groups: N,H,,
Si,H,, and Si,N,H,.
3.1.1 Effects of N, H, species

In order to understand the effect of N,H, species on
D, the order of gas supply was first examined using
MIS diodes without thin SiN, layers. The interface-trap-
density distribution in the energy gap is shown in Fig. 4,
where Er, E¢, and Ev represent the energies of the Fermi
level, the bottom of the conduction band, and the top of
the valence band in ¢-Si, respectively. In the sample of
SN1, only SiH, was supplied for 30 s before both NH;
and SiH, were supplied into the chamber. In SN2, on the
other hand, only NH; was supplied for 30 s before NH;
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and SiH, were supplied into the chamber, indicating that
the HF-treated c-Si surface was exposed for 30 s to N H,
species formed from the photodecomposition of NH;. In
SN3, the HF-treated c-Si surface was exposed to N, H,
species for 30 min before the SiN, film was deposited.

In the case of SN1, as soon as N, H, species are pro-
duced by the photodecomposition of NH;, N H, species
can react with SiH,, because SiH, is already present
when NH; is introduced into the chamber. In SN2 and
SN3, on the other hand, N H, species cannot react with
SiH, until SiH, is supplied. In SN1, therefore, the ef-
fect of N H, species on the c-Si surface is less than those
in SN2 and SN3. Since D, in SN1 is lower over the
whole energy range than those in the other samples,
N.H, species are considered to degrade the electronic
properties at the SiN, /c-Si interfaces. Therefore, SiH,
should be introduced to the chamber before NH; is sup-
plied. _

Since the effect of N,H, species has been explained,
the minimum D;, of the MIS diodes (Al/thick SiN, /thin
SiN,/n ¢-Si), which is shown in Fig. 3, is considered
again. In the case of Fyus/Fsma > 120, the mini-
mum D; was much higher than that in the case of
Funs/Fsing = 120, and quite similar to that of SN3 in
which the c-Si surface was exposed to N,H, species for
a long time (Fig. 4). This suggests that, in the case of
Funa/Fsima > 120, N H, species exist in the chamber
since the amount of SiH, is too small to react with all
N_H, species. Therefore, the remaining N_H, species are
considered to degrade the interface properties. In the
case of Fyus/Fsima = 120, since the minimum D;, was
much lower than that in the case of Fyys/Fsins > 120,
N.H, species react almost exclusively with SiH,, and
may not exist in the chamber.

3.1.2 Effects of Si, H, species

Figure 5 exhibits the relationship between the N/Si
atomic ratio in films and Fygs/Fsins, where the N/Si
atomic ratio was measured by means of Auger electron
spectrometry (AES) using SiN, films (between 30 and
100 nm thick) deposited with 0.5 < Fyus/Fsima < 480.

The N/Si atomic ratio was about 1.33 in the case of
15 < Fyus/Fsina < 240, indicating that the films are
stoichiometric (SizN,). In the case of Fyus/Fsins < 15,
on the other hand, these films are Si-rich since the ratio
was smaller than 1.33. This suggests that, in the case of
Fyus/Fsina < 15, a large number of Si,H, species takes
part in the SiN, deposition as Fyus/Fsins decreases.

Since the minimum D;, increased with decreasing
Fyna/Fsma in Fig. 3, Si,H, species are considered to
affect the interface properties adversely. Therefore, the
surface of HF-treated c-Si should not be exposed to Si, H,
species.

3.1.3  Effects of Si, N, H, species

By quadrupole mass spectroscopic analysis (QMA) of
the photo-CVD system with NH;/SiH, gas mixtures,
Si,N,H, species increased with increasing Fxus/Fsipa,*"
which coincides with results obtained by Beach and
Jasinski.!®) Because the minimum D, is found to de-
crease not only with an increase in the number of
Si,N,H, species but also with a decrease in the number
of 8i,H, or N, H, species, it is considered that SiN,, films
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Fig. 5. Relationship between N/Si atomic ratio in thin SiN; and
NH3/SiHy flow ratio. The dot-dashed line represents the stoi-
chiometric value (N/Si atomic ratio is 1.33).

should be deposited on ¢-Si only from Si,N,H, species.

By time-resolved QMA, Si,NH; or SiN;H, (AMU 77)
was found to be produced through SiNH;(AMU 47), and
the signal at AMU 44 (SiNH,) was found to arise from
one of the fragments of these Si,N,H, species (AMU
77).41) From QMA at 300°C and 500°C, the signal
at AMU 47 (SiNH;) was found to be independent of
substrate temperature, while the signal at AMU 44 de-
creased at high substrate temperature.’” This implies
that there are few Si,N,H, species with high atomic
mass, even at 500°C. Therefore, it is considered that
SiNHy is dominant in the chamber at 500°C, compared
with Si,N,H, species with higher atomic mass.

3.2 Hysteresis

Figure 6 shows 1 MHz C-V characteristics, with hys-
teresis, of Al/thick SiN, /thin SiN, /n c¢-Si diodes, where
thin SiN, layers were deposited with Fyys/Fsius of (a)
120 and (b) 0.5. The broken curve represents data for a
bias change from —10 V to 10 V, and the dotted curve
exhibits data for bias from 10 V to —10 V. Here, the solid
curve represents a theoretically calculated curve. Based
on the direction of hysteresis, this hysteresis arises from
charge injection due to tunneling from c-Si into SiN,. In
this study, the largest AV}, was 10 V, while the smallest
was 0.10 V.

In the condition of accumulation or inversion, the in-
jection or ejection of charged carriers for hysteresis oc-
curs due to tunneling between the interface and deep
levels in SiN,. The injected carriers are trapped at such
deep levels and they cannot be emitted into the extended
states of SIN,, during the duration of measurement. Since
the current transport mechanism under low electric fields
(€ 1.4 MV/em) in SiN, is ohmic conduction, the in-
jected carriers cannot move into the electrode (Al). This
indicates that the injected carriers are considered to be
stored near the interface in SiN,. Therefore, an apparent
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injected carrier density (IV;.) can be defined as C;AV,, /q,
similarly to the definition of the fixed charge density for
flatband voltage shift.'® In this expression, C; is the ca-
pacitance of the insulator and q is the charge of an elec-
tron.

Figure 7 depicts the relationship between N,. and
Fans/Fsina- Here, AV, of 1 V approximately corre-
sponds to N, of 5 x 10" c¢m™2 in this study. The
value of N;. decreased with increasing Fyus /Fsina be-
low 80, and became constant. It then increased when
FNHs/FSiH4 = 480.

The band gap (E,) of SiN,, is reported to increase from
3.2 eV to 5.3 eV with an increase in the N/Si atomic
ratio from 1.00 to 1.33 in the theoretical calculation.'®
Therefore, E, increases with increasing Fyns/Fsins from
0.5 to 15, based on Fig. 5, and then F, is saturated at
5.3 eV, as is clear in the figure. The change in the barrier
height for tunneling from the interface into SiN, follows
the change in E,. It is reasonable that IV;. decreases with
increasing Fus/Fsins below 15 because of an increase in
the barrier height. ’

Carrier injection should vary not only with the bar-
rier height but also with the density of initial states for
tunneling. If the initial states for tunneling are the ex-
tended states (i.e., the conduction band or the valence
band), the density of the initial states is constant. There-
fore, N;. should be constant in 15 < Fyus/Fsins < 240
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because of the constant barrier height. However, N;. de-
creased with Fyus/Fsipa-

Interface traps are one of the candidates for the initial
states. Figure 8 shows the relationship between N, and
the number of interface traps (i.e., the integrated value
of D;, over the energy range shown in Fig. 4). Since
N;. changed with the number of interface traps, carrier
injection probably occurred from the interface traps. In
particular, this is true for the case of samples prepared
with Fyns/Fsina > 15 because of constant E,. In all
samples, from the discussion above, N, is considered to
depend not only on the barrier height for tunneling but
also on the number of interface traps.

3.3 Fized charges
A fixed charge density (Vi ), which arises from charged
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states located near the interface in SiN_, must ideally be
zero, or realistically around 10*° cm~2, where Ny, is given
by C;AVrp/q.*? Figure 9 shows the relationship between
Ni. and Fyps/Fsins. Although Ni. could decrease with
increasing Fypus/Fsina, the values were much larger than
the desirable value of 10'° cm~2. Reduction of Vi, is now
in progress.

4. Conclusion

We aimed to fabricate good-quality Al/SiN_ /c-Si MIS
diodes by direct photo-CVD in a NH;/SiH, gas system
using a HF-treated c-Si substrate. In order to improve
the interface electronic properties, a thin SiN; layer was
deposited with various Fyps/Feina before a thick SiN,
layer was deposited with Fyys/Fsns = 30. By using the

H. MATSUURA et al.

NH;/SiH, flow ratio of 120, minimum interface-trap den-
sity (around 3 x 10'° cm~2-eV™') and hysteresis (about
0.1 V) of Al/thick SiN, /thin SiN, /c-Si diodes were ob-
tained. By changing Fuus /Fsina in the deposition of thin
SiN,, it was found that SiN, should be deposited on c-Si
only from Si,N,H, species (probably SiNHs). The hys-
teresis of the C—V characteristics was found to arise from
carrier injection through interface traps, and was found
to depend on the number of interface traps and the N/Si
atomic ratio in thin SiN,.
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