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Abstract

Semi-Insulating Polycrystalline Silicon (SIPOS) films were deposited on Si02/Si, Si, and sapphire
substrates by the chemical vapor deposition of silane and nitroiJs oxide at atmospheric and low
pressures. X-ray diffraction was used to identify the phases present, and to study structural properties
like grain size and strain as a function of the flow rate ratio, ~, = [N20]/[SiH4].oBoth APCVD and LPCVD
films contained atoleast four phases : polycrystalline silicon (grain size > 300 A), microcrystalline silicon
(grain size 15-25 A), amorphous silicon (grain size < 9 A), and an additional phase, as yet unidentified,
termed SixOy. The Si(222) reflection was observed, which is forbidden for crystalline silicon. SIPOS
deposited on sapphire appeared to have a different structure than that deposited on Si02/Si or on Si.
Grain size decreased with increasing -y. As-deposited films were either unstrained or in compression.
No major structural differences were observed between APCVD and LPCVD films. On annealing at 550 -
750 o C, the SilO. phase and amorphous silicon disappeared. The intensity of the forbidden Si(222)
reflection decre^as~ed with increasing annealing temperature. No grain growth was observed on
annealing. Strain changed from compressive to tensile on annealing. The texture of the films was
investigated by the pole figure technique and was found to be different for films deposited on sapphire
substrates as compared to films deposited on Si02/Si. The texture also depended strongly on the value
of ,/. A structural model was proposed to explain the origin of the forbidden Si(222) reflection. Major
contributions are that this is the first observation of the Si(222) reflection and the SixOy phase.
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List of Figures

Figure 1-1: From [Aoki 76]. Electrical shielding of the silicon surface. SIPOS films are
superior to conventional SiC2 passivating layers since they can completely
protect the underlying silicon surface from the influence of external electric
fields (the screening length is as short as 3 nm [Hamasaki 77]) and equally
passivate both n÷-p and p+-n junctions since they have no fixed charges
[Mochizuki 76b], [Hamasaki 77]. Interface states between the SIPOS film and
the silicon substrate inhibit the formation of an inversion layer in the surface
region of both n- and p-type silicon substrates even under strong electric fields
[Aoki 75].

Aoki et al. [Aoki 76]reported that SIPOS-passivated p-n junction diodes had higher
breakdown voltages than planar diodes of the same structure.

Comizzoli et al. [Comizzoli 86] reported that using SIPOS films as resistive field shields
prevented surface ion-induced breakdown since the resistive SIPOS film
terminated electr.ic field lines induced by the surface ions, thus preventing
increased field Concentration in the silicon.

Figure 1-2: From [Matsushita 76a]. Potential distribution in the depletion region of a p+-n
diode passivated by SIPOS. The surface electric field of the substrate is
. modulated and relaxed, thus increasing the breakdown voltage.

The slight conductivity of the SIPOS film allows the flow of an ohmic leakage current.
Since the resistivity of the SIPOS film is uniform in the lateral direction, this
ohmic leakage current makes the field at the silicon surface more uniform, thus
relieving the surface electric field and providing a field-shield effect for the
passivated surfaces.

However, the conductivity of the SIPOS film is low enough that this leakage current
through the SIPOS film is lower than the bulk leakage current of the p-n junction
at the silicon surface [Tarng 78, Mimura 85].

The high density of localized states pins the Fermi level near midgap resulting in good
electrical screening [Hamasaki 77], [Matsushita 80]. In addition, SIPOS films are
almost neutral electrically, and thus, do not modify junction space-charge
regions.

Figure1-3; From[Matsushita 76a]. Planar-like pnp transistor with field-limiting rings
passivated by an oxygen-doped SIPOS/nitrogen-doped SIPOS/SiO2 triple layer.
Matsushita et al. [Matsushita 76a] used triple passivation layers consisting of
oxygen-doped SIPOS of 0.5/~m thickness with 20 a/o oxygen to stabilize the
silicon interface, nitrogen-doped SIPOS of 0.15 /~m thickness with 52 a/o
nitrogen to prevent water or sodium ions from reaching the silicon surface, and 1
#m silicon dioxide films to prevent dielectric breakdown of the SIPOS films under
very high-voltage operation. Mimura et al. [Mimura 85] reported that a high-
voltage planar transistor with a SiO2-SIPOS-SiO2 passivation multilayer had a
lower leakage surface generation current, a higher hF , and a higher BVcB0 thanE
it did with conventional passivation schemes. Mochizuki et al, [Mochizuki

¯76a] reported that the applied voltage required to influence the silicon surface
was about 100 volts higher when SIPOS/SiO2 passivation was used than when
conventional SiC2 passivation was used alone.
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Figure 1-4:

Structure of SIPOS

From [Ya~naguchi 78]. Field threshold voltages as a function of SIPOS film
thickness for both p: and n-channel MOS devices.. Field threshold voltages were
extremely high compared to those of conventional MOS for both p- and a-
channel devices. They were almost independent of SIPOS film thickness and
were larger for p-channel ~vices than for n-channel devices. The shield length
¯ . v ¯ ¯ 13 14IS approximately 200-300 A They postulated that the high density (10 -10
cm2) bf trapping centers at the SiO2/SIPOS interface was responsible for the "
high field threshold voltages.

Matsushita et al. [Matsushita 76b] and Mochizuki et al. [Mochizuki 76a] reported that
SlPOS/SiO2 passivation resulted in high and stable parasitic threshold voltages
in both n- and p-channel MOSFETs of low gate threshold voltage. Mochizuki et
al. [Mochizuki 76a] reported that the threshold voltages of metal-oxide-SIPOS-
silicon (MO{Sl}S) FETs were greater than the drain breakdown voltages, about
50 V for both p-channel and n-channel.

Figure 1-5: From [Aoki 76] and [yamaguchi 78].. Due to the superior passivating properties 9
of SIPOS, CMOS ICs can be fabricated without channel-stopper diffusion regions
even for high-voltage operation [Aoki 75, Yamaguchi 78].

Figure 1-6: From [Yamaguchi 78]. Tl~e packing density of CMOS-ICs is increased by more 10
than 50 % by eliminating the channel.stopper diffusion regions.

Figure 1-7: From [Yamaguchi 78]. High-voltage NMOS using SIPOS to.paSsivate the source, 10
drain, and drift layers. The gate region is an oxidized SIPOS film.

Figure 1,8: From [Aoki 76]. SIPOS-passivated devices can be packaged in much smaller 12
PaCkages due to their better passivation. SIPOS-passivated MOS ICs can be
packaged in inexpensive molded epoxy resin instead of expensive metal-ceramic
packages due to their, better passivation [Matsushita 766, Mochizuki 76a, Aoki
76]. When a high voltage rating is required but a high dissipation rating is not,
-only a dip coating need. be used, which eliminates expensive packaging and
reduces the final size. SIPOS-passivated transistors packaged in molded epoxy
have shown high reliability under large applied voltages, high temperatures, and
high humidity [Aoki 76].

Figure 1-9: From [Goodman 79]. Refractive index of as-grown SiOx vs. x. Goodman et al. 14
reported that the optical properties of as-grown SiOx were similar to those of
hydrogenated amorphous silicon, particularly for small x.

Figure 1-10: From[Yablonovitch 85a]. Model for the metallurgical configuration of the 16
SIPOS-Si heterojunction. Electron cor~duction is thought to proceed via the
microcrystalline silicon grains which protrude into the thin interracial oxide
layer.

Figure 1-1 1: From [Aoki 76]. Reverse current of p÷-n junctions as a function of oxygen 17
concentration of the SIPOS film. The reverse current drastically decreased
with increasing oxygen content.

Figu re 1-1 2: From [Matsushita 76a]. Reverse leakage currents of p + -n diodes passivated by 18
SIPOS as a function of oxygen concentration of SIPOS. The reverse leakage
currents decrease with increasing oxygen concentration up to 8 a/o oxygen
but remain constant thereafter in spite of the increased resistivity of SIPOS.
This indicates that incorporating more than 15 a/o oxygen does not further
decrease the density of surface generation centers. Matsushita et al.
[Matsushita 76b] reported that the common-emitter current gain, hFE,
increased with increasing oxygen concentration indicating that oxygen atoms
reduced the density of interface states between the SIPOS film and the silicon
substrate.

Figure 1-13: From [Yamaguchi 78]. Leakage current as a function of gate-bias voltage for 19
various oxygen concentrations. Increasing oxygen concentration decreases
leakage current. They also found leakage current to be independent of SIPOS
film thickness.
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Figure 1-14:

Figure 1-15:

From[Matsushita 76a]. Junction breakdown voltages of. p+-n diodes
passivated by SIPOS as a function of oxygen concentration of SIPOS. The
junction breakdown voltages decrease with increasing oxygen concentration
up tO 8 a/o oxygen but remain constant thereafter. When oxygen
concentration increases beyond 8 a/o, the increased resistivity of SIPOS
lessens the field relaxationeffect.
From [Ni 81]. "Shell" model of annealed SIPOS proposed by Ni and Arnotd.

Each Si grain is surrounded by an SiO2 layer even at low oxygen contents, so
that Si grains are always isolated from each other. The oxygen concentration in
SIPOS greatly exceeds its solubility limit in silicon, so that excess oxygen
segregates outside the grains when silicon crystallites begin to form during
annealing. Hence, oxygen in SIPOS exists mainly in the form of SiO2
surrounding each Si grain. They related the thickness ~ of the SiO2 layer
separating two adjacent Si grains to the atomic fraction of oxygen x by:

= 4(1- ,-1/3Vsi0 ) -- ~]
2

1 2PSi02MSi i 3

Vsio Os sio 

where d is the average size of the Si grains, vsio the volume fraction of SiO2,
and M are density and molecular weight respectively.

and p

Figure 1-16:

Figure 1-17:
Figure 1-18:

Figure 1-19:

Figure 1-20:

Figure 1-21:

From [Yamaguchi 78]. TEM and electron-diffraction results indicated that as-
deposited films grown at 650 o C were amorphous. -They became
polycrystalline with a gra!n .size of 5-10 nm on annealing at 1000 o C for 20 min.

Wong et al. [Wong86] reported that SIPOS films containing ~-~ 30 a/o oxygen were
amorphous when deposited at 625 o C. Upon annealing at 900 o C in N2 for 30
min, silicon crystallite~-~ 10 nm in size appeared throughout the SIPOS film.
Diffraction patterns of the annealed SIPOS film showed that the silicon
microcrystallites were surrounded, by an amorphous matrix.
From [Hamasaki 78]. Mosaic model of SIPOS proposed by Hamasaki et al.
From[Verstegen 85]. Hydrogen concentration of LPCVD SIPOS films
deposited at 600 o C as a function of -(. For [N20]/[SiH4] < 0.2, the hydrogen
concentration was low, but it increased rapidly at [N20]/[SiH4] = 0.4. It
increased up to 8.5 a/o with increasing [N20]/[SiH4] for [N20]/[SiH,~] < 0.5 and
saturated at 8.5 a/o for [N20]/[SiH4] > 0.5,
From [Verstegen 85]. Hydrogen concentration of LPCVD. SIPOS films as a
function of deposition temperature, for 7 = 0.3. The hydrogen concentration
remained constant at 1 a/o for deposition temperatures ranging from 565 to
590 o C but increased rapidly for deposition temperatures above 590 o C.
From [Knolle 80b]. [H]/[Si] concentration ratio vs. [O]/[Si] concentration
ratio. Knolle et al. [Knolle 80b] reported that the amount of hydrogen ranged
from less than 0.1 a/o H for annealed LPCVD films to 11 a/o H for LPCVD films
of higher oxygen content. LPCVD films with higher oxygen contents contained
additional non-bonded hydrogen atoms. For APCVD films, the hydrogen
content was directly proportional to the oxygen content and was uniformly
distributed with depth.
From [Verstegen 85]. [H]/[Si] concentration ratio of LPCVD SIPOS films
deposited at 600 o C as a function of [O]/[Si] concentration ratio. Verstegen et
al. [Verstegen 85] concluded that hydrogen concentration was largely
controlled by oxygen incorporation in the LPCVD SIPOS film, and not by gas
phase composition . They concluded that the number of Si-H
bonds increased with increasing oxygen concentration, with the Si-H bonds

V

20

22

25

29

31



R.V. PRASAD Structure of SIPOS

being stable if the silicon atom was bound to at least two oxygen atoms.-They
suggested that hydrogen was bound to silicon atoms which we~’~ further
coordinated with three oxygen atoms and postulated that the’ hydrogen
concentration was a measure of the number of silicon atoms (which could be
as high as 15 % of the total number of silicon atoms) that were. bound to three
oxygen atoms.

Figure 1-22: From ~Knolle 8Obj. Bonding model with non.bridging oxygen atoms. KnoJle et
al. [Knolle 80b] proposed a structural model involving Si-H and Si-O bonding
where the O was nonbridging. They did not observe any O-H bonds. They
postulated that the addition of N20 to Sill 4 hindered the complete
decomposition of Sill 4 and that the remaining Si-H groups prevented the
formation of Si-O-Si bonding. They reported that on annealing LPCVD films in
nitrogen for 30 rain at 800 o C, the hydrogen content decreased, the oxygen
content remained unchanged, and nitrogen was not detected. They interpreted
this as the removal of hydrogen atoms with the resulting conversion of the
nonbridging oxygen atoms to bridging oxygen atoms.

Figure 2-1 : Horizontal rf-heated cold-walled reactor for APCVD deposition. The input gases
were at room temperature when they entered the reactor. The wafers were
placed horizontally, parallel to the direction of gas flow. The temperature was
measured with an ol~tical pyrometer.

Figure2-2: Deposition rates (A/sec) of the 83 APCVD series as a function of the
[N20]/[SiH4] flow ra~e ratio, 7.

Figure2-3: Deposition rates (A/sec) of the 79 APCVD series as a function of the
[N20]/[SiH4] flowEate ratio, 7.

Figure 2-4: Deposition rates (A/sec) of both the 79 and 83 APCVD series as a function of the
[N20]/[SiH4] flow rate ratio, 7. The inset shows the results of Mochizuki et al. of
the dependence of deposition rate and oxygen concentration of APCVD SIPOS
films on 7 [Mochizuki 76a].

Figure 2-5: The reactor for LPCVD deposition was a long quartz tube of 67 mm inner
diameter in a resistance-heated furnace. The wafers were placed vertically,
perpendicular to the direction of gas flow. The other end of the quartz tube was
connected to a high speed pumping system consisting of a roots
blower/mechanical pump combination with an ultimate pressure < 10.3 torr. The
pressure was maintained by an N2 ballast. Individual mass flow controllers were
used for all gases. The temperature was constant and uniform over the wafer
boat to within +-- 0.§ o C.

Figure 2-6: Deposition rates (A/min) of LPCVD films as a function of the [N20]/[SiH4] flow
rate ratio, 7.

Figure 2-7: From[Hitchman 81a]. Variation of growth rate with 7(= [N20]/[SiH4] ) for
LPCVD SIPOS films. Our LPCVD deposition rates are very similar to these. They
postulated that N20 was adsorbed on surface sites, thus blocking them, and
inhibiting growth.. ¯

Figure 2-8: From [Verstegen 85]. Growth rate and [O]/[Si] concentration ratio of LPCVD
SIPOS films as a function of 7 = [N20]/[SiH4]. Growth rate decreased with
increasing [N20]/[SiH4] flow ratio . Our LPCVD deposition rates are in
agreement with these results.Figure 2-9: From [Widmer 86]. Growth rate of LPCVD SiOx films as a function of 7. These

results differ from our LPCVD deposition rates.
Figu re 2-1 O: The Schulz reflection method showing the geometry of the pole-figure method.
Figure 2-1 1 : The ~x-,/~ coordinate plane.
Figure 3-1: 28/8 scan of sample APCVD 83-1-a (0.55/~m of APCVD SIPOS/SiO2/Si, 7 =

0.4, as-deposited).
Figure 3-2:28/8 scan of a 0.70/~m thick APCVD polysilicon film deposited with 7 = 0 on a

SiO2/Si(111) substrate at 650 o 
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