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A semiconductor memory device includes a vertical MIS-
FET having a source region, a channel forming region, a
drain region, and a gate electrode formed on a sidewall of the
channel forming region via a gate insulating film. In manu-
facturing the semiconductor memory device, the vertical
MISFET in which leakage current (off current) is less can be
realized by: counter-doping boron of a conductivity type
opposite to that of phosphorus diffused into a poly-crystal-
line silicon film (10) constituting the channel forming region
from an n type poly-crystalline silicon film (7) constituting
the source region of the vertical MISFET, and the above-
mentioned poly-crystalline silicon film (10); and reducing an
effective impurity concentration in the poly-crystalline sili-
con film (10).
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VERTICAL MISFET MANUFACTURING METHOD,
VERTICAL MISFET, SEMICONDUCTOR MEMORY
DEVICE MANUFACTURING METHOD, AND
SEMICONDUCTOR MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a divisional application of U.S.
application Ser. No. 10/493,443, filed Apr. 23, 2004, the
contents of which are incorporated herein by reference.

TECHNICAL FIELD OF THE INVENTION

[0002] The present invention relates to a vertical MISFET,
a semiconductor memory device, and their manufacturing
methods and, particularly, to a technique effectively applied
to a semiconductor memory device in which a transistor
composed of a memory cell is constituted by a vertical
MISFET (Metal Insulator Semiconductor Field Effect tran-
sistor).

BACKGROUND OF THE INVENTION

[0003] The DRAM (Dynamic Random Access Memory)
has been mainly used as a general-purpose and high-capac-
ity semiconductor memory device. Memory cells in the
DRAM are placed at the intersections between a plurality of
word lines and a plurality of bit lines arranged in matrix on
a main surface of a semiconductor substrate, and each is
composed of one memory cell selecting MISFET and one
capacitive element (capacitor) connected to this MISFET in
series. The memory cell selecting MISFET is mainly com-
posed of a gate oxide film, a gate electrode formed integrally
with a word line, and a pair of semiconductor regions
constituting a source and a drain. The bit line is arranged on
the memory cell selecting MISFET and electrically con-
nected to one of the source and drain. Similarly, a data
storage capacitor is arranged on the memory cell selecting
MISFET and electrically connected to the other of the source
and drain.

[0004] Japanese Patent Laid-Open No. 5-110019 discloses
a one-transistor and one-capacitor semiconductor memory
device in which a trench capacitor is formed in a semicon-
ductor substrate and a vertical MIS transistor is arranged
thereon.

[0005] Japanese Patent Laid-Open No. 11-87541 discloses
another vertical MISFET, which is different from that shown
in Japanese Patent Laid-Open No. 5-110019. In this vertical
MISFET, a columnar laminated structure made of poly-
crystalline silicon is provided on a semiconductor substrate,
and a lower semiconductor layer (source region), an inter-
mediate semiconductor layer (channel forming region), and
an upper semiconductor layer (drain region) are formed in
this order from below in the laminated structure. A sidewall
of the intermediate semiconductor layer functions as a
channel region and a gate insulating film is formed on the
surface of the sidewall. Also, a gate electrode is formed on
the sidewall of the laminated structure via the above-
mentioned gate insulating film.

DISCLOSURE OF THE INVENTION

[0006] The inventors of the present invention have been
developing a semiconductor memory device using the ver-
tical MISFET disclosed in Japanese Patent Laid-Open No.
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11-87541. In this vertical MISFET, the source region, the
channel forming region, and the drain region are formed in
the columnar laminated structure formed on the semicon-
ductor substrate. Therefore, there is an advantage of being
capable of reducing an area occupied by the transistor. For
example, if the trench capacitor is formed inside the trench
formed in the semiconductor substrate and the memory cell
selecting MISFET is formed thereon by using this vertical
MISFET, it is possible to realize the memory cell with a
smaller cell size than that of a conventional DRAM.

[0007] Meanwhile, since the source and drain regions of
the vertical MISFET are formed by laminating poly-crys-
talline silicon films each having a high impurity concentra-
tion on and below the channel forming region composed of
an undoped poly-crystalline silicon film or a poly-crystalline
silicon film having a extremely low impurity concentration,
the impurities in the source and drain are thermally diffused
easily into the channel forming region by a thermal treat-
ment during a process thereof.

[0008] However, since the leakage current (off current)
during the time when the vertical MISFET is not operated is
reduced by complete depletion of the channel forming
region, there is the problem that if the impurities in the
source and drain regions are thermally diffused in the
channel forming region, the complete depletion of the chan-
nel forming region is hindered and the leakage current (off
current) is increased. Additionally, the threshold voltage is
varied due to the diffusion of the impurities into the channel
forming region.

[0009] An object of the present invention is to provide a
technique capable of achieving the vertical MISFET in
which the leakage current (off current) is smaller.

[0010] An object of the present invention is to provide a
technique capable of achieving the vertical MISFET in
which the variation of the threshold voltage is reduced.

[0011] The above and other objects and novel character-
istics of the present invention will be apparent from the
description of the specification and the accompanying draw-
ings.

[0012] Outlines of the typical ones of the inventions
disclosed in this application will be briefly described as
follows.

[0013] The present invention is a manufacturing method
for a MISFET having a source region, a channel forming
region, and a drain region formed over a main surface of a
semiconductor substrate, and a gate electrode formed on a
sidewall of said channel forming region via a gate insulating
film, or is a manufacturing method for a semiconductor
memory device provided with said MISFET, the method
comprising the steps of: forming the source region contain-
ing a first impurity over the main surface of the semicon-
ductor substrate; forming the channel forming region over
said source region; introducing a second impurity of a
conductivity type opposite to that of said first impurity into
said channel forming region; and forming, over said channel
forming region, the drain region containing said first impu-

rity.

[0014] Also, the semiconductor memory device according
to the present invention is provided with a MISFET having
a source region, a channel forming region, and a drain region



US 2007/0202638 Al

formed over a main surface of a semiconductor substrate,
and a gate electrode formed on a sidewall of said channel
forming region via a gate insulating film, wherein said
source and drain regions are each composed of a poly-
crystalline silicon film containing a first impurity, and said
channel forming region is composed of a poly-crystalline
silicon film containing a second impurity of a conductivity
type opposite to that of said first impurity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a plan view showing a principal part of a
semiconductor substrate in a semiconductor memory device
manufacturing method according to an embodiment of the
present invention.

[0016] FIG. 2 is a sectional view showing a principal part
of the semiconductor substrate taken along the line A-A' in
FIG. 1.

[0017] FIG. 3 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0018] FIG. 4 is a plan view showing a principal part of a
semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0019] FIG. 5 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0020] FIG. 6 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0021] FIG. 7 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method device according to the
embodiment of the present invention.

[0022] FIG. 8 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0023] FIG. 9 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0024] FIG. 10 s a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0025] FIG. 11 is a graph showing dependency of an off
current on a dose amount of impurities introduced into a
channel forming region during the time when a MISFET is
not operated.

[0026] FIG. 12 is a sectional view showing a principal part
of a semiconductor substrate in he semiconductor memory
device manufacturing method according to the embodiment
of the present invention.
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[0027] FIG. 13 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0028] FIG. 14 is a plan view showing a principal part of
a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0029] FIG. 15 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0030] FIG. 16 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0031] FIG. 17 is a plan view showing a principal part of
a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0032] FIG. 18 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0033] FIG. 19 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0034] FIG. 20 is a plan view showing a principal part of
a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0035] FIG. 21 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method device according to the
embodiment of the present invention.

[0036] FIG. 22 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0037] FIG. 23 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0038] FIG. 24 is a sectional view showing a principal part
of a semiconductor substrate in the semiconductor memory
device manufacturing method according to the embodiment
of the present invention.

[0039] FIG. 25 is a sectional view showing a principal part
of a semiconductor substrate in a MISFET manufacturing
method according to another embodiment of the present
invention.

[0040] FIG. 26 is a sectional view showing a principal part
of'a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.
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[0041] FIG. 27 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0042] FIG. 28 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0043] FIG. 29 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0044] FIG. 30 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0045] FIG. 31 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0046] FIG. 32 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0047] FIG. 33 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0048] FIG. 34 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0049] FIG. 35 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to another embodiment of the present
invention.

[0050] FIG. 36 is a graph showing dependency of sub-
threshold characteristics on a channel impurity concentra-
tion.

[0051] FIG. 37 is a sectional view showing a principal part
of a semiconductor substrate in the MISFET manufacturing
method according to still another embodiment of the present
invention.

[0052] FIG. 38 is a sectional view taken along the line
A-A' in FIG. 37.

[0053] FIG. 39 is a sectional view taken along the line
B-B' in FIG. 37.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0054] Hereinafter, embodiments of the present invention
will be described in detail with reference to the accompa-
nying drawings. Note that components having the same
function are denoted by the same reference symbol through-
out the drawings for describing the embodiments and the
repetitive description thereof will be omitted. Additionally,
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the description of the same or similar portion will not be
repeated in principle except the case where the description
is particularly required.

First Embodiment

[0055] In this embodiment, the present invention is
applied to a DRAM constituting a memory cell that is
composed of one memory cell selecting MISFET and one
capacitor, and a manufacturing method thereof will be
described in order of process step with reference to FIGS. 1
to 24.

[0056] FIG. 1 is a plan view of a semiconductor substrate
(hereinafter, simply referred to as “substrate) 1 showing an
area equivalent to approximately four memory cells, and
FIG. 2 is a sectional view of the substrate 1 taken along the
line A-A' in FIG. 1. Note that the substrate 1 is made of p
type mono-crystalline silicon although not particularly lim-
ited.

[0057] The memory cell is formed in the manner as
follows. First, as shown in FIG. 3, a silicon oxide film 2 with
a thickness of approximately 50 to 100 nm and a silicon
nitride film 3 with a thickness of approximately 140 nm are
deposited on the substrate 1 by a CVD method. Thereafter,
the silicon nitride film 3 and the silicon oxide film 2 in a
memory cell forming region are removed by dry etching
with using a photoresist film 40 as a mask.

[0058] Next, after removing the photoresist film 40 by
ashing, trenches 4 each having a diameter of 120 nm and a
depth of approximately 1 um are formed in the memory cell
forming region of the substrate 1 by the dry etching with
using the silicon nitride film 3 as a mask, as shown in FIGS.
4 and 5.

[0059] Next, as shown in FIG. 6, an n type semiconductor
region 5 is formed on the inner surface of the trench 4 by
vapor diffusion of an n type impurity such as phosphorus (P)
or arsenic (As) in a high-temperature atmosphere of approxi-
mately 1000° C. Thereafter, a silicon nitride film 6 with a
thickness of approximately 7 nm is deposited on the sub-
strate 1 by the CVD method, and then the silicon nitride film
6 is oxynitrided with using a N,O gas. The n type semicon-
ductor region 5 constitutes a plate electrode of the capacitor
and the oxynitrided silicon nitride film 6 constitutes a
capacitor insulating film of the capacitor. The capacitor
insulating film can also be formed of a high-dielectric film
such as a tantalum oxide film instead of the silicon nitride
film 6.

[0060] Next, as shown in FIG. 7, after depositing, on the
substrate 1, an n type poly-crystalline silicon film 7 doped
with phosphorus of approximately 10°°/cm?>, the poly-crys-
talline silicon film 7, the silicon nitride film 6, and the silicon
nitride film 3 outside the trenches 4 are removed by the dry
etching. This poly-crystalline silicon film 7 is deposited up
to the thickness (70 nm or more) sufficient to completely fill
each interior of the trenches 4.

[0061] The poly-crystalline silicon film 7 left in the trench
4 constitutes a storage electrode of the capacitor and also
constitutes a source region of the memory cell selecting
MISFET formed at the upper portion of the trench 4 in the
subsequent step. Note that although the source region (poly-
crystalline silicon film 7) can function as the drain region of



US 2007/0202638 Al

the memory cell selecting MISFET, it is treated as the source
region as a matter of convenience.

[0062] Through the process described above, the capacitor
C having the n type semiconductor region 5 serving as a
plate electrode, the silicon nitride film 6 serving as a
capacitor insulating film, and the poly-crystalline silicon
film 7 serving as a storage electrode is formed in the trench
4.

[0063] Next, as shown in FIG. 8, an amorphous silicon
film (intermediate semiconductor layer) 10a with a thickness
of approximately 400 nm is deposited on the substrate 1 by
the CVD method. This amorphous silicon film 10q is made
of amorphous silicon having an impurity concentration of
1x10 /cm? or less or undoped amorphous silicon containing
substantially no impurity.

[0064] Next, a thermal treatment to the substrate 1 is
performed to convert the above-mentioned amorphous sili-
con film 10a to a poly-crystalline silicon film 10 (FIG. 9).
This thermal treatment is performed at a temperature of at
least 550° C. or higher, preferably at a temperature of
approximately 600° C. to 800° C.

[0065] The above-mentioned poly-crystalline silicon film
la may be formed of a poly-crystalline silicon film deposited
by the CVD method. However, the film, obtained by per-
forming the thermal treatment to and poly-crystallizing the
amorphous silicon film 10a, becomes one better in film
quality and fewer in crystal defect. Since the poly-crystalline
silicon film 10 is used as the channel forming region of the
memory cell selecting MISFET, it is desirable that the
poly-crystalline silicon film 10 is formed by the methods
capable of reducing as much crystal defects as possible.

[0066] When the above-mentioned thermal treatment is
performed, a part of phosphorus contained in the n type
poly-crystalline silicon film 7 (storage electrode and source
region) formed below the poly-crystalline silicon film 10 is
thermally diffused into the poly-crystalline silicon film 10
and the impurity concentration of the poly-crystalline silicon
film 10 is increased. Therefore, it becomes difficult to
achieve the complete depletion of the channel forming
region formed of the poly-crystalline silicon film 10. Since
the threshold voltage of the memory cell selecting MISFET
is varied by phosphorus diffused into the channel forming
region, there also arises the problem that the operation of the
memory cell becomes unstable.

[0067] Consequently, boron (or BE,), which is of opposite
conductivity type to that of phosphorus, is introduced into
the poly-crystalline silicon film 10, as shown in FIG. 10. In
this introduction of boron (or BF,), an ion implantation
method in which boron (or BF,) is vertically implanted into
the main surface of the substrate 1 is used, and energy of the
implantation is controlled so that a boron concentration
around the central portion of the poly-crystalline silicon film
10 can be higher than those above and below the central
portion. Also, a dose amount of boron (or BF,) is controlled
so that a concentration of boron introduced into the poly-
crystalline silicon film 10 can be equal to or slightly higher
than that of phosphorus diffused into the poly-crystalline
silicon film 10.

[0068] FIG. 11 is a graph showing the measurement
results of the relationship between the off current of the
memory cell selecting MISFET and the dose amount of
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boron introduced into the poly-crystalline silicon film (chan-
nel forming region) 10. As shown in FIG. 11, this experi-
ment has shown that the off current can be greatly reduced
by setting the dose amount of boron to approximately
4x10 /em? or more.

[0069] Thus, since boron of an opposite conductivity type
and phosphorus diffused from the n type poly-crystalline
silicon film (source region) 7 into the poly-crystalline silicon
film (channel forming region) 10 are counter-doped in this
embodiment, it is possible to reduce the effective impurity
concentration in the poly-crystalline silicon film (channel
forming region) 10.

[0070] Next, as shown in FIG. 12, an n type poly-crystal-
line silicon film (upper semiconductor layer) 12 doped with
phosphorus is deposited on the poly-crystalline silicon film
10 by the CVD method. Thereafter, a silicon oxide film 13
and a silicon nitride film 14 are deposited on the poly-
crystalline silicon film 12 by the CVD method. The thick-
ness of the poly-crystalline silicon film 12 is approximately
200 nm, that of the silicon oxide film 13 is approximately 10
nm, and that of the silicon nitride film 14 is approximately
100 nm.

[0071] Next, as shown in FIG. 13, the silicon nitride film
14 and the silicon oxide film 13 are patterned by the dry
etching with using a photoresist film 41 as a mask. As shown
in FIG. 14, each photoresist film 41 has a strip pattern
extending in a vertical direction of FIG. 14 across the upper
portions of the trenches 4.

[0072] Next, after removing the photoresist film 41 by the
ashing, the poly-crystalline silicon film 12 and the poly-
crystalline silicon film 10 are patterned by the dry etching
with using the silicon nitride film 14 as a mask, as shown in
FIG. 15. The poly-crystalline silicon films 10 and 12 pat-
terned by the above-mentioned dry etching each have a strip
pattern extending across the upper portions of the trenches
4 similarly to each photoresist film 41 shown in FIG. 14.

[0073] Next, as shown in FIG. 16, a silicon oxide film 15
with a thickness of approximately 500 nm is deposited on
the substrate 1 by the CVD method. Thereafter, the surface
of the silicon oxide film 15 is planarized by the chemical
mechanical polishing method. This polishing is finished at
the time when the surface of the silicon nitride film 14 is
exposed.

[0074] Next, as shown in FIGS. 17, 18, and 19 (sectional
view taken along the line B-B' in FIG. 17), after a silicon
oxide film 16 with a thickness of approximately 100 to 150
nm is deposited on the silicon oxide film 15 by the CVD
method, the silicon oxide film 16 is patterned by the dry
etching with using a photoresist film 42 as a mask. As shown
in FIG. 17, the photoresist films 42 each has a strip pattern
extending in a horizontal direction of FIG. 17 across the
upper portions of the trenches 4.

[0075] Next, after removing the photoresist film 42 by the
ashing, the poly-crystalline silicon film 12 and the poly-
crystalline silicon film 10 are patterned by the dry etching
with using the strip-patterned silicon nitride film 16 as a
mask, as shown in FIGS. 20, 21, and 22.

[0076] After the above-mentioned dry etching, a qua-
dratic-prism laminated structure P, in which the poly-crys-
talline silicon film 10, the poly-crystalline silicon film 12,



US 2007/0202638 Al

the silicon oxide film 13, and the silicon nitride film 14 are
laminated in this order, is formed on the capacitor C.
Additionally, by forming this laminated structure P, a chan-
nel forming region 10C composed of the poly-crystalline
silicon film 10 and a drain region 12D composed of the
poly-crystalline silicon film 12 laminated thereon are
formed. Two sidewalls (left and right sidewalls in FIG. 20)
of the laminated structure P are covered with the silicon
oxide film 15, as shown in FIG. 21. However, the surfaces
of the other two sidewalls (upper and lower sidewalls in
FIG. 20) are exposed, as shown in FIG. 22. In this state,
boron (or BF,), which is of a conductivity type opposite to
that of phosphorus, is introduced by the ion implantation
method in order to reduce the impurity concentration in the
poly-crystalline silicon film of the channel forming region.
Boron (or BF,) is implanted from an oblique direction of an
angle of 0° to 90° with respect to the main surface of the
substrate 1. In this ion implantation from the oblique direc-
tion, for example, the semiconductor substrate 1 is prefer-
ably rotated every 90° with respect to an axis vertical to the
main surface of the semiconductor substrate 1. Additionally,
the dose amount of the p type impurity in this ion implan-
tation is controlled so that the concentration of the p type
impurity introduced into the channel forming region (poly-
crystalline silicon film) can be equal to or slightly higher
than that of phosphorus diffused from the drain region into
the channel forming region.

[0077] Next, as shown in FIG. 23, a gate insulating film 17
composed of a silicon oxide film with a thickness of approxi-
mately 10 nm is formed on the sidewalls of the laminated
structure P (sidewalls not covered with the silicon oxide film
15) by the thermal treatment of the substrate 1 in an
oxidizing atmosphere. The silicon oxide film constituting
the gate insulating film 17 can be deposited by the CVD
method. However, a better quality film better in quality and
fewer in defect can be obtained by thermal oxidation of the
surfaces of the poly-crystalline silicon films (10C and 12D).

[0078] Next, as shown in FIG. 24, a gate electrode 18G is
formed in a gap between the adjacent laminated structures P.
By so doing, the memory cell selecting MISFET Qs com-
posed of the source region (poly-crystalline silicon film 7),
the channel forming region 10C, the drain region 12D, the
gate insulating film 17, and the gate electrode 18G is
completed. The gate electrode 18G is formed in the follow-
ing manner. That is, after a p type poly-crystalline silicon
film doped with boron is deposited on the substrate 1 by the
CVD method, the poly-crystalline silicon film is polished
and planarized by the chemical mechanical polishing until
the surface of the silicon oxide film 16 is exposed.

[0079] Through the process described so far, the memory
cell of the DRAM composed of the capacitor C and the
memory cell selecting MISFET Qs formed thereon is almost
completed.

[0080] In the first embodiment, the ion implantation is
performed twice, that is, the vertical ion implantation into
the structure shown in FIG. 10 and the oblique ion implan-
tation into the structure shown in FIG. 22.

[0081] The vertical ion implantation shown in FIG. 10
counteracts the impurities in the channel and further the
concentration of the channel itself can be made stable by
polarity opposite to that of its impurities. Therefore, repro-
ducibility of the threshold current and the off current due to
the complete depletion can be improved.
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[0082] Since the oblique ion implantation into the struc-
ture shown in FIG. 22 is performed after the high-tempera-
ture thermal treatment, profile in the channel is hardly
broken. (Note that, if the ion implantation is performed after
forming the gate insulating film shown in FIG. 23, the
defects generated in the ion implantation are left in the gate
insulator and, therefore, it is preferable to perform the ion
implantation into the structure shown in FIG. 23). For this
reason, it is possible to effectively control the threshold
voltage and improve a depletion ratio thereof.

[0083] Although the reduction of the off current caused by
the complete depletion and the reduction of the threshold
voltage variation can be achieved by performing either of
the two ion implantations, it is more preferable to perform
both of the two ion implantations in view of the reproduc-
ibility and the controllability.

[0084] thus, in the first embodiment, since it is possible to
reduce the effective impurity concentration in the channel
forming region 10C of the memory cell selecting MISFET
Qs, the channel forming region 10C can be completely
depleted when the memory cell is not operated. Therefore,
it is possible to manufacture the DRAM in which the off
current (leakage current) is less. Additionally, since it is
possible to control the variation of the threshold voltage of
the memory cell selecting MISFET Qs, the reliability of the
DRAM can be improved.

Second Embodiment

[0085] In this embodiment, the present invention is
applied to a p channel and vertical MISFET, and the
manufacturing method thereof will be described in order of
process with reference to FIGS. 25 to 35.

[0086] First, as shown in FIG. 25, a silicon oxide film 20
with a thickness of approximately 200 nm is deposited on
the substrate 1 by the CVD method, and subsequently a p
type poly-crystalline silicon film (lower semiconductor
layer) 21 having a thickness of approximately 300 nm and
doped with boron is deposited on the silicon oxide film 20
by the CVD method. Thereafter, the thermal treatment of the
substrate 1 is performed in an atmosphere containing a NH;
gas. By so doing, a thin silicon nitride film 22 with a
thickness of approximately 1 to 2 nm is formed on the
surface of the poly-crystalline silicon film 21. This silicon
nitride film 22 functions as a barrier film for preventing the
impurity (boron) in the poly-crystalline silicon film 21 from
diffusing into the channel forming region formed thereon.

[0087] Next, as shown in FIG. 26, an amorphous silicon
film (intermediate semiconductor layer) 23a with a thickness
of approximately 400 nm is deposited on the silicon nitride
film 22 by the CVD method. This amorphous silicon film
23a is made of amorphous silicon with an impurity concen-
tration of 1x10"%cm?> or less or undoped amorphous silicon
containing substantially no impurity.

[0088] Next, as shown in FIG. 27, the thermal treatment of
the substrate 1 is performed at a high temperature of
approximately 800° C. to convert the above-mentioned
amorphous silicon film 23a to a poly-crystalline silicon film
23, and subsequently the thermal treatment of the substrate
1 is performed in the atmosphere containing a NH; gas. By
so doing, a thin silicon nitride film 24 with a thickness of
approximately 1 to 2 nm is formed on the surface of the
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poly-crystalline silicon film 23. Thereafter, an undoped
poly-crystalline silicon film (or amorphous silicon film) 25
with a thickness of approximately 30 nm and a silicon oxide
film 26 with a thickness of approximately 10 nm are
deposited on the silicon nitride film 24 by the CVD method.
The above-mentioned silicon nitride film 24 functions as a
barrier layer for preventing an impurity (boron) in the drain
region formed on the poly-crystalline silicon film 23 to be
the channel forming region from diffusing into the poly-
crystalline silicon film 23.

[0089] By the above-mentioned thermal treatment for con-
verting the amorphous silicon film 234 to the poly-crystal-
line silicon film 23, a part of boron contained in the p type
poly-crystalline silicon film 21 formed under the poly-
crystalline silicon film 23 passes through the thin silicon
nitride film 22 and is thermally diffused in the poly-crystal-
line silicon film 23, and the impurity concentration in the
poly-crystalline silicon film 23 is increased. Therefore, it
becomes difficult to achieve the complete depletion of the
channel forming region composed of the poly-crystalline
silicon film 23. Additionally, the threshold voltage of the
MISFET is varied due to the diffusion of phosphorus into the
channel forming region, whereby there arises the problem
that the operation of the memory cell becomes unstable.

[0090] So, an n type impurity of opposite conductivity
type to that of boron (e.g., phosphorus, arsenic, or antimony)
is introduced to the poly-crystalline silicon film 23, as shown
in FIG. 28. In this introduction of the n type impurity, the ion
implantation method in which the n type impurity is verti-
cally implanted into the main surface of the substrate 1 may
be used, and the implantation energy may be controlled so
that the impurity concentration around the central portion of
the poly-crystalline silicon film 23 can be lower than those
above and below the central portion. Also, the dose amount
of the n type impurity is controlled so that the concentration
of the n type impurity introduced into the poly-crystalline
silicon film 23 can be equal to or slightly higher than that of
boron diffused in the poly-crystalline silicon film 10.

[0091] Thus, in this embodiment, since boron diffused
from the p type poly-crystalline silicon film 21 into the
poly-crystalline silicon film 23 and the n type impurity of an
opposite conductivity type are counter-doped, it is possible
to reduce the effective impurity concentration in the poly-
crystalline silicon film 23.

[0092] Next, as shown in FIG. 29, after a silicon nitride
film 27 with a thickness of approximately 150 to 200 nm is
deposited on the silicon oxide film 26 by the CVD method,
the silicon nitride film 27 is patterned by the dry etching with
using, as a mask, a photoresist film 43 having a quadratic-
prism plan pattern.

[0093] Next, after removing the photoresist film 43 by the
ashing, as shown in FIG. 30, the silicon oxide film 26, the
poly-crystalline silicon film 25, the silicon nitride film 24,
the poly-crystalline silicon film 23, the silicon nitride film
22, and the poly-crystalline silicon film 21 are patterned by
the dry etching with using the quadratic-prism patterned
silicon nitride film 27 as a mask.

[0094] By the above-mentioned dry etching, a quadratic-
prism laminate structure P, in which the poly-crystalline
silicon film 21, the silicon nitride film 22, the poly-crystal-
line silicon film 23, the silicon nitride film 24, the poly-
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crystalline silicon film 25, and the silicon oxide film 26 are
laminated in this order, is formed on the silicon oxide film
20. Additionally, by forming this laminated structure P, there
are formed a source region 21S composed of the poly-
crystalline silicon film 21 and a channel forming region 23C
composed of the poly-crystalline silicon film 23 (and poly-
crystalline silicon film 25) laminated thereon.

[0095] Next, as shown in FIG. 31, after a sidewall spacer
28 composed of a silicon oxide film is formed on the
sidewall of the laminated structure P, the silicon nitride film
27 and the silicon oxide film 26 at the top of the laminated
structure P are removed by the etching. By so doing, the
surface of the undoped poly-crystalline silicon film 25 is
exposed. The sidewall spacer 28 is formed by depositing a
silicon oxide film over the substrate 1 by the CVD method
and then anisotropically etching the silicon oxide film. This
sidewall spacer 28 is formed only on a part of the sidewall
of the laminated structure P so that it cannot be formed on
the other sidewalls.

[0096] Next, as shown in FIG. 32, a drain region 29D
having one end extending to the top of the channel forming
region (poly-crystalline silicon film 25) is formed. The drain
region 29 is formed by: depositing, on the substrate 1 by the
CVD method, a p type poly-crystalline silicon film (upper
semiconductor layer) doped with boron; and thereafter pat-
terning this poly-crystalline silicon film by the dry etching
with using a photoresist (not shown) as a mask.

[0097] Next, the thermal treatment of the substrate 1 at a
high temperature of approximately 900° C. to 1000° C. is
performed to improve the film quality of the drain region
29D composed of the above-mentioned poly-crystalline
silicon film. There is the problem that, when the above-
mentioned thermal treatment is performed, a part of boron
contained in the p type poly-crystalline silicon film consti-
tuting the drain region 29D is thermally diffused into the
poly-crystalline silicon film 25 and the channel forming
region 23C and the impurity concentration therein is
increased. Additionally, there is also the problem that a part
of boron contained in the source region 21S formed below
the channel forming region 23C is thermally diffused into
the channel forming region 23C.

[0098] For this reason, an n type impurity (phosphorus,
arsenic, or antimony), which is of a conductivity type
opposite to that boron, is introduced into the channel form-
ing region 23C (poly-crystalline silicon films 23 and 25), as
shown in FIG. 33. Since the top and a part of the sidewall
of the laminated structure P are covered with the drain
region 29D, the n type impurity is implanted from an oblique
direction of 0° to 90° with respect to the main surface of the
substrate 1. In this ion implantation from the oblique direc-
tion, for example, the semiconductor substrate 1 may be
rotated every 90° with respect to the axis vertical to the main
surface of the semiconductor substrate 1. Additionally, the
dose amount of the n type impurity in this ion implantation
is controlled so that the concentration of the n type impurity
introduced into the channel forming region (poly-crystalline
silicon films 23 and 25) 23C can be equal to or slightly
higher than that of boron diffused from the drain region 29D
into the channel forming region 23C. Note that, if such ion
implantation is performed, phosphorus is introduced also
into the drain region 29D composed of the p type poly-
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crystalline silicon film, so that it is desirable that the
concentration of the boron in the drain region 29D is set high
in view of this.

[0099] Thus, in this embodiment, since the boron diffused,
into the channel forming region 23C, from the drain region
29D and the source region 21S each composed of a p type
poly-crystalline silicon film, and the n type impurity (phos-
phorus, arsenic, or antimony) which is of an opposite
conductivity type are counter-doped, it is possible to reduce
the effective impurity concentration in the channel forming
region 23C.

[0100] Next, as shown in FIG. 34, a silicon oxide film 30
with a thickness of approximately 10 nm is formed on the
surface of the channel forming region 23C (poly-crystalline
silicon films 23 and 25) by the thermal treatment of the
substrate 1 in the oxidizing atmosphere. At this time, the
silicon oxide film 30 is formed also on the surface of the
drain region 29D composed of a p type poly-crystalline
silicon film. The silicon oxide film 30 formed on the surface
of the channel forming region (poly-crystalline silicon films
23 and 25) functions as a gate insulating film.

[0101] Next, as shown in FIG. 35, a gate electrode 31G is
formed so as to cover the silicon oxide film 30 formed on the
surface of the channel forming region 23C (poly-crystalline
silicon films 23 and 25). The gate electrode 31G is formed
by: depositing, on the substrate 1 by the CVD method, a p
type poly-crystalline silicon film doped with boron or an n
type poly-crystalline silicon film doped with phosphorus;
and thereafter pattering this poly-crystalline silicon film by
the dry etching with using a photoresist film (not shown) as
a mask.

[0102] Through the process as described so far, there is
completed the MISFET Qt composed of the source region
218, the channel forming region 23C (poly-crystalline sili-
con films 23 and 25), the drain region 29D, the silicon oxide
film 30 (gate insulating film), and the gate electrode 31G.

[0103] As described above, according to this embodiment,
since it is possible to reduce the effective impurity concen-
tration in the channel forming region 23C of the MISFET Qt,
the channel forming region 23C can be completely depleted
when the MISFET Qt is not operated. Therefore, it is
possible to manufacture the MISFET in which the off current
(leakage current) is less. Additionally, since it is possible to
control the variation of the threshold voltage of the MISFET
Qt, the operation reliability of the MISFET can be improved.

Third Embodiment

[0104] The case where the n channel vertical MISFET is
applied to the memory cell of the DRAM provided with a
capacitor has been described in the first embodiment by way
of an example. However, the present invention is not limited
to the n channel vertical MISFET and the memory cell
structure provided with the capacitor. More specifically, the
present invention can be applied to the single vertical
MISFET.

[0105] FIG. 37 (plan view showing a region equivalent to
four memory cells), FIG. 38 (sectional view taken along line
A-A' in FIG. 37), and FIG. 39 (sectional view taken along
line B-B' in FIG. 37) show an example of: forming an
insulating film (silicon oxide film) on a semiconductor
substrate 1; and forming a vertical MISFET thereon. Note
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that since the manufacturing method of this vertical MIS-
FET is identical to that in the first embodiment except the
step of forming the capacitor, the detailed description
thereof will be omitted. However, the content to be its
outline is described as follows. Also, the structure shown in
FIGS. 37 to 39 can be applied to both of the n channel
vertical MISFET and the p channel vertical MISFET.

[0106] The source and drain of the n channel vertical
MISFET are composed of polycrystalline silicon films each
doped with phosphorus and formed by the CVD method.
Since phosphorus from the source and drain is diffused in the
poly-crystalline silicon film of the channel forming region,
boron (or BF,) which is of a conductivity type opposite to
that of phosphorus is introduced into the poly-crystalline
silicon film of the channel forming region by the ion
implantation method. This ion implantation is performed in
the same manner as that described in the first embodiment.
It is possible to reduce the effective impurity concentration
in the channel by this ion implantation. Furthermore, the
gate insulating film is formed by the thermal oxidation and
the gate electrode is formed by the CVD method. By doing
s0, the n channel vertical MISFET is almost completed.

[0107] The source and drain of the p channel vertical
MISFET is composed of a poly-crystalline silicon film
doped with boron and formed by the CVD method. Since
boron from the source and drain is diffused into the poly-
crystalline silicon film of the channel forming region, phos-
phorus (arsenic or antimony) which is of a conductivity type
opposite to that of boron is introduced by the ion implan-
tation. This ion implantation can be achieved, by changing
an ion seed from boron (or BF,) to an n type impurity
(phosphorus, arsenic, or antimony) in the same manner as
that of the ion implantation into the poly-crystalline silicon
film of the channel forming region described in the first
embodiment. It is possible to reduce the effective impurity
concentration in the channel by this ion implantation. Fur-
thermore, the gate insulating film is formed by the thermal
oxidation and the gate electrode is formed by the CVD
method. By doing so, the p channel vertical MISFET is
almost completed.

[0108] As described above, according to this embodiment,
since it is possible to reduce the effective impurity concen-
tration in the channel forming region 23 of the MISFET Qt,
the channel forming region 23C can be completely depleted
when the MISFET Qt is not operated. Therefore, it is
possible to manufacture the MISFET in which the off current
(leakage current) is less. Additionally, since it is possible to
control the variation of the threshold voltage of the MISFET
Qt, the operation reliability of the MISFET can be improved.

[0109] In the foregoing, the invention made by the inven-
tors has been concretely described based on the embodi-
ments. However, needless to say, the present invention is not
limited to the foregoing embodiments, and can be variously
modified and altered without departing from the gist thereof.

[0110] The case where the present invention is applied to
the manufacturing method of a DRAM has been described
in the first embodiment. However, the present invention is
not limited to this, and can be applied to various manufac-
turing methods of semiconductor memory devices each
using, as a memory cell, the vertical MISFET disclosed in
the present invention.
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INDUSTRIAL APPLICABILITY

[0111] Since it is possible to reduce the effective impurity
concentration in the channel forming region of the MISFET,
the channel forming region can be completely depleted
when the MISFET is not operated. Therefore, it is possible
to manufacture the memory cell in which the off current
(leakage current) is less.

[0112] Also, since it is possible to reduce the variation of
the threshold voltage of the MISFET, the MISFET with
improved operation reliability can be manufactured.

1. A vertical MISFET manufacturing method, comprising
the steps of:

forming a lower semiconductor layer of a first conduc-
tivity type over a main surface of a semiconductor
substrate;

forming a diffusion barrier layer over said lower semi-
conductor layer;

forming an intermediate semiconductor layer over said
diffusion barrier layer;
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performing, after said step of forming the intermediate
semiconductor layer, a thermal treatment to said semi-
conductor substrate; and

patterning, after said step of performing the thermal
treatment, at least said intermediate semiconductor
layer and said lower semiconductor layer, thereby
forming a columnar laminated structure,

wherein said lower semiconductor layer constitutes one of
a source and drain of said vertical MISFET, a gate
electrode of said vertical MISFET is formed on a
sidewall of said intermediate semiconductor layer via a
gate insulating film, and

an upper semiconductor layer constituting the other of the
source and drain of said vertical MISFET is formed
over said intermediate semiconductor layer.
2. The vertical MISFET manufacturing method according
to claim 1,

wherein a diffusion barrier layer is further formed
between said upper semiconductor layer and said inter-
mediate semiconductor layer.

#* #* #* #* #*



