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Indirect trench sidewall doping by implantation of reflected ions

Genshu Fuse, Hisashi Ogawa, Kayoko Tamura, Yasushi Naito, and Hiroshi Iwasaki
Matsushita Electric Industrial Company, Ltd., Semiconductor Research Center, 3-15 Yagumo-nakamachi,

Moriguchi, Osaka 570, Japan

(Received 31 October 1988; accepted for publication 31 January 1989)

Ion implantation (i/i) technology is employed for silicon trench sidewall doping. The aspect
ratio of trenches for high Mbit DRAM is very large (depth/width>10), so that very small
glancing-angle i/i to sidewalls is necessary. In this case, reflected ions are large in number and
are implanted to the opposite sidewall. It is very important to know the elemental depth profile
in the opposite sidewall to understand the implantation mechanism. For the first time, we
measured the depth profiles at several positions of the opposite trench sidewall by secondary-
ion mass spectroscopy for arsenic and boron ion implantations. It is found that reflected ions
are distributed near the facing region of the directly implanted region with smaller energies
than the primary energy. These findings are compared with the simulations based on the

MARLOWE program.

Narrow and deep trench capacitors are indispensable to
high megabit DRAMs.' Ion implantation is a very attractive
method for doping of such a trench with a high aspect ratio.
We demonstrated that we can dope the sidewall uniformly
over the entire 6 in. wafer by ion implantation at a small
incident angle (grazing incidence) of 4° using a specially
designed implanter whose scan error is less than + 1.2°.%
For implantation to the sidewall of a narrow trench, how-
ever, the incident angle measured from the silicon surface is
very small. In this case reflection and scattering increase,’
and indirect implantation of inelastically and diffusely scat-
tered ions plays an important role.

In this letter we analyze this doping for both cases of
boron and arsenic. To understand the mechanism and to get
quantitative data of the indirect doping, we measure the in-
depth profiles of the dopants at several points of directly and
indirectly doped sidewalls by secondary-ion mass spectros-
copy (SIMS). We also simulate the reflection and scattering
processes by the computer program MARLOWE.* Based on
these analyses, we make clear the mechanism of the indirect
doping previously suggested by Kakoschke et al.® We con-
firm that the uniformity of the sidewall doping leads to desir-
able capacitance-voltage (C-V) characteristics of the trench
capacitors.?

Sectional scanning electron microscope (SEM) photo-
graphs are used to analyze the doping region in sidewalls and
the n"-doped regions are made clear by enhanced wet etch-
ing after annealing at 900 °C for 30 min. Depth profile mea-
surement of real trench sidewalls by SIMS is very difficult
because of their miniature sizes. Only one report has been
made.® So two silicon slices, 10 mm wide and 30 mm long,
are arranged to face each other separated by 1 mm for 4°
implantation and 2 mm for 7.5° implantation as shown in
Fig. 1. The points a, b, ¢, and d are measured. a, b, and ¢ are
25,20, and 10 mm apart from the bottom edge in the directly
implanted side plate. SIMS measurement was performed on
a CAMECA IMS-4f using Cs and O ions as primary ions.
Electrical characteristics are measured for a surrounding
high-capacitance cell (SCC) type capacitor developed here.

Figure 2 is a SEM photograph of 0.4-um-wide trenches
with 3.8 um total depth whose right sidewalls are implanted

1534

by arsenic ions directly at an incident angle of 4° with respect
to the sidewalls. The trench with flat vertical sidewalls is
etched by a new ECR etching.” It is surprising that the oppo-
site sidewalls seem to be doped uniformly. It is very impor-
tant to know the concentration in the opposite sidewall for
doping of narrow trenches precisely by ion implantation.

Figures 3(a) and 3(b) show the depth profiles at the
points a, b, ¢, d in the insets for Asimplantation at 150 keV at
4°and 7.5° and with doses of 2.0 X 10'* and 1.07 X 10"3 cm 2,
respectively. The doses were chosen such that the incident
ion beam intensities per unit surface area are equal.

For the 4° implantation case, the peak concentration at
the central indirectly doped region (a and b) is fairly high. It
is a surprise that the concentration at the upper facing region
is the same as that at the central region and the concentration
at the specularly reflected region is extremely lower. At the
facing region (a and b), the concentration at the incident
angle of 7.5° is lower than that at the incident angle of 4°. One
of the reasons may be the difference of the doping ratio,
doped ions/total incident ions, in the directly implanted re-
gions. The simulated doping ratios are 45% and 60% for 4°
and 7.5° implantation, respectively. These are in good agree-
ment with the available experimental result for 7.5°.® This
factor must be taken into account for controlling the concen-

30 mm

2mm

FIG. 1. Schematic arrangements of samples for depth profile measurement
by complementary experiments of trench sidewall doping.
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FIG. 2. SEM photograph of trenches whose right sidewalls are implanted
by As at 4°; the n*-doped regions are made clear by enhanced wet etching.

tration in a sidewall. The implanted “ranges” in the opposite
surfaces are shallower than directly implanted ones for both
cases, respectively. This, together with a geometrical consi-
deration, indicates that lower energy ions scattered at larger
angles contribute to the indirect doping.

Figure 4 shows the depth profiles at points a, b, ¢, d in

1020 As' 180 keV i
— (<) w
s 20x10°%rm? ||
01019

N

g I\ g
a8
AN
g 17 \\\‘
A
St .

16 L 1

07 al 02

(a) DEPTH(um)

i 10 AS' 150 keV
s -]
}_E-’, 107x10%n7 2 :7-5
19
310

0

‘\;v

G ' 1
K 01 02
(b)  DEPTH(pm)

=TT

=
[=5
~3
T

FIG. 3. Depth profiles of As implanted to parallel Si slices shown by insets
at 150 keV at incident angles of (a) 4° and (b) 7.5°.
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FIG. 4. Depth profiles of boron implanted to parallel Si slices at points
shown by the inset at 50 keV at incident angle of 7.5°.

the inset for boron implantation at 50 keV, at 7.5° with doses
of 7.67 X 10" cm 2. In the case of boron atoms, about 20%
of the total implanted ions are doped faced regions (aand b).
The specularly reflected region is lower, similar to the case of
arsenic.

Figure 5(a) shows a simulation of the number of reflect-
ed atoms versus reflection angle for 5000 incident atoms and
Fig. 5(b) shows the energy carried by a reflected atom ver-
sus reflection angle for 4° implantation. The simulation
shows that the majority of the reflected atoms are directed to
the specular direction by nearly elastic scattering and dif-
fusely scattered atoms at larger angles lose energies to larger
extent. Thus the experimental results agree with the simula-
tion fairly well. It is interesting that at smaller incident an-
gles the contribution of low-energy ion indirect doping in-
creases.
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FIG. 5. (a) Number of reflected atoms vs reflection angle for 5000 incident
atoms, and (b) energy carried by reflected atoms vs reflection angle for As
implantation at an incident angle of 4° with energy of 150 keV, by Monte
Carlo simulation.
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FIG. 6. C-¥ characteristics of the trench capacitors doped by fourfold ion
implantations at incident angles of 4°and 7.5° for the center chip (solid line)
and an edge chip (dashed line).

It appears surprising that the doping level in the specu-
larly reflected region (c) is significantly lower than that in
the upper part (a) for 4° implantation as the reflected atoms
are sharply concentrated near the specular direction. This is
understood as follows. The indirect doping intensity from a
reflecting area ds is proportional to (1/7)cos(90 — )
X 1(0)ds, where r is the separation between the reflecting
and doped points, @ is the incident angle at the doped point,
and I(9) is the doping ratio. At point c, » is larger and
cos(90 — @) and I(8) are smaller than those at point a and
so the doping level at point ¢ is lower than that at point a.

We developed a trench capacitor’ that uses only the uni-
formly doped sidewall: the upper part is covered by a SiO,
sidewall and the bottom is removed by etching after sidewall
doping. A central island is surrounded by an n* -doped node
and the bottom is B implanted after the etching for isolation.
The C-¥ characteristics of the capacitors of 0.6-um-wide
trenches doped by fourfold implantation of As and B at inci-
dent angles of 4° and 7.5° to form high-capacitance structures
as shown in Fig. 6. The solid and the dotted lines represent
C-V curves of the device at the center and near the edge of the
6 in. wafer, respectively. The As doses are 310" and
1.5X 10" cm ™2 for 4° and 7.5° implantations, respectively.
The increases at about — 5.5V and 3.5 V for 4° implantation
indicate the electron accumulation at the n* node and the
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inversion at the trench bottom, respectively. It can be seen
that the first rise for 7.5° implantation shifts to — 3.5 V and
becomes less steep. This indicates that the trench sidewalls
are more heavily and uniformly doped by 4° implantation as
expected by the present complementary experiments. The
practical range for a 16 Mbit DRAM is shown by arrows.
The region between the rises is quite smooth and flat reflect-
ing uniform sidewall doping. The demonstrated uniformity
of trench doping over the chips on a wide area of the 6 in.
wafer is achieved by using a specially designed implanter
whose scan error is less than + 1.2° over the wafer.

The depth profiles in indirectly doped sidewalls by re-
flected ions are measured for the first time. Excellent electri-
cal characteristics are realized for 0.4-um-wide trench capa-
citors doped by grazing ion implantations of As and 8 at 4°
over the 6 in. wafer. Using the technique of 4° implantation,
one can dope a trench whose aspect ratio is as high as 15.

The authors wish to thank Dr. H. Mizuno, Dr. H. Hoir-
iuchi, K. Ishihara, and Dr. T. Takemoto for their encourage-
ment, and also K. Tateiwa for trench etching, and Y. Yo-
shioka for the SIMS measurements.

'G. Fuse, K. Tateiwa, S. Odanaka, T. Yamada, I. Nakao, H. Shimoda, O.
Shippou, M. Fukumoto, J. Yasui, Y. Naito, and Ohzone, Proceedings of
the 19th Conference on Solid State Devices and Materials, The Japan So-
ciety of Applied Physics, Tokyo, 1987, p. 11 (unpublished).

2G. Fuse, H. Ogawa, Y. Naito, K. Tamura, K. Tateiwa, and H. Iwasaki,
Technical Digest of 1988 Symposium of VLSI Technology, The IEEE
Electron Devices Society and The Japan Society of Applied Physics, San
Diego, 1988, p. 75 (unpublished).

3G. Fuse, H. Umimoto, S. Odanaka, M. Wakabayashi, M. Fukumoto, and
1. Ohzone, J. Electrochem. Soc. 133, 996 (1986).

“M. T. Robinson and I. M. Torrens, Phys. Rev. B 9, 5009 (1974).

SR. Kakoschke, H. Binder, S. R6hl, K. Masseli, I. W. Rangelow, S. Saler,
and R. Kassing, Nucl. Instrum. Methods Phys. Res. B 21, 299 (1987).

®R. von Criegern, H. Zeiniger, and S. Rohl, in Secondary Ion Mass Spec-
trometry, SIMSVI, edited by A. Benninghoven, A. M. Huber, and H. W.
Werner (Wiley, New York, 1988), p. 419.

K. Tateriwa, G. Fuse, K. Tsuji, and T. Ohzone, Digest of 1988 2st Micro-
process Conference, The Japan Society of Applied Physics, Tokyo, 1987, p.
140 (unpublished).

*G. Fuse, H. Umimoto, S. Odanaka, Fukumoto, T. Ohzone, and H. Iwa-
saki, in Proceedings of the 12th International Symposium of Hosei Universi-
ty, Tokyo, Japan, edited by T. Sebe and Y. Yamamoto (Hosei University,
Tokyo, 1987), p. 191.

Fuse et al. 1536

Excelliance Mos Corporation
Ex. 1020
Page 4 of 4



https://www.researchgate.net/publication/224421053



