A Study on Lateral Distribution of Implanted Ions in Silicon : Won Chae Jung ef al.

A Study on Lateral Distribution of Implanted Ions in Silicon

Won Chae Jung®
Department of Electronic Engineering, Kyonggi University,
lui-dong, Yeongtong-gu, Suwon 443-760, Korea

Hyung Min Kim
Department of mechanical System Design Engineering, Kyonggi University,
lui-dong, Yeongtong-gu, Suwon 443-760, Korea

°E-mail : wcjun onggi.ac.kr
(Received 13 March 2006, Accepted 28 June 2006)

Due to the limitations of the channel length, the lateral spread for two-dimensional impurity
distributions is critical for the analysis of devices including the integrated complementary
metal oxide semiconductor (CMOS) circuits and high frequency semiconductor devices. The
developed codes were then compared with the two-dimensional implanted profiles measured
by transmission electron microscope (TEM) as well as simulated by a commercial
TSUPREMA4 for verification purposes. The measured two-dimensional TEM data obtained by
chemical etching-method was consistent with the results of the developed analytical model,
and it seemed to be more accurate than the results attained by a commercial TSUPREM4. The
developed codes can be applied on a wider energy range (1 KeV ~ 30 MeV) than a
commercial TSUPREM4 of which the maximum energy range cannot exceed 1 MeV for the
limited doping elements. Moreover, it is not only limited to diffusion process but also can be
applied to implantation due to the sloped and nano scale structure of the mask.
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1. INTRODUCTION

For the fabrication of CMOS devices, the source and
drain regions can be formed by using BF; B, P and As
implantations for p* and n' doping. For ultra-shallow
junctions, BF, and As impurities are implanted, and the
implanted wafers are annealed for the electrical
activation in a N, ambient. As device sizes declines, the
accurate control of channel length and depth is critical in
CMOS process. A variety of implantation experiments
were carried out and analyzed for one and two-
dimensional profiles[1-5]. SRIM[6-11] and UT-
MARLOWE[12,13] were used as a Monte Carlo
simulation tools for one-dimensional amorphous and
crystalline profiles, respectively. Two-dimensional
distributions of implanted impurities were visualized by
using chemical etching and electron holography[14-17],
and the developed model was compared with two-
dimensional simulation data obtained using TSUPREM4
[18,19]. In the simulation, all annealing processes were
carried out using proper diffusion coefficients[20,21] for
the exact spreading diffusion effects. The output data of
developed analytical model concurred with the measured
TEM data after furnace annealing. For the range

calculations in the vertical direction, the following
equations were used:

C(X) = Cdase ’ f(x) (1)

where Cgse 1s implanted dose, C(x) represents
concentrations as a function of the depth x, and s(x)is a

normal distribution function. The four moments are
defined as
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where the first moment R, (projected average range) is
the average range under normal implantation, the second
moment AR, (standard deviation) represents the width of
profile, the third moment y (skewness) indicates the
asymmetry of the profile, and the fourth moment §
(kurtosis) represents the extent of profile sharpness in the
peak-concentration area. A gaussian profile has only two
parameters due to symmetry, and the equation can be
expressed as,

Cdose 1| x—Rp )
Cl(x)=—— - 6
(x) o peXI{ 2[ % J J (6)

The projected average range (R,) of Gaussian profile is
located near the peak concentration.
The equation of concentration distribution after

annealing can be described by ar, =,/(ARp2+2Dt)

instead of AR, in equation 6. In asymmetric cases, the
implanted profile can be expressed by using the four
moments described in Eq. (2)-(5). For the gaussian
profiles, the two parts of the profile in layer 1 and
substrate 2 can be expressed[22,23] as,
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where d is the thickness of the mask layer.

2. DEVELOPMENT OF ANAYTICAL MODEL OF
TWO-DIMENSIONAL SIMULATION PROFILES

The developed program with an analytical description

method is represented schematically in a flowchart in Fig.

1. From the Fig. 1, LAE and CGM denotes Linear
Algebraic Equation and Conjugate Gradient Method,
respectively. Grid, or simulation mesh in a 1D simulator
is regular and easy to generate, however in 2D
simulators, the mesh generation is much more difficult to
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Fig. 1. Flow chart is depicted for the developed program.

construct. In order to reduce the time required for
computation, a dense grid was used where abrupt
changes were expected, and a sparse grid was used in
circumstances where the gradients were not steep.
Rectangular grids showed a better resolution of 2D
profiles at corner areas between mask and substrate than
rectangular grids and the calculated moments of
simulated and SIMS data were inserted into analytical
model in order to obtain 1D and 2D doping profiles.

The two-dimensional profile of the Gauss model can
be described as

1 y 2
C(x,y) = C,ppy X ————rexp| - —2— 9
(9= Coon X TR p[ 28R, j ®

where C,.y is the vertical concentration, y is the lateral
position and ARy denotes the standard deviation of the
lateral direction. For the two-dimensional profile of the
Gauss model, equation 9 describes the results of
implanting at a single point on the surface. For the
implantation through a mask window, the doping profile
can be calculated by superposition of a single point-
response function and Eq. 9 can be express as

1
C(x5 J/) = Cvert x Clateral (y) = Cvert X Ex
(10)
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where a is the mask window with an opening from y= -a
to y=a for the lateral direction.



A Study on Lateral Distribution of Implanted Ions in Silicon : Won Chae Jung et al. 175

For high integrated circuits, the lateral standard
deviation must consider for the devices of sub-micron
size and corresponding equations of developed analytical
model can be expressed as
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where the transformations of axes needed to describe the
structure for tilt angles and mask angles can be
expressed as

y=y cosh —xsinf,, x=x cosf,—y sinb, 12)

3. EXPERIMENTS AND SIMULATIONS
FOR TWO-DIMENSIONAL PROFILES

3.1 One- and two-dimensional profiles caused by
As and BF; implantations in silicon

In this experiment, silicon wafers, (100) boron-doped
n type with values of p of 1~3 Qcm were used. For the
source and drain doping for NMOS fabrication, 20-keV
arsenic ions were implanted in silicon at 0° wafer tilt and
a dose of 3.0x10” cm™. The implanted and arsenic
profiles were compared with the simulated data as
depicted in Fig. 2. The data from the SIMS simulation
corresponded with the UT-MARLOWE data and the
SRIM data matched relatively well with the SIMS data
with the exception for the tail region. The SRIM can be
calculated using the range data for all amorphous
material with every element, but the UT-MARLOWE
can be calculated with the range data for amorphous and
crystalline materials in limited elements. For a good statis-

Table 1. Calculation of moments from different
theoretical models and SIMS data for the arsenic

implantation.

SIMS Rpeak R, | AR, Y B
and Models | (pm) | (um) | (um)

SIMS data 0.0167 | 0.0137 | 0.0122 | 1.63 | 285
UT- 0.017 | 0.0193 | 0.0084 | 3.21 | 47.7
MARLOWE

SRIM 0.0187 { 0.0203 | 0.0073 [ 0.51 | 3.19
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Fig. 2. Profiles of arsenic implanted profiles from the
SIMS and the simulations.

tical resolution of profiles, 100,000 ions were selected
for SRIM and UT-MARLOWE simulations. The peak of
the arsenic concentration by using SIMS is 7.13x10%°
cm” at 0.0167 pm. The comparison from SIMS data and
simulation data are shown in Table 1.

TEM specimens for imaging impurity profiles can be
suitable to delineate the doping contours, as published in
several papers[15-17] by wusing selective chemical
etching. Etching mixtures of HF: HNO;: CH;COOH (1:
20: 30) was used to selectively etch the cross-sectional
TEM (XTEM) samples to reveal the doping distributions
The nitric acid (HNO;) oxidized the silicon, and the
hydrofluoric acid (HF) dissolved the oxide. The acetic
acid (CH;COOH) acted as a dilution solution. For better
resolution of 2D contour, a 500 W lamp illuminated the
surface of the chemical solution from a distance 15 cm
for 10 sec during the etching time. The etch rates depend
on the doping concentration in the silicon substrate. The
TEM images obtained by using chemical etching can
provide useful and qualitative information on the two-
dimensional extent of doping. The measured TEM data
of the arsenic implantation were for a channel length and
a vertical depth showed 83 nm and 237 nm, respectively.
The bright region for the source and the drain is the
etched region in comparison with the bulk-silicon region.
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Table 2. TEM data after annealing compared with
different simulation 2D-data in arsenic implanted silicon.

Model Vertical depth | Channel length
(nm) (nm)
Developed 79 259
model .
TSUPREM4 85.1
264.1
TEM 83 237

Table. 3. Calculation of moments from UT-MARLOWE
and SIMS data for the BF, implantation.

Models R, AR, Y B
(pm) (pm)
SIMS data 0.0195 |0.0122 | 1.30 [ 94
UT- 0.0193 | 0.0119 | 1.04 [ 6.2
MARLOWE

Vertical Depth {um)

0.3 um. Two-dimensional arsenic profile is measured by
using TEM after annealing process and the
L magnification of the measured image was 60,000 in Fig.

0.2 3. The Nitride layer could be protected the mask during
the chemical etching as depicted in Fig. 3.

In order to carry out the electrical activation, the
wafers were furnace annealed for 15 min at 830 °C and
rapidly thermal annealed for 10 sec at 980 °C in dry
nitrogen. Under these annealing conditions, the arsenic
diffusion coefficients were about 1.77x10™"> cm®/s at 980
°C and 2.02x10™'® cm?/s at 830 °C.

The two-dimensional distribution of annealed arsenic
implanted silicon with mask is shown in Fig. 3. In this
case, the channel length was 0.259 pm and the vertical
depth was 79 nm, respectively. At the vertical depth of
79 nm, the concentration value of doping showed
5.42x10"" cm™. The comparison from TSUPREM4,
TEM and developed model are shown in Table 2.

For the source and drain doping for PMOS fabrication,
20-keV BF, ions were implanted in silicon at 0 © wafer
tilt and a dose of 1.6x10"° cm™. The UT-MARLOWE
simulation can be available for the calculation of range
parameter in molecule BF, implanted crystalline silicon.
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Fig. 3. Two-dimensional TEM measurement and simula-
tion of arsenic implanted silicon after annealing and
chemical etching treatment(60,000x magnification).

The measured arsenic profile is compared with the
simulated data for verification of 2D profiles of the
source and the drain in Fig. 3. Sample preparations for
the TEM measurements were carried out fast and easily
using FIB (Focused Ion Beam) tool. For the
experimental condition of the FIB, the beam current was
1-pA and the gallium ions as a source element were
accelerated with 30-keV. The dose of the Ga" ion was

1.35x10" cm™ and the incident angle of the ions was 0 °.

The trench dimensions were selected to be 3 pmx6 umx

After BF, implantation in the silicon, boron and fluorine
ions separated from the BF, molecule which has a
relatively weak bonding energy. The implanted boron
profiles were compared with the simulated data as
depicted in Fig. 4. UT-MARLOWE simulation matched
very well with the SIMS data in 1D, as shown in Fig. 4.
The peak of the boron concentration by using SIMS is
5.79x10°° e¢m™ at 0.0177 pum. The comparison from
SIMS data and UT-MARLOWE simulation data are
shown in Table 3.
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Fig. 4. Boron profiles of BF, implanted silicon from the
SIMS and the simulation.
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Fig. 5. Two-dimensional TEM measured and simulated
image of BF, implanted silicon after annealing and
chemical etching treatment(30,000 x magnification).

Table 4. TEM data after annealing compared with
different simulation 2D-data in BF, implanted silicon.

Model Vertical depth | Channel]
(nm) length (nm)
Developed model 125.5 199.4
TSUPREMA4 125.8 233
TEM 125 205

The measured TEM data of the BF, implantation were
for a channel length and a vertical depth showed 125 nm
and 205 nm, respectively. Two-dimensional boron
profile is measured by using TEM after annealing
process and the magnification of the measured image
was 30,000 in Fig. 5. For the electrical activation,
annealing processes with furnace were carried out in N,
gas ambient at 830 °C for 15 min and the simulated
boron profiles were compared with the simulated data as
depicted in Fig. 5. Under this annealing condition, the
boron diffusion coefficient is about 1.421x10® cm™/s at
830 °C. The measured boron profile is compared with
the simulated data for verification of 2D profiles of the
source and the drain. The dark damaged region of the
main defects is located at 45 nm in Fig. 5(a).

The boron 2D profiles after chemical etching using 1:
20: 30 mixing solution and 500-W lamp illumination are
shown in Fig. 5. Two-dimensional boron profile is
measured by using TEM after annealing process and the
magnification of the measured image was 30,000 in Fig.
5. The comparison from TEM, TSUPREM4, and
developed model are shown in Table 4.

3.2 Two-dimensional implanted arsenic profile
through sloped mask structure

20-keV arsenic ions were implanted in silicon at 0 °
wafer tilt and a dose of 3.0x10"* cm™. From the different
cases of angle at 60 °, 45 °, and 30 °, the two-dimensional
implanted profile through the sloped mask structure is
shown in Fig. 6. In the case of 60 °, the channel length is
0.244 pum and vertical depth is 60 nm, respectively and
at this vertical depth, the concentration value of doping
showed 1.7x10'® cm™. In the case of 45 °, the channel
length was 0.212 pum and the vertical depth was 60 nm,
respectively. At this vertical depth, the concentration
value of doping showed 1.44x10'® ¢cm™. In the case of 30 °
the channel length was 0.2 um and vertical depth was 60
nm, respectively. At the 60 nm vertical depth, the
concentration value of doping showed 1.22x10'¢ cm”.

From the different mask slope, the concentration-
depth profiles due to the vertical direction at x = - 0.165
um are shown in Fig. 7. In the 30 ° case, the highest
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Fig. 6. Two-dimensional implanted arsenic profile
through sloped mask structure.
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Fig. 7. Profile of arsenic implanted silicon due to vertical
direction at x=— 0.165 um from the Fig. 6.

concentration value was shown from the slow mask
structure and conversely, the lowest concentration value
was shown from the relatively abrupt mask structure.
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4. CONCLUSION

Two-dimensional arsenic and boron profiles in NMOS
and PMOS devices for the doping of source and drain
were demonstrated by chemical etching-method and with
the use of verification through the SRIM, UT-
MARLOWE simulation tools and developed model. The
measured TEM data and simulation data are shown high
correspondence. The etching solution by HF: HNOs;:
CH;COOH (1:20:30) showed best resolution for 2D
arsenic and boron profiles and the 2D profiles showed
similar Gauss distribution. For better resolution of 2D
contour, a 500 W-lamp illuminated the surface of the
chemical solution at a distance 15 cm for 10 seconds
during the etching. For the arsenic implanted silicon, the
vertical depths with the developed model and XTEM
data were 79 nm and 83 nm, respectively. The channel
lengths with measured XTEM data and developed model
were 237 nm and 259 nm, respectively. The TSUPREM4
data for the vertical depth and the channel length were
determined to be 85.1 nm and 264.1 nm, respectively.
For the BF, implanted silicon, the vertical depths with
the developed model and XTEM data were 125.5 nm and
125 nm, respectively. The channel lengths with
measured XTEM data and developed model were 199.4
nm and 205 nm, respectively. The TSUPREM4 data for
the wvertical depth and the channel length were
determined to be 125.8 nm and 233 nm, respectively.
The developed model in this research showed an
excellent simulation results as it also matched well with
TEM data and TSUPREM4. From the different mask
structures with different slope angles, the doping profiles
determined with the developed model can be visualized
and analyzed. The developed model for the implantation
can be used in high energy as well as in low energy. The
developed model and XTEM measurements can be used
to verify accurately vertical junction depth, lateral depth
and channel length in integrated devices.
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