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Enhanced glow discharge plasma immersion ion implantation does not require an external plasma
source but ion focusing affects the lateral ion fluence uniformity, thereby hampering its use in high-
fluence hydrogen ion implantation for thin film transfer and fabrication of silicon-on-insulator. Inser-
tion of a metal ring between the sample stage and glass chamber improves the ion uniformity and
reduces the ion fluence non-uniformity as the cathode voltage is raised. Two-dimensional multiple-
grid particle-in-cell simulation confirms that the variation of electric field inside the chamber leads
to mitigation of the ion focusing phenomenon and the results are corroborated experimentally by
hydrogen forward scattering. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875982]

I. INTRODUCTION

Enhanced glow discharge plasma immersion ion implan-
tation (EGD-PIII) is an improved plasma immersion ion im-
plantation (PIII) technique without using an external plasma
source.1–3 In this technique, the plasma is generated by in-
stantaneous glow discharge when a high negative bias is ap-
plied to the cathode. The electric field formed between the
small pointed hollow anode and large tabular cathode concen-
trates electrons, improves plasma formation, and increases the
process efficacy.2, 3 Under similar implantation conditions, the
cathode current and retained ion dose in EGD-PIII have been
observed to be larger than those in traditional PIII.4 The use of
hydrogen and helium ion implantation to perform ion-cutting
and layer transfer to produce silicon-on-insulator (SOI) was
proposed a few years ago5 and is currently a commercial man-
ufacturing process.6 Upon annealing, the stress imposed by
the hydrogen or helium implantation cleaves the silicon and
transfers the film to the acceptor wafer.7 As the required hy-
drogen dose for the layer transfer process is quite high and
the traditional PIII device with extra plasma source is com-
plex and costly, EGD-PIII is a more economical alternative
technique.1 Although the electron density is quite uniform in
the vicinity of the negatively biased stage,8, 9 the ion focus-
ing phenomenon has been observed, especially in hydrogen
PIII. Ion focusing in conventional PIII has been studied by
Stamate10 and Tian,11, 12 and in EGD-PIII, the plasma density
and negative cathode voltage influence ion focusing.13 The
potential lateral ion fluence non-uniformity in EGD-PIII im-
pacts negatively its application to the ion-cutting and layer
transfer technology which requires uniform hydrogen ion im-
plantation into a large silicon wafer. In fact, in order to re-
duce production costs, integrated circuit (IC) manufacturers

a)Authors to whom correspondence should be addressed. Electronic ad-
dresses: liliuhe@buaa.edu.cn and paul.chu@cityu.edu.hk

are resorting to larger silicon wafers and so it is imperative
to improve the lateral uniformity of EGD-PIII. In this work,
in order to improve the implant uniformity, a metal ring is in-
serted between the cathode stage and glass chamber and the
enhancement mechanism is investigated both experimentally
and numerically.

II. EXPERIMENTAL AND SIMULATION DETAILS

The schematic diagram of the experimental setup is pre-
sented in Figure 1. The 100 mm diameter silicon wafer was
put on the sample stage to which negative high voltage pulses
were applied in the multi-purpose PIII system in the Plasma
Laboratory in City University of Hong Kong.14, 15 A metal
ring with a thickness of 40 mm and diameter of 168 mm was
put on the stage above the wafer. A glass chamber with the
same inner diameter as the ring and height of 170 mm was
placed over the ring and a metal tube with an inner diameter
of 2.6 mm was inserted into the central part at the top of the
glass chamber. Hydrogen gas was bled into the glass chamber
through the tube at a flow rate of 90 sccm (cubic centime-
ter per minute at STP). The chamber was evacuated to less
than 5.0 × 10−5 Torr. The high voltage was varied between
−12 kV to −18 kV and the pulse width and frequency of the
voltage pulse were 40 μs and 50 Hz, respectively. Since the
metal ring attracted ions and decreased the retained hydrogen
dose, the implantation time was prolonged from 2 to 4 h. For
comparison, experiments were conducted without the metal
ring. Another glass chamber which was 40 mm taller than the
above one was put on the stage directly.

Quantitative hydrogen profiling was performed by hydro-
gen forward scattering (HFS) using a 2.79 MeV alpha beam in
a forward scattering geometry with the detector positioned at
150◦ with respect to the incident beam. The sample was tilted
so that the sample normal made a 75◦ angle with the incident
beam and a 13 um thick mylar foil was positioned in front of
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FIG. 1. Schematic diagram of the experimental setup.

the detector to stop the scattered alphas. The collected spectra
were analyzed using the SIMNRA16 and SIMTarget software
codes.17

To investigate the effects of the metal ring on the ion
fluence uniformity, a 2D collisionless cylindrical coordinate
system in the r-z plane was simulated by the multiple-grid
particle-In-cell (PIC) method.18, 19 The detailed simulation
codes can be found in Refs. 9 and 20. Without a metal ring,
the inner radius and height of the glass chamber were 85 mm
and 210 mm, respectively. When a metal ring with the same
radius as the glass chamber was used, it replaced the bottom
part (80 mm tall) of the glass chamber in order to keep the
total height of the chamber unchanged. In accordance with
the experimental conditions, an initial argon plasma density

of 1015 m−3 was adopted and represented by 2 570 400 PIC
particles equally distributed in the glass chamber in the be-
ginning. The duration of the negative voltage which varied
from 10 kV to 20 kV was 41 μs including a rise time of
1 μs. The time step was changed from 4.15 × 10−9 s to 2.94
× 10−9 s as the bias was varied to ensure that no PIC particle
could traverse a distance longer than a cell even with the full
kinetic energy.

III. RESULTS AND DISCUSSION

The images of the silicon wafers captured by a digital
camera are depicted in Figure 2. Sample (a) is the control,
whereas samples (b) to (e) have undergone EGD-PIII. Sam-
ples (b) and (c) are treated without the metal ring for 2 h,
whereas samples (d) and (e) are implanted for 4 h with the
ring inserted between the stage and glass chamber. In addi-
tion, 12 kV was used for samples (b) and (d) and 18 kV for
samples (c) and (e). Based on our previous experiments, the
observed color change is a good preliminary indication of the
variation in the implantation fluence uniformity. The ion fo-
cusing effect is apparently more severe on samples (b) and (c).
When comparing samples (b) and (c), the increase in voltage
should be taken into account and the color change in the cen-
ter of sample (c) is less than that on sample (b). The results
are consistent with our previous observation that ion focusing
depends very much on the plasma density and to a less extent
on the negative voltage in EGD-PIII. In contrast, samples (d)
and (e) exhibit less color variation across the wafer. The di-
ameter of the uniform region in sample (d) with a diameter
of 100 mm is about 80 mm. The metal ring has an obvious

FIG. 2. Photos taken by a digital camera: (a) Untreated silicon wafer; (b) −12 kV bias without a metal ring; (c) −18 kV bias without a metal ring; (d) −12 kV
bias with a 40 mm thick metal ring; (e) −18 kV bias with a 40 mm thick metal ring.
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FIG. 3. The variation of H atomic fraction as the change of depth in samples from (b) to (e).

FIG. 4. Hydrogen ion fluences derived from the HFS data at (1) edge, (2) 2/3
from center, (3) 1/3 from center, and (4) center from samples (b)–(e).

effect in improving the ion fluence uniformity. The difference
between samples (d) and (e) is smaller than that between sam-
ples (b) and (c), further illustrating that the metal ring reduces
ion focusing as the cathode voltage is increased.

In order to determine the hydrogen ion fluence quan-
titatively, different areas of samples (b)–(e), namely, center
(position 4), 1/3 from center (position 3), 2/3 from center (po-
sition 2), and edge (position 1) as indicated in Figure 2(b), are
analyzed by HFS. Figure 3 displays the hydrogen depth pro-
files which illustrate that samples (d) and (e) are obviously
more uniform that samples (b) and (c), respectively. The in-
tegrated hydrogen fluences are presented in Figure 4. Owing
to more severe ion focusing, the hydrogen fluence is larger
in the middle of samples (b) and (c). Comparing samples (d)
and (e), the worse uniformity shown by sample (d) is due to
the shallower hydrogen ion distribution and interference from
surface contamination such as hydrocarbons and moisture that
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FIG. 5. Results obtained from multiple-grid PIC simulation: (a)–(c) Without a metal ring at −10 kV bias; (d)–(f) Without a metal ring at −20 kV bias; (g)–(i)
With a 80 mm thick metal ring at −10 kV bias; (j)–(l) With a 80 mm thick metal ring at −20 kV bias. (a), (d), (g), and (j) are potential contours at 1 μs; (k)
shows potential contours at 7 μs; (b), (e), and (h) are potential contours at 15 μs; (c), (f), (i), and (l) are time-dependent lateral distributions of the ion implant
fluencies.

cannot be easily resolved. In summary, the quantitative HFS
data confirm the visual observation.

In order to determine the role of the metal ring and under-
lying enhancement mechanism, numerical simulation is per-
formed. The simulated potential contours at 1 μs and 41 μs
and the lateral distributions of ion fluences under different im-
plantation conditions are exhibited in Figure 5. When −10 kV
pulses are applied to the cathode without the metal ring,
the equipotential lines inside the glass chamber (0 m < r
< 0.085 m and 0.105 m < z < 0.315 m) are mainly hori-
zontal at 1 μs (Figure 5(a)). The implant fluence is uniform
in the area of 0 m < r < 0.08 m at 1 μs (Figure 5(c)). As
the sheath expands, the equipotential lines change to a convex
shape as a result of the dielectric glass chamber (Figure 5(b)).
The ions receive horizontal acceleration towards the center
of the chamber thereby giving rise to the difference in the
implant fluence between the center and edge at 15 μs. The
thicker the sheath, the more evident is the influence of the di-
electric cover. From 15 μs to 41 μs, a large ion fluence is
implanted into the region of 0 m < r < 0.01 mm, while nearly

no ions enter the region of r > 0.05 mm (Figure 5(c)). A larger
negative bias makes the sheath thicker making the influence of
the glass chamber more notable and further producing more
nonuniform implantation fluence distributions (Figures 5(d)–
5(f)). Figures 5(g)–5(i) show the simulation results when a 80
mm metal ring is inserted between the −10 kV biased sample
and glass chamber. The total implant fluence diminishes to
about half because many ions are attracted by the metal ring.
The potential at the metal ring drops to −10 kV. Compared to
Figure 5(a), bending of the equipotential lines becomes more
severe at 1 μs (Figure 5(g)) and so the lateral implant fluence
uniformity becomes worse at that time (Figure 5(i)). The ring
also limits the potential change at the bottom of the cham-
ber making the sheath thicker. However, it helps to form the
symmetrical equipotential lines at 15 μs (Figure 5(h)). The
upper lines are still convex because of the confinement of the
glass chamber wall, whereas the lower lines are concave due
to the ring. Equipotential lines with different shape result in
opposite direction in horizontal acceleration. Ions in the area
are subjected to a horizontal velocity towards the center of
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the chamber initially, but they decelerate and move towards
the edge of the chamber after entering the concave electric
field. If the thickness of the metal ring is proper, when the
ions reach the wafer, they can go back to almost the same
position in the r direction as preset. Therefore, the lateral un-
evenness is improved at 15 μs and 40 μs in the region of 0
m < r < 0.04 m (Figure 5(h)). When the bias is increased to
−20 kV, sheath extension is faster. All the preset ions vanish
in about 10 μs and so the potential contour at 7 μs instead of
15 μs is plotted in Figure 5(j) and the equipotential lines at 7
μs are still symmetrical. Contrary to the observed degradation
in ion fluence uniformity as the negative voltage is increased
without the metal ring, the radius of the area receiving uni-
form ion implantation remains about 0.04 mm, as shown in
Figure 5(k).

IV. CONCLUSION

Experiments and theoretical simulation are conducted to
investigate the ion implant fluence uniformity in hydrogen
EGD-PIII with and without a metal ring. When the metal
ring is used, the implant fluence uniformity is obviously im-
proved and the impact of increased sample bias is reduced
as well. PIC simulation reveals that the metal ring alters the
electric field in the chamber, especially changing the hori-
zontal ion velocity component thus explaining the observed
enhancement.
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