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Abstract Single-crystalline Si (100) samples were implanted with 30 keV He2+ ions to doses ranging from

2.0×1016 to 2.0×1017 ions /cm2 and subsequently thermally annealed at 800 ℃ for 30min. The morphological

change of the samples with the increase of implantation dose was investigated using atomic force microscopy

(AFM). It was found that oblate-shaped blisters with an average height around 4.0nm were found on the

2.0×1016 ions /cm2 implanted sample surface; spherical-shaped blisters with an average height around 10.0nm

were found on the 5.0×1016 ions /cm2 implanted sample surface; strip-shaped and conical cracks were observed

on the sample He-implanted to a dose of 1.0×1017 ions /cm2. Exfoliations occurred on the sample surface to

a dose of 2.0×1017 ions /cm2. Mechanisms underlying the surface change were discussed.
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1 Introduction

Irradiation of silicon with light ions has been stud-

ied for many years. In particular, helium is known

to agglomerate into bubbles after being implanted in

silicon. When helium ions were injected into silicon

above a critical dose, helium bubbles were found in

the near surface region and can evolve into nanomet-

ric voids via helium out-diffusion during subsequent

thermal annealing
[1]

. Currently, it is great interest-

ing to apply the nanometric voids in the silicon device

technology, because of that nanometric voids can be

used as powerful getting centers of transition met-

als atoms
[2—4]

. The cavity internal surface can also

interact strongly with point defects such as intersti-

tials and vacancies, so that it can play significant role

on dopant diffusivity and suppression of secondary

defects
[5—6]

. In addition, cavities introduce deep lev-

els in the silicon band gap that can be used to control

lifetime of carriers in silicon power devices
[7—8]

. The

increasing interest on possible applications in silicon

device technology has also stimulated investigations

on the basic mechanisms underlying cavity formation

and evolution
[9]

. A detail understanding is clearly

necessary to control the cavities effects and their in-

teraction with neighboring structures.

Cavities can be formed in silicon by high-dose he-

lium implantation and subsequent annealing. It was

observed by transmission electron microscopy (TEM)

that neighborhood of the cavities have great strains

which lead to the formation of dislocation loop, stack-

ing defects etc[10]. In addition, the strains can accu-

mulate at the region above the amorphous layer and

even can result in blisters at the surface
[11]

, which

will give negative effects on development of the Su-

per Large-Scale Integration (SLSI).
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It has been widely accepted that ion beam im-

plantation can result in a change of the surface mor-

phology, such as roughening or smoothing of the

surface
[12—14]

. Important factors like ion beam en-

ergy, ion mass, incident angle, ion flux, dose, sub-

strate temperature and annealing temperature will

determine the effect on the surface morphology. In

the present work, the ion dose was varied while other

parameters were kept constant was studied, in order

to understand the surface morphology evolution of

silicon with He-ion dose.

2 Experimental

P-type Czochralski (100) silicon wafers (≥ 1Ωcm)

were implanted with He2+ ions at 30 keV with differ-

ent doses ranging from 2.0×1016 to 2.0×1017 ions/cm2

at 300 ℃. The dose rate was 2×1013 ions/cm2·s. An-

nealing at 800 ℃ was performed in vacuum for 30min

in a quartz tube within a tubular furnace. Atomic

Force Microscopy (Shimadzu, SPM-9500) was used

to study the surface morphology of the samples.

3 Results

Figure 1 shows the AFM images of the sample’s

surface. The sample conditions are given in the Fig. 1.

It is clearly seen that the surface morphology changed

significantly with the increase of the He-implantation

dose.

Fig. 1. Typical AFM images (a)—(e) of Si (100) surfaces varying with helium implantation doses. (a) Pristine
Si, (b)—(e) are respectively 2.0×1016 , 5.0×1016 , 1.0×1017 , 2.0×1017cm−2 He-implanted samples followed by
thermal annealing at 800 ℃ for 30min in vacuum.

In detail, the surface of the pristine Si is quite

smooth (Fig. 1(a)), with increasing He- implanta-

tion dose, the surface roughness increased gradually;

non-continuous distribution of oblate-shaped blisters

have an average height around 4.0 nm (Fig. 1(b));

spherical-shaped blisters have an average height

around 10 nm and appeared with a few blisters with

height around 30 nm (Fig. 1(c)); strip-shaped and

conical cracks have an average depth around 70 nm

and appear with a high density of the spherical-like

blisters (Fig. 1(d)); non-continuous distribution of ex-

foliations have a maximum depth approaching 700 nm

(Fig. 1(e)).

4 Discussion

He ions implanted into Si produce vacancy de-

fects. At the early stages of the implantation pro-

cess the helium atoms are sufficiently mobile even

at room temperature to reach the vacancies or va-

cancies clusters produced by He ions implantation to

form helium-vacancy (HemVn) complexes
[15]

. It has
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been shown that the accumulation of helium in sili-

con up to a dose of 3.5×1020 He/cm3[16]
would result

in the formation of helium bubbles in silicon. Ac-

cording to SRIM-1996
[17]

calculation, 30 keV He ions

injected into silicon to doses ranging from 2.0×1016 to

2.0×1017 ions /cm2, with an estimated Rp=339 nm

and ∆Rp=100 nm, could lead to maximal local He

concentrations ranging from 8.0×1020 to 8.0×1021

He/cm3, which are well above the minimum concen-

tration required for the bubble formation after an-

nealing.

The coalescence and growth of gas bubbles may

occur in the presence of many neighboring He atoms

and Si lattices vacancies. The equilibrium pressure p,

balancing the surface tension of a spherical cavity is

given by
[18]

:

p =
2γ

r
, (1)

where γ is the surface free energy of the bubble. It

has a value of 1.3 J/m2 in silicon (an average over the

(111), (100), (311) and (110) facets). If the radius of a

bubble is 2 nm, an equilibrium pressure is 6.5×108 Pa.

This is a quite-high pressure which will cause plastic

deformation near the sample surface. For example, it

may show the cracks on the sample surface.

Freund
[19]

reported a critical pressure for crack

growth as follows:

p = µ(
πγ

(1−ν)aµ
)1/2 , (2)

where a single crack in Si with shear modulus µ and

Poisson ratio ν. The crack edge is taken to be circular

of radius a. It can be seen that from Eq. (2) that the

pressure required in the crack cavity to sustain crack

growth decreases as the crack size increases.

During the formation of the blisters
[20]

, two stages

are involved. At the first stage, the diffusion of he-

lium and vacancies towards bubbles occurred paral-

lel to the surface, resulting in over-pressure helium

bubbles. At the second stage, de-sorption of helium

from smaller bubbles occurred, resulting in both the

dissolution of small cavities and growth of the larger

ones. When the size of a cavity reaches micrometer,

the cavity causes plastic deformation near the sample

surface to form round and domed blisters as shown

in Fig. 1(b) and Fig. 1(c).

Because the sample implantation dose of Fig. 1(c)

is larger than that of Fig. 1(b), the sample is sup-

posed to have higher density and larger shape cav-

ities in the Fig. 1(c). Meanwhile, more He atoms

may enter the bubbles and cause higher pressure.

Therefore, the sample in Fig. 1(c) contains larger blis-

ters in higher number density on the surface than

that of Fig. 1(b). When the implantation dose is

up to 1.0×1017 ions/cm2, the over-pressure bubbles

formed in the samples can lead to the burst of the

surface blisters[21], thus may make cracks on the sur-

face (Fig. 1(d)).

When implantation dose of helium ions reaches a

higher fluence of 2.0×1017 ions /cm2, gas bubbles in

the largest size and the highest density will be formed,

which could have caused a big average radius of crack.

According to Eq. (2), in such a condition critical pres-

sure sustains growth of crack can be easily met, and

may lead to lateral cracks in the sample. When the

lateral cracks were large enough, they may produce a

large-area exfoliation in the sample as shown in Fig.

1(e). The whole process of the surface morphology

evolution can be illustrated as in Fig. 2.

Fig. 2. Sketch diagram showing the surface
morphology evolution with different doses he-
lium ions implanted silicon followed by ther-
mal annealing at 800 ℃ for 30 min.

5 Conclusion

In this work we used AFM to investigate the mor-

phological modification of mono-crystalline Si(100)

surface by helium implantation followed by ther-

mal annealing at 800 ℃. The nano-roughness of

the implantation surfaces are evaluated and com-

pared before and after implantation. At a dose of

2.0×1016 ions/cm2, small oblate blister-like struc-

tures appear on the sample’s surface. The in-
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crease of implantation dose up to 5.0×1016 ions/cm2

leads to a larger population of spherical blisters.

However, the increase of implantation dose up to

1.0×1017 ions/cm2 leads to a lot of cracks surrounded

by abundant spherical blisters. Further increase of

implantation dose up to 2.0×1017 ions/cm2 leads to

the exfoliation of the sample’s surface. It is regarded

that the formation of over-pressure helium bubbles

and micro-cavities can lead to the dramatic change

on the sample surface.
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