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ABSTRACT

The electrical properties of implanted p™ layers,
shallow p™-n junctions, and a quasi-one-dimensional
structure fabricated without masks by 20-keV Ga™
focused ion beam (FIB) on crystalline Si substrates
were investigated in details. The distribution pro-
file from SIMS showed discrepancies from LSS theory,
which is considered to be the results of low beam en-
ergy and high beam current density. From Hall effect
measurements, the Hall drift mobility was 131 cm?
/ V-sec, which is 62% of the projected value due to
remained defects after annealing. The I — V' char-
acteristics of pT-n junctions illustrated four distinct
regions in the forward bias region and rising satura-
tion current in the reverse bias region. Higher than
expected leakage current is considered to be the re-
sults of residue damages after annealing. For the first
time, the resistance of a quasi-one-dimensional struc-
ture was investigated. The resistance is 1.1 x 107 |
which is 647 times higher than the projected value.
The cause of this phenomenon is considered to be the
combined effects of interfacial roughness, the residue
damages, and the shape of the structure.

Keywords: Focused ion beam, p*-n junctions,
SIMS, I — V characteristics, quasi-one-dimensional
structure

1. INTRODUCTION

As MOSFETsSs are scaled down to the deep submi-
cron regime, many problems are encountered. Short-
channel effect, which causes many unwanted phenom-
ena such as lower absolute value of threshold voltage,
is one of serious problems among them. With an in-
sight from the scaling rule, it has been known that
the short-channel effects could be avoided by form-
ing shallow p-n junctions for the sources and drains
of MOS devices [1-2]. Low-energy ion implantation
is one of widely used methods, since it has many ad-
vantages over diffusion technology [3-4]. First, it is
a low temperature process. Second, the distribution
profile of implanted dopant could be more easily and
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accurately controlled with the implanting time and
the energy of ion beam. At the same time, the efforts
to scale down MOSFETSs and the advance in fabri-
cation technology have created many kinds of new Si
devices. One of them is quantum wire devices [5-6].

On the other hand, focused ion beam (FIB) has
gained popularity during the past decade due to its
versatility. With the beam diameter of about 0.1 pm,
in the case that heavy ions such as Ga™ are utilized
with long enough exposure, it could also be used in
maskless etching. Therefore, FIB has become an im-
portant tool for the failure analysis and yield improve-
ment. Moreover, maskless ion implantation has also
become possible. While the conventional ion implan-
tation technique is still the mainstream, FIB could be
used to complement in some areas, such as channel
doping [7-8]. Using low-energy FIB will also allow us
to form shallow p-n junctions to avoid short-channel
effects without using mask. Moreover, FIB can be ap-
plied to make quasi-one-dimensional structure mask-
lessly.

Although, the idea of using low-energy FIB to form
shallow p-n junctions has been investigated in the
past, the detailed studies on the I —V characteristics
of the junctions had not been done yet [9-10]. Since
FIB has large beam current density, more defects are
expected along with other possible unknown side ef-
fects, which in turn would affect the I — V' charac-
teristics. Therefore, there are clear benefits in deeper
understanding in the electrical characteristics of the
p-n junctions formed by this method. Moreover, to
the best of our knowledge, there is no report on at-
tempt of quasi-one-dimensional structure fabrication
by FIB.

In this study, we focused on the detailed investi-
gation of I — V characteristics of the implanted p*
layers and the p*-n junctions on crystalline Si sub-
strate fabricated by 20-keV Gat FIB at the room
temperature. Furthermore, a quasi-one-dimensional
structure was also fabricated and the electrical char-
acteristics were investigated for the first time. The
rest of the paper is organized as follows. Section 2
briefly introduces the theories related to our exper-
iments. Section 3 briefly describes the experimental
procedures. Section 4 shows the experimental results,
and the analysis. We draw out the conclusions in sec-
tion 5.
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2. THEORY
2.1 Stopping Mechanisms

When charged particles are implanted into solids,
they collide with atoms of the target and lose energy
until stop. There are two kinds of stopping mecha-
nisms for ions implanted into targets, nuclear stop-
ping and electronic stopping. The dominant mech-
anism is determined by the mass and the energy of
the accelerated ions, as well as the mass of the target
atoms. In the case of implanting 20 -keV Ga™ into
Si, the major part of energy loss is due to nuclear
stopping which contributes to cascade collision and
sputtering, which induces a lot of damages [11].

2.2 Junction Depth

According to the LSS theory [12], the implanted
ions in amorphous medium have a Gaussian range
distribution around an average projected range R,
with a standard deviation AR,. Furthermore, when
the ion dose is IV, the ion density at the depth = could
be expressed by the following equation [11].
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In the case that ions are implanted to form a p-n
junction, (1) could be used along with the carrier con-
centration of substrate to calculate the as-implanted
junction depth. However, there are many secondary
effects, such as channeling effects, which could affect
the junction depth. Furthermore, the real p-n junc-
tions need to be annealed to repair lattice damages,
and the diffusion during the process would affect the
junction depth, too.

2.3 I —V Characteristics of p-n Junctions

An important tool in the analysis of p-n junctions
is the I — V characteristics plotted in semi-log scale.
Taking secondary effects into account, the real total
current of a p-n junction could be expressed as fol-

lows:
enfe (U2 )

where Ig is the saturation current, ¢ is the magnitude
of electron charge, V' is the applied voltage, k is the
Boltzmann’s constant, and T is temperature, r, is the
series resistance and n is the diode ideality factor. In
theory, n varies between 1 and 2 on each region in the
forward bias diode, while the ideality factor equals to
1 in the ideal diode.

When we plot the forward I — V characteristics of
p-n junctions in semi-log scale, it could be divided
into four distinct regions [13-15]. In the first region
where Irg < V <« nkT/q, the following approxima-
tion could be used.
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Therefore, the total current in this region linearly de-
pends on the applied voltage as follows:

I=1Ig (%) 1% (4)

For the region that V' > nkT/q, the total current
is dominated by the recombination current in space-
charge region (scr) at lower current, where the ideal-
ity factor is 2. On the other hand, at higher current,
the total current is mainly diffusion current, where
the ideality factor is 1. The last region is where the
forward bias voltage is higher than 1 volt. In this
region, the current increases at a slower rate and the
p-n junction behaves like an ohmic resistor. This is
due to the combined effects between the high level
injection and series resistance.

Regarding the I — V' characteristics with reverse
bias voltage, the saturation current in the real p-
n junction could increase almost linearly with the
square root of reverse bias voltage. This is due to
carrier generation within the transition region, which
increases with the width of the transition region in-
creasing with the reverse bias [16].

3. EXPERIMENTAL

Czochralski (CZ) grown n-type silicon substrates
of (100) orientation and 3-7 Qcm of resistivity were
used. RCA cleaning technique was carefully per-
formed to remove contamination from the substrates
prior to using them in experiments. Silicon dioxide
layer of 150-nm thickness was deposited on the top of
the substrates with dry thermal oxidation technique.
The thickness of the SiOq layer was measured with el-
lipsometry method. Then it was etched with buffered
HF solution to obtain implant area. This SiO2 layer
was used as a marker for the ion implantation area,
mask for the implantation at the selected area, and
also as an insulation layer between electrodes and the
substrate. Positive photoresist was used for the pat-
terning of the structure. The FIB system used in
this study is model EFIB-2000S from Eiko Engineer-
ing. The ion source was needle-type liquid metal ion
source (LMIS) which could provide relatively stable
Ga™ ions beam. Fig. 1 illustrates the cross section of
the structure.

In this study, three kinds of experiments have been
done. First, the junction depth was measured by
using stain method and the distribution profile of
dopant was obtained by Secondary Ion Mass Spec-
trometry (SIMS) technique. Four kinds of specimens
were prepared for this experiment as summarized in
Table 1. Regarding the ion implantation, 20-keV gal-
lium ions were raster-scanned with dose of 1 x 10'4
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/em? without screen oxide. The implant area in the
first and the second experiment is 1.0 x 0.8 mm?.
The beam current was 40 pA, and the beam diame-
ter was about 0.1 um. Here, the beam diameter was
derived from beam energy and beam current based
on the specification from the manufacturer [17]. For
the 7° off-axis implantation, the substrate was tilted
to < 110 > direction by 7 degrees to avoid channel-
ing effect. The anneal condition used was 800 °C, 30
minutes in furnace in a dry Ar ambient.

To measure the junction depth with stain method,
each specimen was glided off for 3 degrees at the
implant area as illustrated in Fig. 2, and was put
in stain liquid which consists of HF, HNOj and
CH3COOH. If a p-layer is formed, the difference in
the brightness between the n-layer and the p-layer can
be noticed by a Nomarski microscope, which allows us
to measure the thickness of the formed p™-layer and
the junction depth. In addition to the stain method,
SIMS technique was used in order to find out the dis-
tribution profiles of dopant.

Table 1: Summary of the implantation and anneal-
ing conditions used in each experiment.

Experiments | Sample | Conditions of specimens
No. used

Stain method 1 on-axis, annealed
2 on-axis, as-implant
3 7 °off-axis, annealed
4 7 °off-axis, as-implant
SIMS 1 on-axis, annealed
2 on-axis, as-implant
I1-V 7 °off-axis, annealed
characteristics
Quasi-one- 7 °off-axis, annealed
dimensional
structure

N

S10, S10,

n-S1

Fig.1: A cross-sectional view of the implanted area.

In the second experiment, the I — V characteris-
tics of the p*-n junctions were measured, and the Hall
effect measurement was done. The implantation and
anneal condition used in this experiment is shown in

n-3Si

Fig.2: A cross-sectional view of the specimen pre-
pared for stain method.

Table 1. To measure the I —V characteristics, ohmic-
contact electrodes were formed by using Al/Ti as the
electrode for the p*-layer and AuSb as the electrode
for the n-layer. This is because the Ti would form the
low resistivity TiSi2 silicide, while AuSb would form
an nT layer at the surface of Si, which result in very
good ohmic contacts [18]. For alignment purpose dur-
ing the photolithography process, 0.2-pum-deep regis-
tration marks were formed into the Si substrate by
reactive ion etching (RIE) with CF4 + O3 plasma.
The metallization was done with evaporation tech-
nique in a vacuum of 3 x 1076 Torr followed by sin-
tering with Xe flash lamp at 410 °C for 1 minute in
nitrogen ambient. Finally, the I — V' characteristics
were measured at the room temperature.

In the last experiment, a narrow line, which is
considered as a quasi-one-dimensional structure, was
drawn with FIB as shown in Fig. 3. In this experi-
ment, in addition to implanting with line-mode, im-
plantation was also done with area-mode at both sides
of the line to form contact layers for the electrical
measurement. The length of the line is 0.8 cm, while
the distance between the contact layers is 0.5 cm, to
make sure that the line and the contact layers are
connected to each other. After annealing, electrodes
were formed at the both sides of the line with the
same process as in the previous experiment. Finally,
the resistance of the structure was measured.

4. RESULTS AND DISCUSSION
4.1 Junction Depth and Distribution Profile

The as-implant junction depth of p-n junctions in
our experiment, using 20-keV Ga™ ion implantation
with the dose of 1 x 10'* /em? into Si substrate with
3-7 Q-cm of resistivity, was calculated from (1). In
this case, the average projected range R, is 0.0162
pm, and the standard deviation AR, is 0.0062 pym
[19]. From the resistivity of the substrate, we are
able to derive the carrier concentration to be 1 x 1013
/em?® [20]. Therefore, the junction depth is projected
to be 45 nm in the ideal situation.

Table 2 summarizes the junction depth measured
by the stain method. The results showed that the
junction depth after annealing was 560 nm for on-axis
implantation, and 410nm for the 7 °off-axis implan-
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Table 2: Junction depths measured by stain method.

as-implant | annealed
on-axis implantation N/A 560 nm
7 °off-axis implantation N/A 410 nm

tation. The junction depth of the as-implant spec-
imens could not be measured by the stain method
due to weak contrast between the implanted layers
and the substrates. This might have happened be-
cause the dopant in the implanted layers was not acti-
vated by annealing yet. Therefore, there is extremely
small number of carriers in the implanted layers of
as-implant samples. This made the etching rate at
the implanted layers very small and almost the same
as at the substrates. So the contrast between the two
layers was not big enough to be noticed. Fig.4 shows
the topography of the annealed specimen with 7 °off-
axis implantation observed by Nomarski microscope.

Secondary-ion mass spectrometry (SIMS) was also
used to obtain the distribution profiles. Fig.5 illus-
trates the results from SIMS with the solid line, and
the projected distribution profile from LSS theory
with the dashed line. The comparison shows that
the real distribution profiles of dopant have long tails
much deeper into the substrate than the profile pro-
jected by the theory, especially after annealing. This
is consistent with the results from the stain method,
which showed that the junction depth is deeper after
annealing.

Implanted with lime-mode

/ f

500 um

<+ 500umn +»<4 500un +<4+ 500um -+

Fig.3: Top view of the diagram of the narrow line
structure.

Surface

Substrate

Fig.4: Topography of the annealed specimen with 7
°tilt-angle implantation.
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Fig.5: Distribution profiles of dopant obtained by
SIMS and LSS theory.

experimental results and the projection from theory
is considered to come from the long tail due to chan-
neling effects, diffusion, and sputtering. On one hand,
it has been known that the LSS theory, which is a
physically base model, does not properly include elec-
tronic stopping model. Therefore, it cannot predict
the channeling effects well enough like other more de-
veloped model [21], especially when low beam energy
is used. On the other hand, it is obvious that the
distribution profile was greatly affected by both pri-
mary and secondary short channel effects, which came
from many reasons. First, there is no preamorphizing
implant (PAI) [22]. Second, the low carrier concen-
tration of the substrate, 1210'® /cm?, allows more
room for the long tail. Third, the low implant en-
ergy might magnify the secondary channeling effects,
due to the increase of angular acceptance to the chan-
nel [23]. Here, the secondary channeling effect is the
channeling that happens at greater depth with lower
concentration than the primary channeling effect. Al-
though, Ga+ has a high ability to damage the silicon
and amorphize the substrate, channeling can still oc-
cur during the early stage of implantation, when the
amorphous layer was not completely formed yet.

In addition to channeling effects, diffusion might
also play a role in the long tail of the distribution
profile. First, the enhanced diffusion of dopant might
happen due to the interaction of point defects with
the diffusing gallium atoms [24]. Second, since FIB
has higher beam current density than conventional
ion beam, it is expected that more heat would be
generated, which might cause more diffusion. An-
other reason of the long tail is considered to be the
sputtering which wears some part of the top layers of
the specimens [25]. One more interesting character-
istic could be observed from Fig. 5. Both as-implant
and annealed specimens shows the highest concentra-
tion of gallium at the surface, which contradicts the
projection from LSS theory. This might be the re-
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sults of the redeposition effect of sputtered gallium
and the precipitation of gallium [25].

4.2 I-V Characteristics of the p*-n Junctions

Prior to analyze the I-V characteristics, Hall effect
measurement was done by using the van der Pauw
technique on a specimen with on-axis implantation.
Based on the junction depth of 560 nm, the results
are as following. The implanted layer is p-type, the
carrier concentration is 2.9x 107 /cm?, the resistivity
is 0.16 -cm and the Hall drift mobility is 131 cm? /
V-sec. While the Hall drift mobility in silicon with
impurity concentration of 2.9 x 1017 /ecm? is expected
to be about 210 cm? / V-sec, the result from the
measurement is about 62% of that value [26]. This
result means that there were defects still remained
inside the implanted layer after annealing.

Fig.6 shows the current-voltage characteristics of
the p-n junction in linear scale at very small forward
bias voltage region, from 0.00 V to 0.16 V. The result
indicates linearity, which agrees very well with (4) for
the region 1 of I — V characteristic. Fig.7 illustrates
the I — V' characteristics of the same p-n junction in
semi-log scale, for both forward and reverse bias volt-
ages. The shape of the I —V characteristics illustrates
region 2, 3 and 4 of the p-n junction as described in
Section 2.3.

In regard to the I — V' characteristics with reverse
bias voltage, the Fig.7 shows rising saturation cur-
rent, which is qualitatively consistent with the the-
ory described in Section 2.3. However, the value of
the saturation current is about 10=% A/cm? at the
reverse bias of 5V, which is considered to be high [4].
This high saturation current is considered to be the
results of the defects remained after annealing, which
in turn acted as generation-recombination sites. Bet-
ter annealing technique such as RTA might help alle-
viate this problem. This result is consistent with the
lower than expected Hall drift mobility.
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Fig.6: I —V characteristics of the p-n junction at
very low forward voltage in linear scale.
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Fig.7: -V characteristics of the p-n junction dose
of 1 x 10* /em? in semi-log scale.

4.3 Quasi-One-Dimensional Structure

Fig.8 shows the surface topography of the narrow
line obtained by Nomarski microscope after being put
in stain liquid. Fig.9 depicts the I —V characteristics
of the narrow line structure in the last experiment.
From the resistivity obtained by Hall effect measure-
ments, the junction depth obtained from the first ex-
periment, and the size of the structure, the resistance
was projected to be 1.7 x 10% Q. However, the I —V
characteristics in Fig.9 shows that the resistance of
the structure is 1.1 x 10% Q.

Although there was a report on the quantum ef-
fects in quasi-one-dimensional structure [27], the line
width considered as a quantum wire structure is 0.1
um or lower. However, the line width in our study is
about 1 um, so it is too large for quantum effects to
happen. Therefore, the discrepancy in the resistance
between the experimental results and the theoretical
projection in our study is considered to be something
else.

First, there is a report on interfacial roughening
during solid phase epitaxy [28]. Since the dose used
in our experiment is over the critical dose, which is
somewhere between 6 x 10'3 /ecm? to 1 x 10 /cm?
for FIB [29], solid phase epitaxy would occur and
induce the interfacial roughening. Second, from the
experimental results in Section 4.2, it is considered
that the residue defects exist, which would affect the
electrons transport. Third, with the small enough
line width, it might be possible that the shape of the
structure affect the electrons transport.

In our opinion, it is likely that the higher than ex-
pected resistance was caused by the combined effect
of interfacial roughness, the residue damages, and the
shape of the structure. In a wider channel, carriers
can find a path to go from one point to another point,
even though there are residue damages to obstruct the
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transport. However, in a narrow channel like in this
case, some carriers might have difficulty to find the
path between the channel boundary and the defects
region. Moreover, the carriers that found the path
might have difficulty in transport due to the inter-
facial roughness. In brief, this might be considered
as multiple resisters connected to each other in series
with few of them have very high resistance, which
would be the bottleneck of the circuit. More investi-
gation is necessary to explain this phenomenon.

Quasi-one-
dimensional

structure

Fig.8: Surface topography of the narrow line struc-
ture.
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Fig.9: 1—V characteristics of the narrow line struc-
ture.

5. CONCLUSION

Shallow p-+-n junctions fabricated by 20-keV Ga™
FIB on Si substrate, both on-axis implantation and 7
°off-axis implantation, were successfully formed with-
out masks. This technique has many benefits, and
can be used to complement the conventional ion im-
plantation technique in some area such as channel
doping. From LSS theory, the junction depth is pro-
jected to be 45 nm. However, the results from stain
method showed that the junction depth of the p*-
n junctions is 560 nm for on-axis implantation, and

410 nm for 7 © off-axis implantation. The distribution
profile of dopant from SIMS showed long tails for both
as-implant and annealed specimens, which is quite
different from LSS theory. Based on our detailed in-
vestigation, the discrepancies are considered to arise
from the fact that the LSS theory, which does not in-
clude electronic stopping model properly, cannot pro-
vide good prediction to channeling effects. Moreover,
sputtering of the top layer of samples, enhanced dif-
fusion due to heat generated by high beam current
density and also the interaction with point defects,
secondary channeling effects due to low implant en-
ergy, and low carrier concentration of the substrate,
are considered to play roles in the long tail of the dis-
tribution profile, which could not be predicted by the
LSS theory as well. Although there were discussions
about the discrepancies before [30], they did not take
account of low beam energy and unique side effects
caused by FIB like in our study.

The results from Hall effect measurement showed
that the carrier concentration is 2.9 x 107 /em?, the
resistivity is 0.16 Q-cm and the Hall drift mobility is
131 cm? / V-sec which is 62% of the prejected value.
The residual defects are considered to be the cause
of the lower than expected mobility. In our study,
the detailed analysis of the I — V' characteristics, in-
cluding the linearity at very low forward voltage, was
performed. The results indicated that p-n junctions
were successfully formed. The shape of the I—V char-
acteristics showed four distinct regions in the forward
bias, and rising saturation current in the reverse bias.
This is the first time that each region of I — V char-
acteristics of p-n junctions formed by FIB has been
studied in such details. The high leakage current is
considered to be the results of residual defects after
annealing. Better annealing technique might help al-
leviate this problem.

For the first time, a narrow line was also suc-
cessfully fabricated without masks by FIB. The re-
sistance of the quasi-one-dimensional structure, was
1.1 x 10° Q, which is 647 times higher than the pro-
jected value. Since the width of the structure is too
large for quantum effects to happen, the cause might
be the combined effects of interfacial roughness, the
residue damages, and the shape of the structure. This
result provided more insight into the characteristics of
layers implanted by FIB. Further investigation is nec-
essary to explain this phenomenon. Table 3 summa-
rizes the achievements and contributions of this study
to microelectronics field comparing to other previous
work.
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Table 3:

Achievements and contributions of this

study.

Previous study

Our study

1. Conventional ion
implantation technique
needs masks.

2. Discrepancies between
actual distribution profiles
and theory have never been
discussed thoroughly.

3. Discussion on each region
of the I — V characteristics of
p-n junctions formed by FIB
has never been done.

4. Investigation on the
resistance of quasi-one-
dimensional structure
formed by FIB has never
been done.

1. FIB can perform ion
implantation without
masks.

2. A detailed discussion
about the discrepancies
was done.

3. A study on each
region of the I — V
characteristics was
successfully done.

4. A successful
investigation was done
on the resistance
characteristics of the
structure.
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