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1 Introduction The formation of low resistive shal-
low junctions is one of the major challenges for the further
scaling down of metal-oxide-semiconductor field-effect
transistors (MOSFET’s) dimensions. As the gate length
decreases, the depth of source and drain areas has to be
reduced to suppress short channel effects. The fabrication
of sub 100 nm MOSFETs, using low-energy ion implanta-
tion, has been reported already several years ago [1].

In particular, low energy implantation of As or Sb
ions is widely used to create ultra shallow n™-p junctions
(USJ’s). However, the formation of a high quality USJ is
complicated by dopant deactivation, dopant accumulation
near the SiO»-Si interface [2], and also by transient en-
hanced diffusion (TED) as a result of the interaction of
dopant atoms with intrinsic point defects created by the
implantation [3].

Dopant-intrinsic point defect interactions under strongly
non equilibrium intrinsic point defect concentrations,
dopant diffusion for very high dopant concentrations, and
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dopant deactivation processes due to precipitation or for-
mation of dopant-intrinsic point defect complexes should
be understood quantitatively and accurately simulated in
order to control UJS formation.

Another important factor affecting the properties of
USJ’s in Czochralski-grown Si is the presence of intersti-
tial oxygen with a concentration of the order of 10*® cm~3.
It is well-known that oxygen precipitation in Si leads to
formation of defects that act as gettering centers for metal
impurities that can be responsible for increased leakage
current [4,5]. Oxygen is also rapidly gettered into residual
damage regions, forming stable SiO, precipitates during
annealing [6]. It was previously shown that high-energy
implanted As ions can influence the stoichiometry of the
screening oxide [7]. A local increase of the oxygen concen-
tration above 10?°cm~2 in the heavily As doped shallow
junction layer, can lead to degradation of electrical char-
acteristics and reduction of the carrier mobility [8]. The
reason for this behavior is the formation of electrically in-
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active As-O [9] or O-As-Vacancy clusters [10]. All of the Si0, s 10
effects above can lead to a degradation of the devices. . N —after Asimpl. |- - --after As impl. ]
Ina previous study [11] oxygen redistribution in As im- 1 o gggog ; i I gggog: ; mn410° _
planted Si wafers was studied, revealing oxygen gettering ——950°C, 20 min.| —— 950°C, 20 min. ] @
in the heavily As doped subsurface layer during thermal 410° <

annealing, as well as a measurable increase of the screen
oxide thickness.

In the present study, USJ’s were created by low-energy
AsT or Sb* implantation followed by dopant activation
furnace annealing. The redistribution of As, Sb and O
atoms during the annealing was studied using Secondary
Ion Mass Spectrometry (SIMS). A buried oxygen marker
layer created by '®0 isotope implantation, was used for
measuring the oxygen diffusion towards the As or Sb im-
planted region. Oxygen gettering and defect generation
mechanisms for As or Sb ion implantation were compared.

2 Experimental All the experiments were performed
on (100), 10 2cm, p-type Cz-silicon wafers containing
about 10'® cm~3 interstitial oxygen atoms. The samples
were implanted through a 2.2 nm screening oxide with
4 x 10" cm~—2,5keV AsT or Sb* ions. Some of the sam-
ples were additionally ion implanted with 807 (100 keV,
1.2 x 10™ cm™2).

Furnace annealing of the as-implanted samples was
carried out in nitrogen ambient for 0.5 to 20 minutes us-
ing temperatures between 750 °C and 950 °C. The average
heating and cooling rates were 25 °C and 30 °C per second,
respectively.

Analysis of the dopant depth profiles was performed
by SIMS using Cameca IMS 4F and ToF-SIMS 1V instru-
ments. The depth scale was determined for each profile by
measuring the crater depth with a Dektak 3030 profilome-
ter.

Lattice defect creation and transformation were inves-
tigated by X-ray diffuse scattering (XDS) using a high-
resolution diffractometer PANalytical X Pert Pro MRD.

3 Observations

3.1 SIMS results SIMS depth profiles of As and Sb
dopants and the 5°SiO; signal depth distribution before
and after annealing at 950 °C for 1, 5 and 20 minutes are
shown in Fig. 1. It can be seen that after annealing, the im-
planted As is redistributed both towards the surface and to-
wards the bulk of the sample. Arsenic accumulation at the
Si0,-Si interface is increasing with annealing temperature
and duration. It was also observed that the As redistribu-
tion is accompanied by changes in the oxygen concentra-
tion (°°SiO; intensity) in the vicinity of the USJ. In the
following we call this region the Active Diffusion Region
(ADR) of impurities that is located between 3 (at the SiO5-
Si interface) and 100 nm below the wafer surface.

An increase of the SiO; signal by a factor of 3 is ob-
served after an anneal at 950 °C for 1 minute compared
to as-implanted sample, clearly illustrating that the con-
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Figure 1 SIMS depth profiles of As (top), Sb (bottom) and
6080, distributions after annealing at 950 °C for 1, 5 and 20
min.

centration of oxygen in the ADR increases during thermal
annealing.

Annealing of the As implanted samples leads to an in-
crease of the screening silicon oxide layer thickness and
to a recovery of the surface film to the SiOy composition.
In a previous study [11], it was shown that this effect is
the result of oxygen gettering to the ADR from the bulk of
the Si wafer followed by oxygen segregation at the SiO2/Si
interface.

Estimation of the oxide thickness at the 0.707 level
from the maximum of the initial oxygen depth profile
shows that the increase of annealing temperature leads
to an increase in the screening oxide film thickness from
2.2 to 2.8 nm. The maximum oxygen concentration in the
ADR is reached after 1 and 3 min annealing at 950 °C and
750 °C, respectively.

The oxygen gettering process in the ADR happens
mainly during the initial stage of thermal annealing. After
that, the process of the surface oxide film growth due to
absorption of oxygen from the ADR begins. In the same
time interval, the processes of implanted As redistribution
and activation [2,3] take place suggesting that the O and
As redistribution are correlated.
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At an anneal temperature of 750 °C, a significant As re-
distribution towards the surface occurs only after 5 min an-
nealing and As accumulation at the SiO»-Si interface only
for anneals longer than 20 min. At 950 °C, a substantial As
accumulation at the interface begins already after 0.5 min
annealing.

The shallow junction creation by Sb implantation does
not lead to an increase of the surface oxide thickness (Fig.
1) for all the temperatures and times of activation anneal-
ing. Only a small increase of oxygen concentration in the
ADR is observed after annealing at 900 or 950 °C, but at
lower temperatures no changes in oxygen distribution were
not detected.

It should also be noted that at 750 or 800 °C, Sb segre-
gation proceeds much slower than in the case of As. Af-
ter annealing at 750 °C for 5 to 20 minutes, more than
half of the implanted As atoms are segregated at the SiO,
surface layer. For the same conditions, the number of Sb
atoms which are segregated at the SiO2/Si interface is
much smaller [3,11] and the SiO layer thickness remains
unchanged.

3.2 XDS results A significant difference is observed
between the XDS spectra for As and Sb implanted samples
after annealing. After implantation of As™ or Sb™ ions,
both vacancy and interstitial defects are observed as illus-
trated in Fig. 2.

The XDS observations indicate the existence of high
mechanical stresses in the implanted region [12]. The
shapes of the recorded curves indicate that all the samples
contain defects both of vacancy (q, < 0), and of interstitial
(q. > 0) type, where q_, is the reciprocal lattice vector.

For the As implanted samples, the concentration of
both types of defects increases after annealing at 750 °C.
After annealing at 950 °C, the vacancy defects almost dis-
appear, while at the same time the concentration of inter-
stitial defects increases.

In the Sb implanted samples, there is accumulation of
vacancy-type defects and an almost complete absence of
interstitial defects during annealing at 750 °C. The anneal-
ing time does not affect the concentration of these defects.
Increasing the annealing temperature to 950 °C, leads to a
decrease in the concentration of vacancy defects, but their
concentration is still much higher than in the samples im-
planted by As. Extending the annealing time at 950 °C
leads to a slight increase of the concentration of intersti-
tial defects.

In single crystal Si with lattice parameter a, As implan-
tation leads to both tensile (4% /o = 7.7 x 10~*) and com-
pressive (Ae /o = —5.64 x 10~%) strained regions. The
tensile deformation in the Sb implanted samples is higher
(A“/a = —1.03 x 1072) than in the As implanted ones,
in agreement with the larger atom size. No compressive
strained regions are observed after Sb implantation.

In the Sb implanted samples there exist only tensile me-
chanical stresses. Therefore, there is also no stress gradi-
ent, and oxygen gettering does not take place.
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Figure 2 XDS curves for As and Sb implanted Si (solid curves)
and after annealing at 750 °C (top) and 950 °C (bottom).
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"5 As™ or '2'SbT and '*O7 before and after annealing at 950 °C
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3.3 Behavior of the 180 marker layer during an-
nealing One can assume that the bulk of the Si wafer is
the main source of oxygen to explain the observed oxide
layer growth in the case of As implantation. To confirm
this assumption, an 80 marker layer was introduced at a
depth of 0.3 pum from the sample surface by ion implanta-
tion. This buried layer will act as an oxygen source during
the annealing and activation of the implanted As™ ions. It
is necessary to use 80 isotope to be able to separate the
implanted oxygen from the background 190 oxygen that is
always present in Cz Si.

Figure 3 shows concentration depth profiles of the im-
planted '®0 marker atoms determined by SIMS before and
after annealing at 950 °C for 5 minutes of As or Sb im-
planted samples. The projected range of oxygen was close
to 300 nm. It is seen that the implanted 'O is much more
redistributed towards the As implanted region and is incor-
porated also into the screen oxide layer on the wafer sur-
face. In the presence of the 1*0 marker layer, the thickness
of the screen oxide layer is increased by about 0.5 nm af-
ter annealing. For the Sb™ implanted samples, the oxygen
redistribution towards the surface is much smaller.

4 Discussion

4.1 Dopant and oxygen redistribution At the be-
ginning of the 750 °C anneal, reconstruction of the im-
planted region defect structures occurs and simultaneously
oxygen gettering from the wafer bulk takes place in the As
implanted samples. The driving force for oxygen gettering
in the ADR is the tensile mechanical stress gradient in the
near surface region with the highest As concentration.

For anneals at 750 °C longer than 20 min, only a frac-
tion of the As atoms is located in substitutional lattice
sites, while the rest of the As atoms is accumulated at the
Si05-Si interface. The tensile mechanical stress value in
the ADR therefore decreases, and the gettered oxygen flow
from the bulk diminishes. The accumulated oxygen atoms
in the ADR are gradually pushed to the SiO»-Si interface.
The growing SiOg layer can generate silicon interstitials
and at the same time also a reorganization of the end of
range interstitials into extended lattice defects takes place.

For annealing at 950 °C, the above mentioned pro-
cesses occur so fast that separation of them is no longer
possible. Even after half a minute annealing, one can al-
ready observe the three processes: arsenic segregation, ac-
cumulation of oxygen in the ADR, and an increase of the
Si0s thickness. After 5 minutes of annealing at 950 °C, the
processes of oxygen accumulation and growth of the SiO,
surface layer are almost completed, and only As diffusion
takes place during further anneal.

In Sb* implanted Si, the processes of Sb segregation
and diffusion during thermal annealing occur much slower
than for As™ implanted Si. Also, the oxygen redistribution
towards the surface is practically absent. In our opinion this
difference is mainly due to different configurations of me-
chanical fields in the implanted Si crystal.
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Our model experiments show that during thermal an-
nealing, implanted '80 diffuses from the depth of ~300
nm towards the surface and accumulates at the Si-SiO5 in-
terface region, clearly revealing the oxygen gettering effect
[11].

The observed growth of the screening oxide thickness
requires about 10'® cm~2 oxygen atoms. Assuming that
all this oxygen comes from the substrate, it has to be get-
tered from a layer thickness of about 12 pm from the sur-
face assuming a concentration of oxygen in the bulk of
108 cm~3. Taking into account that the gettering time of
oxygen from such depth takes about 5 min at 950 °C, the
oxygen diffusivity can be estimated to be about 1 x 1010
cm?/s. This is about an order of magnitude larger than the
typical value reported in literature for bulk Si, which is
close to 7 x 10712 cm?/s [13].

4.2 Oxide precipitation and dissolution in the
ADR If one considers the appearance of concentration
peaks in the ®°SiO, signal as being due to the presence
of SiO, precipitates in the As-rich region, the variation
of the intensities of these peaks as function of the anneal
temperature can be explained as follows. It is well-known
that the critical radius for the formation of SiO5 precipitate
depends not only on the supersaturation of interstitial oxy-
gen but also on the supersaturation of the intrinsic point
point defects, both vacancies and self-interstitials [14]

2082
R, = . (1)
¢ szanq (qu)ﬁ(qu)fv

o (= 0.43 J/m? for SiO,) is the interface energy of the
SiO,, precipitate with the Si matrix [15]. £2 (= 2.25x10~2°
m? for Si05) is the volume per oxygen atom in the precipi-
tated silicon oxide phase [16], k the Boltzmann constant
and T the temperature. C, V, and I are the concentra-
tions of interstitial oxygen, vacancies, and self-interstitials,
respectively. Ceq, Veq, and I, are their equilibrium con-
centrations, respectively [14,17]. S and v are the num-
ber of vacancies and interstitials, respectively, absorbed in
the precipitate per precipitated oxygen atom. Hereby one
should take into account that the formation energies of the
intrinsic point defects also depend on the Fermi level posi-
tion and to some extent also to the stress introduced by the
large concentration of substitutional dopant atoms and also
by the precipitate itself [18, 19].

Equation (1) shows that a vacancy supersaturation
leads to enhanced precipitation due to a decrease of the
critical radius R.,. The higher vacancy supersaturation at
750 °C due to the lower vacancy solubility V¢, combined
with the higher supersaturation of oxygen, can explain the
higher intensity of the 5°SiO; signal peak compared to
that at 950 °C. Another reason may be a higher rate of
activation of implanted As at 950 °C leading to a decrease
of the vacancy supersaturation. In addition, the oxygen
concentration driven into the region of As redistribution
is higher at 750 °C which, together with smaller oxygen
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solubility, leads to a higher oxygen supersaturation and an
additional decrease of the critical radius for SiO,, precipi-
tate nucleation.

In the considered view, the decrease in the intensity of
the 59SiO; signal observed after longer annealing times
may be attributed to the dissolution of SiO, precipitates
due to energetically more favorable oxidation at a surface
SiO4 layer as well as due to the possible increase of the
concentration of self-interstitials produced by oxidation.
According to Eq. (1), an increasing self-interstitial concen-
tration leads to an increase of the critical radius for precipi-
tate nucleation. At the initial stage of annealing, after rapid
recombination of part of the implantation induced intrinsic
point defects, the As atoms are dominantly in metastable
interstitial positions, creating a tensile stressed near surface
layer, which enhances oxygen gettering from the wafer
bulk to the heavily As doped near surface layer during the
anneal.

At 750 °C, this process goes on for about 3 to 6 min-
utes. Longer annealing leads to activation of part of the
As atoms whereby they become substitutional and thus re-
move vacancies, while the other part of the As atoms is ac-
cumulated at the SiO»-Si interface after rapid diffusion of
interstitial As atoms. The tensile stress therefore decrease,
the enhanced oxygen flow from the bulk is reduced, and
oxygen diffuses gradually from the ADR to the Si-SiO,
interface, increasing the thickness of the surface oxide.

At 950 °C, these processes of restructuring of the sur-
face layer, oxygen gettering from the wafer bulk and oxide
film growth occurs over a much shorter time period (< 1
min). Further growth of the oxide surface layer occurs due
to absorption of gettered oxygen for a time from 1 to 5 min-
utes. Further annealing at 950 °C leads to a change in the
As distribution profile partly due to interaction of point de-
fects. Oxygen atoms do not participate in these processes
any more.

4.3 The impact of implantation induced mechan-
ical stresses After As or Sb implantation, mechanical
stresses of both signs are present in the subsurface layer
of the Si substrate. During the initial stages of annealing, a
part of implanted dopant atoms become substitutional. This
leads to an increase of tensile stresses in the subsurface
layer. These stresses lead to gettering of oxygen from the
bulk of the wafer. In this subsurface area, oxygen can form
stable precipitates of a small sizes, as in the presence of
tensile stresses, the critical precipitate size is smaller com-
pared to that in the unstrained Si matrix. With increasing
annealing time, the situation is completely different for the
samples implanted by Sb and As.

While in the case of Sb implantation, the tensile stress
is still dominant, in the case of As implantation, a mechan-
ical stress gradient is created as these samples contain both
compressively and tensile stressed regions. Perhaps this is
due to different mechanisms of diffusion of these impuri-
ties in Si. The diffusion of Sb occurs through vacancies, but
As atoms diffuses involving silicon self-interstitials [20,
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21]. Sb atoms are moving deeper into the wafer consis-
tently occupy vacancies until the full fixing of the atom
in the substitutional position. This process is not accom-
panied by an increase of self-interstitials in the ADR. In
contrast to Sb, the As movement into depth and occupation
of the substitutional position is accompanied by the release
of self-interstitials.This is manifested in the XDS spectra as
signal growth from the defects of interstitial type. The in-
creased concentration of self-interstitials in the ADR sup-
presses oxide precipitate formation and cau ses dissolution
of precipitates with subcritical size due to the increase of
R.,. Part of the released oxygen diffuses to the surface
leading to an increase of the thickness of the screening ox-
ide.

5 Conclusion The impurity distribution profiles and
defect formation in near surface layers of Si wafers im-
planted with 5 keV As or Sb ions have been investigated
before and after annealing. It is shown that implantation
leads to stresses in the near surface layer, of approximately
equal magnitude for both types of ions. Annealing at 750
°C leads to an increase of the tensile stresses in the Sb im-
planted samples, while in the As implanted samples a me-
chanical stress gradient is created as these samples contain
both compressively and tensile stressed regions. During the
initial stages of annealing of As implanted Si, gettering of
oxygen in the subsurface layer is observed accompanied
by an increasing thickness of the screening oxide, whereas
for the Sb implanted Si, this oxygen gettering effect is not
observed. It is proposed that the observed oxygen gettering
is driven by the mechanical stress gradient which develops
during annealing of the As™ implanted Si samples.
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