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ABSTRACT

Carrier density profile determinations are reported which confirm that a mass action
relation holds between the ionized and the inactive mobile As in silicon. Experiments
were performed under equilibrium conditions at temperatures in the range 780-885°C. The
carrier density n vs. the dopant concentration N? exhibits a very pronounced saturation
behaviour which is compared with the one expected in well known cluster models. These
results complement the recent finding that the inactive As can exist in equilibrium with
the monoclinic Si As [14], [15]. From this information and previous SAXS, TEM, and
EXAFS results one can conclude that a pre-precipitation phenomenon, with its inherent
cluster distribution, is responsible for the inactive As.
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1 Introduction

Arsenic is the most widely used n dopant in silicon microelectronics, due to its diffusion
behavio r which is suitable to obtain shallow junctions.

The major problem, for the comprehension of the SiAs system is represented by the
electrically inactive As.

The carrier density n of annealed As doped Si crystals increases with the dopant
concentration Nj- and attains an upper limit "rze" which only depends on temperature. In
fact, ne is insensitive to excess dopant within the limits of accuracy of the measurements,
which were performed in wide ranges of concentration [1], [2]. Accurate determinations
of ne provided for this quantity an exponential dependence on the annealing temperature
namely ne = 2.2 x 1022 exp(-0.47/fcT), where kT is in eV.[3/4]. It is agreed that ne

corresponds to the limit concentration of isolated As+ ions in substitutional lattice sites.
The inactive As beside occupying substitutional positions can diffuse, as it is well

known, in the host lattice. Examinations of annealed heavily doped specimens performed
by small angle X-ray scattering (SAXS) [2],[5], Transmission Electron Microscopy (TEM)
[6-11] and Extended X-Ray Absorption Fine Structure (EXAFS) [6], [12],[13] indicate the
occurrence of aggregation of As.

Determinations performed for the first time on Si wafers bearing a layer of monoclinic
SiAs in the surface region have recently clarified some important features of the inactive
dopant [14],[15]. From the shape of the diffusion profiles at temperatures in the range
SOO-r-lOSO0 C it was possible to conclude that a very high concentration C$AT °f mobile As,
exceeding by an order of magnitude the one ne of active dopant, can exist in equilibrium
with the conjugate SiAs phase. In fact CSAT = 1-3 x 1023exp(—0A2/kT)cm~3, where kT
is in cV.

These equilibria indicate that the inactive As is not a separate phase. Hence a mass
action relation should hold between the ionized As and the inactive one, as it was proposed
to accent for its diffusion behaviour [16-18]. On the other side a mass action relation
can hardly comply with the finding that ne is independent of the excess dopant, a feature
characteristic of a two phase equilibrium,

The present work aims at a clarification of this conflicting behaviour. Equilibrium
experiments were performed to verify whether a mass action relation holds between the
ionized and the inactive As, at a very high accuracy in order to obtain reliable results.
The features of the inactive dopant are discussed in the light of the new findings.

2 Experimental and Results

To improve the accuracy the experiments were designed so that both NT and n could be
determined by the same technique i.e. by carrier density measurements.

Carrier density profiles were determined by accurate incremental sheet resistance and
Hall measurements, using the Van der Pauw geometry. Silicon speciments were thinned
by anodic stripping and the actual thickness removed was controlled by an Alpha-Step
200 Tencor Instruments. We preliminary performed a calibration on a series of As doped
specimens which were given over 30 oxidations in the following solution: 90 cm3 ethyleng-
lycol, 10cm3 H2O and 0.5 gr. KNO3, which was maintaned at 23°C and illuminated with
a halogen lamp. The working condition selected was At> = 39 V, which corresponds to a



removed thickness of 10 ± 0.3 nm.
We performed the experiments on p-type (100) oriented silicon wafers, of 1 Q cm

nominal resistivity. They were implanted at 160 KeV with a dose of 5 x 1015As cm"2, by
using a Varian Extrion 220 accelerator.

The specimens were subsequently furnace annealed at 1050°C in order to completely
activate the dopant and to obtain a concentration profile nearly flat over a wide region.
Different values of the dopant concentration NT in this region were obtained by annealing
for different times, ranging from 5 to 120 min. These conditions were checked through
simulation by using Supreme III, with calculated profiles in good agreement with the
experimental ones.

A second annealing was then performed at a lower temperature T*, such that ne(T*)
was close to NT in the plateau region, and the equilibrium value of n in the same region
was determined. To inhibit the outdiffusion of the dopant the heat treatments were
performed for the first 15 min at 1050° C, and for the whole annealing time at the lower
temperatures, in a slightly oxidizing atmosphere (N2 + 10%(92).

As an example of our results we report in Fig.l the carrier density and the carrier
mobility profiles of a specimen annealed 83 min at 1050°C and after a further annealing
at 790°C for 1 hour. These profiles exhibit a nearly flat region exceeding 150 nm. In this
region, the determinations of n were performed by considering 12 values and excluding
the two nearest to the surface, which leads to a carrier density of 1.25 x 1020 cm"3 for the
former profile. All the dopant was electrically active after the high temperature annealing,
the carrier density being markedly lower than ne at 1050° C (3.56 x 1O20 cm~3); in fact
the integrated profile exceeds the 96% of the implanted dose.

The subsequent annealing at 790° C reduces n to 1.1 xl02Ocm~3. The observed de-
crease exceeds the experimental errors; in fact the fractional standard deviation of our
measurement was in any case better than 0.04.

We verified that the phenomenon was reversible by performing profile determinations
on specimens annealed again 4 min. at 1050° C. Moreover, in order to verify whether the
annealing time at low temperature was sufficient to attain the equilibrium, we performed
on specimens annealed 60 min at 780° C sheet resistance measurements after additional
heating up to 320 min. no further change was detected.

The set of our experimental results, obtained after equilibration at temperatures in
the range 780-885°C, is reported in Fig.2 on scales normalized to ne.

3 Discussion and Conclusions

Our experiments clearly show a mass action relation between the ionized and the inactive
As. This phenomenon is made evident for the first time under conditions which closely
approximate the equilibrium ones.

This result complements the one that the inactive mobile dopant and the ionized
As can exist in equilibrium with the monoclinic SiAs [14,15]. These findings, and the
aggregation phenomena revealed, by SAXS, TEM and EXAFS lead to conclude that the
inactive mobile As results from extensive clustering which preceeds the phase transition.
As evidenced in Fig.2, the saturation behaviour of n vs NT is very pronounced; in fact
for NT — ne n ~ (0.75 — 0.85)ne. With further increasing NT the carrier density rapidly
attains its saturation value [2-4], thus simulating a phase transition, while the system is



still unsaturated and in a pre-transition stage.
The clustering models proposed so far consider a single type of clusters, electrically

inactive at room temperature [16-19], the number of As atoms in the cluster ranging from
2 to 4 according to the different models.

A model which presents a saturation behaviour of n vs NT was proposed by Tsai et al
[18]. In this model three As+ ions and one electron react to form a ionized cluster As\+

which becomes neutral at room temperature. Guerrero et al. [20] made evident that the
saturation behaviour depends on the participation of just one negative charge and not on
the number m of dopant atoms in the cluster. For comparison with our results we also
report in Fig.2 the curves resulting from this model for some values of m. Normalization
was performed with the procedure reported in the Appendix.

As it is shown in Fig.2 the maximum separation of the curves takes place for Nj ~ ne,
the range chosen for our measurements. It is also shown that according to our experimen-
tal results the ionized cluster model provides values of m between 6 and 8. High values
of m are unlikely due to coulombic repulsion.

A distribution of different clusters, thus leading to a large increase of the mixing
entropy, can better account for the very large amount CSAT — ne of the inactive mobile
dopant, attaining ~ 6 ar% at 1050°C. A distribution of clusters of different sizes is in
agreement with the information obtained by the techniques mentioned above. In fact, in
annealed heavily doped samples SAXS evidenced an additional X-ray intensity scattered
at small angles and on the corresponding Guinier plots indicated a size distribution of
the aggregates of As [2], [5]; TEM detected a high density of very small coherent non
spherical particles, although in an amount which could only account for a few percent of
the inactive dopant [6-11]. EXAFS provided some evidence that an ordering takes place
upon annealing, with the As atoms in the next nearest neighbour (NNN) positions, their
number ranges from 4 to 6 depending on the concentration and the experimental variables
[12],[13]. Allain [12] pointed out that to have an average value NNN = 5 As atoms, a
cluster of 12 As atoms is required, much larger than the ones proposed so far.

In overall the previous experimental results, and the proposed models of As aggrega-
tion, if crytically analyzed in the light of the new findings, put the behaviour of the Si As
system in a new perspective and indicate that a pre-precipitation process is responsible
for the inactive As.

It is worth noticing in this respect that, as it was first shown by Frenkel [21], a
saturation behaviour of the monomer and a mass action relation with the embryos, which
are of different shapes and sizes, is a feature of the phenomena (heterophase fluctuations)
which preceed the first order phase transitions.

The unusual amplitude and the other distinguishing feature of this phenomenon in
the Si As system are open to further investigations.



Appendix

The clustering reaction proposed by Tsai et al. [18], using the general form discussed
in Ref.[20], can be written as

mAs+ + e~ ̂  As^-1)+ (1)

This notation, used traditionally, neglects the Si atoms participating in the cluster.
The equilibrium constant of the reaction (1) is

Km = } ^ \ . (2)

For the cluster concentration one has

[As}^"1' ] = and for the isolated dopant ions [As+] = n
mm

while the carrier concentration is

[e J = n -f (m — 1)
m

due to the ionization of the clusters. Using these expressions one obtains for K

K
m nm[n + (m -

Experimental results show that at very high dopant concentrations n/Nx *C 1 the carrier
density attains its saturation value ne, hence:

Comparing Eqs.(3) and (4) one can solve for NT and express the model in the nor-
malized form

. „ . — (5)

This formula is useful for graphical representation and is shown in Fig.2 for some
values of m.
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Figure Captions

Fig.l Carrier density and mobility profiles after thermal activation and equilibration
annealing of samples implanted 5 x 1015cm~2 at 160 KeV. The plateau (first 0.15

defines Nx in the former profile and n in the latter. See text for details.

Fig.2 Carrier density n vs. dopant concentration Nx on normalized scales. Experimental
values were obtained as shown in Fig.l. Times at 1050°C and at the equilibration
temperature are respectively: o 120' + 60' at 780°C; 0 83' + 60' at 780°C;
0 83' + 60' at 790°C; A 5' + 30' at 870° C; • 5' + 30' at 885° C. Predictions
based on the ionized cluster model [Eq.(5)] are also shown for some values m of As
atoms per cluster. See the text for more details.
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