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ABSTRACT

An argon-ion laser with the visible cw radiation was used to deposit highly doped p-type
silicon stripes on (11I02) sapphire substrates covered by a 1 um thick epitaxial silicen layer
{S0S) . The resistivity of the stripes deposited in an atmosphere of silane with 1% diboreane
was 0.5 to 2.5 mQem. The laser-induced pyrolytic deposition of silicon on 50S was analyzed
using numerical simulations of the temperature distribution caused by a focused laser beam.
Comparisons were made between experimental and calculated cross-sections of deposited
stripes. The measurements of piezoresistivity were carried out by controlled bending of
samples of rectangular shape upon which the stripes had been deposited. The stripes deposited
along various directions on the substrate revealed anisotropic behaviour in their
piezoresistivity properties. The results show that the stripes tend to adopt the same
epitaxial crystalline orientation as the SOS layer. The longitudinal gauge factor along the
{110] direction of silicon, which direction is normally used in strain sensor applications,
varied between 15 and 44 depending on the laser power applied. A local temperature near the

-~melting point of silicon seems to be needed to assure the epitaxial growth.

1. INTRODUCTION

The laser-induced CVD of silicon stripes from silane with scanning laser beam has been
the subject of many studies since the end of the seventies [see reference 1 and references
therein]. The main technological interest has been in direct writing of doped silicon tracks
as conductors in laser programmable integrated circuits such as gate arrays. Another possible
field where the flexibility of the laser writing of stripes of various materials may find
applications is sensor technology.

The piezoresistivity properties of silicon stripes deposited with a focused laser beam
to examine their possible use as piezoresistive sensor elements has been studied. In an
earlier report2, some preliminary results of the piezoresistivity of silicon stripes
deposited on sapphire were presented. As the piezoresistivity in a semiconductor is a highly
anisotropic property, the applications would preferably require stripes having single
crystalline structure with controlled orientation on an insulating substrate. The stripes
deposited directly on sapphire, however, had a polycrystalline structure. Furthermore, the
nucleation in the deposition process was difficult due to the very small initial absorption
of the visible laser radiation in sapphire. In silicon-on-sapphire (S0S) layered structures,
the thin silicon layer considerably increased the absorption of the laser radiation which
made the laser—induced deposition easier and more regular than in the case of pure sapphire.
The deposition of silicon stripes on SOS substrates with argon-ion laser and analysis of
their piezoresistivity properties have been studied here.

2. LCVD OF SILICON ON SOS

A computer controlled laser facility with a 6 W argon-ion laser and two stepping motors
for moving the focused laser beam were used to deposit doped silicon stripes' on 505
substrates. A gas mixture of 99 % SiHg4 and 1 % BpHg at a total pressure of 100 mbar was used
as a reactant gas in a reactor chamber (static system). The beam of multi-line radiation of
the argon-ion laser, the main lines of which were 488 and 514 nm or single line radiation at
514 nm, was focused on the substrate using an objective lens with a focal length of either 16
or 20 mm. The theoretical values of the spot diameter of the focused beam (1/e value assuming
a Gaussian intensity distribution) were 5.0 and 6.2 pm for the two objectives, respectively.
In practice, due to deviations from the Gaussian intensity profile and inaccuracy in
determination of the focus depth, the spot diameter of the focus may have varied from 5 um to
about 10 pm. In careful experiments made in vacuum, it was found that for a TEMgg beam at 514
nm, a power of 550 mW was needed to cause melting of the silicon layer of 505. This was about
a half of the power needed to reach the melting point on a bare silicon sample.

The stripes were deposited on plates cut from a 3503 wafer, a sapphire crystal of {(1102)
orientation covered with an epitaxial 1 um thick (100) type silicon layer. A scanning speed
of 50 pym/s was used in the experiments. Using the multi-mode radiation of the laser, a power
of 0.55 to 1.0 W was needed for deposition. The dimensions, as well as the morphology of the
deposited stripes, depended strongly on the power applied. At the lower limit of the power
range, narrow stripes with approximately Gaussian cross—-section were obtained, whereas for
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increasing power, the top of the stripe first became flat, and with still increasing power
-the stripes became a volcano-like shape with a dip at the centre line. Irregularities due to
the 2 pm steps of the stepping motor and ripples perpendicular to the polarisation of the
laser radiation could be seen in most of the stripes. The width of the stripes varied between
2 and 8 um and the thickness between 0.2 and 1.5 um. Top views of some stripes are seen in
the SEM micrographs of Fig. 1, whereas some cross—sections of intentionally broken stripes
are given in Fig. 2. The measured resistivity of the stripes was in the range 0.5 to 2.5

mQcm.
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Figure 1. SEM micrograph of silicon stripes deposited on SOS with an argon-ion laser. The
vertical stripes in part (a) have been deposited using a laser power of 0.B W of visible
multi-line radiation. The other stripes were deposited with a power of 0.55 W. The focal
length of the objective lens was 16 mm.

(a) (b) (c) 2 pm

Figure 2. SEM micrographs of cross-sections of intenticonally broken silicon stripes on S0S.
Focal length of the objective lens was 20 mm, scanning speed 50 um/s, wavelength 514 nm, and
the power 0.62 W in part (a), 0.78 W in part (b) and 1.01 W in part (c).

3. COMPARISON WITH NUMERICAL SIMULATIONS

Theoretical estimates for the stripe growth rate and the cross-section were also done.
These are based on the temperature distributions obtained by similar numerical simulations as
in the previous study3 and the conseguent growth rate from the experiments? and from the
Arrhenius law with the activation energy 182-218 kJ/mol.

66 / SPIE Val. 1022 Laser Assisted Processing (1988)




The steady-state heat diffusion equation is numerically solved using the finite
difference approach using temperature dependent material parameters. The step length of 0.5
um for the relevant SOS substrate (1 um silicon on sapphire) under heating of the focused
laser beam is applied and the surface temperature distribution is extrapolated from the
topmost bulk values. The Gaussian beam width was adjusted to 8 um, in order to obtain such a
temperature distribution that gives the measured maximum stripe thickness of 0.23 pm with the
incident power 0.62 W and scanning speed 50 pm/s.
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Figure 3. The cross-sections of doped silicon stripes deposited on SOS with different laser
powers (a) and a comparison of measured thickness profile ( ) for a laser power of 0.62 W
with the simulated thickness profile (-~-=-=) (b). The normalized profiles of the laser

intensity (----- ) and temperature (-------) are also given in part (b).

The calculated growth rate and the resulting stripe cross-section shown in Fig. 3,
appear to be nearly Gaussian, in accordance with the measurements. The 1/e widths of the
simulated profiles using activation energies 182 and 218 kJ/mol were 2.6 and 2.4 pm,
respectively, which can be compared with the measured width of 2.6 pum. It should be noticed
that the temperature distribution is not Gaussian in shape and has somewhat larger width than
the initial Gaussian laser beam intensity. The volcano-like structures obtained with higher
power, need a more refined analysis because the deposition process itself has a strong
influence on the temperature distribution and because of the complexity caused by melting.

4., PIEZORESISTIVITY MEASUREMENTS

The samples for the piezoresistivity measurements were rectangular slices of 7 x 22 X
0.43 mm3 cut from a (1I02) SOS wafer so that the main direction of the slice (the direction
of the longest edges) was either [3021] or [I101] of sapphire as shown in Fig. 4. These
directions also correspond the [110] and [100] directions of the epitaxial silicon layer.
Contact pads of 1 x 1 mm?2 were made by evaporation of copper through a metal mask prior to
the laser writing of the resistors or by laser-induced CVD of doped silicon to the contact
areas after deposition of the resistors of same material. Stripes of doped silicon were
deposited between the contacts both parallel and perpendicular to the main direction of each
slice. This allowed the measurements of both longitudinal and transversal plezoresistivity in
one sample. A controlled strain up to 0.5 x 10-3 was accomplished by bending the slice with a
micrometer, keeping the other end of the slice fixed. A more detailed description of the

experimental method is given elsewhered.
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Figure 4. Orientations of the samples and the deposited patterns used in the piezoresistivity
measurements.

The piezoresistivity is a property closely related to the band structure of the charge
carriers in the semiconductor. The ratio of the relative ‘change in the resistivity to elastic
strain (the gauge factor) 1is, therefore, a highly anisotropic property with respect to
crystalline directions. In the case of longitudinal gauge factor, the elongation takes place
parallel to the current flew, whereas for the transversal gauge factor, the elongation is
perpendicular to the current. In a p-type silicon, the longitudinal gauge factor is largest
for a resistor along the [111] direction, whereas, in the [100] direction, the gauge factor
is very small. In an n-type silicon the situation is reversed, the largest gauge factor
(negative) being in the [100] direction. In practice, p-type silicon resistors, along an
(110] type direction, where the gauge factor has its maximum value on an (100) surface, are
most often used for piezoresistive sensor applications. The transversal gauge factor also has
a strong orientation dependence in a single crystalline semiconductor. In a polycrystalline
semiconductor, the gauge factor is usually smaller than in a single crystalline material
because random polycrystalline material includes plenty of crystallites having an
unfavourable orientation with respect to the strain and current directions. The potential
barriers at the grain boundaries also have an effect on the piezoresistivity, especially at
low doping concentratiens and small grain sizes.

Table 1. Equations of the longitudinal and transversal gauge factors along some crystal
directions.

Direction of current Gy Gr
100 miyy miz
1 1 2
110 5(m11+m12+2m44) E(Ti'ln*‘mlz- Myq)
111 1 1 "
§(m11+2m12+4m44) 5(m11+2m12—2m“)
- . g 1 1
Average of all directions §(3m11+2mlr*4qu g%nu1+4m12‘2m40
* Strain along hTO]direction
** Strain alcngrhlaldirection
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Figure 5. The measured gauge factors in doped silicon tracks deposited by laser-induced CVD
on SOS substrates. The direction of strain is given with respect to the axes of both sapphire
crystal and the epitaxial silicon.

The results given in Fig. 5 show a clear anisotropy in both longitudinal and transversal
gauge factors of the deposited stripes. The maximum value of longitudinal gauge factor, Gp =
44, was obtained for a stripe along the [Z021] direction of sapphire. The transversal gauge
factors for strain along this direction were only slightly smaller than the longitudinal
gauge factors, but of opposite sign, as expected for epitaxial silicon having an [110]
direction along the [2021] direction of the sapphire. The wvery small wvalues of both
longitudinal and transversal gauge factors for strain along the (I101] direction of sapphire
are also in accordance with the expected epitaxial character of the silicon tracks. Fig. 5
also shows a dependence of the gauge factors on the laser power used in the laser-assisted
deposition. At small powers, below 0.6 W, the gauge factors, even for most £favourable
orientation, are less than about 20. With increasing power, there seems to be a maximum in
both longitudinal and transversal gauge factors at about 0.8 W.

2. DISCUSSION

The deposition of doped silicon stripes on 50S seems to be easily carried out using
visible radiation of an argon-ion laser in a silane atmosphere. With the laser spot diameter
of 5 pm (1/e value), the width of the stripe might be below 2 pm, presuming that the melting
point of silicon is not exceeded. If the maximum spot temperature exceeds the melting point
of silicon, the deposited stripe seems to become broader. Melting may also be behind the
volcano-like profile with a dip at the centre line. According to the numerical simulations,
the peak temperature is a steep function of both the incident laser power and the spot
diameter. Because decreasing spot diameter results in increasing peak temperature, it is
possible that the decreasing spot diameter through melting causes broadening of the deposited
stripe. This is the case if the peak temperature initially is just below the melting point of
silicon.

The morphology of the stripes does not differ essentially from that of the stripes
deposited on siliconl or on silicon covered by thin oxide layez5. On the other hand, there is
a great difference in the stripe morphology if deposited on the pure sapphire substrate?. The
low absorption of light in pure sapphire makes the nucleation much more difficult resulting
in the irregular growth. The ripples perpendicular to the electric field vector of the laser
radiation are clearly seen, at least in the stripes where the melting point of silicon has
been exceeded during the depositioen.

The resistivity of the deposited stripes between 0.5 to 2.5 mQicm corresponds to a boren
concentration between 5 x 10!9 cm~3 and 2 x 1020 cm-3; according to the curve of Irvin’?. This
value 1s considerably lower than the wvalue of 102! cm~3 obtained from the ratio of the
concentrations of silane and diborane in the gas mixture. As calculated from the data of
Tufte et al.8, the longitudinal gauge factor of silicon along the ([110] direction decreases
from 75 to about 30 when boron content increases from 109 cm3 to 102! cm~3. According to
this data, the value of G; = 44 measured here would correspond to a boron content of 2 x 1020
cm~3s within the limits estimated above. Therefore, the concentration of charge carriers in
the stripes seems to be only about 10% of the value implied by the mixing ratio.
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The qualitative difference in the piezoresistiwvity of p-type and n-type silicon is
reflected in their elastoresistivity coefficients my;, myp and myy, or alternatively in the
piezoresistivity coefficients @3, mp and mgy. In p-type silicon one of the three
coefficients, mss, is dominant, whereas in n-type silicon, mg4q « 2my, = -mp;. The eguations
for both longitudinal and transversal gauge factors along some crystal directions in a single
crystal, as well as the average values corresponding to a polycrystalline material, are given
in table 1 in terms of the myj coefficients. According to these equations, a resistor along
(110} direction in a p-type epitaxial (100) silicon layer would have a large longitudinal
gauge factor = my4 and a transversal gauge factor of approximately equal magnitude but of
opposite sign. Along an ([100] direction, very small gauge factors are expected both for the
longitudinal and transversal piezoresistivity. If, however, the resistor would be
polycrystalline with roughly random distribution in the orientation of crystallites, there
should not be any pronounced anisotropy in gauge factors with respect to its alignment on the
substrate crystal.

The anisotropy in the gauge factors is strong evidence towards the epitaxial structure
of the stripes. The epitaxial character of the stripes seems to be most pronounced when laser
powers above 0.75 W are used for deposition. At the lower limit of the applied laser power,
the magnitudes of both Gy and Gp £for strain along [Z021] direction of sapphire are

considerable smaller than at 0.78 W. This may be due to crystallites having other than
epitaxial orientation. The gauge factors for strain along the (I101] direction are, however,
also in this case, very small, indicating a clear tendency towards epitaxial orientation. The
results seem to confirm that a temperature near the melting point of silicon is needed to
assure epitaxial deposition of silicon stripes on S0S. This is in agreement with the studies
of Biduerlel, according to which the single crystalline growth would dominate over the
polycrystalline growth at temperatures above a critical temperature T = 1550 K.
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