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Polycrystalline silicon (polysilicon) has become the favorite thin-film material for the
fabrication of integrated micromechanical sensors and actuators in the past decade. On the
one hand, its excellent mechanical properties and the well-developed polysilicon deposi-
tion and patterning technology in microelectronics processing make the material an ideal
candidate for a variety of micromechanical applications. On the other hand, the mechani-
cal characteristics of polysilicon thin films may vary within a wide range depending on the
deposition, doping and other postprocessing parameters. Thus, a fundamental understand-
ing of these relationships is necessary to develop optimized processing sequences for free-
standing microstructures. In this paper, the correlation of processing parameters during
deposition and doping with the mechanical film properties is comprehensively discussed.
It is shown how deposition and doping parameters cause changes in grain formation,
microstructure and surface roughness of the polycrystalline thin films, which, in turn,
cause changes in elastic properties, film stress and fracture strength.

1. Introduction

The advantages of silicon as a mechanical material were already outlined in the
outstanding paper of Petersen in 1982.() 1In the same year, Howe and Muller at the
University of California, Berkeley, demonstrated for the first time the opportunity of using
thin polycrystalline silicon (polysilicon) films for the fabrication of micromechanical
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structures.®¥ These films combine the excellent mechanical properties of silicon with the
patterning simplicity and flexibility of thin-film technology. The papers of the Berkeley
group represented the rebirth of surface micromachining technology, approximately twenty
years after the first attempts had been made by Nathanson and Wickstrom using thin metal
films.®? Nowadays, majority of the micromechanical products are fabricated using poly-
crystalline silicon as the mechanical material.>7

However, the crystalline microstructure of these films — and thus their mechanical
properties — may vary within a wide spectrum depending on the deposition parameters
and the subsequent doping and annealing processes. Although deposition processes
optimized for the use in micromechanical applications have been presented in the past,®'
the fundamental dependences are not yet fully understood.

In this paper, the relationship between processing conditions and the mechanical
properties of thin polycrystalline silicon films is comprehensively discussed. In this
context, new experimental results are presented to strengthen the described dependences.
As the mechanical properties of undoped films may differ markedly from those of highly
doped films, these two cases are discussed separately.

2.  Undoped Polysilicon Films

2.1 Microstructure

For polysilicon films fabricated by low-pressure chemical vapor deposition (LPCVD),
two different growth mechanisms are found.*?'» For films deposited at temperatures
above 610°C, crystalline grain growth is observed. In this case, the grain formation can be
divided into two steps. In the first step, randomly oriented nuclei grow until the forming
grains collide (coalescence). The density of these grains decreases with increasing
deposition temperature and decreasing silane-partial-pressure.'*-'® Typical grain diam-
eters are in the range of 50 nm to 100 nm. After the coalescence, grain growth can only
continue in the direction normal to the substrate surface, whereby (due to the different
growth rates of silicon in different crystallographic directions) columnar grains with a
preferred grain orientation are formed. The preferred grain orientationis typically {110},071®
although {100} and {311} textures have also been found under certain deposition condi-
tions. The cross-sectional view of a polysilicon film deposited at 620°C is shown in Fig.
1(a). The deposition (as all other deposition-processes discussed in this paper) was carried
out with a gas-flow of 80 sccm of pure silane at a pressure of 200 mTorr.

For deposition temperatures below 560°C, the deposited films are typically fully
amorphous (Fig. 1(b)). When these films are crystallized in a subsequent annealing step,
randomly oriented grains are formed (Fig. 1(d)). For films deposited in the temperature
range between 560°C and 600°C, this crystallization partly takes place already during the
deposition process itself. In this case, the bottom part of the film is already crystalline after
deposition, while the most recently deposited top part of the film is still amorphous (Fig.
1(c)). Comparing only films that were fully crystallized in an annealing step following the
deposition, no significant differences in the microstructure were found for films deposited
in the temperature range between 560°C and 590°C.
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Fig. 1. Cross-sectional TEM images of LPCVD-silicon films obtained for different deposition
temperatures. (a) Polycrystalline grain growth at 620°C. (b) Nearly fully amorphous film deposited
at 565°C. (c) Partially crystallized film deposited at 580°C. (d) Film deposited at 565°C and fully
crystallized at 650°C. The thickness is approximately 500 nm for all films.

2.2 Young’s modulus and Poisson’s ratio

Due to the varying elastic properties of single crystalline silicon for different crystallo-
graphic planes, Young’s modulus £ and Poisson’s ratio v are expected to vary with the
dominant grain orientation in polycrystalline silicon films. In this paper, only the in-plane
elastic properties are discussed. For randomly oriented grains, £ = 163 GPa and v=0.223
are predicted, whereas for a pronounced {110} film texture, E = 166 GPaand v = 0.229.%% 2
As discussed above, films that are deposited directly in the polycrystalline state have
randomly oriented grains on the bottom and {110}-textured grains on top, therefore,
should show values between these two limits. As only the textured part of the film
increases with increasing film thickness, thick films are expected to show a higher Young’s
modulus and Poisson’s ratio. On the other hand, films that are deposited in the amorphous
form and subsequently crystallized have randomly oriented grains; thus they should not
show any thickness dependence. However, such small variations of the elastic moduli of
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thin films are hard to detect experimentally with sufficient accuracy; we measured E = (170
+ 20) GPa for both polycrystalline and amorphously deposited films using micromachined
test structures.®? These structures have indicators with a deflection proportional to film
stress and inversely proportional to Young’s modulus. If film stress can be determined by
an independent method (e.g. wafer-bow-measurement), and both stress and Young’s
modulus are not influenced by the patterning process of the microstructure, the elastic
modulus can be extracted. The results reported by other authors using other measurement
methods are similarly close to the expected values for {110 }-textured®?2+2% and randomly
oriented films.#27:2

2.3 Film stress and intrinsic bending moment

Regarding the origin of stress in undoped polycrystalline silicon films, two major
contributions have to be taken into account. First, compressive stress originates during the
formation of grain boundaries.*® This contribution increases with increasing grain density
(i.e. decreasing grain diameter). Due to this, polycrystalline silicon typically exhibits a
large compressive stress at the bottom and a smaller compressive stress in the textured top
part of the film (Fig. 2, plot A). This unbalanced stress distribution within the film
generates an intrinsic bending moment, causing an upward bending of the released
microstructures. The second contribution to intrinsic film stress has to be considered for
films that are deposited amorphously and subsequently crystallized. Film shrinkage due to
the higher package density of the crystalline state causes tensile stress. Before crystalliza-
tion, these films are also compressive (Fig. 2, plot B), due to the lower thermal expansion
coefficient of amorphous silicon. Depending on the density of the amorphous layer, the
overall stress in the crystallized films is typically tensile (Fig. 2, plot C). We found no
differences in the stress state for films that were deposited in the temperature range
between 565°C and 595°C and subsequently crystallized at 650°C (Fig. 3). This indicates
that there are no significant changes in the density of the amorphous film with regard to the
deposition temperature within the investigated range of deposition temperature. Due to the
constant stress distribution, the intrinsic bending moment is small for these films.

The presented results are in good agreement with the results reported by other au-
thors,® 32 which leads us to the conclusion that other presumed stress contributions,
including thermal mismatch to single crystalline silicon and the incorporation of foreign
atoms during deposition, are of little importance. Nevertheless, high quantities of foreign
atoms (e.g. oxygen) can effectively change polysilicon film stress.?

2.4 Fracture strength

Although it is known that the fracture of polysilicon is not determined by the grain
boundaries,®? it is strongly affected by surface roughness,®> which itself is correlated to
the grain growth mechanism. Figure 4 shows the surface topology of films deposited at
620°C and 585°C (with subsequent crystallization). The amorphously deposited film is
smoother than the film deposited at 620°C, and the smoothest surfaces are achieved for
films with no crystallization during film deposition (compare with Fig. 1(d)). Thus, the
highest tensile strength is expected for films with low deposition temperatures. Addition-
ally, the observed average value of the fracture stress is known to increase with decreasing
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Fig. 2. Stress profile in 1-pum-thick polysilicon films after deposition (plots A and B) and
crystallization (plot C). Plot A is for the film deposited at 620°C. The other two plots show the stress
profile in a film deposited at 565°C before (plot B) and after (plotC) crystallization at 650°C. Before
crystallization, the film is only tensile at the bottom part due to crystallization during the deposition
process (compare with Fig. 1(b)). The stress was determined from wafer-bow measurements. The
accuracies are 5 MPa for the film stress and 100 nm for the film thickness measurements.

specimen size.®® We used a set of micromachined test beams smaller than 4 ym X 1 um
for the investigation of fracture strength (see Fig. 5). The test beams are clamped by two
wider beams, which multiply the film stress by a factor defined by the ratio of widths and
lengths of the test beams and the wider beams.®% The test specimens have intentionally
rounded edges to minimize influences from the patterning process. Figure 6 shows a
measured fracture-probability-curve for a 500-nm-thick polysilicon film deposited at
585°C and crystallized at 650°C with a mean fracture strength of 4 GPa. This indicates that
the fracture toughness of smooth polysilicon films approaches the value of single crystal-
line silicon, which is found to be in the range of 3 to 7 GPa.®’®

2.5 Postprocessing
Undoped polycrystalline films are relatively stable during postdeposition annealing.
Noticeable change in grain structure is not observed until annealing temperatures above
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Fig. 3. Overall stress in polycrystalline silicon films deposited in the temperature range between
550°C and 630°C. The difference in stress without and with postdeposition crystallization (650°C in
nitrogen ambient) is shown for the 1-pm-thick films.

1,000°C.1¢224D Thus, no substantial changes in elastic properties and film stress are found
for undoped polysilicon films using the usual high-temperature postprocessing steps. This
is not the case for highly doped polysilicon films.

3. Doped Polysilicon Films

The mechanical properties of thin polysilicon films are affected in two ways by doping:
On the one hand, the dopant atoms themselves may contribute to intrinsic film stresses. On
the other hand, doping and the associated annealing processes are typically accompanied
by substantial recrystallization and grain growth effects, which alter the mechanical
behavior of the film. The latter effect is typically the dominant factor.

3.1 Microstructure

Looking at recrystallization effects and grain growth promoted by doping, n- and p-
type dopants have to be discriminated. n-Type dopants such as phosphorus and arsenic are
known to accumulate heavily at the grain boundaries, thus increasing the tendency of grain
reformation.®*#9 In this study, only phosphorus doping is investigated. However,
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Fig. 4(a). Surface roughness of undoped polycrystalline silicon films measured using an atomic
force microscope (AFM). (a) Film deposited at 620°C.

comparable results have been found for arsenic-doped films.“**” For p-type dopants, the
recrystallization effects are less pronounced due to the lack of grain boundary dopant
accumulation.“®

The changes in crystalline microstructure due to doping and subsequent annealing can
be subdivided into two successive steps.!® 1In the first step (primary recrystallization),
new nuclei are formed in the already crystalline film. The recrystallized grains being
formed are nearly free of defects and can have diameters similar to the film thickness.
Figure 7 shows two films with different deposition conditions after recrystallization during
phosphorus diffusion doping at 950°C (phosphorus concentration larger than 5 x 102
atoms/cm®). It can be seen that for the film deposited at 620°C (Fig. 7(a)), the two regions
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Fig. 4(b). Surface roughness of undoped polycrystalline silicon films measured using an atomic
force microscope (AFM). (b) Film deposited at 585°C and crystallized at 650°C in a niwogen
ambient directly after deposition.

of grain growth during deposition also lead to two separated regions of recrystallization.
Because of the random orientation of the nuclei, the grains formed during primary
recrystallization have no preferred orientation.

If fully recrystallized films are exposed to further high-temperature treatments, an
anomalous grain growth (also called secondary recrystallization) takes place. As the
growth rate of silicon depends on crystal direction, the grain growth by diffusion of single
silicon atoms across the grain boundaries depends on the orientation of the singular grains
within the film plane. Grains with rapidly growing planes perpendicular to the film surface
are growing to the disadvantage of surrounding grains with slower growing crystal planes
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Fig. 5. SEM images of the test structure used for fracture strength determination.
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Fig. 6. Experimentally determined.fracture probability curve for a 500-nm-thick polysilicon film.
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Fig. 7. Cross-sectional TEM images of phosphorus-doped polysilicon films deposited at (a) 620°C
and (b) 585°C. The doping is done by POCl; diffusion at 950°C.

in the same direction. The grains that grow during secondary recrystallization (anomalous
grain growth) are therefore highly textured, with the texture being {111}. If the secondary
grain growth is not completed, a bimodal grain size distribution is found, where the
diameter of the larger grains can be much greater than the film thickness itself.

3.2 Young’s modulus and Poisson’s ratio

Due to the change in preferred grain orientation, Young’s modulus and Poisson’s ratio
may be substantially changed by doping and subsequent annealing processes. The changes
expected by the dominant film texture are summarized in Fig. 8. However, the scattering
of the experimental data is still too large to prove that other doping-induced effects may be
neglected.(24'27'28'49'50)

3.3 Film stress and intrinsic bending moment

The most pronounced effect of doping on polysilicon film stress is the reduction of
strain energy during the recrystallization processes. Thus, recrystallized films typically
have a very low stress level. Asrecrystallization is intensified by higher dopant concentra-
tions (for n-type dopants) and a higher annealing temperature, lower stress levels can be
achieved within the same annealing time by increasing these two parameters. However, for
fully recrystallized and highly phosphorus-doped films, a small compressive residual
stress is observed. This behavior is illustrated in Fig. 9. Itis assumed that this compressive
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Fig. 8. Change of the elastic properties of polysilicon films by doping and subsequent annealing as
expected from the change in film texture (calculation).

contribution is generated by the excess phosphorus atoms that are forced away from the
former grain boundaries.!® For films doped in an oxidizing ambient (such as POCl;
diffusion), the enhanced oxidation of the grain boundaries is found to be an additional
source of compressive film stress. Due to the dependence of stress relaxation on dopant
concentration, a uniform dopant profile (or at least a symmetric one) throughout the film
thickness is necessary to maintain a small stress gradient associated with a low intrinsic
bending moment. Thus, in situ doping and doping by ion implantation are superior to
diffusion doping methods (e.g., from PSG or POCL;).

3.4 Fracture strength

The recrystallization processes are also accompanied by changes in the surface rough-
ness of the polysilicon films,®" thus causing changes in the fracture strength of the films.
As shown in Fig. 10, recrystallized films are typically smoother than undoped films
deposited in the polycrystalline state (Fig. 4(a)). Doped films should also have a lower
density of surface defects due to the larger grain size. However, some authors found a
decrease in fracture strength with- doping.3% This decrease can be explained by addi-
tional surface defects generated by surface oxidation.
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Fig. 9. Change of polysilicon film stress by phosphorus doping and subsequent annealing. The
stress values for 1 pm thick films are determined from wafer-bow measurements (accuracy 5 MPa).

3.5 Postprocessing

As recrystallization and grain growth can continue in all postdoping high-temperature
processing steps, the whole thermal budget following polysilicon doping has to be taken
into account in investigating mechanical film properties. In highly n-type doped films,
changes in mechanical characteristics are already observed at temperatures above 800°C.

4. Conclusions

The mechanical properties of thin polycrystalline silicon films are significantly af-
fected by deposition, doping and subsequent annealing processes. It was shown that the
elastic properties are mainly determined by preferred grain orientation. The lowest
Young’s modulus and Poisson’s ratio are expected for films with randomly oriented grains.
This is the case in films that are deposited in the amorphous form and subsequently
crystallized. Randomly oriented grains are also found in films that are recrystallized due to
doping and annealing.

Film stress and intrinsic bending moments are found to be defined by grain boundary
formation and, for amorphously deposited films, the density change during amorphous to
crystalline state transition. By detailed stress profile measurements, the connection of film
stress to microstructure has been confirmed. Stress relaxation due to recrystallization
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Fig. 10. Surface roughness of a doped polycrystalline silicon films measured by AFM. The film was
deposited at 620°C and subsequently diffusion doped at 950°C using POCl;.

processes is found to be the major effect of doping on film stress. An additional
compressive stress contribution is found in highly phosphorus-doped films.

The fracture strength of thin polysilicon films is seen to depend mainly on the density of
surface defects, i.e. surface roughness. The smoothest surface is found for polycrystalline
films deposited amorphously at low temperatures, having a fracture strength near the value
of single crystalline silicon.

From these results, an optimized processing sequences for the fabrication of polysilicon
films for micromechanical applications can be deduced: The chosen deposition tempera-
ture should be as low as possible, with a deposition rate that is still acceptable. The film
should then be crystallized in a postdeposition annealing step. Thus, tensile films with a
low intrinsic bending moment and a high fracture toughness are fabricated. With respect to
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sheet resistivity, the doping process should be conducted with special attention given to
maintain a uniform (or, at least, symmetrical) dopant concentration throughout the thick-
ness of the film to preserve the low intrinsic bending moment. Dopant concentration and
annealing temperature should be moderate to avoid substantial recrystallization and grain
growth. These would decrease the fracture strength and may generate compressive film
stress. p-Type dopants are preferable when high dopant concentrations are necessary.
Oxidizing ambients may have severe consequences on polysilicon film stress and fracture
toughness and thus should be avoided.

As an example of the implementation of the above described processing rules, the
development of a phosphorus-doped polysilicon film with low tensile stress and a low
intrinsic bending moment is shown:in Figs. 11 to 13. The 1-um-thick polysilicon film is
deposited in two 500 nm steps at 585°C. Each layer of the film is crystallized at 650°C
immediately after deposition and subsequently doped by ion implantation. The implanta-
tion energy is optimized to produce a symmetric doping profile (Fig. 11). After the
subsequent annealing for 1 h at temperatures between 850°C and 1,050°C, a near-zero film
stress and stress gradients down to 5 MPa/um were observed (Figs. 12 and 13).
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Fig. 11. Simulated concentration profile of phosphorus in two stacked 500-nm-thick polysilicon
films that were deposited and ion-implanted one after the other. The curves are calculated for three
different annealing temperatures: 850°C, 950°C and 1,050°C. For comparison, the doping profiles of
the single implantations are also shown (only for T = 950°C).
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Fig. 12. Measured stress gradient in the double ion-implanted polysilicon films after annealing at
three different annealing temperatures. The error bars depict the variation of stress gradient on a
single 4" wafer.

Fig. 13. Free standing cantilever beams up to 200 um in length indicating the low intrinsic bending
moment for the double ion-implanted 1-um-thick polysilicon film annealed at (a) 850°C and (b)
1,050°C.
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