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Abstract—When surface micromachined devices are combined
with on-chip circuitry, any high-temperature processing must be
avoided to minimize the effect on active device characteristics.
High-temperature stress annealing cannot be applied to these
structures. This work studies the effects of deposition parameters
and subsequent processing on the mechanical properties of the
polysilicon film in the development of a low-strain polysilicon
process, without resorting to high-temperature annealing. The
films are deposited as a semi-amorphous film and then annealed,
in situ at 600°C for 1 h, to ensure the desired mechanical
characteristics for both doped and undoped samples. This low
temperature anneal changes the strain levels in undoped films
from —250 to +1100 pc. The best results have been obtained for
an 850°C anneal for 30 min which is used to activate the dopant
(both phosphorus and boron). No further stress annealing was
used, and 850°C does not present problems in terms of thermal
budget for the electrical devices. It is shown that these mechanical
characteristics are achieved by forming the grain boundaries
during subsequent low temperature annealing, and not during
deposition. TEM (transmission electron microscopy) studies have
been used to investigate the link between the structure and
mechanical strain. This has shown that it is the formation of the
grain boundary rather than the grain size which has a significant
effect on strain levels, contrary to reports in the literature. Using
the above-mentioned deposition process, a series of experiments
have been performed to establish the flexibility in subsequent
processing available to the designer. Therefore, by careful consid-
eration of the processing, a low-temperature polysilicon process,
which can be used to fabricate thin micromachined structures,
has been developed. [138]

I. INTRODUCTION

OLYSILICON is a material frequently used for both

electronics and sensors. In the field of electronics it has
been applied to polysilicon emitter bipolar [1], polysilicon gate
MOS [2], and interconnects. Since the piezoresistive effect in
polysilicon was first studied in the early 1970’s [3], there have
been many studies of its electrical [4]-[6] and piezoresistive
properties [7]-[10]. A review of the use of polysilicon for
integrated circuit applications is given by Kamins [11]. In a
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surface micromachining process it is important to control the
strain levels in the mechanical layers.

To fabricate freestanding surface-micromachined structures,
it is often desirable to construct the structures in materials
which have low tensile intrinsic strain. Films in compressive
strain tend to buckle, causing severe limitations on the di-
mensions of freestanding structures. High tensile strain is also
unsuitable as it may result in fracturing of structures.

Processing parameters have a considerable effect on the
electrical and mechanical properties of polysilicon [5], [10].
Directly after deposition, polysilicon is usually in compressive
strain. This can be minimized by depositing layers with a
dominant grain orientation such as (111) [12], which greatly
reduced the strain, although these films were still in compres-
sive strain. Intrinsic compressive strain can be released by
high temperature annealing (>1000°C) [13], but this is not
compatible with standard silicon processing. It is therefore
necessary to develop a process where low tensile strain can
be achieved without any high-temperature steps.

One method to avoid this high thermal budget is to employ
rapid thermal annealing (RTA) [19]. Although this entails a
high temperature (1150°C), the time of the anneal is only
3 min and therefore does not adversely affect the electron-
ics. This was successful in reducing the strain but created
additional problems for the phosphosilicate glass (PSG) and
modifications to the PSG had to be made. RTA process-
ing presented by Ristic er al. [20] used temperatures from
850-1050°C and a maximum time of 5 min. In this work, no
problems with the PSG was presented.

An in situ anneal directly after deposition was first proposed
by Guckel et al. [21], [22]. An anneal temperature of 600°C
for 3 h was found to remove all the compressive strain.
Alternatively, an in situ anneal of 850°C for 30 min was used
to achieve strain levels of 2500 ue for film of thickness 2
pm. To achieve a lower tensile strain a higher temperature
anneal was used. This low temperature anneal presented a
considerable improvement over previously used techniques
and was therefore included in these studies.

Recently cross-sectional TEM (transmission electron mi-
croscopy) studies have been used to correlate the microstruc-
ture with the mechanical properties [23]-[26]. These showed
the differences in mechanical properties of columnar and
noncolumnar structure and further confirmed the importance
of film texture previously reported [12]. Furthermore the film
contraction of films during crystallization, resulting in a shift
from compressive to tensile strain, was examined [26].

1057-7157/96%05.00 © 1996 IEEE
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TABLE I
PROCESS VARIABLES INVESTIGATED

Processing parameter Range
Dopant type Boron/phosphorus
Implant energy 40-100keV

Implant dose

5%10%cm?, 1x10%cm? or 5x10%cm?

Post implant anneal

(850°C - 1100°C), 30 minutes
in N,

The studies presented here have included the effect of
deposition temperature [27], in sifu annealing [21], [22], dop-
ing, and post implant annealing [27]. The studies have also
included the effect of changes in the processing for the
underlying, sacrificial layer. From these studies, processes
yielding the desired strain and freestanding structures for thin
polysilicon films (<0.5 pm), with a small air gap (0.4-0.6
pm) have been developed. A further important consideration
for the designer is the degree of flexibility available. For this
reason the study has been extended to the effect of subsequent
processing parameters such as ion implantation energy, doping
concentration, and post anneal temperature. Most of these
studies in the literature have concerned phosphorus doped
silicon (for an example of the effect of phosphorus doping
see [28]), although there have been examples of boron doping
[29]. To complete the investigation into process flexibility, this
study also included a detailed study of boron doped material.

Throughout these studies the effect of the polysilicon pro-
cessing on bipolar circuitry was the main consideration.

II. PROCESSING

Sacrificial layers of 4000-6000 A thickness were formed
by PSG deposition. Undoped thermal oxides, using oxidized
polysilicon, have also been examined as a sacrificial material
and although some differences were found, the mechanical
properties of the subsequently deposited polysilicon were
similar. An important consideration for surface micromachin-
ing is the under-etch rate in hydrofluoric acid (HF) of the
sacrificial material. PSG has the advantage of a higher under
etch rate with values up to 30 pm/min, in 20% HF (40%
HF : H,O 1 : 1), having been achieved for PSG [30]
compared to 0.2 pm/min for oxidized polysilicon. The PSG
process used in this work had a phosphorus content of 3%
which yielded an under-etch rate of 5.5 pm/min [30].

Polysilicon films of 4000 A were deposited, to form the
mechanical structures, using a Tempress PROMAGA-M dif-
fusion LPCVD system (2000 A and 7500 A films were also
examined for comparison). The reactor pressure and the silane
flow were kept constant throughout the experiments at values
of 150 mtorr and 45 sccm, respectively, for a tube diameter of
15 cm. The temperature range of deposition was 560-610°C
yielding deposition rates between 25-50 A/min. Once the
optimum deposition temperature had been established, further

depositions were followed by an in situ anneal in nitrogen
to adjust the mechanical properties of the material. This
anneal was performed at 600°C in the LPCVD reactor in
an Ny flow at a pressure of 150 mtorr. This anneal is only
effective if the polysilicon structure is not formed during
deposition and the film is semi-amorphous. Once the structure
is polysilicon, temperatures above 1000°C are required to
significantly change the structure. Once a deposition process
had been established, the flexibility to subsequent processing
was examined. The processing variables are summarized in
Table 1.

The polysilicon was patterned by plasma etching and the
sacrificial oxide removed using 20% HF.

III. STRAIN MEASUREMENT TECHNIQUES

There have been a variety of stress/strain measurement
methods presented in the literature. One technique is wafer
curvature [28], [31], where the curvature of the wafer is
measured before deposition and after the layer has been
deposited and stripped from the backside. In micromachining
it is advantageous to be able to measure micromachined
structures which have experienced the same processing as
the device. The buckling technique is based on the maxi-
mum length of a beam which will remain unbuckled under
compressive strain [17]. This has been modified to be able
to measure tensile strain [21]. There are two disadvantages of
the buckling technique. The first is the requirement of an array
of devices, which consumes chip area, and the second is that
the accuracy is dependant upon the step size in the array.
A single structure, which measured the displacement of a
junction between wide and narrow beams, has been developed
to avoid this problem [32]. When measuring low strain levels,
however, this displacement is extremely small and therefore
difficult to measure.

For these studies a technique has been developed and tested
to measure the strain in micromachined structures, and these
have been described elsewhere [33]. The structure is basically
a pointer where the expansion of two beams is converted
into the rotation of a third beam, as shown in Fig. 1(a).
This structure can be used to measure both compressive and
tensile strain and furthermore, the displacement of the tip
is sufficiently large that low strain levels can be measured
using an SEM. This measurement structure measures strain
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and therefore knowledge of Young’s modulus is not required.
SEM photographs of a released pointer and turning point are
illustrated in Fig. 1(b) and (c), respectively.

In the ideal case, the turning point has no effect on the strain,
€, and the rotation is a direct measure of the strain. This is not
the case, however, and a correction factor, K, is required; the
strain is therefore given in terms of the displacement of the

tip, y, by
Oy

£ =

A+W
)
where the other parameters are defined in Fig. 1(a). Computer
simulations have been used to calculate the effect of the turning
point thickness, K, on the measured value of rotation. Through
these simulations a correction factor has been calculated to
compensate for this error. A more detailed description of the
use of the correction factor has been presented elsewhere [33].
In these experiments the following dimensions were used:
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(a) Planar view of strain measurement structure, (b) SEM photograph of the end of the pointer, and (¢) SEM photograph of the turning point.

L; = 60um
O = 5um

A = 45 um
W = 8um

and a turning point width of 1, 2, and 3 pm.

IV. MEASUREMENT RESULTS

As mentioned above, initial studies concerned the develop-
ment of an optimum polysilicon process. The main criteria was
the effect of strain levels, although sheet resistance was also of
interest. Firstly, a deposition process yielding the desired strain
levels for both doped and undoped material was investigated.
Once this process was established a more detailed examination
of phosphorus and boron doping was performed, thus resulting
in a complete characterization of the polysilicon process.

A. Deposition Parameters

Deposition temperature is known to have a strong effect on
both the electrical and mechanical properties of polysilicon.
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Above a certain temperature, which depends on both pressure
and gas flows, for a given reactor, the films are deposited as
polysilicon with fully formed grains and grain boundaries. The
grain boundary is the thin region (of a few atoms thickness)
required to change from one crystal orientation to another [10],
[11]. Below this transition temperature a semi-amorphous film
is deposited. In this case grains are formed but separated from
each other by an amorphous region. The effect of this transition
on sheet resistance of doped polysilicon, deposited on oxidized
polysilicon, is shown in Fig. 2(a). An implantation dose of 1 x
10%% cm~2 was chosen for this test to achieve high sensitivity
to changes in the polysilicon structure. Lower doping levels
have a still higher sensitivity to changes in the polysilicon
structure, but these films have a high sheet resistance and thus
have fewer practical applications. The sharp transition is due
to a change in the barrier height at the grain boundary [10].
A sharp transition was also found in the measured strain as
shown in Fig. 2(b). It can be seen that the transition is slightly
higher for strain than for sheet resistance. This is likely due
the narrowing of the grain boundary causing a change in the
electrical characteristics before a change in the mechanical
characteristics.

Depositing as semi-amorphous ensured that the thin grain
boundary was formed by annealing and not during deposition,
which reduced the strain contribution from the grain boundary.
Furthermore, the resulting small grains lead to improved
strain distribution, greater repeatability, and a smoother surface
(the last factor is of particular importance where moving
parts are required). The structure of the polysilicon has been
confirmed using TEM, and this is discussed in Section V.
It can be seen from Fig. 2(b) that a further reduction in
deposition temperature, within the range under consideration
here, does not greatly effect the strain levels. Thus, maintaining
a deposition temperature as close to the transition as possible
maximizes the deposition rate while maintaining the desired
mechanical properties. Films deposited near, but above, the
transition temperature, where the grain size was small, were
also found to have the higher compressive strain.

Films deposited below the transition and subsequently
doped by implantation and annealed at 850°C were found
to be in tensile strain, whereas those deposited above this
temperature were still in compressive strain even after doping
and annealing.

As shown in Fig. 2(b), undoped and unannealed films were
in compressive strain for all deposition temperatures. A low
temperature, 600°C, in situ anneal as short as 30 min was
sufficient to have a significant effect on the strain levels in
the films resulting in a change from a compressive strain of
~ —300 pe to a tensile strain of ~ +1000 pe for undoped films
(see Fig. 3). Higher anneal temperatures were investigated but
this did not result in any forther improvement. Temperatures
lower than 600°C are also not suitable as this may not
complete the crystallization process. As expected doped films
were less influenced by the use of the in siru anneal. The
sheet resistance of the doped films was found to increase
when an in situ anneal was used. This is due to the fact
that the implantation was into a polysilicon structure, rather
than the semi-amorphous phase. The measured strain for these
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Fig. 2. Effect of deposition temperature on: (a) polysilicon sheet resistance
and (b) the measured strain. Doped samples were implanted with phosphorus
at an implant dose of 1 x10!'® cm—2, and a post implant anneal of §50°C
for 30 min in Na. The underlying layer was thermal oxide.

films is shown in Fig. 3. Once again, if the grain boundary is
not formed during deposition, low temperatures can be used
to remove any compressive strain. If a polysilicon structure
is formed during deposition, such a low temperature anneal
cannot be used as temperatures above 1000°C are required to
significantly change the structure.

Although the in situ anneal is not essential if the film is later
implanted and annealed, it was incorporated into the standard
process to achieve repeatable tensile strain in both doped and
undoped material. Therefore the standard process was chosen
as:

deposition temperature: 575°C;

in situ anneal: 600°C, 60 min.

An SEM photograph of a released structure, using the above
described process, is shown in Fig. 4. In this case both the film
thickness and the air gap are 4000 A.

To fully characterize the process, a more detailed study
of the effect of doping and anneal was required, and these
are discussed below. In all further studies the deposition
temperature and in situ anneal were kept constant.



FRENCH et al.: DEVELOPMENT OF LOW-STRESS POLYSILICON PROCESS

1500
g /’ﬁoptzd material
4
£ 1000 // b
] — ¢
Py loped material
T 500
e
E
73
o
= ¢ 7
-500
0 1.0 2.0 3.0

In-situ anneal time [hrs.]

Fig. 3. Measured strain as a function of in situ anneal time at a temperature
of 600°C for films deposited at 575°C. Doped films were implanted with
phosphorus at 1 x10'® cm™2, and annealed of 850°C for 30 min in Nj.

Fig. 4. SEM photograph showing released surface micromachined structure
using optimized process.

B. Doping Level

In the above section a process has been established which
yields the desired mechanical properties for both doped and
undoped films. For the process designer it is important to
know the flexibility in subsequent processing. In this section
the effect of phosphorus and boron doping by implantation is
examined in detail.

The effect of implantation energy and implant dose was
examined for film deposited at 575°C and using an in situ
anneal of 60 min at 600°C. The implant doses and energies
used in this test were as follows:

implantation dose (cm~2): 5 x 104, 1 x 105, and 5 x 1015;

implantation energy (keV): 25, 40, 80, and 100.

A post-implant anneal of 850°C for 30 min in Ny was
used for all devices. The sheet resistance as a function of
implantation energy for the three implantation doses are shown
in Fig. 5(a). The resistance is relatively independent of implant
energy for the range used in these experiments. For higher
energies or thinner films an increase was found due to loss
of dopant in the underlying oxide. As expected, this effect is
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Fig. 5. Effect of implant energy on: (a) polysilicon sheet resistance and (b)
measured strain for an implant dose of 1 x10'% cm™2 and a post implant
anneal of 850°C for 30 min in Nj.

more pronounced for boron than for phosphorus due to the
higher implantation depth. The strain measurements revealed
no measurable difference in the strain levels for the range con-
sidered as illustrated in Fig. 5(b). The strain is also relatively
independent of doping levels as shown in Fig. 6.

Thus using this process the polysilicon can be doped with
both phosphorus and boron and is relatively independent
of both implant dose and implant energy, within the range
investigated in this work.

C. Post Implant Anneal

A range of post implantation annealing temperatures
(850-1100°C) were investigated. The effect on sheet re-
sistance, for polysilicon films deposited on both oxidized
polysilicon and PSG, is shown in Fig. 7(a). The rise in sheet
resistance for the higher anncal temperatures is most likely
due to loss of dopant, as these layers were not capped during
annealing. This is more pronounced with the thermal oxide
substrate as the PSG serves as an extra dopant source. This
effect has been discussed elsewhere [30] and has also been
noted by Ristic et al. [20].
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TABLE 1T
PROCESSING VARIATIONS USED FOR MEASURING DOPING PROFILES IN POLYSILICON FILMS
Wafers Film Implantation Anneal
thickness
(&) dose (cm™) Energy (keV)
a 4000 - - -
b 4000 - - 850°C, 30 mins
c 4000 1x10% 40 850°C, 30 mins
1400 3000
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Fig. 6. Measured strain as a function of implant dose, with an energy of (a)
80 keV, for the optimized polysilicon deposition process and a post implant
anneal of 850°C for 30 min in No.
1500
Fig. 7(b) shows the measured strains for films deposited at 'g -
b e 570°C
570°C (below the transition) and 610°C (above the transition) = 0% M, .
as a function of anneal temperature after doping by phosphorus -‘% \
. . 15 -2 e = 500 A
implantation at a dose of 1 x 10*° cm™*, using both thermal ",,-; \ ~__
oxide and PSG as a sacrificial material. For films deposited b by "\
as semi-amorphous, strain levels were found to reduce with 5 0 \\
increasing anneal temperature, crossing over to a compressive ] b ¥ §:
strain at anneal temperatures above 1000°C. The strain levels é’ -500 —l 7
o : 5T0°C_ i~
for the 850°C anneal were satisfactory, however, and the most depwﬁ,‘V
compatible with other processing. For depositions above the 1000
transition temperature, the films were in compressive strain 800 900 1000 1100
for all anneal temperatures, although vthe strain approached Anneal temperature [°C]
zero as the anneal temperature was increased. This shows
that if the deposition parameters are not optimized, high- ®
Fig. 7. Effect of post implant anneal on: (a) polysilicon sheet resistance

temperature annealing as reported in the literature [13], [14]
1s indeed required to remove the compressive strain. Further
investigations have been carried out on the effect of the
PSG processing on the polysilicon, and these results have
been published elsewhere [30]. This showed that, due to out-
diffusion during annealing, higher phosphorus levels in the
PSG resulted in a lower polysilicon sheet resistance. The strain
levels, however, were relatively unaffected.

D. Strain Profiles

A further important factor is the strain profile through the
film, and this effects the flatness of single supported structures

and (b) measured strain. In all cases an implant dose of 1 x10'® cm™2,

phosphorus was used for films deposited on both oxidized polysilicon [curves
a, Fig. 7(b)] and PSG [curves b, Fig. 7(b)].

after etching. To give some indication of this profile, four
wafers were processed as shown in Table II. All wafers
were processed using the 575°C deposition and 600°C in situ
anneal.

After doping and annealing, the polysilicon was thinned in
three of the four quarters of the wafer to yield film thicknesses
of 4000, 3000, 2500, and 2000 A. The polysilicon was then
patterned and the strain measured, and these measurements are
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Fig. 8. Measured strain for thinned polysilicon layers for: a—undoped
with no further processing, b—undoped but with an 850°C anneal, and
c—implanted with phosphorus (1 x 105 cm~2) and annealed at 850°C.

Fig. 9. Single ended beams of length 100 #m and thickness 4000 A. These
beams were implanted with phosphorus with a dose of 1 x10'% cm~2 and
energy 40 keV followed by an anneal of 30 min at 850°C.

shown in Fig. 8. This shows how the anneal has considerably
reduced the profile, and in the case of doped samples no profile
could be seen. Fig. 9 shows 100 zm long, 4000 A thick single
ended beams. These beams were implanted with phosphorus
with a dose of 1 x 10*® cm~2 and energy 40 keV followed
by an anneal of 30 min at 850°C. Minimal deflection out of
the plane was found.

Although a standard thickness of 4000 A was used through-
out this work, films of 2000 and 7500 A were also examined
for comparison. Fig. 10 shows the measured strain as a func-
tion of film thickness for both doped and undoped films. As
with the strain profile measurements, shown in Fig. 8, undoped
films show a greater effect than doped films.

V. MATERIAL STUDIES

In Section IV the effect of all processing steps on the
mechanical strain in the polysilicon has been characterized.
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Fig. 10. Measured strain as a function of films thickness for undoped films
and films implanted with phosphorus, x10'% cm™2, and annealed at 850°C.

(b)

Fig. 11. Film deposited at 570°C and no further processing: (a) a TEM
photograph and (b) X-ray diffraction rings.

To correlate the relationship between crystal structure and
mechanical strain TEM was used. Polysilicon films were
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Fig. 12. Film deposited at 570°C after an in sifu anneal at a temperature of
600°C for 1 h: (a) a TEM photograph and (b) x-ray diffraction rings.

completely under-etched in HF and floated off onto TEM
sample grids. X-ray diffraction patterns of doped and undoped
samples showed no dominance by a small number of crystal
orientations, indicating that crystal orientations were not re-
sponsible for differences in mechanical strain. This shows a
difference in structure from the films studied by Krulevitch et
al. [26] where films were dominated by a small number of
crystal orientation and a change in the texture corresponded
to a change in strain levels. Therefore a similar transition
in strain levels has been found in this work without the
corresponding change in film texture. Fig. 11(a) and (b) show
the x-ray diffraction rings and microphotograph, respectively,
of films deposited at 570°C, with no further processing. The
x-ray diffraction results shown in Fig. 11(a) reveal some rings
indicating the presence of a number of grains but these rings
are not sharp due to the presence of amorphous material.
If the same film is annealed, in situ at 600°C for 1 h,
it is converted into a full polysilicon structure as shown
in Fig. 12(a) and (b). For these films the x-ray rings are
clearly defined with the bright spots indicating the presence

(®)

Fig. 13. Film deposited at 610°C and no further processing: (a) a TEM
photograph and (b) x-ray diffraction rings.

of a number of large grains. The average grain size was
estimated to be 1000 A. Films deposited at 610°C were
found to have an average grain size of 800 A, and these
films are shown in Fig. 13(a) and (b). The x-ray rings, shown
in Fig. 13(a), reveal that there are fewer large grains than
found for the films shown in Fig. 12 and the film has a
relatively uniform grain size. Neither film was changed greatly
after doping and annealing at 850°C but the film in Fig. 13
displayed a considerable reduction in strain levels, although
still compressive. Extensive TEM examinations of various
films have revealed no connection between grain size and
strain. Considerably larger grains were formed by depositing
films below the transition and annealing at 1100°C for 30
min, as shown in Fig. 14. The grain size was estimated to be
2200 A. Strain measurements showed a strain level similar to
that of the films shown in Fig. 13, but the grain structure is
obviously quite different.

Depositing as a semi-amorphous film and annealing at
600°C resulted in a film similar in structure to the polysilicon
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Fig. 14. TEM photograph rings of a film deposited at 570°C, implanted with
phosphorus to a dose of 1 x10'® ¢cm~2 and annealed at a temperature of
1100°C for 30 min.

deposited samples, but in tensile strain. The material studies
have confirmed that it is the grain boundary formation rather
than the grain size which is the main factor in determining
the strain. The film contraction due to crystallization of the
amorphous regions between grains which is in agreement with
the work of Krulevitch et al. [26]. This work has shown
that the grain size, within the range of values measured here,
has no effect on the strain, contrary to need for small grain
suggested in the literature [18]. When the grain boundaries
are not formed at deposition, the films were found to be
in low compressive strain. These amorphous areas between
grains can be crystallized at low temperatures relieving the
compressive strain and pulling the films into tensile strain.
Further processing such as doping and annealing at 850°C has
little effect on the grain size but changes the strain levels due
to dopant incorporation in the film and adjustments to the grain
boundary. The film, however, remains in tensile strain.

VI. CONCLUSIONS

The effect of processing parameters on the film structure and
the built-in strain of polysilicon films has been studied. These
tests have indicated that the formation of the grain boundary
is the major factor in determining the strain. Deposition as
a semi-amorphous material, and thus not forming the grain
boundaries during deposition, results in a low compressive
strain. This can easily be converted to a tensile strain by
low temperature (600°C for 30 min) annealing. Subsequent
processing such as doping and annealing (850°C) further
modifies the strain levels but the films remain in low tensile
strain. Films deposited as polysilicon can yield small grains but
the high compressive strain in the films must be removed using
high temperature annealing. Therefore the grain size appears
not to be the major factor in determining the strain levels,
as frequently quoted in the literature. Therefore, by careful
consideration of the deposition parameters, satisfactory levels
of strain have been achieved with anneal temperatures and film
thicknesses compatible with on-chip circuitry processing.
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