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Abstract 

Low-pressure chemical vapour deposited 
(LPCVD) in situ phosphorus-Dodd polysilicon 
films have been grown from a 60:30:300 seem 
silane:phosphine (2000 ppm):nitrogen mass-flow 
mixture at 625 “C under varied process condi- 
tions. Thickness uniformity, grain size, dopant 
concentration, resistivity, temperature coefficient 
of resistivity, longitudinal strain gauge factor and 
the temperature coefficient of the gauge factor are 
determined. A growth rate with a non-uniformity 
(30) of 5% is obtained, yielding films with a grain 
size of 20-30 nm and a surface roughness of 
12 nm (peak-to-valley heights), both before and 
after annealing, and a dopant concentration of 
(2-3) x lpcrn3. Resistivities of the order of 
1 II-&~ cm can be obtained with a temperature co- 
efficient close to zero after annealing at 900 “C for 
30 min, with a longitudinal gauge factor of -20 
and a temperature coefficient of the gauge factor 
of -0.25%/“C. A mechanism incorporating the 
diffusion of dislocations during annealing is pro- 
posed to explain the observed effect. The films are 
appropriate for application as resistors for ther- 
mal excitation and piezoresistive detection in res- 
onating micromechanical devices, 

Resonating micromechanical structures consist 
of an element for the excitation and an element 
for the detection of the vibration of the structure. 
These elements can be an integral part of the 
structure, see Fig. 1, with an excitation element 
for .exerting a bending moment, and a detection 
element to detect bending strain. One technique 
makes use of resistive heating for thermal excita- 
tion and resistive strain gauges for detection. For 
our resonating membrane mass-flow sensor [ 191 as 
well as for our resonating microbridge mass-flow 
sensor [20], we make use of in situ phosphorus 
doping of low-pressure chemical vapour deposited 
(LPCVD) polysilicon for the excitation and the 
detection resistors, together with a single-crystal 
silicon substrate. We will first discuss the advan- 
tages of polysilicon for this application, and then 
we will give reasons for our choice of in situ 
doping with phosphorus. 

Introduction 

Polycrystalline silicon (polysilicon) has been 
used in integrated circuits, mainly for the gate 
electrodes in MOS devices, for two decades. It is 
also used for circuit interconnections, for ohmic 
contacts, for high-value resistors and for diffusion 
sources [ 1,2]. Polysilicon is now also used in 
solid-state sensors [2,3] as a strain gauge material 
[4-91 and as a temperature-sensitive material [lo]. 
Polysilicon deposited at low temperatures is used 
as a construction material in solid-state sensors 
[4, 10, 111 and actuators [ 12-161 because of its 
possible small tensile residual stress [ 17, 181. Re- 
cently, we have started using polysilicon for ther- 
mal excitation and piezoresistive detection in a 
resonating micromechanical structure [ 19,201. 

Thin-film resistive elements, rather than diffu- 
sion wells, provide a freedom of choice of the 
material for the micromechanical structure. The 
thermal expansion coefficient of polysilicon is 
close to that of the single-crystal substrate, which 
minimizes thermal stresses building up with ambi- 
ent temperature fluctuations. Moreover, semicon- 
ductors exhibit the piezoresistive effect, which 
provides strain gauges with a higher sensitivity 
than conductive materials. By doping the polysili- 
con and by growing the appropriate thickness, a 
desired sheet resistivity can be obtained. A small 
temperature coefficient of resistivity (XX) is de- 
sired in the application of resistors in resonating 
structures, as in that case the heat generation by 
dissipation is more convenient to control. It may 
be possible to obtain a TCXi close to zero by 
controlling the dopant concentration [S] or by 
applying the proper annealing treatment. 

Doping can be achieved by drive-in diffusion, 
by ion implantation, or by in situ doping during 
the deposition process [ 1,2]. Within the field of 
micromechanics alone, all three techniques are 
used for polysilicon films; the most suitable tech- 
nique depends on the specific requirements, the 
dopant type, the overall fabrication process, and 
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Fig. 1. Micromechanical resonator with elements for excitation and detection of the vibration. 

on the available facilities. In the case of a resonat- 
ing micromechanical device with resistors for ther- 
mal excitation and piezoresistive detection, the 
best option for practical applications is in situ 
doping. In contrast to ion implantation and drive- 
in diffusion, in siru doping does not require addi- 
tional processing other than annealing, leading to 
a minimum number of processing steps. Also, in 
situ doping readily yields a dopant profile which is 
flat across the thickness of the film, as well as a 
lower resistivity than can be obtained with post- 
deposition doping techniques. 

Boron-doped polysilicon is known to have a 
higher strain sensitivity than phosphorus-doped 
polysilicon. However, as diborane is rapidly de- 
pleted in the low-pressure chemical vapour depo- 
sition reactor due to gas-phase reactions at 
elevated temperatures, we prefer to use phosphine 
for in situ doping. 

Materials Aspects 

Deposition Process 
In the low-pressure chemical vapour deposition 

of polysilicon from a silane/ammonia gas mixture, 
the growth rate drops sharply if phosphine is 
introduced into the reactor as the source gas for in 
situ doping, and shows a large variation across 
each wafer [21]; the phosphine adsorbs much 
more competitively than the silane, with sticking 
coefficients of s = 1 and s = 0.025, respectively 
[22]. An explanation for this difference in adsorp- 
tion is the presence of a lone pair of valence 
electrons in the phosphine molecule, and the full 
coordination of the silane molecule, enabling the 
phosphine to compete more successfully for avail- 
able surface sites [21]. In this case the surface is 
fully covered by a passivating phosphine layer. 
The deposition rate is found to be strongly depen- 
dent on reactor geometry, wafer spacing, position 
of the wafer, and on the radial position on the 
wafer. The resulting thickness profile is character- 
istic of a transport-limited process [22], with de- 
pletion of active species in the inter-wafer region, 
superposed on a small uniform background depo- 
sition due to a contribution by an inter-wafer 
gas-phase reaction. Gas-phase silylene is assumed 
to be the reactive species; the silylene radical is 

able to compete successfully with the phosphine 
to reach the surface [23]. 

A 100% contribution by gas-phase reactions in 
the inter-wafer region would still result in a uni- 
form growth rate. This is approximated by caging 
the wafers in slitted cassettes [24] or by a wafer 
spacing equal to the small gap between the wafer 
and the furnace tube [25]. During deposition, 
crystal nucleation and growth in the phosphorus- 
doped film occur at the gas-film interface [26], 
leading to a transition temperature between amor- 
phous and crystalline films as low as 520 “C. The 
in situ phosphorus-doped polysilicon is annealed 
in a nitrogen environment for diffusion of phos- 
phorus atoms to lattice sites and for recrystalliza- 
tion [2, 24,27-301, where phosphorus atoms 
enhance grain growth [2,29]. 

As a theoretical model for the conductivity of 
polysilicon, a- carrier trapping model was first 
qualitatively proposed by Kamins [ 311, and was 
quantitatively evaluated by Seto [32]. In this 
model the grain boundary, which is only a few 
atomic layers thick, contains trapping states 
caused by defects resulting from disordered or 
incomplete atomic bonding. These states trap part 
of the free charge carriers from the ionized and 
uniformly distributed dopants. This process cre- 
ates a depletion layer, which is now also a space- 
charge region, along the grain boundary. 

The effective resistance of the polycrystalline 
material consists of contributions from the grain- 
boundary regions and from the undepleted cores 
of the grains. At high dopant concentrations posi- 
tive temperature coefficient( PTC)-like behaviour 
[ 331 is observed in experiments [ 3 1,321. Although 
Kamins [ 3 l] supposes this to be caused by scatter- 
ing as is found in single-crystal silicon, Seto [32] 
shows that the resistivity of the depletion region 
also shows this PTC-behaviour, according to the 
known temperature dependence of the thermionic 
emission current, combined with a low barrier 
height for narrow depletion regions, i.e., for high 
dopant concentrations. 

Gauge Factor 
The change in resistance of a strain gauge due 

to strain E (in general a first-order tensor with six 
components) is caused by a change in the dimen- 
sions of the resistor and, for piezoresistive materi- 
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als, by a change in resistivity due to the accompa- 
nying mechanical stress U(E) [33,34]. For single- 
crystalline silicon, the change in conductivity due 
to mechanical stress is caused by a shift in the 
relevant conduction and valence band minima 
and maxima relative to each other, resulting in a 
redistribution of charge carriers between minima 
or bands [33]. This piezoresistance effect is an- 
isotropic and reduces with increasing carrier con- 
centration [33,34]. 

The gauge factor of a material is then defined 
as the relative change in resistance per unit strain, 
usually in a stress situation of uniaxial stress, see 
Fig. 2(a). However, if the strain gauge and the 
substrate have different Poisson’s ratios, the elas- 
tic properties of the substrate form a parameter in 
determining the gauge factor. Therefore, it is 
more practical to define the gauge factor for a 
situation of planar stress with in-plane uniaxial 
strain, see Fig. 2(b), as is the case in pure bending 
of a plate to a cylindrical surface [35]. This defi- 
nition is also applied in ref. 36. 

For the modelling of the piezoresistive effect in 
polysilicon, the above trapping model with Schot- 
tky-type barriers is commonly used. In most mod- 
els [8,36-381 the effect of mechanical stress on 
the grain boundary behaviour is neglected, and 
the change in resistivity is dominated by the an- 
isotropic piezoresistive effect of single-crystalline 
silicon in the undepleted core. In ref. 39 this 
model is extended by including the effect of me- 
chanical stress on the mechanism of thermionic 
emission. 

The quantitative models make use of averaging 
the contributions of separate grains with different 

=kx 
(a) 

00 - ’ 
Fig. 2. (a) Uniaxial stress and (b) 
uniaxial strain. 

planar stress with in -plane 

orientations, resulting in theoretical gauge factors 
for films with randomly oriented crystallites, as 
well as for textured tilms. The observed behaviour 
is explained reasonably well by the Grst model 
[8,36-381, whereas the behaviour of films with 
smaller dopant concentrations and/or with 
smaller grain size is explained better by the ex- 
tended model [39]. For a textured 6lm dominated 
by (llO), (331), (111) and (311) orientations, 
and with a grain size of 190 nm, ref. 39 predicts 
maximum values for the theoretical gauge factor 
for uniaxial stress of -22 for a phosphorus- 
doped film at a dopant concentration 
ND = 5 x lOI cmp3, and of +29 for a boron- 
doped film at ND = 1.6 x lOi cme3. For larger 
grain sizes higher gauge factors are predicted. 

Sample Preparation 
2” (100) n-type silicon wafers were used as 

substrates. These were oxidized for 15 rnin in a 
wet environment at 1150 “C to an oxide thickness 
of 300 nm. Low-pressure chemical vapour deposi- 
tion of in situ phosphorus-doped polysilicon was 
performed in a conventional 4” quartz furnace 
tube, with 3” dummy wafers back to back 2 mm 
behind each 2” wafer, to create a narrow slit effect 
for the gas flow, see Fig. 3. 

Process parameters were taken from a recipe 
optimized for low resistivity and a uniform 
growth rate [40]: pressure 1 mbar, silane mass 
flow 60 seem, phosphine (2000 ppm) mass flow 
30 seem, nitrogen mass flow 300 seem, deposition 
time 80 min, and deposition temperature 625 “C 
at the centre of the heated zone, with a tempera- 
ture ramp of 10 “C across the heated zone for the 
compensation of gas-phase depletion. Three series 
of samples were grown. Series A was grown using 
the above recipe, yielding an average film thick- 
ness of 370 nm. Series B was grown with the same 
process parameters as series A, but with a pres- 
sure of 0.275 mbar, yielding an average film thick- 
ness of 170 nm. Series C was grown with the 
standard process parameters again, but in a 3” 

Fig. 3. Narrow slit effect for 2” wafers in a 4” tube, using 3” 
dummy wafers. 
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tube and without the 3” dummy wafers, yielding 
an average film thickness of 400 nm. 

The samples were annealed in a furnace tube in 
a nitrogen environment at different temperatures 
ranging from 800 “C to 1150 “C for 30 min, i.e., 
without ramping of the furnace temperature. 

After annealing of the polysilicon, an alu- 
minium (series A and B) or a chromium-gold 
metal film (series C) was grown by evaporation. 
The metal film and the polysilicon were patterned 
to form resistors with connection pads. Finally, 
the wafer was diced into separate bar-shaped sam- 
ples. The length of the polysilicon resistor in-be- 
tween the two metal pads was 1 mm, with a width 
of either 100 or 200 pm. 

Measurements 
Thickness measurements of the polysilicon 

films were carried out by measuring the step 
heights in the polysilicon after patterning, using a 
surface profiler (Dektak 3030). Thickness profiles 
were determined for each wafer. From these the 
thickness t at the centre and the standard devia- 
tion u were determined, as well as the average 
increase A in t from wafer to wafer, see Table 1. A 
standard deviation from a uniform thickness of 1 
to 2% was found for series A and B, and of 10% 
for series C. Measurement scans from wafer to 
wafer showed an increasing thickness of the 
polysilicon thin film, linear with the position 
downstream in the reactor tube, increasing by 4% 
(series A and C) to 8% (series B) from wafer to 
wafer. The surface roughness 6 (average peak-to- 
valley heights) was found to be 12 nm for series A 
and C and 10 nm for series B. 

To determine the grain size, samples of series A 
and of series C were prepared for SEM analysis. 

The samples were broken at room temperature, 
and the flaw was treated in a 1:5 Wright 
etch:water solution for 40 s to improve the con- 
trast of the grain boundaries [41]. Average grain 
sizes of 20 to 30 nm were observed for both series, 
with no difference between annealed and unan- 
nealed samples. Figure 4 shows an SEM pho- 
tograph of a sample of series A, annealed at 
850 “C for 30 min. The phosphorus concentration 
was determined by SIMS analysis, using a cae- 
sium source. Samples of series A and C exhibited 
a dopant concentration of 2 x 10zo crne3 and of 
3 x 10” cme3, respectively, both independent of 

Fig. 4. SEM photograph of in situ phosphorus-doped polysili- 
con ftlm on oxidized silicon substrate (series A, annealed at 
850 “C for 30 min). 

TABLE 1. Summary of experimental results for samples from all three series; Parameter x indicates the position of the wafer during 
deposition, with the number increasing downstream. Thickness t is taken at the centre of the wafer, o is the standard deviation from 
a uniform thickness, while A is the average increase in thickness with downstream position, and 6 is the surface roughness (average 
peak-to-valley height). Annealing was done for 30 min; p, TCR, k and TCk are averaged across the wafer 

Series 

A 
4” tube 
1 mbar 

L,N, 

20-30 nm 
2 X lo*Ocn-~ 

X Nnm) c.A.6 

8 400 l-2% 
5 330 4% 
7 360 12 nm 

c’rl 

800 
875 
950 

P TCR 
(d 4 (10-4/C) 

7.9 -7.5 
2.0 -5.0 
1.1 f9.2 

-k 

27.5 
20.3 
18.8 

- TCk 
(%oi”C) 

0.25 

B 6 170 l-2% 26.0 - 18.2 28.4 
4” tube 1 140 4% 800 15.0 -10.1 27.8 0.3 
0.275 4 140 10 nm 850 8.7 -6.3 23.4 0.25 
mbar 2 140 900 2.8 f3.6 22.0 0.2 

3 150 1000 1.5 f6.0 20.1 
5 170 1150 1.3 f6.2 19.7 

C 20-30 nm 1 390 10% 800 9.0 -6.5 
3” tube 3 x 10zo crnm3 2 410 8% 900 3.8 +1.5 15.0 
1 mbar 12nm 
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the annealing treatment. These values are close to 
the solid solubility of phosphorus in silicon (3.5 x 

10” crnp3 [2]). Unfortunately, we did not conduct 
the above experiments on samples of series B. 

The sheet resistances of the polysilicon films 
were measured using a conventional four-point 
probe. From these, together with the above thick- 
ness measurements, the resistivity was determined. 
Figure 5(a) shows the resistivity of the polysilicon 
film of series B (averaged from five measurements 
near the centre of the wafer) as a function of 
anneal time after annealing at 850 “C for succes- 
sive time intervals. Note that the effective anneal 
time is difficult to quantify due to heating and 
cooling effects when the sample is moved into and 
out of the furnace. Two separate regimes can be 
recognized. The curve shows a sharp decrease of 
the resistivity within the first 30 s of annealing, 
and a diminishing decrease with longer anneal 
times. Figure 5(b) shows the resistivity of films of 
series B as a function of anneal temperature, after 
annealing for 30 min. For anneal temperatures 
between 800 and 900 “C it shows a strong de- 
crease of resistivity with increasing anneal temper- 
ature, with this decrease diminishing for higher 
anneal tempeatures. 

The resistance of the polysilicon resistors was 
measured using a four-point contact arrangement 
as shown in Fig. 6. A current Z was supplied to 

16 
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Fig. 5. Resistivity of films of series B (a) as a function of 
anneal time after annealing at 850 “C and (b) as a function of 
anneal temperature after annealing for 30 min. 

Fig. 6. Four-point contact arrangement for resistance mea- 
surements. 

the outer two contacts. The two centre contacts 
for voltage measurement V were located close to 
the edges of the metal pads. This way, the effect of 
contact resistances between the metal film and the 
polysilicon, as well as other series resistances, was 
minimized. The total resistance between the two 
centre contacts is then found from R = V/Z. (Note 
that for a proper four-point measurement the two 
metal pads need to be divided into four separate 
electrodes. The centre two electrodes for the 
voltage measurement then need to be of a width 
of the order of the thickness of the polysilicon 
film. This would require submicron technology.) 
Additional resistance measurements were carried 
out with polysilicon resistors with lengths of 
100 pm and 200 pm (series A, annealed at 875 “C 
for 30 min). These revealed by extrapolation a 
total series resistance of less than 10 R, which is 
negligible. Z-V and impedance measurements 
(with a lower limit of 10 PA) indicated no diode 
characteristics, and no parasitic capacitance or 
induction from dc. up to a 100 kHz harmonic 
current. The resistivity of the polysilicon was then 
determined from the measured resistance and the 
known dimensions. For the latter the thickness 
was determined as described above, and the width 
and the length of the resistors were measured 
using a microscope. 

To measure the temperature dependence of the 
resistivity, the samples, together with a reference 
sample with a thermocouple, were mounted on a 
copper plate. With the aid of a Peltier element, the 
temperature was varied from - 10 “C to 100 “C. 
For temperatures below - 10 “C the sample was 
cooled by sprinkling it with liquid nitrogen. Fig- 
ure 7(a) shows the experimental results, with the 
values for the resistances normalized to the value 
at room temperature (20 “C). The measured data 
were fitted with a polynomial using least squares. 

1,. 
I I I I I 

-180 -140 -100 -60 -20 20 60 + 

ambient temperature ["Cl 
Fig. 7. (a) Rcsistivity of films of series B as a function of 
ambient temperature, after annealing for 30 min at different 
anneal temperatures, normalized for the resistivity at room 
temperature; (b) temperature coefficient of nsistivity (TCR) as 
a function of anneal temperature. 
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W 
Fig. 8. Schematic representation of (a) the four-point bending 
test assembly and (b) a one-point cantilever test assembly. 

The TCR at room temperature was then deter- 
mined from the slope of the fitted curve. These 
values are represented in Fig. 7(b) as a function of 
anneal temperature. 

Gauge factor measurements were carried out 
using a four-point bending test, see Fig. 8(a); this 
consists of two stamps, both with a pair of knife 
edges. The two stamps sandwich the sample, using 
a plastic foil to insulate the connection pads from 
the knife edges. The lower stamp is rigidly sup- 
ported, and the upper stamp is loaded by a trans- 
verse force F at its centre. The downward 
displacement 6 of the upper stamp is controlled 
using a micro-control. If the stamps are properly 
aligned, a pure bending moment M = Fa is ex- 
erted on the part of the sample in-between the 
central knife edges, where a is half the difference 
of the separations between the knife edges in the 
upper stamp and the lower stamp. 

As the width of the sample is much larger than 
its thickness, the sample bends like a plate, i.e., a 
planar stress with (in-plane) uniaxial strain rather 
than a uniaxial stress, see Fig. 2 [35]. As length a 
is much larger than the thickness of the sample, 
deflection due to mechanisms other than bending 
is negligible. For the downward displacement 6 of 
the upper stamp, the longitudinal normal strain E, 
of the thin-film resistor is then found from 

Jts 2a 
E, = - 

la i[ 1 ‘+r 
where I is the separation between the central knife 
edges and t, is the thickness of the substrate 
underneath the resistor, i.e., not including the 
resistor itself. In deriving eqn. (1) it was assumed 
that the sample can be regarded as a prismatic 
beam. 

Unlike the one-point cantilever bending test, 
see Fig. 8(b), this four-point bending test has a 
low sensitivity for misalignments. Misalignments 
of the stamps and of the micro-control only lead 

to second-order effects in the occurring strain, 
whereas effects in the one-point cantilever bending 
test lead to first-order effects. Moreover, once the 
micro-control and the two stamps of the four- 
point bending test assembly have been aligned 
properly, a misalignment of the sample has no 
effect in this arrangement, as long as the strain 
gauge is in-between the central knife edges. 

The strain was scanned from -0.8% to 
+0.8%, where no distinguishable hysteresis oc- 
curred. The temperature coefficient of the gauge 
factor, TCk E Ah(kI/jkI AT, was determined by 
simply increasing and lowering the ambient tem- 
perature five degrees above and below room tem- 
perature. Figure 9 shows results of measurements 
on the gauge factor of samples of series B. Table 
1 summarizes the experimental results for samples 
of all three series. 

Discumion 

Wafers from series C showed a thickness 
profile characteristic for a process with a contri- 
bution from transport kinetics, although the small 
gap between the edge of each wafer and the 
reactor wall limited this contribution to 10% of 
the uniform contribution. The arrangement of 
Fig. 3 for series A and B improved the uniformity 
of the growth rate across individual wafers to 
within 1 to 2% standard deviation. The thickness 
increases with downstream position by 4% for 
series A and B, and by 8% for series C. Appar- 
ently, the downstream depletion of the gas phase 
was over-compensated by the applied temperature 
ramp. The surface roughness (average peak-to- 
valley heights) amounts to 12 nm for series A and 
C, and IO nm for series B. 

The grain size and dopant concentration were 
measured for samples from series A and C. No 
distinguishable difference in grain size was de- 

28 

26 

24 

22 

20 

- 
T 

TCk IX/-Cl 

“rt’i., ‘i’i’i’i” 
800 900 1000 1100 -+ 

anneal tenp ['Cl 

Fig. 9. Experimentally determined gauge factor k, and its 
temperature coefficient TCk (insert) of films of series B, as a 
function of anneal temperature. 
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tected before and after annealing, with a grain 
size of 20 to 30 nm for both series. During the 
deposition process, the nucleation rate apparently 
was high compared to the (surface) diffusion ve- 
locity, leading to small grains in the as-deposited 
film. The absence of recrystallization during an- 
nealing may be due to the large number of 
grains, and to the homogeneous distribution of 
their sizes. The dopant concentration was slightly 
higher for series C than for series A, 
3 x 10zo cne3 and 2 x 10zo cmv3, respectively. 
For a trapping density Qt of 4 x 1Or2 cmw2, this 
implies a partial depletion with a width w of the 
depletion layer of the order of only 0.2 nm (theo- 
retically), which is still much smaller than the 
grain size. Hence, the electrical properties of the 
polycrystalline film will be dominated by those of 
the single-crystal cores. 

The measured values for the resistivity and for 
the temperature coefficient are of the same order 
of magnitude as those found in the literature 
[23,24,29, 30,321. The strong decrease in resis- 
tivity after annealing for 30 s or less, or after 
annealing at low temperatures, see Fig. 5(a) and 
(b), is caused by the movement of phosphorus 
atoms to lattice sites. The strong decrease of the 
(absolute) value of the TCR is also qualitatively 
explained by this effect. The fact that the de- 
crease of the resistivity was less pronounced after 
longer anneal times, or after annealing at in- 
creased temperatures, is indicative of a second 
mechanism. According to refs. 2, 24 and 28, this 
is related to grain growth. The dependence of the 
TCR on annealing parameters can also be under- 
stood in this way. However, according to our 
SEM analysis, grain growth does not occur in 
our films. Alternatively, the data in Fig. 5(a) 
typically agree with a diffusion model. The ob- 
served dependence of resistivity on anneal time 
indicates a diffusion time of the order of 10’s. 
For a diffusion length of 10 nm, this indicates a 
diffusion coefficient of the order of IO-” cm*/s, 
which is three orders magnitude lower than the 
diffusion coefficient of phosphorus atoms in sili- 
con [2]. We will come back to this point at the 
end of this Section. 

The gauge factor for the phosphorus-doped 
polysilicon film was negative, as expected, the 
absolute value decreasing with increasing anneal 
temperature, and stabilizing at higher tempera- 
tures: just below 19 for series A and just below 
20 for series B. For series C, the gauge factor 
was measured for only one sample, and was 
found to have an absolute value as low as 15. 
The observed difference of this series with series 
A and B could be due to a different texture. The 
temperature coefficient of the gauge factor was 
measured to be approximately -0.25°h/,l”C, 

slightly decreasing with decreasing gauge factor. 
The negative sign indicates that the absolute 
value of the gauge factor decreases with increas- 
ing temperature. These values for the gauge fac- 
tor and its temperature coefficient are similar to 
those found by other authors [39]. 

According to the models presented in the liter- 
ature, grain growth during annealing would have 
resulted in an increase of the gauge factor with 
increasing anneal temperatures. Viewed in this 
light, the fact that for our films the gauge factor 
decreased with increasing anneal temperature is 
in accordance with the non-appearance of grain 
growth. Instead, the diffusion of dislocations dur- 
ing annealing could explain this observed de- 
crease of the gauge factor: less lattice defects 
within the crystallite mean that less charge carri- 
ers will be trapped, i.e., the concentration of free 
charge carriers will be higher. The latter causes a 
decrease of the gauge factor [33]. The decrease of 
the resistivity itself with increasing anneal tem- 
perature, as well as the observed dependence of 
its temperature coefficients, are also qualitatively 
explained by this model of diffusion of disloca- 
tions. 

Conclusions 

Three series of samples of LPCVD in situ 
phosphorus-doped polysilicon films have been 
grown under different process conditions. Poly- 
crystalline films with grain sizes of 20 to 30 nm, 
both before and after annealing, were obtained, 
with dopant concentrations of (2- 
3) x 102°cm-3. A uniform thickness profile 
across each wafer was obtained by restricting the 
supply of active species to the inter-wafer re- 
gions. Films with low resistivities of the order of 
1 mR cm were obtained after annealing at moder- 
ate temperatures for 30 min. NTC-behaviour 
changed to PTC-behaviour after annealing at 
temperatures above 900 “C. Negative values for 
the longitudinal gauge factor were measured, and 
were found to depend on anneal temperature, 
stabilizing at a value of approximately -20. The 
strain-sensitive effect decreased with increasing 
ambient temperature by approximately 0.25%/ 
“C. The decrease of both the resistivity and the 
gauge factor with increasing anneal temperature, 
in the absence of gram growth, suggests a mecha- 
nism in which free charge carriers are generated 
during annealing. One of the underlying mecha- 
nisms may be related to the diffusion of disloca- 
tions. Although the grain size is very small, the 
electrical properties of the polycrystalline film are 
dominated by the bulk of the crystallites, accord- 
ing to the trapping state model. 
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With the above values for the resistivity and for 
the gauge factor, and the possibility of obtaining a 
TCR close to zero, these films are appropriate for 
use in thermal excitation and piezoresistive detec- 
tion in micromechanical resonators. 
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