CHARACTERISTICS OF POLYSILICON LAYERS AND THEIR APPLICATION IN SENSORS
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Abstract: The important characteristics of boron
doped LPCVD polysilicon layers with regards to sensor
applications are presented. Properties such as the
resistivity, temperature coefficient of the resistan-
ce, gauge factor, and long term stability are descri-
bed. A pressure sensor utilizing polysilicon piezore-
sistors with a measurement range of 1 bar and a sensi-
tivity of roughly 11 mV/V F.S. is discussed. Finally
a polysilicon temperature sensor wgtﬁ'on chip lineari-
zation, a sensitivity of -3.5x107°K”" and a linearity
error of less than 0.5% is described.

Introduction

Polycrystalline silicon has been an important mate-
rial in integrated circuit technology for many years
[1}-|4). Growing interest has been shown recently in
the utilization of polysilicon as a basic material
for sensors |5|-| 8]. Next to the resistivity, of par-
ticular importance for the development of sensors
which operate through a change in the electrical cha-
racterisitics of polysilicon are the temperature coef-
ficient of the resistance, the strain sensitivity
(gauge factor) and the long term stability of the
resistors. In the following sections are described
our investigations of boron doped LPCVD (low-pressure
chemical vapor deposition) polysilicon structures
used for the development of pressure and temperature
sensors.

Characteristics of boron doped polysilicon layers

For the investigations described below polysilicon
layers with a thickness of 0.5um were deposited using
LPCVD onto oxidized silicon wafers with an oxide
thickness of 0.1uym. The layers were boron doped using
ion implantation and then annealed in N2 at 950°C for
30 min. Next the layers were patterned “by wet chemi-
cal etching using- negative photoresist as an etch
mask. Metalization is accomplished through aluminum
vapor deposition and another photolithographic patter-
ning procedure. As a final step the wafers are annea-
led at 470°C for 20 min in an N2 atmosphere.

Resistivity

Figure 1 shows the resitivity of boron doped polysili-
con resistors as a function of doping concentration
together with the resistivity of p-doped monocrystal-
line silicon. From this graph it can be seen that the
resistivity of polysilicon layers is always higher
than that of single crystal material, even when the
boron concentration is very high. At low doping con-
centrations the resistivity climbs rapidly, so that
only the impurity concentration range shown is of
interest for sensor applications as described in this
paper. The solid 1line shows the calculated values
using the carrier trapping model |9].

Temperature Coefficient

The relative resistance change of boron doped LPCVD
polysilicon resistors over a temperature range from
-60°C to +160°C is shown in Figure 2 with the implan-
tation dose as the varying parameter. The following
points can be seen:
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Fig. 1: Resistivity of boron doped LPCVD polysilicon

as a function of doping concentration
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Fig. 2: Relative resistance change for boron doped

LPCVD polysilicon resistors as a function of
temperature.
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e The resistance with temperature is not
linear.

o The temperature coefficient of the resistance may
be selected over a wide range, both positive and
negative, through selective doping.

® The temperature dependence increases with decrea-

sing doping concentrations.

change

To determine the temperature coefficient o, of the
resistors, the curves in Fig. 2 are approxim§ted bet -
ween 0° and 40° through

R(T) = R20 exp [aR(T-To)J

where

T in °C, T, = 20°C

uR=§; 4R | 1= 20c
is the temperature coefficient at T = 20°C.

Figure 3 shows the change in the temperature coeffi-
cient a, as a function of boron concentration N,.
From the figure it can be seen that the temperature
coefficient of boron doped LPCVD polysilicon resi-
stors can be negative, approach zero, or be positive
depending on the doping concentration. This relations-
hip is of particular importance for sensor applica-
tions. In comparison the temperature coefficient of
monocrystalline p-doped silicon is shown in Fig. 3 as
well | 10].
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Fig. 3: Temperature coefficient of resistance for
boron doped LPCVD polysilicon resistors for
T = 20°C.

Gauge factor

For the development of sensors for pressure, force,
or acceleration knowledge of the strain sensitivity
of polysilicon resistors expressed through the gauge
factor 1is of particular interest. Figure 4 shows
curves of the relative resistance change of boron
doped polysilicon resistors, referenced to the resi-
stance value R_ under stress free conditions, as a
function of Tlongitudinal strain e,. The parameter
varied is the implantation dose. It can be seen that
the resistance decreases with compression and increa-
ses under tension. The resistance change with strain
decreases with increasing doping concentration. This
relationship is equivalent in principle to that of
single crystal material [11]. The study was carried
out through the utilization of a silicon cantilever
beam structure with longitudinal and transverse poly-
silicon resistors.
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Fig. 4: Relative resistance change (AR/R ), of boron
doped polysilicon resistors as aolgunction of
the longitudinal strain €q.

Figure 5 shows the longitudinal and transverse gauge
factors, G, and G_, as a function of the doping con-
centration N,. G, may be determined in accordance
with fig. 4 tﬁrough the approximation

A
G] :R—R EL_
o 1
40t
30
Gy
204
Gy 8: LPCVD-polySi
S 10} E=60keV
= 950°C, 30min, N,
O Nem® 1220°C
o
-10
-20
Fig. 5: Longitudinal and transverse gauge factor as a

function of the doping concentration N, of
boron doped LPCVD polysilicon resistors nfhder
tension.

The maximum value of G, in Fig. 5 is roughly 30 and
is therefore roughly '15 times as large as metal
strain gauges. In comparison with diffused piezoresi-
stors this factor is however approximately 1/3 as
large. The transverse gauge factor G, displays an
unusual characteristic which has not ﬁeen explained
up to this point in time. Due to this characteristic
only the longitudinal gauge factor can be used for
sensor applications.



In Figure 6 the longitudinal gauge factor is shown as
a function of temperature. A linear reduction in G
with increasing temperature can be observed. The tem-
perature coefficient which can be determined from the
curves shown can be expressed as

o =z g7 | T=20¢C

and lies between -2:10"° k™! and -1.1073 k7L with

increased doping the temperature coefficient decrea-
ses.
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Fig. 6: Change of the longitudinal gauge factor G of
boron doped LPCVD polysilicon resistors with
temperature.

Longterm stability

Polysilicon resistors are capable of realizing at
least as high a Tevel of long term stability as may
be expected from resistors in monocrystaline silicon
since surface effects play only a secondary role in
device characteristics. First results with non-passi-
vated resistors show that at a temperature of 125°C
over_g time period of 1000 hours a drift of less than
5+10°~ is obtained. It can be expected that passiva-
tion with a plasma deposited Si N4 will result in a
corresponding improvement in drifé characteristics.

Polysilicon sensors

Pressure Sensor

Figure 7 shows the structural principle of the polysi-
licon pressure sensor described in this section. In
this sensor the piezoresistors are no longer integra-
ted in the single crystal silicon diaphragm, instead
they are fabricated as polysilicon resistors.
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Fig. 7: Structural principle of a pressure sensor uti-
1izing polysilicon piezoresistors.

Figure 8 shows the front and back sides of a pressure
sensor chip with four polysilicon pizeoresistors
which are connected to a Wheatstone Bridge. The
doping of the resistors was chosen to obtain the

smallest possible f§mperature coefficient of resistan-
ce at N = 4.510"" boron ions/cm”~. The resistance of
the individual elements 1is roughly 1.8 kqa. The dia-
phragm fabrication is accomplished through an aniso-
tropic etch with a KOH/H,0 solution. A Si,N, layer
serves as an etch m%sk. Tﬁe diaphragm dimen%i%ns are
1.5 x 2.5 x 0.03 mm~. The fabrication of this sensor
is presented in detail in 8], and | 12].

Fig. 8: Photograph of the sensor chip with polysili-
con piezoresistors.

The output voltage characteristics V_ of the sensor
are shown in Figure 9 as a function %f pressure for
the temperature range between -60°C and 200°C. At
room temperature the sensor has a sensitivity of
roughly 11 mV/V. The temperature coefficient of the
offset voltage is 0.01% F.S./°K, of the sensitivity
-0.08% F.S. /°K and the Tlinearity error is * 0.35%.
The temperature range given above 1is not meant to
imply an operating temperature limit of the sensor as
measurements up to 300°C have shown.
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Fig. 9: Output voltage characteristics V_ of the pres-

sure sensor as a function of “pressure for
temperatures between -60°C and +200°C.

Temperature Sensor

Over a Timited temperature range when linearity requi-
rements are minimal a boron doped polysilicon resi-
stor can be directly wutilized as a temperature
sensor. When however a reduced linearity error over a
wider temperature range 1is required, the resistors
temperature characteristics must be linearized. A re-
duced linearity error may be realized through a three
point linearization method in which the actual charac-
teristic curve of the sensor corresponds with a desi-




red line at three equidistant points |13]. The possi-
bility of simultaneously realizing polysilicon resi-
stors with comparatively large and very small tempera-
ture coefficients allows the placement of measure-
ment and linearization resistors on the same chip. In
this manner no external elements are is needed for
the linearization of the sensor characteristics.

Figure 10 shows a polysilicon temperature sensor with
on chip linearization. The resistors have varying
doping concentrations and are adjusted to their speci-
fied valups by laser trimming. The chip size is 1.5
x 1.5 mm~. In Figure 11 the characteristic curves of
this sensor for temperatures between -40°C and +140°C
are ggsplayed. The sensitivity of the sensor is -3.5
% 10 /°K. At room temperature the resistors have a
value of 1 k.

Fig. 10: Polysilicon temperature sensor with on-chip
parallel linearization.
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Fig. 11: Characteristic curve of the polysilicon tem-
perature sensor shown in Figure 10.

Conclusion

From the investigations discribed here the following
preferential characteristics for utilizing polysili-
con layers as a sensor material have been determined:

e The layers may be deposited on electrically insula-
ting substrates.

e The processing is compatible with semiconductor fa-
brication technology.

e Layers are easily structured.

e Junction isolation is not necessary thus allowing
sensor operation over a larger temperature range.

e By varying the doping concentration the temperature
coefficient of the resistor may be selected over a
wide range, positive, negative, or zero.

® Polysilicon layers exhibit a comparatively
and isotropic piezoresistance effect.

e The layers are highly reproducible and exhibit homo-
genous characteristics.

e Through laser trimming the resistance values can be
selectively adjusted.

large

From these advantages the many sided application pos-
sibilities of polysilicon layers in measurement tech-
nology aqp]ications can be clearly seen. The dielec-
tric isolation of the layers in connection with an
increased operating temperature range, the possibili-
ties for temperature compensation and the trimming
capabilities are the most important advantages of po-
lysilicon as opposed to monocrystaline silicon.
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