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Abstract

Research of pressure sensor chip utilizing novel electrical circuit with bipolar-junction
transistor-based (BJT) piezosensitive differential amplifier with negative feedback loop
(PDA-NFL) for 5 kPa differential range was done. The significant advantages of developed
chip PDA-NFL in the comparative analysis of advanced pressure sensor analogs, which are
using the Wheatstone piezoresistive bridge, are clearly shown. The experimental results
prove that pressure sensor chip PDA-NFL with 4.0x4.0 mm? chip area has sensitivity S =
11.2 £ 1.8 mV/V/kPa with nonlinearity of 2Kxipack = 0.11 + 0.09 %/FS (pressure is applied
from the back chip side) and 2Knriop = 0.18 £ 0.09 %/FS (pressure is applied from the top
chip side). All temperature characteristics have low errors, because the precision elements
balance of PDA-NFL electric circuit was used. Additionally, the burst pressure is 80 times

higher than the working range.
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1. Introduction

Microelectromechanical system (MEMS) piezoresistive
pressure sensors with Wheatstone bridge electrical circuit are
the most widely used elements for pressure analysis in many
industrial and research fields. The silicon pressure sensor
relevance is determined by small size, high output signal
with low errors and mass fabrication. The chip area is “main
price” which determines sensor output characteristics and its
cost. The questions of balance between overall dimensions,
complexity of fabrication processes, output sensitivity and
low errors are most acute for sensor development of low-
pressure ranges from 0.1 to 10.0 kPa, which are applicable in
a wide range of industry, control systems (VAV) and
medicine [1]. It is necessary that the low range pressure
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sensor chip provides high sensitivity limit. Sensitivity, in its
turn, is a parameter which is limited by mechanical part of
chip or membrane. The most influential geometric size of
membrane is thickness of thinned membrane part, which will
be reduced to a certain limit [2]. Subsequently, the thinned
membrane part with thickness of several microns, where
maximum mechanical stresses (MS) are created, is most
susceptible to residual MS influence from: 1) SiO2 and
Si3N4 layers, especially in case of their step distribution on
top silicon surface [3,4], 2) metallization with significantly
different coefficient of thermal expansion (CTE) [3-6], 3) the
back surface roughness after etching [7], 4) types and
methods of packaging [4,8-12]. These facts lead to error
increase for nonlinearity, temperature characteristics and
larger scatter of output parameters (especially without stop-
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etching processes). Additionally, such structures with
thinned membrane part are more susceptible to cracking or
fracture during fabrication. Many developments consider the
possibility of MS increase in piezoresistor (PR) areas by
combinations of mechanical concentrator in the form of rigid
islands (RIs) or complex shaped mechanical structures [13—
20]. Such mechanical structures are created by using deep
reactive ion etching (DRIE) of both back and top side of the
chip. The use of DRIE is rather expensive process in mass
production. Thus, the next most relevant parameter for
membrane change is membrane area and, consequently, chip
area. An expansion of chip area will increase pressure sensor
cost.

The new promising method for pressure sensor sensitivity
increase while maintaining or reducing dimensions is change
of electrical circuit. The new electrical circuit with bipolar-
junction transistor-based (BJT) piezosensitive differential
amplifier with negative feedback loop (PDA-NFL) is
applied. The efficiency of PDA-NFL circuit has already been
successfully demonstrated for sensors of medium pressure
range for 60 kPa [21,22].

2. PDA-NFL circuit analysis

The full theoretical model of PDA-NFL electrical circuit
for pressure sensor chip, which was rather accurately
confirmed by experimental research with detailed description
of technological process, was presented in detail [23-25].
Therefore, only main results, applied in this development,
will be indicated below. The article target is directed to
detailed overview of developing of output characteristics
with its beneficial proof in comparative analysis with
pressure sensor analogs for 5 kPa.

The main advantage of PDA-NFL electrical circuit is
combination possibility of 2 times more PRs p-type
conductivity. It is possible due to the BJT three-pole contact
connection. One of development directions of similar PDA-
NFL electrical circuits is the use of deformable or non-
deformable metal-oxide-semiconductor transistors
(MOSFETs) or junction gate field-effect transistors (JFETSs)
instead of BJT and change of PDA-NFL electrical circuit to
more complex combinations [26-32] in the future. The use of
active elements complicates both the design and fabrication
of pressure sensor chip because competent integration of
MEMS and CMOS processes is necessary [33]. The PDA-
NFL electrical circuit, in its turn, allows to use sensor in
several applications without external amplification by ASIC
or its gain reduction [34-37]. The ASIC connection for signal
processing can be made in a similar way as connection with
Wheatstone bridge, where the PRs for calibration is base
divider resistance (Rpi1, v21, b12, b22) in Figure 1. The specific
location of PRs in the areas of compression or tension, as
shown in Figure 1, and combination with BJT operation
allows to distribute potentials and currents in the PDA-NFL
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Figure 1. PDA-NFL electrical circuit with indicators of change direction for
PRs when pressure is applied from the back side of chip.

4

circuit branches for more powerful output signal change of
pressure than by using of Wheatstone bridge. The PDA-NFL
output signal is potential difference of BJT collectors. The
following main design issues were analyzed in previous
works [22,24,25]:

e sclection of BJT with vertical structure npn-type
conductivity (V-NPN) or horizontal structure pnp-
type conductivity (L-PNP);

e  BJT location on deformable or non-deformable chip
region;

e methods of topological and technological
implementation of these electrical circuits with
specific nominal element values to achieve a
balance between high sensitivity and low
temperature dependence;

e methods for noise component reduction of output
signal which are caused by presence of active
elements in electrical circuit.

The following most relevant applications of pressure
sensor PDA-NFL were theoretically and experimentally
proved:

e with BJT V-NPN structure relative to L-PNP
analog, because the electrical circuit with BJT V-
NPN has 1.54 times higher sensitivity and more
compensated temperature characteristics (excluding
the temperature coefficient of span). The BJT L-
PNP structure disadvantages are probably caused by
presence of parasitic current in substrate of emitter-
epitaxial layer-substrate transistor. Sensitivity of
pressure sensor chip PDA-NFL with effectively
selected operating point of BJT V-NPN and PR
resistance increases on average by 3.5 times relative
to piezoresistive analogs with same mechanical part,
which is optimally designed for certain ranges;

e with BJT location on non-deformable chip region
(frame). The advantage of using the piezojunction
effect [38-40] on BJT for different pressure ranges
gives sensitivity increase only 1-5% in this
electrical circuit. At the same time, the topological
location of BJT with two PRs on small region is
significantly complicated. The space-charge regions
of neighboring circuit elements should not intersect



Journal XX (XXXX) XXXXXX

M Basov

so the area of thinned membrane part, which is
limited by volume between stress concentrators,
will increase significantly. It will lead to MS
decrease while other geometric parameters of
membrane are saved;

e with BJT V-NPN structure relative to L-PNP
analog, because the electrical circuit with BJT V-
NPN has less noise component of output signal. The
noise reduction is possible due to sufficient
reducing of the influence of main component as
Flicker noise, which is associated with generation
and recombination of carrier effects in BJT active
base region. The BJT active base region is
shortened for achieving of high current gain.

3. Fabrication process

Pressure sensor chip PDA-NFL is created by silicon
epitaxial structures (n — epitaxial layer, p — substrate) to
isolate BJTs, which are located in a limited volume. The BJT
fields are created by separation diffusion of the p* —
conductivity type and substrate. The ground potential is
applied to substrate. Electrical circuit elements are formed in
the crystallographic plane (100) along the crystallographic
direction [110]. The technological route for processing
pressure sensor wafers:

1. Oxidation;

2. The sequence of cleaning, photolithography and doping
steps, including:

a. boron for isolation areas and creating contact to the
substrate;

b. boron for high-doped PR regions;

c. boron for low-doped PR regions and BJT base areas;

d. phosphorous for BJT emitter and collector areas;

3. Si3Ny deposition as protection layer for membrane
etching;

4. Cavity photolithography on the back side of the wafer;

5. Wet anisotropic etching of membrane in 30% KOH
aqueous solution at T = 85 °C;

6. Wet isotropic etching of membrane in a mixture of
HF : HNO;: CH;COOH (2:9:4);

7. Removal of Si3Ny layer;

8. Photolithography and etching to open contacts;

9. Sputtering of Al-Si (1.5%);

10. Photolithography and metal etching to define metal
lines and bond pads;

11. Dicing

The chip membrane for 5 kPa range has a similar structure
as other pressure sensor chip PDA-NFL. The mechanical part
of chip as in cases of chip PDA-NFL development for other
pressure ranges was created by KOH wet-etching with three
RIs for MS concentration and linearity improvement.
Geometrical parameters of membrane are shown in Figure
2(a) and Table 1. The presence of technological error due to

disorientation of crystal orientation (100) and orientation flat
[110] and error of combination for photo template along the

orientation flat [41] are shown in Figure 2(a).
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Figure 2. Pressure sensor chip PDA-NFL: (a) back view and schematic
image for cut of chip mechanical part with geometrical indicators; (b) top
view with location indicators of all circuit elements.

Table 1. Geometrical parameters of pressure sensor chip PDA-NFL.

Geometrical Parameter Size, um
Chip side L 4000 + 50
Thickness of tinned membrane part W 10£2
Thickness of thickened membrane part H 400+5
Membrane side A 2260 + 15
Groove width between RIs or RI and chip frame D 23+4
Length of RI edge Z 790 + 60

The RI asymmetry, where average length of RI is 3 times
more than length of the largest PRs Ryi1, v21 (Figure 3), does
not significantly influence output characteristics of
membrane design for 5 kPa. During the creation of chip
PDA-NFL membrane for different pressure ranges the
variation between thickness of thinned membrane part W, RI
edge length Z and width D of groove between the Rls or RI
and chip frame appears. Topology of chip PDA-NFL has
significant difference with Wheatstone bridge analogs, which
have similar membrane with three Rls. Two PRs have to be
placed in one of maximum MS regions as shown in Figure
2(b) and Figure 3 [22].

Figure 3. Photo of PRs (where Ry is the longest element) location on
thinned membrane part between Rls.



Journal XX (XXXX) XXXXXX

M Basov

Metallization from a thin layer of aluminum (Wa = 0.8
pm), which is necessary for PRs and BJT connection into
electrical circuit, is located more than 80 pm from the edge
of thinned membrane part. Connection between PRs and
metallization occurs by high-doped p* - type regions, which
have a low component of piezoresistor effect. The resistance
contribution from high-doped p" - type regions was
considered for getting of required balance for effective
thermal compensation of circuit. Thus, full PR ratings consist
of high-doped p* - type (Ngp+ = 7,4:10" cm™, Xjp+ = 3,6 um,
Ry = 17 Ohm/cm?) and low-doped p-type (Ngp. = 8-10'3
cm, Xjp-= 1,8 pm, Ryp. = 200 Ohm/cm?) regions, where low-
doped p-type regions make main contribution of
piezoresistive  effect [42-44]. All necessary input
characteristics of BJT and PRs for operation of PDA-NFL
electrical circuit are presented in Table 2. The chip PDA-

NFL is created on a silicon wafers with diameter of 3 inches.

Table 2. Parameters of PDA-NFL electrical circuit.

Element Parameter Value
- Supply voltage Ugy, V 5

Base current I, A 4.6

Gain 145

BIT Base-emitter voltage (Up — Uem), V 0.80
Base-collector voltage (U, —Uy), V 0.80

Collector potential U, V 2.79

Roi1, b21, kOhm 447

PR Roi2, 322, kOhm 2.98
Rei, 2, kOhm 3.33

Remi, em2, kOhm 1.79

4. Output characteristics

Pressure sensor chip PDA-NFL was assembled into a
silicon structure, which is placed on kovar case to analyze
the output characteristics. The silicon construction of chip
consists of intermediate element and pedestal, which are
connected by low-temperature glass. The silicon construction
connects with kovar case by organosilicon glue to reduce
residual MS from case (Figure 4) [45-47]. Pads of pressure
sensor chip connect to case pins by ultrasonic welding of
aluminum wire. The sensor construction allows to measure
differential pressure. The samples of pressure sensor chip
PDA-NFL were divided into two groups. The first group (22
samples) has uniform supmembrane oxide (SO) over the
thinned membrane part Wsio2 = 55 nm (Figure 2(b)). The
second group (20 samples) doesn’t have uniform SO and a
whole surface isolation structure of the thinned membrane
part is created after oxidation processes over different doping
regions. Different thicknesses of SiO, steps from 0.18 to 0.42
pm was formed in second group. Creation of SO for the first
group occurs after phosphorous diffusion by means of
additional photolithography with followed thermal oxidation.

All modes of previous doping process were corrected
relatively second group without SO. Experimental groups
were exposed to a temperature cycling and pressure cycling
before measurements for removing of possible residual MS
from silicon construction and case [45,48].
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Figure 4. Pressure sensor PDA-NFL assembly: (a) design drawing; (b)
photo of sensor without upper part of case (cap).

Parametric characteristics for 5 kPa range are presented in
the form of "arithmetic mean =+ scatter as function of
standard deviation". The measurements of zero signal,
sensitivity, nonlinearity and noise component are considered
at T = 23 °C. The measurements of each output signal for
each sample are the arithmetic mean of 5 readings during 2.5
seconds. The reason for this measurement is high noise
component of output signal. Sensitivity and nonlinearity by
applying pressure from the back and top side of chip is
calculated. Temperature characteristics are analyzed for two
temperature ranges: “minus”’ -30..+20 °C and “plus”
+20...4+60 °C. The temperature characteristics and long-term
stability (drift) are calculated as relative parameters to
sensitivity, where pressure was applied from the back side of
chip. The long-term stability of output signal was analyzed
during the first 9 hours after power-up for chip electrical
circuit. Overload pressure is carried out at pressure build-up
speed of Vpwss = 120 kPa/sec to check the mechanical
strength. Output characteristics of pressure sensor PDA-NFL
are shown in Table 3.

The next features between two groups are necessary to
mark for analyzing the most relevant parameters of samples
with SO (the first group):

e higher average sensitivity with smaller spread
between samples S =11.2 + 1.8 mV/V/kPa;

e significantly smaller spread Dbetween the
nonlinearity when pressure is applied from the back
2Knipback = 0.11 £ 0.09 %FS and top 2Knrip = 0.18
+0.09 %FS side of chip (Figure 5);

e smaller errors of temperature characteristics, in
particular for temperature hysteresis of zero signal.
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Table 3. Output characteristics of pressure sensor PDA-NFL for 5 kPa.

Parameters Detail Value
Type of chip With SO Without SO
Sensitivity From back side 11.24 +1.81 10.01 £3.03
S, mV/V/kPa From top side 11.23+1.86 9.96 +2.97
Nonlinearity From back side 0.11+0.09 0.08 £0.08
2Kni, %FS From top side 0.18+0.09 0.25+0.19
Imbalance of zero output signal Uy, <3
mV/V
Noise of output signal Upgise, LV/V 3
Temperature -30...4+20 °C 0.04 +£0.02 0.11+0.10
hysteresis of zero o
signal THZ, %FS/°C +20...+60 °C 0.05+£0.03 0.12+0.12
Temperature -30...4+20 °C 0.19+0.05 0.21+0.11
hysteresis of span o
THS, %FS/°C +20...+60 °C 0.06 £0.04 0.07£0.02
Temperature -30...420 °C 0.14+0.08 0.25+0.09
coefficient of zero
signal TCS, +20...+60 °C 0.12+0.08 0.20 +0.09
%FS/10°C
Temperature -30...+20 °C 2.22+0.14 2.35+0.19
coefficient of span o
TCS, %FS/10°C +20...+60 °C 2.04+0.36 2.06 +0.30
Long-term stability Zero signal 0.03+£0.02 0,02 +£0.02
(drift) Us, %FS Sensitivity 0.02+0.01 0,02 +0.01
Burst pressure Ppysi, kPa > 400
Number of samples 22 20
300 0,25
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Figure 5. Dependence of zero output signal and nonlinearity on pressure for
pressure sensor PDA-NFL: (a) with SO, (b) without SO.

5. Comparative analysis of pressure sensor with PDA-NFL and
Wheatstone bridge electrical circuit

The first group of pressure sensor PDA-NFL with SO for
comparative analysis with piezoresistive analogs utilizing
Wheatstone bridge for 5 kPa is analyzed. 7 currently relevant
works [49-55] from 4 research groups (according to the
author opinion) were analyzed. The accurately detailed
analysis of analog developments will be presented further.
Table 4 shows all comparative characteristics of these works
regarding pressure sensor PDA-NFL readings (articles
[50,53] are marked by “*” represent only theoretical values).
The calculation of parametric characteristics for pressure
sensor PDA-NFL is presented as the most maximum for two
options, when pressure is applied from top or back side of
chip, the nonlinearity for this case is less than 2K < 0.27
%FS. Important things were not analyzed from works,
where the sensors were created for differential pressure:

e question of measurement symmetry, when pressure
is applied from both sides of chip;

e temperature characteristics [56,57], which are no
less important for pressure sensor than nonlinearity.

The balance relationship between high sensitivity and low
nonlinearity for piezoresistive analogs is achieved by
creating of new structure for mechanical part of chip
(membrane) with actual location of PRs in this case.

The highest sensitivity was obtained in experimental
development [49], where sensitivity of S = 5.14 mV/V/kPa,
nonlinearity of 2Kxi. = 0.28 %FS and membrane area of
2.90x2.90 mm?. The presented pressure sensor PDA-NFL
makes it possible to achieve 2.2 times higher sensitivity with
similar nonlinearity and smaller element area. Additionally,
pressure sensor PDA-NFL can reduce the mechanical
hysteresis H by 8.7 times and the mechanical repeatability R
by 6.6 times. Theoretical values in the paper [53] for similar
membrane structure [49] indicate the possibility of sensitivity
increasing to S = 6.93 mV/V/kPa and nonlinearity reducing
2Kt = 0.23 %FS. Other experimental studies [51,52] with
slightly lower nonlinearity of 2Ky = 0.25 %FS and fairly
high sensitivity were obtained. Comparative analysis of
pressure sensor PDA-NFL with development [51] showed
2.4 times higher sensitivity with 4.0 times smaller membrane
area. Additionally, pressure sensor PDA-NFL has 4.7 times
lower mechanical hysteresis H and 2.4 times lower
mechanical repeatability R. In the case of analysis with
development [52] the sensitivity of pressure sensor PDA-
NFL exceeds the indications by 2.5 times with slightly larger
chip area by 24%. One of advantages for pressure sensor
PDA-NFL is the mechanical strength, which is higher by 6.5
times. Nonlinearity of pressure sensor PDA-NFL are close to
both cases because we must consider parameters within
rather high spread which are presented on many chips.



Table 4. Comparative analysis of pressure sensor PDA-NFL with actual analogs utilizing piezoresistive Wheatstone bridge for 5 kPa.

"l;yp © (f ;:rh;p Membrane Ilfl?nll(zrane Sensitivity S, Nonlinearity ~ Hysteresis ~ Repeatability ; i:OU ?urstr Numfber
pressure cd area, mm’ CKNESS, mV/V/kPa 2Ky, %FS  H, %FS R, %FS signal Lo, - pressure N
sensor mm pm mV/V Poursi, kPa samples
I;]])F[;_ 4.00x4.00  2.26x2.26 10+£2 112+1.8 <0.27 0.03 0.08 <8 > 400 22
CET;/;P 2.90x2.90 12 5.14 0.28 0.26 0.53 16 - -
PMNBCB - 2.90x2.90 12 6.93 0.23 - - - - -
[53]*
F][lei\/l 4.50x4.50 30 4.65 0.25 0.14 0.19 - - -
FBBM
[50]* - 4.50x4.50 30 5.10 0.75 - - - - -
CBP [52] 3.60x3.60  2.06x2.06 10 4.44 0.25 - - 2.0 62 3
Per[“;si‘ﬂa 3.60x3.60  1.90x1.90 10 3.68 036 - - 0.4 - 2
CBM [55] - 2.90x2.90 20 1.55 0.09 0.09 0.09 32 - -
The other most relevant developments for this range have Experimental data of pressure sensor PDA-NFL

some lower sensitivity [54,55] or only mathematical model
[50]. Additionally, it is necessary to note, that pressure
sensor PDA-NFL relative to all chip design with Wheatstone
bridge has:

* high mechanical strength, which exceeds Ppust > 400
kPa, without using stops [58-61];

* statistic data for comparative analysis with sufficiently
large number of experimental samples;

» existence of relatively minor disadvantages, which are
associated with increased imbalance of output signal Uy < 8
mV/V and noise component of output signal Useise <3 pV/V.
These disadvantages will able to compensated by ASIC;

» significantly higher sensitivity while thickness and area
of thinned membrane part are saved.

6. Conclusion

Analysis of research results for pressure sensor with
radically new electrical circuit PDA-NFL utilizing BJT V-
NPN and SO for 5 kPa shows significant advantages that
have been achieved relative to analogs of pressure sensors
with piezoresistive Wheatstone bridge circuit for similar
pressure range:

+ sensitivity is 2.2 times higher (Sppanr. = 11.2 +
1.8 mV/V/kPa) relative to the most sensitive analog [48]
with similar error for nonlinearity (2Knp ppanrr < 0.27
%FES);

 area reduction of thinned membrane part (and most
likely chip area) by 40% (chip PDA-NFL area 4.0x4.0 mm?)
relative to the most sensitive analog [48];

* high value of burst pressure Ppurt poa-nrr > 400 kPa (80
times higher than the working range) without using of
protective structure with stops;

* insignificant error of mechanical hysteresis HppanrL =
0.03 %FS and mechanical repeatability Rppanrr = 0.08
%FS.

measurement, which is created with and without SO, proved
the influence of thickened step-formed isolation structure
Si0O; over the area of thinned membrane part. Pressure sensor
PDA-NFL without SO has greater imbalance between two
types of nonlinearity, when pressure is applied from the top
and back sides of chip, significant sensitivity imbalance
between sample data and higher errors of temperature
characteristics, especially in temperature hysteresis of zero
signal.

It is important to note that the pressure sensor PDA-NFL
combination of selected electrical circuit and mechanical
part with SO allows to achieve fairly low temperature
dependence. The temperature characteristics for T =
-30...+60 °C range, where the common parameter limits are
regarded as the largest of two sub-ranges, have values:
THZ < 0.08 %FS, THS < 0.24 %FS, TCZ < 0.22 %FS/10°C
and TCS < 2.4%FS/10°C. Temperature characteristic errors
have unilateral sign changes in 95% of cases. The imbalance
between average values of nonlinearity, when pressure is
applied from both sides of chip, is minimal enough
A2Kne ppanrL = 0.07% FS. Long-term stability (drift) over 9
hours (T = 30 °C) is no more than Uy < 0.05 %FS. The
pressure sensor PDA-NFL disadvantages are associated with
two factors. The reason for high output signal imbalance is
PDA-NFL circuit requirement for balance 2 times more PRs
and additional 2 BJTs relative to Wheatstone bridge circuit.
The noise component of output signal, which connected with
BIJT using, is no more than Upeise <3 pV/V.

A potential direction for further development of pressure
sensor for 5 kPa or lower ranges is application of PDA-NFL
electrical circuit on the chip with advanced mechanical
membrane structures, which were mentioned earlier.
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