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Abstract

This paper describes a capacitive humidity sensor with on-chip calibration circuit fabricated by a standard CMOS process to achieve a
cost-effective solution for accurate and reliable humidity measurement. The humidity sensing property on-chip is obtained by a post-
processing step after the standard CMOS fabrication and whereby a commercial polyimide is deposited on the packaged chip. The sensing
principle of the sensor is the dielectric constant change of deposited polyimide due to absorption/desorption of water. The on-chip
calibration circuit is based on a switched-capacitor front-end, featuring high linearity, insensitivity to temperature, as well as low power
consumption. The measured results show that the offset and the sensitivity of the sensor can be precisely calibrated by the integrated circuit
which also provides a readable output. The sensor has a linear function with relative humidity in the range of 10-90% RH and a negligible

hysteresis. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

As the bulk and surface micromachining techniques [1,2]
are getting mature, the integrated silicon sensors fabricated
by industrial CMOS IC technologies have received a great
interest. A number of microsensors have been fabricated by
industrial CMOS technologies without further silicon pro-
cessing [3-6] or by combining established IC technologies
with additional processing steps specific to the sensor func-
tion and compatible with the IC process [7-11].

Despite the need of miniaturized, cheap, and reliable
humidity sensors in numerous application areas, the humid-
ity microsensors fabricated in standard IC technologies has
not yet matured as a commercial product on the market. The
classical principles for humidity measurement like psychro-
metry, dew point, or gravimetric measurement are not
applicable for miniaturized sensors, and they are normally
expensive and become unstable under continuous use. IC
technology allows the integration of the sensor and the
circuit on the same chip [11]. This results in a sensor with
improvement in sensitivity, linearity, accuracy, interference
resistivity, and reduced size. On the other hand, IC is a low
cost and batch fabrication technology for manufacturing
sensors. However, IC processes limit the range of available
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materials and the freedom of the process sequence. There-
fore, a few post-processing steps are needed for the fabrica-
tion of humidity sensors [8].

The humidity sensing materials, such as dielectric poly-
mers and polyimides, are compatible with IC processes.
These materials exhibit fast exchange with water vapor, have
low hysteresis, and are chemically stable. However, these
materials have poor durability against water and are not
applicable at high temperature. To solve this problem, cross-
linked polymers has been proposed [12,13].

The objective of the current research is to develop a cheap,
accurate, and reliable humidity sensor by integrating the
sensing element and the calibration circuitry on a single
chip, and using standard CMOS technology for fabrication.
The humidity sensing property on-chip is obtained by a
simple post-processing step after the standard CMOS fab-
rication and whereby a commercial polyimide is deposited
on the packaged chip.

2. Design and fabrication of the humidity sensor
2.1. Sensing element design

The sensing principle of the humidity sensor presented
here is based on the dielectric constant change of deposited

polyimide due to absorption/adsorption of water vapor. The
sensing element is based on interdigitated capacitance
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Fig. 1. Schematic structure of sensing element.

structure, as illustrated in Fig. 1. The electrodes are made from
two aluminum layers of CMOS technology, metal 1 and metal
2. The size of the entire structure is 308.6 um x 308.6 um.

2.2. Interface circuit description

Fig. 2 shows the sensor interface circuit. OP2 is an output
buffer that can drive an off-chip load. OP1 is a charge-to-
voltage converter. In order to compensate the sensor offset
and gain errors, dual differential elements are used. One is
reference element covered by thick oxide (C,.r) and the other
is sensing element exposed by adding a passivation-opening
layer (Cgensor) during CMOS fabrication. Both elements
have the same structure, as shown in Fig. 1. The
switched-capacitor branch from Cgepgor to C; forms a non-
inverting amplifying circuit, and the one from C to C,
forms an inverting amplifying circuit. Feedback capacitor C,
performs a low-pass function to avoid rapid variation of Vg,
since humidity is a slow-changing quantity. The dc transfer
function of this circuit is

Csensor Cref
Vou = VrefA( ) - VrefB < > (1)
' C C

where V.a and Vi can be used to adjust the output offset
voltage caused by mismatch between Ciepgor and Cir. The
response speed of this circuit is given by a time constant t
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where f, is the clock frequency.

v refA ¢ v C sensor —__l I’ml/—.l-
’ I | | o2
_E:f/ x|—1%. Vour
Cref — o
/61 w
o i 1 i

(@)

VrefB
Uf
g~
oy LI 1 I 1
o LI L1 1
o2 e I e I e
0o 1 1 |

Fig. 2. Sensor interface circuit.

According to transfer function (1), V,, has a linear
relationship with Cyepsor Csensor 1S @ function of the water
content of the exposed dielectric. Assuming that the dielec-
tric film covering the sensor has a dielectric constant, &,
which varies linearly with relative humidity RH, then ¢ is
given by ¢ = ¢p + oRH, where o is a constant for an indi-
vidual sensing material and ¢, the dielectric constant at
RH = 0. Therefore,

Csensor = €K = oK + KoRH 3)

where K is only depending on the geometry of the sensing
capacitor.

Introducing Eq. (3) into Eq. (1), the following equation is
formed:

Vou = SRH + b “)

where S = KOCVrefA/Cl, b= VrefA(S()K/C1> — VrefB(Cref/Cl).
S represents the sensitivity of the sensor and it is influenced
by the value of V. and the dielectric constant o of the
sensing film, and b represents the offset of the sensor and is
influenced by both V,.ta and Viesp.

2.3. Interface circuit design considerations

As shown in Fig. 2, the circuit contains three kinds of
components: switches, capacitors, and opamps. Sources of
the non-linearity of V,, versus Ciepsor include the switches
charge injection, non-linear V-I characteristic of capacitors
and finite dc gain of opamps. Therefore, to achieve high
linearity, metal or poly—poly capacitors are used due to their
good V-I linearity. Amplifier OP1 is designed to have very
high dc gain (above 100 dB). A two-stage architecture is
chosen for both OP1 and OP2. The opamp circuits are shown
in Fig. 3 and their electrical characteristics are listed in
Table 1.

In switched-capacitor circuits, the clock feed-through and
charge injection from switches generates an error voltage in
the output. This voltage is related to transistor’s threshold
voltage and is therefore temperature dependent. To mini-
mize this effect, a four-phase clock scheme shown in Fig. 2
is used [14]. The clock phases ¢; and ¢, drop slightly earlier
than ¢} and ¢, respectively, so all switches controlled by ¢
and ¢, will not introduce clock feed-through or charge
injection errors. Only the two switches connected to the

Table 1

Electrical characteristics of amplifiers

Electrical characteristic OP1 OP2
dc Gain (dB) 115 120
Gain-bandwidth product (MHz) 9 9
Phase margin (°) 65 70
Supply (V) 3 3
Power consumption (mW) 1.8 54
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Fig. 3. Opamp circuit: (a) OP1; (b) OP2.

virtual ground of OP1 will affect the output. To minimize
this error, the two switches are designed using NMOS
devices only and with minimum size. Besides, the capacitor
C, is designed to have large value.

2.4. Layout of the integrated sensor system and
CMOS fabrication

Fig. 4 shows the layout of the sensor system containing a
sensing element, a reference element, and on-chip interface
circuitry. A pad-opening layer is included to avoid passiva-
tion covering of the sensing element during CMOS fabrica-
tion. The prototype chips are fabricated in a digital 0.6 pm
CMOS process from AMS. The package is a 24-pin DIL
(only 12 pins are used).

2.5. Post-processing

After CMOS fabrication, one-step post-processing pro-
cedure is necessary to spin-coat a humidity sensitive film on
the packaged chip (Fig. 5). Dupont PI2555 is selected as
sensing material. The post-processing procedure is
described in Table 2.

3. Measurement procedure

Characterization of the sensor is carried out in an
AH-202 high/low temperature humidity test chamber.
The chamber has a humidity range of 10-98% and tem-
perature range from —40 to +200°C. The humidity and
temperature in the chamber can be separately adjusted and
kept at constant levels. The deviation of the temperature
and humidity during measurement is £0.25°C and +3%
RH. A commercial heavy duty thermohygrometer is used
to obtain the relative humidity and temperature values near
the sensor. The thermohygrometer is controlled by a
computer through RS-232 communication bus. The out-
put voltage of the sensor is measured with a HP 3458A
Multimeter controlled by GP-IB. The saturated salts
solutions, such as NH,Cl, CaCl,-6H,O and LiCIl-H,O
are used for controlling the accuracy of the sensor. At

Fig. 4. Layout of the integrated sensor system.
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Fig. 5. Photograph of the chip after post-processing with PI2555 and 3.8 pum in thickness.

Table 2
Post-processing procedure of PI2555

Coating

Baking
Curing

Thickness of the film

Dispensed PI2555 on the static packaged chip
Rotated at 1800 rpm for 5 s

Rotated at 2000 rpm for 30 s

Finally spin-dried at 1800 rpm for 15 s

The chip is then baked in convection oven at 120°C for 30 min

The chip is cured in an oven using the following cure profile
Heating from room temperature to 200°C, ramp rate 4°C/min in air
Hold at 200°C for 30 min in air
Heating from 200 to 330°C, ramp rate 2.5°C/min in nitrogen
Hold at 300°C for 60 min in nitrogen
Gradual cooling to room temperature

3.8 um

20°C, NH4Cl, CaCl,-6H,0, and LiCl-H,O saturated solu-
tions provide a constant humidity of 79.5, 32.3, and 15%
RH, respectively.

4. Results and discussion
4.1. Sensor sensitivity calibration

The sensor sensitivity (S) is defined as the slope of a least
squares linear-fit line of V,,, versus RH (%) characteristic.
Fig. 6 shows several typical measurements of V., versus RH
(%) with different input values of Viepa. Vierp is adjusted for
obtaining a zero value of V,, at 50% RH. The full range of
Voue 18 from —1.5 to 1.5 V. The sensing film is 3.8 pum thick
PI12555. The ambient RH in the test chamber is programmed
between 10-90% RH with steps of 5% RH. All the tests are
run at a constant temperature of 26°C. Several measure-
ments are collected per step. Note that the response of the

[ Absorption (VrefA=1.5 V), Vout=0.017RH%-0.858
© Absorption (VrefA=0.25V), Vout=0.003RH%-0.147
O Desorption (VrefA=3V), Vout=0.034RH%-1.644

0 20 40 60 80 100
RH%

Fig. 6. Sensor V,,, vs. RH with different input values of Viera (Viers 18
adjusted for Vo, = 0 at 50% RH). All the tests are running at 26°C.
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Fig. 7. Sensitivity as a function of Viega.

sensor is quite linear, with a least squares linear-fit of these
data yielding a correlation coefficient greater than 0.99. The
sensitivity of the sensor increases as Vo increases, as
expected (Eq. (4)). The sensitivity S (in V/RH) as a function
of Vieta can now be obtained, and it is shown in Fig. 7. The
resulting function is

S = 1.1Vyea &)
4.2. Sensor offset calibration

Sensor offset b (in V) is defined as the circuit output for
zero RH. Fig. 8 shows that sensor offset is a function of Vi
for a constant value of Vs (0.25 V). The resulting char-
acteristic is

b= —68Viemm + 5.2Veera ©)

Therefore, the transfer function of the sensor for PI2555
sensing film is

Vou = (1.1VrefA)RH + (5.2VrefA — 6.8VrefB) @)

The sensor therefore can be calibrated by Eq. (7). Since Viea
can be adjusted between 0 and 3 V, the maximum sensitivity
of the sensor is 3.3 V/RH. If a maximum V., is selected,
Viers should be correspondingly adjusted in order to avoid
the output saturation of the sensor in the measured RH (%)
range of 10-100%.

Table 3
Post-processing procedure of PI12610

0.8
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Offset = -6.8 VrefB + 1.31

Sensor offset (V)

VrefB (V)

Fig. 8. Sensor offset as a function of Vi With Vieea = 0.25 V. All tests
are run at 26°C.

4.3. Influence of the dielectric constant of sensing film

According to Eq. (4), sensor transfer function is also
influenced by the dielectric constant of the sensing film.
In order to prove that, Dupont PI2610 is deposited on the
packaged chip with a post-processing procedure described in
Table 3. Fig. 9 shows the measurement of V,,, versus RH (%)
for sensors with PI2555 and PI2610 as sensing film, respec-
tively. Viera 1s adjusted to be 3V to get the maximum
sensitivity to RH changes. Note that the response of the
sensors with PI2555 is more sensitive (3.3 V/RH) than with
PI12610 (1.6 V/RH). The major difference between PI2555
and PI2610 is their dielectric constant. PI2555 has a larger
dielectric constant (3.3 at 1 kHz, 50% RH) than PI2610
(2.9 at 1 kHz, 50% RH). Therefore, the result shown in
Fig. 9 indicates that the dielectric constant of the sensing
film influences the sensitivity of the sensor as described
in Eq. (4).

4.4. Sensor hysteresis
Fig. 10 shows a typical hysteresis measurement. The

sensor output voltage is recorded when RH (%) is raised
from 20 to 80% ([, absorption) and then lowered to 20%

Coating

Baking
Curing

Thickness of the film

Dispensed PI2610 on the static packaged chip
Rotated at 1800 rpm for 20 s

Rotated at 4000 rpm for 20 s

Finally spin-dried at 2000 rpm for 20 s

The chip is then baked in convection oven at 120°C for 30 min

The chip is cured in an oven using the following cure profile
Heating from room temperature to 200°C, ramp rate 4°C/min in air
Hold at 200°C for 30 min in air
Heating from 200 to 330°C, ramp rate 2.5°C/min in nitrogen
Hold at 300°C for 60 min in nitrogen
Gradual cooling to room temperature

4.2 pm
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Fig. 9. Vo vs. RH (%) for sensing films PI2555 and PI2610; Viea =3 V.
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Fig. 10. A typical hysteresis measurement. Sensing film is PI2610;
Vieta =3 V.

again (/\, desorption) with a step of 5%. The chamber
humidity is corrected by a commercial hygrometer and
shown in x-axis. Sensor output voltage is shown in y-axis.
No apparent hysteresis is observed. All the data divergence
is within the limited resolution of the chamber control.

4.5. Temperature coefficient

An understanding of the temperature dependence of a
humidity sensor is critical to the development of an accurate
calibration scheme. Fig. 11 shows the continuous record of
RH (%) (y,-axis) and T°C (y,-axis) versus record time when
the test humidity chamber is controlled to maintain a con-
stant RH (%) of 70£3% (Fig. 11(a)) and 73 £3%
(Fig. 11(b)), respectively. When the temperature inside
the humidity chamber goes up from 20 to 60°C (see
Fig. 11(a)), or goes down from 65 to 30°C (see
Fig. 11(b)), the RH (%) measured by the sensor are almost
constant except the transient stage due to the chamber
control. These phenomena illustrate that the temperature
coefficient of the sensor is very small.

100
-1 80
B + 60
z 3
& 14 ©
-1 20
0+ T T T T T 0
0O 20 40 60 80 100 120
Time (min.)
(€]

RH%
sl

Time (min.)

()

Fig. 11. Typical experimental sequence of RH (%) and T°C vs. record
time with (a) 7°C going up from 20 to 60°C and (b) 7 °C going down from
65 to 30°C. The humidity chamber provides a constant RH of 70 &+ 3%
ambient.

4.6. Stability

The sensor is aged in a humidity chamber at 60% RH,
26°C for 7 days. The output voltage varies in a range of
0.16-0.24 V corresponding to 57-63% RH due to the lim-
ited resolution of the chamber control. But no systematic
drift is observable (Fig. 12).

4.7. Response speed
Fig. 13 shows that the RH (%) measured by sensor versus

time when changing the humidity rapidly from 79.5 to 10%
RH (desorption) and from 15 to 75% RH (absorption).
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Fig. 12. V,, as changes of time in 60% RH at 26°C.
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Fig. 13. RH (%) measured by sensor vs. time when changing the humidity
from 79.5 to 10% RH, and then from 15 to 75% RH. 79.5 and 15% RH are
provided by the saturated salt solution; 10 and 75% RH are obtained by the
humidity chamber control.

79.5% RH ambient is provided by NH4Cl1 saturated solution
and 10% RH ambient is obtained through the humidity
chamber control. Similarly, 15% RH ambient is provided
by LiCI-H,O saturated solution, while 75% RH is obtained
through chamber control. The result shown in Fig. 13 is
obtained in the following way. First, sensor is placed in a
small sealed glass container that has an ambient of 79.5%
RH (for desorption) and 15% RH (for absorption), respec-
tively. The container is located in the humidity test chamber
that has been programmed to have a 20°C and 10% RH
ambient for desorption and 75% RH ambient for absorption.
When the container reaches the constant RH air, we open the
door of the chamber and remove the cover of the container,
and the sensor is introduced rapidly into the ambient of the
test chamber. Fig. 13 indicates that the response time of the
sensor is less than 20 s to reach 80% of the equilibrium
value.

4.8. Sensor resolution

The resolution of the sensor is obtained by the following
way: (1) measuring sensor output voltage as function of
aging time in a constant RH (%) ambient provided by a
saturation salt solution NH4CI; (2) translating the sensor
output voltages into RH (%) values through the calibrated
sensor transfer function (Eq. (7)); (3) plotting the RH (%)
values as a function of aging time, as shown in Fig. 14. Note
that the RH (%) values varied over a range of 74.94-75% in a
constant 75% RH ambient. Therefore, the resolution of the
sensor is defined to be 0.06% RH.

4.9. Sensor accuracy after calibration

The sensor accuracy is defined as the sensor error
after calibrating for the offset and gain errors. This is domi-
nated then by its non-linearity error. The procedure is as
follows.

75.05

75 1o—o
L 60000 0060600000 400 06060000 & 40 o o
74.95 P Y X YY)

74.8 T T T T T
0 10 20 30 40 50 60

Time (Min)

Fig. 14. RH (%) vs. aging time measured in a constant 75% RH ambient.
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Fig. 15. Sensor accuracy measurement.

1. The sensor is calibrated in the humidity chamber using
as many points as possible, as described in Sections 4.1
and 4.2.

2. Using stable reference humidity ambient at 15, 32.2, and
79.5% RH, provided by saturated LiCl-H,O,
CaCl,-6H,0, and NH4Cl solutions, respectively, at
20°C, the sensor output voltages were measured and
the calibrated RH (%) values were obtained through the
calibrated transfer function (Eq. (7)).

3. The calibrated RH (%) as function of the ambient RH
(%) is plotted and shown in Fig. 15. The dotted linear
line shows an ideal function, i.e.

RH (%) measured by sensor = ambient RH (%) )

The measured data shown as squares represent a linear
function of

RH (%) (sensor) = 0.983% RH (ambient) + 0.053  (9)

The worst deviation of function (9) from (8) during the
full RH (%) measurement range (0-100%) is 1.7% RH.
This, of course, is the combined effect of all errors in the
above procedure, but can be used as a majorant of the
sensor accuracy or non-linearity error.

5. Conclusions

An integrated capacitive sensor has been designed
and fabricated by CMOS technology combining a simple
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additional post-processing step. The humidity sensitive
film PI2555 has been successfully deposited on the pack-
aged chip. The on-chip interface circuitry is able to cali-
brate the sensor offset and the sensitivity precisely. The
measured characteristics of the sensor show that the sensor
has a linear transfer function and a negligible hysteresis.
The resolution of the sensor is 0.06%. No measurable
drift is observed after aging the sensor in 60% RH,
26°C for 7 days. The response time of the sensor is about
20 s and the temperature coefficient is very small at high
ambient RH.
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