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Abgract: Porous dlicon (PS) sensor based on capacitive technique used for measuring relative
humidity has the advantages of low codst, ease of fabrication with controlled structure and CMOS
compatibility. But the response of the sensor is nonlinear function of humidity and suffers from
errors due to aging and gability. One adaptive linear (ADALINE) ANN model has been developed
to mode the behavior of the sensor with a view to estimate these erors and compensate them. The
regoonse of the sensor is represented by third order polynomia basis function whose coefficients
are determined by the ANN technique. The drift in sensor output due to aging of PS layer is dso
modded by adapting the weights of the polynomia function. ANN based modeling is found to be
more suitable than conventiond physca modding of PS humidity sensor in changing environment
and drift due to aging. It hdps online esimation of nonlinearity as wel as monitoring of the fault of
the PS humidity sensor using the coefficients of the modd.

K eywor ds. Porous slicon; Humidity sendang; Aging; Drift due to aging; Modding; ANN
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1. Introduction

Humidity sensor finds wide applications in many sysems like environment monitoring, westher
forecasting, process control, medicd and food processng industry. At present, it has been
introduced in our day today life for human comfort [1]. Many useful properties of porous slicon
(PS) such as very larger surface to volume ratio (typicaly >500 nt / cnt), controllable structure
through formation parameters and CMOS compatibility lead to develop humidity sensor using
porous glicon with improvement in sengtivity, linearity, accuracy and reduced sze [2-3]. With
controllable pore morphology of the porous structure the response and recovery time can dso be
controlled [4]. However, the potentidity of the PS layer has not been exploited for developing
commercid humidity sensor except some preliminary works because of some inherent problems of
PS senang layer [5-6]. One of the main problems of PS sensor is the long-term drift due to aging
and sability. Gradua dow oxidation process of PS layer a room temperature leads to continuous
changes in the dructure and thus its physicd parameters and the characteristics of the humidity
sensor [3, 6].

Severd works were reported to gtabilize the PS layer to improve the stability and aging for humidity
sendng, but such trestment could not dabilize the PS layer fully. A post oxidation of PS layer in
H.O, solution makes the PS layer oxidized in larger extent but fal to oxidize PS layer completely
[7-8]. Modding the behavior of the PS sensor both fresh and aged is very much essentid for
developing the sgnd-processing unit suitable for intefacing the sensor. It is dso essentid for
developing the compensating dgorithm for the nonided sensor characterigtics if any and hardware
desgn veification of the smart sensor chip [9-10]. Some research articles report the modding of
the sensor behavior of a PS humidity sensor without consdering the drift behavior due to aging
based on physcd laws governing the reaionship between the sensor input and output [1, 11].
Since the porous slicon suffers from gability, the modding of the drift behavior due to aging is
dso very much essentid in order to develop a compensating agorithm to minimize the effect of
drift in the sensor output. Artificid neural networks (ANN) in the black box modeling approach are
known to be excdlent techniques to obtain agpproximate functiond rdationship between input and
output of the sensor [12-13]. Among the features, which make ANN suitable are they can be trained
to learn any function, provided that enough information is given during training process coupled
with judicioudy sdected neurd modds, sdf-learning ability and fault tolerance capability due to
dructurd pardldlism of the ANN and adaptability due to change in environment. Another interest
of ANN mode is that the modd parameters can be updated on line to accommodate changing
operating conditions. These features on ANN technique have been exploited to modd different type
of sensors like humidity, pressure and temperature [14-15].

In this paper, we propose a technique to model the aged PS humidity sensor response characteristics
by ANN with a view to devdop a drift-compensating dgorithm [10]. Conventiond modeling based
on physcd laws which gives rise to complex mathematicad modd fals to accurately modd the drift
behavior of the PS sensor. Modding based on parameter adaptation due to drift usng ANN
technique is found to be suitable for PS humidity sensor. For the full range of humidity, the sensor
response curve obtained experimentaly, then utilized to find the corresponding coefficients of the
sensor polynomid function representing the relation between input and output. It is based on smple
adaptive linear neurd network (ADALINE) with linear activation function having sngle neuron
with multiple inputs and single output. Firdly, the response curve of the fresh PS sensor without
any drift was modeed by ADALINE and then drift of the sensor output was determined
experimentdly by using recdibration technique [16-17] and ultimately, for accuratedly modding the
drift nature of the humidity sensor, the weights were dso updated to include the sengtivity change
due to aging. Ladly the modding technique has been utilized to edimae the nonlinearity by
comparing the modd output with desired linear output. In this paper section 2 is devoted to develop
the basic polynomiad modd of the sensor. In section 3, sensor fabrication and testing results are
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reported. The detail modding of the sensor usng ADALINE and its smulation results are reported
in section 4. Section 5 discusses the drift modeling of the PS sensor due to aging.

2. Modeling of the PS Sensor

A porous dlicon capacitive humidity sensor can be equivaently represented by pardld
combination of capacitance and resistance and a low measurement frequency, the sengtivity of the
humidity sensor is predominantly cepacitive and role of paradtic components are negligible [3].
CapacitanceC , of a porous slicon pardle-plate capacitor with membrane type contact structure

having two rectangular contact pads is a nonlinear function of humidity and can be represented by
the ri™ order polynomia function as

n+l

C.=aaRd', @)

=0

where a.is the coefficient of the sensor, RH is the relative humidity and n the order of polynomid.

When the capacitance with the variaion of humidity is converted into the voltage output by the
phase detection circuit reported elsewhere [18], the voltage output of the humidity sensor can be
given in power seriesform as

n+l
V=3 hRH', @)

i=0

where Vis the voltage output of detection circuit corresponding to humidity RH and b is the
coefficient. The text should be typed sngle-spaced and justified.

3. Experimental

3.1. Fabrication of PS sensor

The porous dlicon humidity sensor was faboricated on  a polished dlicon  wdfer,
25 cm”~ 25 cm” 05 mm, with <100> orientation having resgivity of 1-2 Wem by standard
electrochemica etching in HF based dectrolyte. A PC (personnd computer) interfaced specid
formation cel was utilized for the formation of the PS senor. The procedures of the porous
formation were reported esewhere [3, 5]. The anodization of the sample was done with formation
parameters 10 mA / cn? current density, 48 % HF concentration and etching time of 7 min
regpectively. Current dengity and etching time are precisdly controlled by the PC. The porosty of
PS sample is measured by gravimetric technique and is gpproximately 60 %. The dimenson of
dlicon nanocrystds are ~5-10 nm and the thickness of the PS film is around 37 nm. Metal contacts
in interdigital form were fabricated by vacuum evaporation of duminium on the top of the PS layer.
The spacing between two contact electrodes is Imm and dimension of each dectrode is5 ©~ 0.5 mm.
The duminium contacts are thermaly heated at 500°C for 40 sec in inert N, atmosphere [10]. The
eectrodes yidd ohmic contacts showing approximately linear | - V characteristics with gpplied
biasing voltage as shown in Fig. 1. Fig. 2 shows the schematic of the PS humidity sensor.
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Fig. 1. -V characteristics of porous silicon — Fig. 2. Schematic of the PS humidity sensor.

slicon sandwich structure for 60 % porosity.

3.2. Sensor testing

The PS sensor is tested in an in-house desgned injection test rig for rdative humidity. After
anodization, the freshly prepared PS sample was post oxidized in H,O» solution for 48 hours. For
To determine the response of the sensor to the humidity, the rdative humidity levd in the artight
test chamber of 2000 cc volume was crested by standard saturated sdt solutions. Percentage relative
humidity is monitored by standard humidity sensor (Honeywell) placed ingde chamber. Initidly the
humidity level in the chamber was reduced to the lower base line vaue of 20 % RH using saturated
st solutions, the voltage output of the sensor for the change in capacitive impedance was measured
by the detection eectronics circuit, and then the concertration of water vapor was increased from
20 to 95 % RH gradudly with the help of saturated sdt solutions and the output of the sensor was
measured. The output of the sensor was noted carefully alowing sufficient equilibrium time (24 h)
in each measurement. The response of the sensor for the variation of humidity from 20 to 95 % is
shown in Fig. 3. The results show that the response of the sensor is nonlinear function of RH. For
the repeatability of the sensor, the vapor in the chamber was reduced to 20 % of its initid base line
vaue and then suddenly the sensor was exposed to the humidity of 95 %, the experiments were

repeated for severa cycles of vapor in the range of 20 to 95 %. Fig. 4 shows the repeatability of the
SeNsor output.

3.3. Drift dueto aging

Electrochemical dissolution of dlicon in HF solution leads to the formation of S-Hx bonds, which
are eadly oxidized to replace S-Hx bonds by S-O bonds even a room temperature. The growth

rate of oxidation depends on concentration of OH and higher concentration of hole in the vaence
band of the PSlayer [10].

It is interesting to note that S-FHx bond of as-anodized sample are hydrophobic in nature but S-O
bonds are hydrophilic in nature. Thus the sensor response is gradudly increased till the layer is
completely oxidized. A PS sample was post oxidized in HO, solution for 48 hours after etching to
gabilize its performance [8-9]° However, by treating the sample with HO-, solution it is not possble
to fully oxidize the PS layer.
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Fig. 3. Response of porous silicon humidity Fig. 4. Reproducibility of PS humidity sensor
sensor with the variation of humidity (60 % (frequency = 1 kHz).

porosity sample.

An experiment was performed to obtain the long-term drift of the sensor for 15 days. The detals of
the experimenta procedures for determining the long-term drift due to aging of the sensor were
reported in [10]. The experimenta results of the drift behavior of the PS humidity sensor on long-
term basis as reported were found to be nonlinear but for short-term bags it is goproximatey linear
[10, 16].

4. Modeling the Behavior of the PS Humidity Sensor Using ADALINE

Modeling of the PS sensor involves two steps. In the first step where dructure identification is used,
we need to apply priory knowledge about the sensor to assume an approximate mathematica
function representing input and output relationship of the sensor as V = f (U, B), where V isthe
model output, U is the input vector and Bis the parameter vector. The determination of the function
f is the problem dependent and based on designer experience, intuition and the laws of the nature

governing the sensor. In the second step, the Structure of the modd is known and dal we need to do

is to apply opt|m|zat|on technique to determine the parameter vector B B such that resulting

sensor mode! V =f(U, B)can describe the sensor appropriately. The procedures are (i) specify and
parameterize a mathematicd modd of the sensor, (ii) perform the parameter identification to chose
the parameter that best fit the training data set, (iii) conduct vdidation test to see if the modd
developed responds correctly to an unseen data set, which is digoint from training data set and
cdled vdidation s, (iv) Terminate the procedure once the results of the vdidation test are
satisfactory otherwise, another class of mode is sdected and steps (ii) through (iv) are repesated.
The nonlinear response characterigics of the PS humidity sensor for the entire dynamic range of
humidity messurement are modeled mathematicaly based on power series and is given in Equ. (2).
The n order power series can be approximated with lower order polynomia function. A suiteble
ANN network can be utilized to determine the coefficients of the gpproximated polynomid
function. An A" order ADALINE neurd network for sensor modeling is shown in Fig. 5 (3). In this
modd, the actud PS humidity sensor and ADALINE network is connected in pardld and the
outputs of the ANN and the sensor are compared. Fig. 5 (b) shows structure of the network. It
conssts of single neuron with linear activation function network. For an " order model inputs are

[LRH,RH? RH®,.....RH"]and the connecting weights to the neuron ae [W,,W,W,,....W ]
respectively. The weighted sum of the inputs is the actua output of the networkV,,,,
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Fig. 5. (8) Schematic diagram of the sensor model using ADALINE network (b) structure of the network.

The ANN weights are updated iteratively by least mean square (LMS) agorithm by comparing the
network output with desired voltage output (sensor output voltageV ) till the error god is reached.
Least —square method is powerful and well-developed mathematica tool that have been used in a
vaiety of areas including adaptive control, sgna processng, and ddigics. The a-LMS dgorithm
was discussed in [14]. Once the network is trained, the weights can estimate the sensor output for
the entire dynamic range of humidity. These weights of the modd hedp to identify the faulty
operation of PS humidity sensor in case sensor output deviates due to environmenta conditions.
Due to drift in sensor output, the current estimated sensor coefficients will differ from the initid
estimated vaues To edtimae nonlinearity of the PS humidity sensor, the nonlinearity is defined as
the maximum deviation of the actua sensor output from the draight-line relationship obtained
joining two extreme points over the entire range [18]. For PS humidity sensor under consideretion,
the typica nonlinearity as shown in Fg. 3 is gpproximatey 5 %. However, the nonlinearity in the
sensor output is increased if we reduce the measurement range below20 % RH. To edtimate the
nonlinearity, the network output V. (=V)is compared with the draght-line response curve

ann

obtained joining two extreme points of the response of the sensor. Thus, estimation of nonlinearity
of the PS sensor response in fact involves the estimation of the functionf , from a set of RH and

V.., = f(RH) vauesfrom cdlibration data.

4.1. Deter mination of the coefficients of the network

To cary out the smulation works, the LMS dgorithm was implemented by writing the MATLAB
code. For moddling the sensor, the order of the polynomid bass function was chosen heurigticdly.
The input which is the percentage humidity and the sensor output voltage obtained experimentdly,
the desired output of the network are normalized between 0 and 1 by dividing both input and output
vector by ther respective maximum vaues. The initid weights were generated randomly within O
to 1. The totd data points were divided into two groups training set and test data set. For a fixed
iteration and fixed learning rae parameter [10,14], the network was trained by applying inputs
nonlinearly and the root mean square error of the network was determined. The number of inputs of
the network depends on the order of initid polynomid bass function. The root mean square error o
the network can be written as

rms = ( %g V-V, )?)" 100, @3)

i=l
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where rmsis the percentage root mean square error, V is the normalized desired output, V., is the

normalized network output and N is the total data points. The find weights of the trained network
were used to estimate the network rms for the entire data points including the test data points. The
test data are those, which are unknown to the network. Smulation results show tha the rms error
for the third order basis function is sufficiently lower. However, by sdecting higher order bass
function, the rms error may be reduced further but the complexity of the network will aso incresse.
Thus a third order polynomid function of the form given in Equ. @) bdow has been sdected findly
for modding the sensor. Using the actud input of sensorRH , a nonlinear set of data such as
[1, RH,RH %, RH ®] isgenerated and output of the network is determined as

Vo =Wo + W RH +W,RH * +W,RH”, (4)

where V_, is the actual output of ANN, [W, W,,W, ,W,] are the connecting weights and are equd to
[b,,b;,b,,b,] of Equ. (2).

4.2. Simulation results

During training, each set of normaized input vector was applied individudly to update the weights.
Completion of dl training data points form one epoch of training. Training progresses and weights
were updated till the rms eror of the network reaches some presst minimum error god. After
traning, the find weghts were dored in the memory and used for evauatiing the network
performance and actud use of the sensor. Weights are shown in table |. Fig. 6 shows the smulation
results for the full-scale data points, which incude the data from vaidation set. It is seen in the
results that network output closdy follows the actud sensor output for the entire dynamic range of
the humidity. The maximum rms eror is reduced to only 1%. Smulation studies were also carried
on to understand the minimum requirements of the experimenta data points to accuratedly mode the
sensor. In this case, the smulation was repeated with different data points for fixed epoch and
learning rate and the rms error was calculated. The results are shown in table I. It is observed in the
table that 8 data points are sufficient to modd the sensor with sufficient accuracy. A sufficient
equilibrium time for the sensor to dabilize & every reading should be given before measurement.
Being able to cdibrate quickly during operation of the sensor is necessary to reduce down time
Reducing the number of cdibration points and then using the interpolation or LMS methods
decreases the cdibraion time. The minima set of cdibration points depends on the nonlinearity of
the sensor, the required accuracy and computationa processing load.

Table 1. Network weights parameter for third order sensor model
(Training epoch = 45,000, learning rate = 0.2)

Training | Weightsfresh Weightsfor 11 % Weightsfor 135% Network Egimated
data sample (Oxidized) drifted sensor drifted sensor rmserror nonlinearity
pairs [Wo W71 W, W3] output output %) (%)
1 [0.524, 0.09 1.068, [0.5800.1221.148 [0.5940.1191.186 - 0.844 4
- 0.667] -0.721] 0.745]
8 [05200.14 095- [05750.170 [0.59 0.168 1.057 - 1.066 4
0.59] 1.024- 0.631] 0.652]
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Fig 6. Smulated network output for Fig. 7. Long-term drift in the sensor output due to aging.
third order model for the full-scale
data points.

5. Modeling the Sensitivity Drift Dueto Aging

5.1. M odding the drift behavior of the sensor

It is shown in the experimentd results that the effect of aging leads to continuous change in the
sensor output with time unless the PS layer is fully oxidized (stabilized). It is expected thet on long-
term basis the drift behavior is nonlinear in nature but for short-term basis, the sensor output drift
with time can goproximated as linear or the nonlinear long-term drift can be piece wisdy linearized
[18]. Assuming linear drift on short-term basis, the sensor output for humidity can be represented
by two-dimensond equation. The drift behavior modding of the PS humidity sensor due to aging
was discussed in [10].

= )
g Sirnulated for 11 % drift g B Simulated for 13.5 % drift
£ 2| = Actual with 11 % drit | _ | £ 12| —+— Actual for 13.5 % drif i
= 1 1 1 L =] T T 1 i
T 1f----- E CRRR o L E ;| S W—— T
£ 0el----- ] oo oo S OBf----- - pomn
e 1 1 1 ]
. 1 1 =] g 1 1
B 0REeTTI e e g 0Bpe Tl omrmmm fmmms -
= ! ! ! = . : :
0.4 : : L £ 04 - s .
E 42 o0r 0B 08 1 E "Bb2 04 0B 0a 1
= Normalized RH (%) = Mormalized RH (%)
(€Y (b)

Fig. 8. (&) Sensor output with humidity for 11 % senditivity drift (b) Simulated network output for 11 %
drift in sengitivity (c) Simulated network output for 13.5 % drift in sengtivity.

Fig. 7 shows the effect of drift on the overdl response of the sensor output. Experimental results
show that there was 11 % drift of sensor output for the first 15 days and 2.5 % drift for the next 15
days. To modd the drift behavior due to aging, the weights of the ANN network modeing the
behavior of the sensor, the weights were adapted by running the program for additiond severd
thousands of epochs. The same ADALINE dructure, where input to the modd is remaned
unchanged (initid humidity) but the desired output of the network is changed according to drift due
to aging (11.5 % drifted output). By running the program for additiond epochs of few thousands the
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weight can accommodate the drift in sensor output. Table | shows the adapted weights for different
percentage of sensor output drift. Fig. 8(@) shows the smulaion results of the sensor mode with
115 % drifted output while Fig. 8(b) shows the smulation results of additiond 25 % drift. It is
clear from the smulation that the sensor output drifts due to aging can be effectively adapted with
this technique.

6. Conclusions

In this paper we have proposed a scheme based on smple adaptive linear neural network
(ADALINE) for the purpose of smulaion of the performance and fault detection of porous slicon
cepacitive rdative humidity sensor. With amulation dudies, it is found that a third order
polynomia bass function is sufficient for accuratdy modeling the performance of the sensor. This
modding is useful for esimation of the faulty operation of the sensor due to drift in sensor output
for environmentd and aging effects. The coefficients of the modd can be used to edimate the
percentage nonlinearity of the sensor. The drift of sensor output due to aging is aso adapted by
adapting the weights of the modd. It is dso shown from the results that only 8 experimenta data
points are sufficient for sensor modding. However, further accuracy may be improved by using
multiplayer perceptron neurd network with nonlinear activation function in the hidden layer. But
the complexity of the network, computation as well as tota weights may increase.
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