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Abstract

H um id ity  sensors are found in a variety  of applications w ith  differing  requ ire­

m ents. The sensitivity, range of h u m id ity  operation , and  response tim e of a h u m id ­

ity sensor are im p o rtan t in  determ in ing  suitable applications. The perform ance of a 

h u m id ity  sensor is largely d eterm ined  by  the properties of the sensing m ed ium  in ­

clud ing  porosity, surface area, and  m orphology. G lancing angle deposition  (GLAD) 

is a physical v ap o u r deposition  (PVD) technique capable of fabricating h ighly  porous 

thin films w ith  controlled m orphology on the 10 nm  length  scale. The h igh  porosity, 

large surface area, controlled m orphology, and  ability to use v irtually  any  source 

m aterial tha t can be deposited  via PVD m ake GLAD films ideal for h u m id ity  sens­

ing studies.

The research p resen ted  in this thesis investigates the use of GLAD films for ca­

pacitive and  optical based  h u m id ity  sensors. C apacitive sensors w ere fabricated 

by  coating in terd ig itated  capacitor (IDC) substrates w ith  m etal oxide GLAD films. 

O ptim ized  sensors exhibited a three orders of m ag n itu d e  change in the capacitance 

over the entire relative h u m id ity  range, and  h ad  response tim es in  the 400 m s range. 

The capacitive response w as found  to d im in ish  w ith  tim e and  a ttem pts to regener­

ate the response via hea t treatm ents h ad  som e success. The geom etry  of the IDC 

substrates w as observed  to have a significant im pact on sensitivity. Ti0 2  GLAD 

films w ere found  to be the m ost sensitive in com parison  to sim ilarly  fabricated  sen­

sors u tiliz ing  SiCL and  AI2O 3 films. The overall capacitance change and  high  h u ­

m idity  sensitiv ity  w as discovered to be a result of the first few h u n d red  nanom etres
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of GLAD film. The response tim e w as found  to  be determ ined  p redom inan tly  by 

film thickness and  ranged  from  a couple h u n d re d  m illiseconds to over one second 

for TiC>2 films 0.28-8.5 pm  thick. The capacitive response and  response tim e w ere 

also affected by the incident v ap o u r flux angle (a ) u sed  d u rin g  film deposition.

A n optical h u m id ity  sensor w as fabricated  from  a TiC>2 film w ith  periodic nan o ­

scale porosity  variations designed  to yield a narrow -bandpass optical in terference 

filter w ith  a h u m id ity  sensitive transm ittance spectrum . C om parisons to capacitive 

sensors w ere m ade and  advan tages identified.
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Chapter 1

Introduction

This thesis p resen ts research in h u m id ity  sensing. This in troducto ry  chap ter w ill 

begin  w ith  a defin ition  of h u m id ity  and  selected sensing applications. The history  

of h u m id ity  sensor technology w ill be d iscussed  follow ed by a review  of the field 

including  the various architectures, sensing m aterials, and  lim itations of h u m id ity  

sensors. The m otivation  and  scope of the research p resen ted  in  this thesis w ill be 

discussed.

1.1 Introduction to Humidity Sensing

The h u m id ity  of a gas is a m easure of the w ater v ap o u r content. There are several 

m easures th a t quantify  the w ater v ap o u r conten t including  dew  poin t, frost point, 

m ixing ratio  in p arts  per m illion by w eigh t (ppm,„) and  parts per m illion by vo l­

um e (ppm „), absolute hum idity , relative hum idity , an d  satu ra tion  deficit. These 

m easures are related  to each other and  once one is know n, the o thers can be calcu­

lated  if the tem peratu re  and  p ressure of the gas are know n [5]. The m ost com m on 

m easurem ent of w a te r v ap o u r conten t is the relative h u m id ity  (RH) defined  as:

R H  — ~f t  x  100% (1.1)

1
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Chapter 1. Introduction

w here Pw is the partia l p ressure of w ater v ap o u r and  Ps is the sa tu ra tion  v ap o u r 

pressure, w hich  is d ep en d en t on the tem peratu re  an d  pressure of the gas [5].

The m easu rem en t and  control of h u m id ity  finds applications in a varie ty  of 

fields. The follow ing exam ples w ere taken  from  [5], add itional references are cited 

as needed. H elium  cooled nuclear reactors require control of the h u m id ity  in the 

helium  gas as even trace am oun ts of w ater v ap o u r can deg rade the g raph ite  m o d ­

erator rods and  change the process heat balance. In the m edical in d u stry  h u m id ity  

sensors are u sed  for persp ira tion  m easurem ents, incubators, artificial h eart fabrica­

tion, and  m edical gases. In m useum s, p reserv ing  centuries-old  a rt requires control 

of am bient h u m id ity  levels. The efficiency of industria l d ryers is greatly  enhanced  

th rough  h u m id ity  level m onitoring  to d eterm ine w h en  dry ing  is com plete, as o p ­

p osed  to operating  for a set am oun t of time. In the sem iconductor industry, h u ­

m idity  level control is critical in device fabrication as failure rates are d ep en d en t 

on the relative hum idity . In food processing, the equilibrium  relative h u m id ity  of 

food is im p o rtan t for packaging  and  controlling m icro-organism  grow th. M eteo­

rological applica tions are nu m ero u s and  include w eather forecasting, a irp lane lift 

calculations critical to safe take off an d  landings, c loud studies, and  ozone dep le­

tion research. Indoor air quality  an d  h u m an  com fort are greatly influenced by the 

h u m id ity  level w here  deviations from  the recom m ended  35-65% RH range (from  

the In ternational S tandards O rganization  and  the A m erican Society of H eating, 

R efrigerating an d  A ir-C onditioning Engineers) can cause enhanced  outgassing  of 

volatile chem icals from  fu rn itu re  a n d /o r  p rom ote the grow th  of m olds, algae, and  

m ildew  [6 ], These applications only probe a sm all fraction of those requ iring  h u ­

m id ity  sensors, how ever, they serve to identify  the d iverse environm ents and  situ ­

ations w here  h u m id ity  sensors are curren tly  used.

The im m ense range of applications of h u m id ity  sensors results in a sim ilarly  

vast range of operating  conditions. A variety  of sensor architectures an d  sensing 

m aterial com binations have been  developed , as no single sensor is capable of m eet-

2
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1.2. H istory o f H um id ity  Sensing Technology

ing  the requ irem ents of all applications. In general, the properties of a h u m id ity  

sensor w hich  lim it its use are [7,8]:

1. O perational h u m id ity  range

2. O perational tem peratu re  range

3. Response tim e

4. Sensitivity

5. Selectivity

6 . A ccuracy

7. R epeatability  /  in terchangeability

8 . C on tam ination  resistance

9. D urability

10. Lifetim e

1 1 . Size

12. Cost

1.2 History of Humidity Sensing Technology

The follow ing account of the h istory  of h u m id ity  sensing technology can be found  

in [5]. A dditional references are cited as needed.

The first hygrom eter (hum id ity  m eter) w as invented  by N icholas C ryfts in  1450 

w here he tied  segm ents of w ool to one end  of a scale and  balanced  them  w ith  rocks. 

As the h u m id ity  changed  the w ate r conten t in the w ool, and  therefore its w eight, 

w o u ld  correspond ing ly  change, th u s  p rov id ing  a m easure of the w ate r conten t in 

the air. This concept w as later im proved  u p o n  by  L eonardo da Vinci in 1550 w here 

he  substitu ted  the w ool w ith  a sponge, increasing sensitivity.

In 1614, Santorio Santorre inven ted  a new  type of hygrom eter th a t involved 

the contraction and  elongation of a lyre string  attached  betw een tw o  fixed poin ts

3
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and  a w eigh t su sp en d ed  at its centre. The cord contracted  from  increased h u m id ity  

causing the w eigh t to rise. A decrease in h u m id ity  w o u ld  cause the w eigh t to lower.

In 1660 the d ew  po in t hygrom eter w as d iscovered from  w ate r condensing  on 

the outside of an  ice-packed container on ra iny  days. The tem peratu re  at w hich  air 

condenses (i.e., the d ew  point) is a d irect m easure of the hum idity.

The onset of m od ern  h u m id ity  sensor technology occurred in the tw en tie th  cen­

tu ry  w ith  the developm ent of the field of electronics. In the 1930's the D unm ore 

cell, the Pope cell, and  the dew  cell w ere created. In the 1950's the electrolytic, in­

frared , and  the L ym an-A lpha hygrom eters cam e to m arket. The deve lopm en t of 

m ost m od ern  sensing techniques occurred in the 1960's including  the autom atic 

chilled m irro r and  a lum inum  oxide hygrom eters. D ue to the range of perform ance 

characteristics, m ost sensors found  a niche m arket.

M odern  sensors can be classified as capacitive, resistiv e /im p ed an ce , g rav im et­

ric, hygrom etric  or optical based  sensors [7,9]. C apacitive based  sensors operate on 

the princip le  th a t adso rp tion  of w ater v ap o u r increases the dielectric constan t of a 

h u m id ity  sensitive m aterial. U sing a non-conductive h um id ity  sensitive m aterial as 

the dielectric in  a capacitive structu re  p roduces a device w ith  a capacitance p ro p o r­

tional to the am bien t h u m id ity  level. C apacitive based  h u m id ity  sensors account 

for approx im ate ly  75% of the m arket [7,9]. This dom inance is in large p a rt due  

to the low  pow er consum ption , h igh  sensitivity, and  low  cost of capacitive based  

sensors [9],

R esistive /im pedance  sensors m easure conductiv ity  changes resu lting  from  w a­

ter v ap o u r ad so rp tio n /d e so rp tio n  and  are o therw ise very  sim ilar to capacitive based  

sensors. There are several adso rp tion  m echanism s th a t contribu te  to conductiv ity  

changes and  w ill be  d iscussed  in C hap ter 2 as they play  an  im portan t role in bo th  

re s is tiv e /im p ed an ce  and  capacitive based  sensors.

G ravim etric sensors are based  on m ass changes th a t resu lt from  w ate r v ap o u r 

a d so rp tio n /d eso rp tio n . A p o p u la r type of gravim etric h u m id ity  sensor uses a

4
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2.2. H istory o f H um id ity  Sensing Technology

quartz  crystal m icrobalance (QCM) coated w ith  a h u m id ity  sensitive m aterial. The 

w ater v ap o u r induced  m ass changes of the h u m id ity  sensitive m ateria l cause a shift 

in  the oscillation frequency of the QCM  [7]. O ther gravim etric based  sensors use 

cantilever beam s an d  surface acoustic w ave (SAW) devices [7].

H ygrom etric sensors utilize m echanical changes such as e lo n g atio n /co n trac tio n  

or sw ellin g /sh rin k in g  of a h u m id ity  sensitive m aterial. The lyre string  hygrom eter 

inven ted  by  Santorio Santorre is a perfect exam ple of a hygrom etric based  sensor. A 

m o d ern  exam ple is found  from  G erlach and  Sager w h o  coated a silicon /po lysilicon  

m em brane w ith  a po lym er (polyim ide) th a t sw ells w ith  increased w ater adso rp tion  

and  strains the m em brane, w hich  is quantified  via on-chip p iezoresistors [1 0 ].

O ptical based  sensors are d iverse and  can obtain h u m id ity  inform ation  th rough  

the am plitude , po larization , frequency, or phase of a ligh t source as it in teracts w ith  

a h u m id ity  sensitive m aterial. The chilled m irro r hygrom eter (CM H) is an  optical 

based  sensor know n to p rov ide  the m ost accurate, reliable, and  fun d am en ta l m ea­

su rem en t of h u m id ity  an d  is therefore w idely  used  as a calibration s tan d ard  [5]. 

The CM H  operates on  the p rincipa l th a t condensed  w ate r on the surface of a ther- 

m oelectrically cooled m irro r scatters inciden t light from  a light em itting  d iode and  

reduces the electrical signal of a pho to-transisto r /  optical detector positioned  to 

collect reflected light off the surface of the m irro r [5]. The tem peratu re  of the m ir­

ror is m onito red  and  reduced  until the reflectance signal d rops, ind icating  the dew  

po in t of the am bient gas. The use of optical fibers is w idesp read  w here a h u m id ity  

sensitive m aterial is u sed  as the c ladding  over a sm all segm ent of the fiber, or is 

deposited  on the cleaved end  of the fiber [11-13]. For c ladding  sensors the w ate r 

conten t in the h u m id ity  sensitive coating (function of RH) alters the refractive in ­

dex of the c ladd ing  and  therefore the transm itted  p ow er [11,12]. For sensors w ith  

the h u m id ity  sensitive m aterial on the end  of a fiber it is the reflected signal tha t is 

a ltered  as a resu lt of h u m id ity  induced  refractive index changes [13]. O ther optical 

based  h u m id ity  sensors have utilized  w avegu ides w here TM po larized  w ave p rop-

5
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agation  is m odified  by h u m id ity  [14], lum inescent h um id ity  sensitive films w here 

the quenching  or shifting of the lum inescence spec trum  is h u m id ity  d ep en d en t [15], 

and  nond ispersive  infrared  detectors w hich  relate the h u m id ity  to the am p litu d e  of 

w ater v ap o u r 's  optical absorp tion  peaks at 1.4 and  1.9 pm  [6 ],

1.3 Materials for Humidity Sensors

Porous ceram ics and  polym ers are the m ost com m on m aterials u sed  in com m ercial 

hu m id ity  sensors [16]. A range of porous ceram ics have been used  in h u m id ity  

sensors includ ing  anod ized  alum ina, perovskites, spinel com pounds, and  various 

other m etal and  sem iconductor oxides [9,16,17], These m aterials are fabricated 

using  various techniques such as vacuum  deposition , bu lk  sin tering, sol-gel, an ­

odization, and  screen p rin ting  [17]. For h u m id ity  sensing applications, porous ce­

ram ics have the advan tages of m echanical strength , therm al stability, an d  ability  to 

operate  at h igh  h u m id ity  for pro longed  periods [7,16]. The p rim ary  d isadvan tage 

of porous ceram ics is their sensitivity  to contam ination  from  dust, d irt, oil, sm oke, 

alcohol, and  o ther solvents. These im purities adsorb  on the surface and  deg rade 

sensor response. Thus, it is typical for porous ceram ic based sensors to include 

heating  elem ents for periodic regeneration  by  heating  the ceram ic to h u n d red s  of 

degrees C elcius to  ou tgas contam inants [16,18,19].

Polym ers frequently  u sed  in  h u m id ity  sensors include cellulose acetate, poly- 

im ide, po lym ethyl m ethacrylate, po lyethersu lphone, polysulfone, d iv inyl siloxane 

benzocyclobutene, and  hexam ethyld isilazane [9,17,20]. In general, po lym er based  

sensors are either resistive or capacitive and  are therefore based  on conductiv ­

ity and  perm ittiv ity  changes resu lting  from  w ater v ap o u r absorp tion  [17,21,22], 

H ow ever, som e h u m id ity  sensors utilize absorp tion  induced  sw elling  of polym ers 

such as po lyethyleneoxide-sorbito l and  hydroxyethyl-cellu lose [22]. A dvantages of 

po lym ers include a linear response and  com patability  w ith  silicon based  m icrofab-
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rication processes [7], In general, d isadvan tages of polym ers are their instability  at 

h igh  h u m id ity  an d  h igh  tem peratu re, hysteresis, and  sensitivity  to organic vapours 

[7,17,20], H ow ever, techniques such as cross-linking and  graft-po lym erization  can 

be  used  to im prove these shortcom ings [2 0 ],

1.4 Current Research

The m ajority of research conducted  involves changing  the h u m id ity  sensitive m ate­

rial a n d /o r  its p roperties and  observing the im pact on one or m ore of the im p o rtan t 

p roperties of h u m id ity  sensors listed in Section 1.1 on page 3. Papers on vary ing  

the type of m aterial [11,23-27] and  m aterial p roperties such as thickness, porosity, 

and  pore size d istribu tion  [11,27-30] are frequently  found. O ther g roups are also 

researching the effect of sensor architecture p roperties (e.g., electrode geom etry) on 

sensor perform ance [28,31-33].

In general, m any  au tho rs do  no t add ress a lim itation or prob lem  of h u m id ity  

sensors tha t requires a solution. Instead  they  repo rt the fabrication and  characteri­

zation  of h u m id ity  sensors w ith  subtle differences from  those a lready  reported . The 

notable exception to this are pap ers add ressing  the slow  response tim e of com m er­

cial sensors, w hich  is on the order of several seconds and  longer [7,34,35]. M any 

applications exist that w ould  substan tially  benefit from  further reduced  response 

times. Portable sp irom eters for the d iagnosis of asthm a and chronic obstructive 

pu lm onary  d isease (COPD) is one such application  [35-39], A sthm a and  COPD af­

fect 10-20% of the w orld  p o pu la tion  [36,39], C u rren t sp irom eters use m echanically 

operating  peak  expira tory  flow m eters, w hich  suffer from  large discrepancies, lim ­

ited  accuracy, an d  lack of da ta  storage [36]. The developm en t of a portab le  sp irom ­

eter requires a h u m id ity  sensor w ith  a response tim e less than  half a second [36]. 

N o cu rren t com m ercial h u m id ity  sensor is this fast.

M onitoring  h u m an  resp iration  is ano ther application  tha t requires h igh  speed

7
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h u m id ity  sensors. A pnea is the state of suspension  of external b reath ing  and  is 

curren tly  m onito red  using  b o th  in tubated  (tube in  airw ay) and  n o n -in tu b ated  tech­

niques. Inductance p le thysm ography  and  electrom yography are n on-in tubated  

techniques curren tly  used  for long term  m onitoring. H ow ever, these m easurem ents 

are unreliab le as they  suffer from  m otion  artifacts [40]. R apid h u m id ity  sensors (less 

than  1 second response time) show  prom ise as non-in tubated  apnea m onitors using  

cyclic h u m id ity  levels in p atien t airflow  [40]. The need  for a rap id  h u m id ity  sensor 

is especially ap p a ren t for neonates (less th an  4 w eeks old) as they have resp iration  

rates in the 45 b reaths per m inu te range [41]. W hen the resp iration  ra te of a neonate 

exceeds 60 b reaths per m inu te  it can be a sign of illness and  in particular, g roup  B 

streptococcal infection [41]. D etection of a irw ay  obstruction  in neonates using  fast 

h u m id ity  sensors is also receiving atten tion  as cu rren t m onitoring  techniques based  

on sensing the m ovem ent of the chest w all m ay no t detect airw ay obstruction  [42].

R apid m easurem ents of h u m id ity  in  h u m an  b rea th  m ay find applications in the 

m anagem ent of pa tien ts undergo ing  anesthesia and  critical care m edicine. The h u ­

m idity  level d u rin g  resp iration  can be used, along w ith  o ther inform ation  such as 

tem peratu re  and  air flow, to obtain  a m easu rem en t of the oxygen consum ption  per 

b reath  [43], O xygen consum ption  is an im p o rtan t m onitor of norm al ca rd iopu l­

m onary  and  tissue function and  is useful for body  tem peratu re  control an d  lung  

h y d ra tio n  d u rin g  anesthesia and  critical care m edicine [43].

The m easu rem en t of h u m id ity  in the troposphere  w here large h u m id ity  g ra­

d ien ts are p resen t requires sensors w ith  sub-second response tim es [44]. A lthough 

h u m id ity  is frequently  m easu red  th rough  the launch of rad iosondes, the spatial and  

tem poral na tu re  of these m easurem ents do not cap tu re the com plexity of the three- 

d im ensional structu re  that governs atm ospheric heating  and  cooling, especially for 

cloud  deve lopm en t and  d issipation  [44], A fast h u m id ity  sensor m ou n ted  on an 

aerial vehicle w o u ld  be able to obtain  w ater v ap o u r concentration  profiles over d is­

tances of tens of m etres, w hich  is desirable for better u n d ers tan d in g  of fundam en tal
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m echanism s in the areas of atm ospheric  chem istry, hydrology, severe w eather p re ­

diction, clim ate research, an d  po lar region stud ies [44].

Several g roups have a ttem pted  to reduce response tim es using  different tech­

niques. Kang and  Wise developed  a capacitive sensor w ith  m ultip le  po ly im ide 

colum ns to increase the sensing surface area and  the rate of m oistu re u p take [34], 

They w ere able to obtain  a one second adso rp tion  response tim e (response tim e 

du rin g  an  increasing h u m id ity  change), how ever, no deso rp tion  (decreasing h u ­

m id ity  change) response tim e w as reported . Laville an d  Pellet fabricated  a capaci­

tive sensor w ith  a 2 0 0  m s adso rp tion  response tim e by  hea ting  a th in  layer of ben- 

zocyclobutene to 40°C d u rin g  operation  [35]. U nfortunately, this device h ad  an  11 

second deso rp tion  response time. O ther stud ies have show n  th a t pore size d is trib u ­

tion in p o rous ceram ic based  sensors [29,45], film  thickness [46,47], and  the surface 

functional g roups of po lym er based  sensors [48,49] can affect response time.

1.5 Motivation and Scope of Thesis Research

The response tim e and  general perform ance of a h u m id ity  sensor is largely d e ter­

m ined by the properties of the sensing m ed ium  including  porosity, surface area, 

m orphology, and  thickness [6-9,16,17,22,29,34,46,50]. G lancing angle deposition  

(GLAD) is a physical v ap o u r deposition  (PVD) technique capable of fabricating 

h ighly  p o rous th in  films w ith  control over film m orphology on the 1 0  nm  length  

scale [51,52], The GLAD process w ill be described in C hap ter 3. The h igh  porosity, 

large surface area, controlled  m orphology, an d  ability  to use v irtually  any  source 

m aterial th a t can be deposited  via PVD m ake GLAD films ideal for h u m id ity  sens­

ing studies.

As p rev iously  d iscussed, there are im m ediate  com m ercial o pportun ities  for h igh  

speed h u m id ity  sensors w ith  sub-second response tim es. Initial stud ies perfo rm ed  

by  H arris et al. have show n  tha t capacitive based  h u m id ity  sensors fabricated w ith
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GLAD film s are extrem ely fast w ith  response tim es on the o rder of 100 m s [53]. 

To date, very  few others have been  able to fabricate h u m id ity  sensors w ith  such 

short response times. K alkan et al. developed  a resistive h u m id ity  sensor w ith  

a 200 m s response tim e by  depositing  a GLAD-like co lum nar silicon film onto 

an  in terd ig ita ted  electrode structu re [54], The silicon film w as deposited  using  a 

silane-based h igh-density  p lasm a deposition  process w ith  low  substra te  tem pera­

tu re  (100°C) [55]. K uban et al. u tilized  th in  (~200 nm ) films of N afion perfluo- 

rosulfonate ionom er deposited  onto in terd ig ita ted  rh od ium  electrodes to achieve 

response tim es of 30-50 m s [47], The h igh-speed  response w as a ttribu ted  to the use 

of very  th in  sensing layers and  electrode voltages h igh  enough  to cause electrolysis 

of w ater at the sensor surface. The use of th in  sensing layers to achieve a rap id  

response w as also reported  by Briglin and  Lewis, w ho  show ed  the dependence of 

sensor response tim e on the square of film thickness in  accordance w ith  Fickian d if­

fusion [46]. Briglin and  Lewis w ere able to fabricate volatile organic v ap o u r sensors 

w ith  a 17 m s response tim e th rough  the use of very  th in  (<  200 nm ) carbon black- 

poly(ethylene-co-vinyl acetate) com posite films. Their results also show ed, h o w ­

ever, tha t this h igh-speed  response cam e at the cost of reduced  sensitivity, w hich  is 

also p roportional to film thickness. GLAD offers the advan tage of a rap id  response 

w ith o u t the need  of extrem ely th in  coatings (the films u tilized  by  H arris et al. w ere 

1.4 pm  to 2,3 pm  thick) and  therefore w ith o u t sacrificing sensitivity.

The research presen ted  in this thesis investigates the use of m etal oxide GLAD 

films for h u m id ity  sensors. The objectives are to discover w hich  properties of 

GLAD films account for their rap id  detection capability  and  to optim ize sensor 

perform ance in term s of sensitivity, response tim e, an d  range of h u m id ity  o pera­

tion.

In C hap ter 2, background  inform ation on w ate r v ap o u r in teraction  w ith  m etal 

oxide surfaces is presented . The corresponding  conductiv ity  an d  perm ittiv ity  alter­

ations as a resu lt of these in teraction is identified  in  term s of sensing applications.
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In C hap ter 3, a descrip tion  of the fabrication process for the capacitive based  

h u m id ity  sensors p resen ted  in this thesis is given.

In C hap ter 4, the experim ental m ethodology used  to characterize the sensors 

is developed . P articu lar atten tion  is paid  to in strum en t calibration and  error esti­

m ates.

C hap ter 5 establishes a fram ew ork  for m eaningfu l in terp re ta tion  of the data  

ob tained  from  GLAD pro d u ced  h u m id ity  sensors. This is im perative as several 

factors can alter the perform ance of the sensors, and  w ithou t this fram ew ork, com ­

parisons betw een  sensors can not be draw n.

The resu lts from  several stud ies are p resen ted  in C hap ter 6 . In particular, the 

im pact of GLAD film com position and  m orpho logy  on sensor perform ance is in ­

vestigated . The com position  of the GLAD films w as altered  by  selecting different 

source m aterials (TiC>2 , SiC>2 , AI2 O 3 ) for th in  film deposition. M orphological chan­

ges to the GLAD films w ere achieved th rough  variations of the film thickness as 

w ell as the deposition  angle u sed  to grow  the films.

The fabrication and  characterization  of an  optical based  h u m id ity  sensor using  

a g rad ien t index th in  film is described  in C hap ter 7. The perform ance and  po ten tial 

advan tages in com parison  to the capacitive based  sensors are given.

Lastly, C hap ter 8  p rov ides a su m m ary  of the research an d  conclusions p resen ted  

in  this thesis. C ontribu tions to the field and  suggestions for fu tu re  w ork  are also 

given.
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Chapter 2

Water Vapour Adsorption on Metal 

Oxide Surfaces

The h u m id ity  sensors s tu d ied  in this thesis are based, on the in teraction of w ater 

v ap o u r w ith  m etal oxide th in  films. This chap ter p rov ides background  inform ation 

on the m echanism  of w ater v ap o u r adso rp tion  on m etal oxide surfaces. A general 

d iscussion of ad so rp tio n  m echanism s includ ing  chem isorption  and  physisorp tion  

w ill be given p rio r to addressing  the specific case of w ater v ap o u r adso rp tion  on 

m etal oxides. The final section describes the resu lting  changes to the conductiv ity  

and  perm ittiv ity  of the oxide d u e  to w ater adsorp tion , in regards to sensing ap p li­

cations.

2.1 Adsorption Mechanisms

Table 2.1 lists som e defin itions of term s used  th ro u g h o u t this chapter. A dsorp tion  

occurs th ro u g h  either chem ical bon d in g  (chem isorption) or non-bond ing  (physi­

sorption) in teractions betw een  the adso rben t and  adsorp tive. The follow ing sec­

tions w ill d iscuss the m echanism s of bo th  types of adso rp tion  as they p erta in  to 

m etal oxide surfaces.
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Chapter 2. Water Adsorption on M etal Oxides

Table 2.1. Definitions of terms used throughout chapter. Taken from [1],

Term Definition
Adsorptive
Adsorbate
Adsorbent
Chemisorption
Physisorption
Monolayer capacity

Surface coverage

Adsorbable substance in the fluid phase 
Adsorptive in the adsorbed state 
Solid material on which adsorption occurs 
Adsorption through chemical bonding 
Adsorption through non-bonding intermolecular forces 
Either chemisorbed amount needed to occupy all surface 
sites or physisorbed amount needed to cover surface 
Ratio of amount of adsorbate to monolayer capacity

2.1.1 C h em isorption

C hem isorp tion  on m etal oxide surfaces is either d issociative or m olecular (i.e., non- 

dissociative) and  occurs th rough  either acid-base (also refered to as donor-acceptor) 

or redox based  reactions [56]. The follow ing will briefly  discuss each type of chem i­

sorp tion  an d  the m etal oxide p roperties tha t influence the process.

2.1.1.1 Acid-Base Type Chemisorption

C oordinatively  u n sa tu ra ted  m etal cations an d  oxygen anions exist a t the surface 

of m etal oxides and  p rom ote acid-base type reactions. The Lewis acidity  is d ep en ­

den t on the m etal cations having  em pty  orbitals and  positive charges, w hich can 

interact w ith  the filled orbitals, negative charges, a n d /o r  dipoles of Lewis basic 

m olecules. The Lewis acidity  streng th  of m etal oxide surfaces is therefore d ep en ­

d en t on  the m etal cation charge (e.g., Ti4+ vs. Al3+), the degree of coordinative 

u nsa tu ra tion , an d  the availability  of em pty  orbitals. Lew is basicity of m etal oxide 

surfaces is d ep en d en t on the availability  of a p a ir of 2 p electrons associated w ith  

oxygen ions. Thus, Lew is basicity strength  is d ep en d en t on  coordination  as w ell as 

cation charge and  rad ius, w here low  cation charge and  large cation rad iu s  results 

in w eaker bon d in g  an d  therefore m ore basic surfaces [56].

M olecular chem isorp tion  th rough  acid-base type reactions results in a coordi­

nate  (dative) bo n d  form ing betw een  the Lewis acid and  Lew is base. D issociative
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chem isorp tion  occurs th ro u g h  heterolytic cleavage (AB gives A + and  B" ions) of 

the adsorbate , w ith  the resu lting  anion and  cation bond ing  to a m etal cation and  

neighbouring  oxygen an ion  at the surface, respectively [56], W ater is an  exam ple of 

an  adso rp tive  th a t can chem isorb th rough  both  m olecular and  dissociative m echa­

nism s as w ill be d iscussed  below  in Section 2.2.

2.1.1.2 Redox Based Chemisorption

Redox based  chem isorp tion  occurs th rough  either d irect electron transfer betw een  

the adsorbate  and  adsorbent, or th rough  the ad d itio n  or rem oval of surface oxygen 

species [56]. The net resu lt for either case is the change in oxidation state of surface 

species, or the form ation  of free electrons. Redox based  chem isorp tion  th rough  d i­

rect electron transfer typically  results in the form er, how ever, w hen  surface oxygen 

is involved  either can occur [56]. A n adsorbate  can react w ith  oxygen anions at the 

surface resu lting  in the add ition  of a neu tra l oxygen atom  to the adsorbate  and  the 

release of electrons [56], These electrons can be free carriers or used  to reduce the 

oxidation state of m etal cations.

The electronic p roperties of m etal oxides largely determ ine their redox p ro p e r­

ties. The b an d g ap  of the oxide is often m entioned  in redox properties since the d if­

ficulty in  form ing electrons and  holes in large b an d g ap  oxides (e.g., p re-transition  

m etals) m eans tha t they  are neither easily reduced  n o r oxidized. H ow ever, the 

b an d g ap  is no t solely responsible in determ in ing  redox p roperties as the presence 

of surface defects or un iden tified  p re-adsorbed  or co-adsorbed m olecules can have 

an  im pact [56]. In general, p re-transition  m etal oxides are relatively inert to  redox 

based  chem isorp tion , w hereas m ost transition  and  post-transition  m etal oxides can 

chem isorb th ro u g h  redox based  reactions as their electron configurations are easier 

to  alter [56],

Like acid-base type chem isorption, redox based  chem isorp tion  can be either 

d issociative or m olecular. Exam ples of dissociative chem isorption are H 2 and  CI2
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w hich  hom olytically  dissociate into H  and  Cl atom s w hich th en  reduce /o x id ize  

to  H + /C1~ ions th ro u g h  their chem isorp tion  onto  ca tio n s /an io n s  at the surface 

[56]. A n exam ple of m olecular chem isorp tion  is found  in carbon m onoxide, w hich  

chem isorbs onto  an  oxygen an ion site form ing carbon dioxide and  excess electrons 

[56].

2.1.2 P hysisorp tion

Physisorption is a resu lt of non-bond ing  in term olecular forces in w hich there are 

six basic types. In order of strength  they  are:

1 . Ion-dipole

2. H ydrogen  bond

3. D ipole-dipole

4. Ion-induced  d ipole

5. D ipole-induced  d ipole

6 . In stan taneous d ipo le-induced  d ipole (L ondon dispersion)

All in term olecular forces arise from  electrostatic attractive forces betw een  op p o ­

site charges [57], The ion-d ipole force betw een an ion and  the oppositely  charged 

end of a d ipole  is the strongest non-bond ing  in term olecular force. The h y d ro ­

gen bo n d  is slightly  w eaker and  is a special type of d ipole-d ipole bo n d  betw een 

m olecules w ith  a hydrogen  atom  b o n d ed  to a sm all, h igh ly  electronegative atom  

w ith  lone electron pairs such as n itrogen , oxygen, and  fluorine. The h igh  elec­

tronegativ ity  of the N , O, and  F atom s resu lt in  h igh ly  po lar H -N , H-O , an d  H-F 

b o nds w ith  the h ydrogen  end  being  partia lly  positive. The hydrogen  end  is a t­

tracted  to a lone electron p a ir on N , O, or F of ano ther m olecule, form ing the h y ­

drogen  bond. Polar m olecules experience dipole-d ipole  forces betw een  their o p p o ­

sitely charged ends. Ion-induced  d ipole forces arise from  the electric field of an  ion
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w hich  polarizes a non-po lar m olecule and  induces a dipole, w hich is then  attracted  

to the ion. D ipole-induced  d ipole forces are sim ilar in that the electric field of a 

po lar m olecule can induce a d ipole in a non-po lar m olecule, w hich  is subsequen tly  

attrac ted  to the p o lar m olecule. Instan taneous d ipo le-induced  d ipole forces are also 

referred to  as L ondon d ispersion  forces and  arise from  the m om en tary  oscillation of 

electron charge in  an  a to m /m o lecu le  form ing an  in stan taneous d ipole th a t induces 

a d ipole in a neighbouring  m olecule resu lting  in  their attraction.

The n a tu re  of in term olecular forces reveals th a t b o th  the po larity  and  polar- 

izability of the adso rben t and  adso rp tive  p lay  critical roles in physiso rp tion  p ro ­

cesses.

2.2 Water Adsorption on Metal Oxide Surfaces

The m echanism s of w a te r v ap o u r adso rp tion  on m etal oxide surfaces are w ell s tu d ­

ied and  several sources are available on the topic [2 ,16,17,56,58,59]. In general, 

w ater v ap o u r adso rp tion  occurs via acid-base type chem isorp tion  fo llow ed by h y ­

drogen  b o n d ed  physiso rp tion  [56]. H ow ever, certain  oxides can chem isorb  w ater 

v ap o u r th ro u g h  redox reactions [16]. The follow ing w ill consider each in teraction 

type.

2.2.1 A cid-B ase C h em isorption  F o llow ed  b y  H ydrogen  B on ded  P h ysi­

sorption

The w ate r m olecule has tw o  lone-pairs of electrons and  acts as a Lew is base, w hich 

can in teract w ith  the acidic cation sites. W ater m olecules in the vicinity  of a m etal 

oxide surface w ill initially m olecularly  chem isorb th rough  a dative bo n d  w ith  a 

m etal cation at the surface [2], W ith tim e, the m olecularly  chem isorbed w ate r will 

heterolyticaly dissociate in to  a p ro to n  and  hydroxyl ion w ith  the p ro to n  b o n d ing  

to a ne ighbouring  oxygen an ion  and  the hydroxyl ion rem ain ing  b o n d ed  to the
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i

(a) (b) (c)

Figure 2.1. Surface hydroxylation of metal oxide surfaces. Water molecules in the vicinity 
of the surface (a) will initially form a dative bond with coordinatively unsaturated metal 
cations, M  (b). With time the water will dissociate and form two hydroxyl groups (c) 
resulting from deprotonation of the water with the hydroxyl bonding to the metal cation 
and the proton bonding with a neighbouring oxygen anion, O.

m etal cation [2,56]. The net result of w ater v ap o u r chem isorp tion  is the form ation 

of tw o surface hydroxyl g roups per every  chem isorbed w ater m olecule. F igure 2.1 

illustrates this surface hydroxylation  process on m etal oxides. O nce hydroxyls are 

form ed they are therm ally  stable u p  to tem peratu res in the 400-500°C range w here 

they  begin  to desorb  from  the surface [16,58]. C om plete surface hydroxylation  

(covered w ith  a m onolayer of hydroxyl groups) of m etal oxides is d ep en d en t on the 

am bient conditions (hum id ity  level, tem peratu re, p ressure) and  m aterial properties 

(crystallinity, surface defects, therm al history, contam ination) [56,60,61],

Once surface hydroxyls are p resent, w a te r v ap o u r physisorbs via doub le  h y d ro ­

gen bond ing , w here one w ate r m olecule b inds to tw o neighbouring  surface hyd ro x ­

yls [58], This w as d em onstra ted  in  1969 by M orim oto et al. by  observ ing  the differ­

ence betw een  the first (dehydroxylated) and  second (hydroxylated) w ate r v ap o u r 

adso rp tion  isotherm s of titan ium  and  iron oxides [58]. A dsorp tion  iso therm s d e­

scribe the am o u n t of gas adsorbed  as a function of v ap o u r p ressure  (relative to 

saturation) at a constan t tem peratu re  [1]. They are obtained  by first hea t treating 

sam ples u n d er vacuum  to clean the surface by  ou tgassing  any  adso rbed  species. 

Once the sam ples are cooled to the desired  tem peratu re, w hich d ep en d s on the 

probe gas (e.g., n itrogen, k rypton , w ater) and  w h a t is u n d e r investigation  (e.g., su r­

face area analysis, ad so rp to n  m echanism s), the v ap o u r pressure is increm ented  by
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2.2. Water Adsorption on M etal Oxide Surfaces

in troducing  sm all am oun ts of probe gas to the cham ber [1], The vo lum e of gas ad ­

sorbed is d eterm ined  from  pressure changes resu lting  from  adsorp tion . M orim oto 

et al. d iscovered  tha t the ratio  of the capacity  of first physiso rbed  layer of w ater 

v ap o u r to the total n u m b er of underly in g  hydroxyl g roups w as nearly  equal to 1 :2 , 

indicating th a t a w a te r m olecule is adso rbed  on tw o  surface hydroxyl g roups [58]. 

This type of double hydrogen  bonded  physisorp tion  continues w ith  increasing h u ­

m id ity  un til a m onolayer form s. The h u m id ity  at w hich  this m onolayer form s can 

be determ ined  from  the shape of the adso rp tion  iso therm  (the "knee" of the vol­

um e adsorbed  vs. relative pressure p lo t w here the vo lum e adsorbed  p la teaus w ith  

respect to the pressure) as w ell as calorim etric da ta  (relative h u m id ity  w here heat 

of adso rp tion  has reduced  to a level com parable to the hea t of liquifaction, see Ta­

ble 2.2 below ) [1,22,60]. Increasing the h u m id ity  above this p o in t results in fu rther 

physiso rp tion  on top  of this m onolayer th ro u g h  single h ydrogen  b o nds [16,17,22]. 

This single h ydrogen  b o n d ing  continues w ith  increasing h u m id ity  to m u ltip le  lay­

ers of adso rbed  water. F igure 2.2 illustra tes the adso rp tion  m echanism  from  initial 

surface hydroxy lation  th ro u g h  to  m u lti-lay er physisorption.

In 1989 Fubini et al. repo rted  typical heats of ad so rp tio n  ranges for the d ifferent 

types of adso rp tion  m echanism s on oxides at 303 K [2]. Table 2.2 lists these values 

w ith  reference to Figures 2.1 and  2.2.

2.2.2 R edox Based C hem isorption

M etal oxides w ith  sm all ban d g ap s (i.e., sem iconducting) a n d /o r  in ter b an d g ap  de­

fect states (resulting  from  doping , co-adsorbed m olecules, surface defects, etc.) can 

chem isorb w ater v ap o u r th ro u g h  redox reactions [16], SnC>2, ZnO , In 2 0 3 , and  per- 

ovskites are exam ples of oxides th a t chem isorb w ater th rough  redox reactions [17]. 

A t room  tem peratu re, these m aterials can adsorb  w ate r v ap o u r th ro u g h  redox, 

acid-base, an d  physiso rp tion  (hydrogen  bonding) reactions [17], As the tem per­

atu re is increased, the redox adso rp tion  m echanism  is expected to dom inate, espe-
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Figure 2.2. Water vapour adsorption on metal oxide surface. The coordinatively unsat­
urated metal cations, M, and oxygen anions, O, at the surface facilitate the dissociation 
of water vapour in the vicinity of the surface (a) into a hydroxyl group, which binds to a 
metal cation site, and a proton, which binds to an oxygen anion site (b). Once surface hy­
droxylation is present, water vapour is physisorbed through double hydrogen bonds shared 
with two surface hydroxyl groups (c). Upon completion of this first physisorbed layer, 
subsequent layers are adsorbed via single hydrogen bonds (d). The broken lines represent 
hydrogen bonds.

Table 2.2. Heat of adsorption (q jfo r  water vapour adsorption mechanisms on metal oxide 
surfaces [2], q i is the heat of liquefaction for water.

A dsorp tion  M echanism Fig. Ref. qa [k j/m o l]
C oordinative chem isorption 2 .1 b 70-120
D issociative chem isorption 2 .1 c > 1 2 0

D ouble hydrogen  b o n d ed  physisorp tion 2 .2 c 50-70
Single hydrogen  b o n d ed  physiso rp tion 2 .2 d ~  44 =  qi
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2.3. C onductivity  and P erm ittiv ity  Alteration

d a ily  for tem peratu res >  100°C w here physiso rp tion  of w ater v ap o u r is n o t possi­

ble [16],

U nlike the acid-base and  hydrogen  b o n d ed  adso rp tion  m echanism s, the exact 

n a tu re  of redox based  reactions w ith  oxides is no t well understood  and  controversy  

exists [16,17], W ater v ap o u r acts as a reducing gas and  therefore results in electron 

transfer to the surface u p o n  adsorp tion . D ifferent electron transfer m echanism s 

have been  p roposed  including  direct transfer betw een  the w ate r and  surface, ind i­

rect transfer as a resu lt of the rep lacem ent of p rev iously  adso rbed  oxygen anions 

(0 ~ an d  0 2~~) w ith  w ater vapour, an d  the liberation of trap p ed  electrons at surface 

defects u p o n  w ate r v ap o u r adso rp tion  [16,17,56], In any  case, the net effect is the 

app aren t transfer of electrons to the surface [16,17], This transfer accounts for the 

conductiv ity  changes u tilized  in  h ig h -tem peratu re  (>  100°C) h u m id ity  sensors.

2.3 Conductivity and Permittivity Alteration

M etal oxide conductiv ity  and  perm ittiv ity  changes tha t resu lt from  w ate r v ap o u r 

adso rp tion  are exploited to sense am bient hum idity . Both of these changes w ill now  

be addressed .

2.3.1 C on ductiv ity

R esistive /im pedance based  h u m id ity  sensors utilize conductiv ity  changes and  are 

classified as either ionic or electronic type sensors d epend ing  on the m echanism (s) 

of w ater v ap o u r adsorp tion .

2.3.1.1 C on d u ction  M ech an ism  for Ion ic H u m id ity  Sensors

Ionic type sensors adsorb  w ater v ap o u r prim arily  th ro u g h  the acid-base and  h y ­

drogen  b o n d in g  m echanism s described in Section 2.2.1. The conduction  m echa­

n ism  is d ep en d en t on the surface coverage, 6 (see Table 2.1 for a definition). A
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Table 2.3. Dominant conduction mechanism for ionic type humidity sensors at different 
surface coverage.

Coverage D om inant C onduction  M echanism
e ^ o  

0  <  9 < 1

o >  1

H + h o p p in g  along  surface hydroxyls 
H :iO + diffusion +  clustered  G rottuss +  electron tunneling  

G rotthuss in continuous layer(s) of w ater

m onolayer (0 — 1 ) is taken to be a m onolayer of physically  adsorbed  (i.e., double 

hydrogen  bonded) water, since hydroxylation  is irreversible at room  tem peratu re  

and  for sensing applications it is the reversible response that is im portan t.

A t very  low  surface coverage {6 «  0), an  externally  app lied  field results in 

pro ton  (H + ) h o p p ing  betw een surface hydroxyl g roups [16,22], W hen physically  

adsorbed  w ate r is p resent, b u t m onolayer form ation  is incom plete ( 0  < 6 < 1 ) 

h y d ro n iu m  (H 3 0 + ) diffusion along the hydroxy lated  surface and  p ro ton  transfer 

betw een  adjacent w a te r m olecules in clusters are the d om inan t conduction  m echa­

nism s [16,22], K hanna and  N ahar have show n th a t in this sub-m onolayer regim e, 

an  add itional m echanism  of phon o n  assisted  electron tunneling  can take place w here 

an  adsorbed  w ate r m olecule donates an  electron to the oxide leaving a hole, w hich 

is subsequen tly  filled from  an electron tunneling  from  a neighbouring  w ate r m olecule, 

thus leaving b eh in d  a hole and  facilitating the con tinuation  of the conduction  m ech­

anism  [62]. W hen a m onolayer is p resent, the d o m in an t conduction  m echanism  is 

pro ton  transfer betw een  adjacent w ater m olecules [16,22]. This conduction  m ech­

anism  is the sam e as tha t in liquid  w ater and  is called the G ro tthuss chain reac­

tion [16,17], Table 2.3 lists the d o m in an t conduction  m echanism s for d ifferent su r­

face coverage.

2.3.1.2 Conduction Mechanism for Electronic Humidity Sensors

Electronic type sensors em ploy sem iconducting  oxides as their sensing m ed ium  

and therefore exploit the electron transfer to the oxide resulting  from  redox based
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chem isorp tion  of w ater vapour. For n-type sem iconductors, this results in an  in ­

crease in conductiv ity  w ith  increasing hum idity , w hereas for p -type sem iconduc­

tors, the conductiv ity  w ill decrease. This conduction  m echanism  is d ep en d en t on 

the operating  tem peratu re  and  the doping , crystallinity, gra in  size, and  m icrostruc­

tu re  of the oxide m aterial [16].

2.3.2 P erm ittivity

Perm ittiv ity  is a m easure of the ease of po larization  of a m aterial exposed to an  

electric field (larger perm ittiv ity  m eans easier to polarize). W ith dielectric m aterials 

there four types of po larization  [63]:

1. Electronic

2. O rientational

3. Io n ic /a to m ic

4. Interfacial

Electronic po lariza tion  occurs w hen  the electronic charge d istribu tion  is displaced 

relative to the n u c leu s/n u c le i, resu lting  in a d ipo le m om ent d ep en d en t on the 

strength  of the app lied  electric field an d  the electronic polarizability  (a to m /m o lecu le  

constant). O rien ta tional po larization  occurs in p o lar m aterials w here p erm an en t 

d ipoles experience a to rque an d  orient them selves such that their electric field is in 

opposition  to the app lied  field. Ionic po larization  occurs in ionically b o n d ed  m ate­

rials w here the application  of an  electric field d isplaces the ions relative to eachother 

and  results in a net d ipole  m om ent (w ith no app lied  field the random  orien ta tion  

of the perm anen t dipoles results in no net d ipole m om ent). N on-ionic m aterials 

experience atom ic po larization  w here the nuclei of atom s form ing a m olecule are 

displaced. This is in con trast to  electronic polarization , w hich is a resu lt of electron 

d isp lacem ent, how ever, it is sim ilar to ionic po larization  in  that it involves the d is­

p lacem ent of charge centres. Thus, ionic and  atom ic po larization  are often g ro u p ed
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together as one type of po larization , b u t referred  to as either ionic or atom ic d e­

p en d in g  on the ionic character of the m aterial. Interfacial po larization  is a result 

of the local accum ulation  of charge carriers as they  drift th rough  the m ateria l and  

is a resu lt of conductiv ity  changes occurring at an  interface betw een  tw o m ateri­

als, boundaries betw een  crystalline and  am orphous regions, im perfections such as 

cracks and  defects, regions of differing m oisture content, and  electrode-m aterial 

interfaces [63,64], U nlike the p rev ious th ree m echanism s, w hich involve b o u n d  

charge, interfacial po larization  is a resu lt of free charge and  is therefore d ep en d en t 

on  conductiv ity  [63],

All po lariza tion  processes are tim e d ep en d en t and  have a tem p era tu re  d ep en ­

den t relaxation tim e u n ique to the process [63,64]. The perm ittiv ity  of a m aterial 

is therefore d ep en d en t on the tem peratu re  and  the frequency of the app lied  elec­

tric field, w ith  d ifferent po larization  m echanism s being d om inan t over d ifferent 

freq u en cy /tem p e ra tu re  ranges. In general, interfacial po larization  is d o m in an t at 

low  frequency (e.g., DC -  kHz), orien ta tional po larization  is strongest in the ra ­

dio to m icrow ave range, io n ic /a to m ic  in the in frared, and  electronic in the optical 

frequencies [63].

Iw aki and  M orim oto have show n that the dielectric p roperties betw een  0.1 H z -  

5 M H z an d  77 -  273 K of adso rbed  w ater v ap o u r on several oxides are d u e  to three 

p rim ary  m echanism s [65-69]:

1. Interfacial po larization

2. O rien ta tional po larization  of surface hydroxyl g roups

3. O rien ta tional po larization  of physiso rbed  w ater

A t room  tem peratu re , in terfacial po lariza tion  is do m in an t and  is d ep en d en t on the 

conduction  m echanism s described in Section 2.3.1.1. Thus, as the relative h u m id ity  

is increased, bo th  the conductiv ity  and  perm ittiv ity  of m etal oxides w ill increase 

[65-71]. As the tem peratu re  is decreased below  room  tem peratu re, orien ta tional
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polarizations of surface hydroxyls and  physiso rbed  w ater play an increasing role 

in  the perm ittiv ity  of the oxide, how ever, interfacial po larization  is still d om inan t 

[6 6 , 6 8 ]. Furtherm ore, orien ta tional po larization  of hydroxyl g roups is only p resen t 

u n d er sub-m onolayer conditions [6 6 , 6 8 ].

In sum m ary, the sam e conduction  m echanism s u tilized  in res is tiv e /im p ed an ce  

h u m id ity  sensors are responsible for the in terfacial po larization  and  h u m id ity  d e­

p en d en t perm ittiv ity  of m etal oxides. The frequency of the app lied  voltage along 

w ith  the tem peratu re  are critical in determ in ing  the capacitive response of m etal 

oxide based  h u m id ity  sensors.

2.4 Conclusions

D ifferent adso rp tion  m echanism s for m etal oxide surfaces w ere d iscussed  along 

w ith  the specific case of w a te r v ap o u r adsorp tion . The adsorp tion  of w ater v ap o u r 

can alter the conductiv ity  an d  perm ittiv ity  of a m etal oxide, thus p rov id ing  a trans­

duction  m echanism  for h u m id ity  sensing applications. C onduction  m echanism s 

d ep en d  on surface coverage and  involve pro tons, hyd ro n iu m  ions, and  electron 

tunneling . The d o m in an t m echanism  responsible for perm ittiv ity  changes in the 

D C -M H z frequency range is interfacial polarization.

The h u m id ity  sensors s tud ied  in  this thesis utilize n anostruc tu red  TiC>2 , AI2O 3 , 

and  SiO i th in  films. It is believed th a t these films adsorb  w ater vap o u r th rough  

the acid-base type chem isorp tion  and  hydrogen  b o n d ed  physiso rp tion  m echanism s 

described in Section 2.2.1 [17]. In the next chap ter the fabrication of h u m id ity  sen­

sors is discussed.
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Chapter 3

Sensor Fabrication 1

This chap ter describes the fabrication of capacitive based  h um id ity  sensors u sed  in 

this thesis. Each sensor w as com prised  of an  in terd ig ita ted  capacitor (IDC) coated 

w ith  a h u m id ity  sensitive porous m etal oxide th in  film deposited  by  a technique 

k now n as g lancing angle deposition  (GLAD). The follow ing w ill be discussed:

1. H istory  and  m ethodology  of GLAD

2. C apacitive h u m id ity  sensors and  justification for using IDCs

3. IDC fabrication

4. Thin film deposition

3.1 Glancing Angle D eposition

GLAD is a th in  film fabrication technique tha t com bines oblique angle deposition  

w ith  substrate  m otion  control, enabling  the grow th  of th in  films w ith  engineered  

nanostruc tu res [52, 73]. These films are extrem ely p o rous and  consist of isolated 

colum ns tha t can take the form  of, for exam ple, helices, vertical posts an d  po lygo­

nal sp irals [51,74]. A pplications of GLAD films include field em itters, supercapac­

itors, so lar cells, therm al b arrier coatings, h igh-speed  gas sensors, and  po larized

'Part of this chapter has been published in: J.J. Steele and M.J. Brett. Nanostructure engineering 
in porous columnar thin films: recent advances. Journal o f  M a teria ls  Science: M a teria ls  in  E lectronics, 
18(4):367-379, April 2007. [72]
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photo lum inescence devices [75-81].

P roperties of th in  films largely dep en d  on their com position, crystal structure , 

and  m orphology. U nder certain  grow th  conditions it is possible to fabricate th in  

films w ith  a co lum nar m orpho logy  tha t can be engineered to p rov ide  specific char­

acteristics. For exam ple, a th in  film w ith  a m icrostructure that is shaped  into a heli­

cal m orpho logy  w ill exhibit circular b irefringence [82], silicon th in  films com posed 

of periodically  a rranged  square spiral colum ns form  3-D photonic crystals [83], 

and  a m etallic chevron m icrostructure p roduces films w ith  electrical conductiv ity  

anisotropies [84],

GLAD has been  u tilized  to fabricate h u m id ity  sensitive thin films w ith  different 

com positions and  m orphology. The high  degree of control over film m icrostructure 

possible w ith  the GLAD technique allow s control of sensor perform ance. A brief 

review  of the h isto ry  of oblique angle deposition  leading  u p  to the deve lopm en t of 

GLAD will now  be g iven follow ed by  an  account of the p rim ary  techniques used  

to fabricate basic film structures.

3.1.1 O b liq u e  A n g le  D ep o sitio n  to G LAD

The substan tia l h isto ry  of oblique angle deposition  includes w orks da ting  back  to 

1886 [85]. Initial stud ies en tailed  physical v ap o u r deposition  onto  static substrates 

held in a position such that incident v ap o u r flux arrives at non-norm al, or oblique 

angles. This w ork  show ed tha t tilting the substrate  d u rin g  deposition  changed  the 

p roperties of the film. In 1953, H olland  observed  an anisotropic selective tran s­

m ittance of light for a lum inum  films deposited  w ith  v ap o u r incidence angles of 

80° and  85° w ith  respect to the substra te  no rm al [86]. Smith, as w ell as K norr 

and  H offm ann, d em onstra ted  strong m agnetic aniso tropies in iron and  nickel films 

deposited  at v ap o u r incidence angles exceeding 70° [87,88], A t the tim e, it w as 

tho u g h t th a t these effects could  be a resu lt of film m orphology  and  in particular, the 

tendency  of the 'g ra in s ' of the film to grow  in the direction of the v ap o u r source.
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In 1959, Young and  K ow al u tilized  this d irectional g row th  to, for the first time, 

engineer m aterial p roperties by  com bining oblique angle deposition  w ith  periodic 

ro tation  of the substra te  [89]. In their s tu d y  they  deposited  fluorite films onto  ro ­

tating  substrates held  at oblique angles an d  show ed  tha t the films exhibited  optical 

activity as a resu lt of the substrate  ro tation  d u rin g  oblique angle deposition.

In 1966, N ieuw enhu izen  and  H aanstra  directly  v iew ed the co lum nar m o rpho l­

ogy of obliquely  deposited  a lum inum  films w ith  a scanning electron m icroscope 

(SEM) [90], They p resen ted  im ages show ing  tha t the colum ns of an  obliquely d e­

posited  film are tilted and  grow  in the direction of the v ap o u r source. D irectional 

co lum nar g row th  is key to the GLAD process and  a brief discussion of the process 

will now  be given. D etailed inform ation  on the physical and chem ical m echanism s 

govern ing  th in  film grow th  can be found in [91,92]. D uring the initial stages of 

v ap o u r deposited  film grow th  (for any  angle of v ap o u r incidence) adatom s con­

dense onto  the substrate  and  form  ind iv idual separa ted  islands, or nuclei [92,93]. 

W hen the substra te  is tilted  such tha t incident v ap o u r arrives at oblique angles, the 

topography  of ada tom  nuclei shadow s regions of the substrate. Thus, gaps betw een  

the nuclei are not filled in, p reven ting  the coalescence of nuclei into a continuous 

th in  film layer. Instead, the nuclei cap tu re the v ap o u r flux that w o u ld  have landed  

in the shadow ed  regions, resu lting  in the form ation  of colum ns g row ing  in  the d i­

rection of the v ap o u r source. The shadow ing  m echanism  and  directional colum n 

grow th  is illustra ted  in  Figure 3.1.

This type of co lum nar g row th  is only possible from  a directional v ap o u r source 

w ith  a sm all an g u lar d istribu tion ; o therw ise the v ap o u r can fill in the shadow ed  

regions of the substrate. H ighly  collim ated v ap o u r sources are easily atta ined  w ith  

various physical v ap o u r deposition  (PVD) techniques such as evaporation  (both 

therm al and  electron beam ) and  long-throw , low -pressure spu ttering  [94-97], A n­

o ther requ irem en t of co lum nar grow th  is tha t the tem peratu re  of the substra te  m ust 

be  less th an  ~0.3 tim es tha t of the m elting p o in t of the source m ateria l [74], At
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Figure 3.1. Geometrical shadowing and columnar growth. In the initial stages of film  
growth adatoms condense and form nuclei which results in geometrical shadowing of re­
gions of the substrate (a), preventing film growth in those regions (b). The resulting film  
consists of columns that grow off the nuclei and are inclined in the direction of the vapour 
source (c). [4]

higher tem peratu res, the surface d iffusiv ity  of ada tom s increases and  a p o in t will 

be reached w here their diffusion length  is large enough  that they are able to fill in 

the shadow ed  regions of the substra te  [98,99].

N ieu w en h u izen  and  H aanstra  u tilized  the directional co lum nar g row th  of obli­

quely  deposited  films to fabricate the first film w ith  a chevron, or zig-zag, colum n 

m orphology  [90]. By ro tating  the substra te  180° betw een  tw o subsequen t oblique 

angle depositions they w ere able to reverse the direction  of colum n grow th. In 1989, 

M otohiro and  Taga im proved  u p o n  the concept using  in situ  substra te  m otion  con­

trol to in stan taneously  change the direction of colum n grow th  on the nanom etre
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3.1. Glancing A ngle  Deposition

length  scale [1 0 0 ].

The next m ajor developm ent in oblique angle deposition  cam e in 1995 w hen  

Robbie an d  Brett repo rted  the g lancing angle deposition  (GLAD) technique [96, 

101]. The GLAD process m ake use of extrem ely oblique (>80° w ith  respect to 

substrate  norm al) deposition  to achieve an  isolated and  very  po rous co lum nar 

film m orphology, and  utilizes com puterized  control of substrate  m otion  to change 

the relative v ap o u r flux direction to m an ipu late  the colum n grow th  and  engineer 

the nan o stru c tu re  of the resulting  th in  film. A key com ponen t of GLAD is the 

com puterized  substra te  m otion control based  on deposition  rate feedback from  a 

quartz  crystal m icrobalance (QCM). F igure 3.2 show s a schem atic represen ta tion  of 

a GLAD evaporation  system . D uring  a deposition , the angles a  (angle of v ap o u r 

incidence) an d  0 are ad justed  according to a pre-defined  m otion control algorithm  

designed  to y ield  a specific film nanostructu re. F igure 3.3 show s SEM im ages of 

GLAD film s dem onstra ting  the various shapes the colum ns can take. The slan ted  

post film show n  in F igure 3.3(a) is the m ost basic film structu re and  w as fabricated  

by  ho ld ing  b o th  a  and  0 constan t th ro u g h o u t the deposition. The chevron film 

show n in Figure 3.3(b) w as fabricated by ho ld ing  a  constant and  periodically  in ­

creasing 0 by 180°.

Instead of ab ru p tly  changing the direction of colum n grow th, continuous chan­

ges can be ob tained  w ith  a slow  0  ro tation  rate, resu lting  in a helical s tructu re  as 

show n in F igure 3.3(c). If the 0  ro tation  ra te is too fast, how ever, the co lum n g row th  

will no t respond  to changes in direction of im p ing ing  v ap o u r m olecules an d  w ill 

degenerate  into a vertical post as show n  in F igure 3.3(d).

GLAD is a pow erfu l p latform  for th in  film research and  is exploited  by  several 

groups. FFodgkinson et al. developed  a varian t of GLAD, called serial b ideposition  

(SBD), capable of fabricating h ighly  b irefringent biaxial thin films [102,103]. O th ­

ers have ad ap ted  the GLAD technique to su it their p articu lar application  such as 

tw o-phase substra te  ro tation  repo rted  by  Ye et al. [104], oblique angle deposition
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(|) - Rotation
OC - Rotation

Substrate
Normal

QCM

Vapor
Flux PVD

Source

Figure 3.2. Physical vapour deposition apparatus for GLAD. Engineering of thin film  
nanostructure is achieved through in situ adjustments of the angles a  and <j> during a depo­
sition. Substrate motion control is based on deposition rate feedback from a quartz crystal 
microbalance (QCM).

(OAD) used  by  Z hao  et al. [105], and  dynam ic oblique deposition  (DOD) reported  

b y  Suzuki et al. [106].

GLAD is a versatile  process. M ost m aterials th a t can be deposited  via PVD 

m ethods can be used  to fabricate GLAD films, includ ing  num erous m etals, sem i­

conductors, and  insulators. The n anostruc tu re  of GLAD films can be engineered  

to su it the application  and  can range from  the sim ple nanostruc tu res show n  in Fig­

ure 3.3, to exotic nanostruc tu res such as polygonal spirals, periodically  ben t nem at­

ics and  superhelices [94,107,108].

GLAD films are extrem ely well su ited  for h u m id ity  sensing stud ies as their 

com position and  m orpho logy  can be fine tu n ed  th ro u g h  the deposition  process. 

Thus, p roperties of the sensing m aterial such as surface area, pore size d is trib u ­

tion, and  thickness, all of w hich have a p ro found  im pact on sensor perform ance 

[6-9,16,17,22,29,34,46,50], can be optim ized.
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(c) (d)

Figure 3.3. Examples o f GLAD nanostructured thin films. The slanted post film  (a) was 
fabricated by holding both a  and f  constant throughout the deposition. A  chevron film  (b) 
is fabricated by increasing f  by 180° between slanted post segments. A  helical film  (c) is 
fabricated by continually increasing f a t a  slow rate such that the column growth can trace 
the su bstra te  m otion, if  the f  rotation rate is too fa s t the helical stru ctu re w ill degenerate in 
to a vertical post structure like that shown in (d).
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3.2 Capacitive Humidity Sensors

Capacitive h u m id ity  sensors are based  on perm ittiv ity  changes of an  insu lating  

hydroph ilic  m ateria l as a resu lt of w a te r v ap o u r ad so rp tio n /d eso rp tio n . W hen 

such a m ateria l is u sed  as the dielectric in  a capacitive s tructu re  the resu lt is a device 

w ith  a h u m id ity  d ep en d en t capacitance. A s m en tioned  in  C h ap ter 1, capacitive 

h u m id ity  sensors dom inate  the m arke t (75%) in  large p a r t due  to  their low  p o w er 

consum ption , h ig h  sensitivity, an d  low  cost [9].

There are tw o  types of capacitive structu res u sed  in  h u m id ity  sensors: p a ra l­

lel plate, an d  IDC. F igure 3.4 illustra tes the differences b etw een  the  tw o  structures. 

Parallel p la te  s tructu res are form ed by  depositing  a bo ttom  electrode onto  a su b ­

strate  (or use  a conductive substra te  as the b o ttom  electrode), fo llow ed by  the d e­

position  of the sensing  m ed ium , th en  depositing  a second electrode on top  of the 

sensing m edium . The top  electrode is typically  only  10's of nanom etres thick m ak ­

ing it porous, w h ich  facilitates w a te r v ap o u r access to  the sensing m ed iu m  resu lt­

ing  in  red u ced  response tim es [109]. As this top  electrode m u st rem ain  electrically 

continuous, it w ill alw ays im pede w ate r v ap o u r transfer betw een  the env ironm ent 

and  the sensing  m edium . U sing an  in terd ig ita ted  electrode for the top  electrode 

to increase the exposed area of the sensing m ed iu m  an d  fu rther enhance response 

tim e is also com m on, how ever, h u m id ity  sensors based  on parallel-p late  capacitive 

structu res are alw ays slow er th an  IDC based  h u m id ity  sensors (for a g iven  sensing 

m edium ) d u e  to the  top  electrode obstructing  w a te r v ap o u r transfer betw een  the 

env ironm ent an d  sensing  m ed iu m  [28,36]. It is therefore m ore com m on to find IDC 

based  sensors w here  there sensing  m ed iu m  is d eposited  on top  of an  IDC, giving 

w ate r v ap o u r com plete, unob stru c ted  access to  the  sensing m ed iu m  [7,109,110]. 

A lthough  IDC based  sensors are faster, they  are typically  less sensitive as half the 

electric field passes th ro u g h  the  substrate , w hereas parallel p late  s tructu res confine 

the  field to the sensing  m ed iu m  [28].

Sensor response tim e is a focus of th is thesis; therefore u sing  IDC b ased  sen-
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Parallel-plate (side) Parallel-plate (top)

EEJ Z
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□  Electrodes E3 Substrate □  Sensing material
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Figure 3.4. Capacitor humidity sensors are based on either parallel-plate or IDC structures. 
IDC based sensors are faster as water vapour is not impeded by an electrode. However, 
parallel-plate based sensors are more sensitive as they confine the electric field to the sensing 
medium as opposed to half the field passing through the substrate, as is the case with IDC  
based sensors.
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L

W = dig it w idth
s = digit separation
L = dig it length
x -  IDC width
A = planar area = xL     f ---------------------

W

Figure 3.5. IDC geometry, top view. Not to scale.

sors w as m ore appropria te . A nother im pera tive  reason  for u sing  IDCs is ease of 

fabrication. Parallel-p late based  sensors are less su itab le for the GLAD process as 

they  require  the film to be "capped" by  slow ly decreasing  the deposition  angle (a) 

to near no rm al incidence to  m ake the top  of the film  dense  en o u g h  to  su p p o rt an  

electrically con tinuous top  electrode [53,111]. For these reasons, IDC based  sensors 

w ere used.

3.3 IDC Fabrication

W ith IDC b ased  sensors, the geom etry  alters the  electric field d en sity /p ro file  w ith in  

the sensing m ed iu m  an d  significantly  im pacts the sensitiv ity  of the  device [31,32, 

110,112,113]. F igure 3.5 show s a top  v iew  illu stra tion  of IDC geom etry  w ith  the 

im portan t features being  the d ig it w id th  (W ) ,  dig it separation  (s), d ig it length  (L), 

IDC w id th  (x ), an d  p lan ar area (A = xL).

Two types of IDCs w ere fabricated: IDCs w ith  relatively large d ig it w id ths 

and  separations in  the tens of m icrom etres range, an d  IDCs w here  the electrodes 

w ere coun ter-sunk  in to  a silicon d ioxide layer an d  h ad  d ig it w id th s  an d  sep a ra­

tions in  the  m icrom etre range. The large geom etry  IDCs w ere  fabricated  using  

s tan d ard  ph o to lith o g rap h y  techniques, w hereas the coun ter-sunk  electrode IDCs

36

X

....... ....................... .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3. ID C  Fabrication

(CSE-IDCs) w ere fabricated  usin g  a p ro p rie ta ry  p rocedure  from  M icralyne Inc. A 

com parison  be tw een  the tw o  types of IDCs an d  the im pact of IDC geom etry  is 

g iven in  C hap ter 5. Each type of IDC w ill no w  be discussed.

3.3.1 Large G eom etry ID C s

The geom etry  of these IDCs w ere as follows:

•  W  =  20 pm  (digit w id th )

•  s =  1 0  pm  (digit separation)

•  L  = 5 m m  (digit length)

•  x  =  5 m m  (IDC w id th )

•  A  =  25 m m 2 (p lanar area)

These values w ere chosen b y  su rvey ing  the lite ra tu re  w here  IDCs w ith  d ig it w id th s  

and  separations in  the 1 0 's  of m icrom etres range are com m only u tilized  for h u m id ­

ity  sensing applica tions [28,35,36,38,47,54,114,115]. The relatively large d im ensions 

of these IDCs m ad e  it possible to fabricate th em  using  s tan d ard  pho to lithography  

techniques. The follow ing fabrication p rocedure  w as developed  a t the U niversity  

of A lberta N anoFab: A 30 n m  thick chrom e adhesion  layer w as sp u tte red  onto  bo- 

rofloat glass substra tes follow ed b y  a 150 nm  gold  deposition . The substra tes w ere 

then  sp in  coated w ith  H PR  504 photoresist, exposed  th ro u g h  a sh ad o w  m ask  w ith  

the IDC patterns, an d  developed . Follow ing a gold  th en  chrom e w e t chem ical etch, 

substrates w ere cu t in to  d ie u sin g  a d iam o n d  d icing saw  w here each d ie contained 

one IDC. The pho to resist w as rem oved  p rio r to  GLAD film  deposition  by  soaking 

the  d ie in  an  acetone bath .

3.3.2 C ounter-Sunk Electrode ID C s

In C hap ter 5 it w ill be  show n  th a t p lanariz ing  the surface of an  IDC b y  coun ter sink­

ing  the  electrodes as w ell as reducing  b o th  d ig it w id th  an d  separation  offer several
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Table 3.1. IDCs used for thesis research. IDC-25-20-10 substrates were fabricated using 
standard photolithography techniques. A ll other IDCs were fabricated by Micralyne, Inc.

IDC
Reference
N am e

Planar 
Area 

A  (m m 2)

D igit 
W idth 

W  (pm )

D igit 
Separation  

s (pm )

N u m b er
of

Digits
IDC-25-20-10 25 2 0 1 0 167
IDC-25-3-5 25 3 5 625
IDC-25-3-3 25 3 3 833
IDC-100-3-5 1 0 0 3 5 1250
IDC-100-3-3 1 0 0 3 3 1667

advan tages in  term s of sensor perform ance an d  fabrication. F igure 3.6 illustrates 

the cross section of CSE-IDCs developed  b y  M icralyne, Inc. w here go ld  electrodes 

are coplanar w ith  a silicon d ioxide layer on  a silicon die. F igure 3.7 show s a p h o to ­

g rap h  of a CSE-IDC.

A n u m b er of CSE-IDCs w ere developed  w ith  various d im ensions. Table 3.1 

lists the IDCs u sed  for the  research p resen ted  in  this thesis. The follow ing nam ing  

system  w ill be u sed  to  reference IDCs: IDC-A -W -s w here  the u n its  of A  is m m 2 

an d  W  an d  s are in  m icrom etres. The p lan ar area for all IDCs w ere  square, thus 

A  — 25 m m 2 im plies L  =  5 m m  an d  x — 5 m m .

3.4 Thin Film Deposition

Thin film  depositions w ere  p erfo rm ed  u n d e r h ig h  v acu u m  conditions (base p res­

sures in  the  10~ 7 to 10- 6  Torr range) u sing  an  electron beam  evaporation  system  

(Kurt J. Lesker AXXIS system ). A lum inum  oxide (corundum , 99.99% purity ), sili­

con d ioxide (fused silica, 99.99% purity ), an d  titan iu m  d ioxide (rutile, 99.9% purity ) 

source m ateria ls w ere  p u rchased  from  Cerac Inc. D uring  a typical AI2O 3 dep o si­

tion, the p ressu re  in itially  increases to  approx im ately  3 x 10” 5 Torr as a resu lt of 

oxygen outgassing  from  the source m aterial. W ith tim e, the p ressu re  d rops to  the 

m id  10- 6  Torr range as the oxygen is p u m p ed  away. Typical deposition  p ressures
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Au Electrode

Oxide

Silicon

Figure 3.6. Cross-sectional illustration o f Micralyne Inc. fabricated CSE-IDC. Not to scale.

Figure 3.7. Photograph o f a CSE-IDC. The dimensions o f the die are roughly 2 x 2  cm.
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d u rin g  SiC>2 depositions w ere 3 x 1 0 ” 6 Torr. The deposition  p ressu re  d u rin g  tita- 

n ia depositions w as m ain ta ined  betw een  6  x 10- 5  an d  8  x 10~ 5 Torr th ro u g h  the 

ad d itio n  of oxygen gas (Praxair u ltra  h ig h  p u rity  99.993%) to p rom ote  the  g row th  

of stoichiom etric film s [116]. All films u sed  for the  capacitive h u m id ity  sensors in 

this thesis w ere  of the  vertical p o st type (Figure 3.3(d)) g row n  at constan t a  and  

0  ro tation  rates continually  ad justed  (via softw are) to  m ain ta in  a film  grow th  ra te 

(in substra te  no rm al direction) of 5 n m  p e r 360° revolu tion  of the substrate . De­

position  rates along the  substra te  no rm al w ere m ain ta ined  be tw een  5 -7  A /s (via 

em ission current) resu lting  in  </> ro ta tion  rates of 6-8.4 RPM. The deposition  angle 

and  film thickness w ere varied  (C hapter 6  d iscusses their effect on  sensor p erfo r­

m ance), how ever, typical values w ere a = 81° an d  1.5 pm.

3.5 Summary

C apacitive based  h u m id ity  sensors w ere fabricated  b y  coating IDCs w ith  h igh ly  

porous, nano stru c tu red , hydrophilic , m etal oxide th in  films d eposited  by  GLAD. 

F igure 3.8 show s a cross-sectional SEM im age of a sensor fabricated  from  an  IDC- 

100-3-5 coated  w ith  a 1.5 pm  thick vertical p o st a lu m in u m  oxide GLAD film  d e­

posited  at a deposition  angle of a  — 81°. The ability  of GLAD to control film 

m orphology  on  the 1 0  n m  scale for a varie ty  of source m aterials m akes it an  ideal 

p latform  for s tu d y in g  h u m id ity  sensors as the com position  and  m orpho logy  of the 

sensing m ed iu m  plays a critical role in  device perform ance. C apactive h u m id ity  

sensors w ere chosen for s tu d y  d u e  to  their dom inance of the m arke t an d  ad v an ta ­

geous properties. IDCs w ere u tilized  instead  of parallel p late  capacitor structu res 

due  to  their faster response to  h u m id ity  changes an d  their com patib ility  w ith  the 

GLAD process.

In the next chapter, the  experim ental m ethodo logy  u sed  to characterize the sen­

sors is d iscussed.
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Figure 3.8. Cross-sectional SEM  image of a single digit from  an IDC-100-3-5 coated with 
a 1.5 pm  thick A I2 O 3  vertical post GLAD film  deposited at a  =  81°.

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4

Experimental Methodology

In  this chap ter the experim ental m ethodo logy  u sed  in  th is thesis is p resen ted . The 

follow ing w ill be  discussed:

1. H u m id ity  generation  an d  control

2. C apacitance m easu rem en t an d  calibration

3. R esistance m easu rem en t an d  calibration

4. Relative h u m id ity  m easu rem en t calibration

5. R esponse tim e m easu rem en t

6 . C om m ercial h u m id ity  sensor testing

4.1 Humidity Generation and Control

A h u m id ity  control cham ber w as constructed  u sing  a bubb ler system  w here  d ry  n i­

trogen  w as m ixed w ith  m oist a ir a t d ifferent ra tios b y  vary ing  the flow  ra te  of each 

gas p rio r to  m ixing. F igure 4.1 illustrates the h u m id ity  control setup . To vary  the 

flow, m ass flow  controllers (MKS M100B) w ith  a m axim um  flow  ra te  of 500 stan ­

d ard  cubic centim etres p e r m inu te  (seem) an d  a reso lu tion  of 0.5 seem  w ere used. 

Briglin a n d  Lew is have show n  th a t sa tu ra ted  v ap o u r from  a sim ilar bub b ler system
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Dry nitrogen 
source

MFC 2
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Humidity GLAD

Probe Sensor

Figure 4.1. H um idity control setup. The flow  through the mass flow  controllers (MFCs) is 
varied to set the m ixing ratio o f dry nitrogen and moist air. The mixed gas enters the testing 
chamber where the humidity is monitored by a commercial humidity probe. Atmospheric 
pressure is maintained with a 1 -way valve.

is p ro d u ced  w ith  flow  rates <  500 seem  [46]. The m oist air w as ob ta ined  b y  su b ­

m erg ing  a n itrogen  line in to  a sealed w a te r reservoir. The sa tu ra ted  air above the 

w ate r is forced o u t of the reservoir w here it m ixes w ith  the d ry  n itrogen. The m ixed 

air w as delivered  to a sealed  sam ple cham ber (350 m L volum e) w here the h u m id ­

ity  w as m onito red  w ith  a com m ercial relative h u m id ity  probe (Vaisala HMP100). 

To m ain ta in  a tm ospheric  p ressu re  a one w ay  valve w as im p lem en ted  to exhaust 

excess gas o u t of the  sam ple cham ber. The w ire leads (No. 32 AWG solid) of the 

sensor u n d e r test w ere fed  th ro u g h  tw o  ^  inch d rilled  holes an d  connected to a 

LCR m eter (Q uadTech 1715 D igibridge) to m on ito r the capacitance.

4.1.1 A u tom ated  C apacitive R esp on se  M easu rem ents u s in g  Lab VIEW

Lab VIEW (version 7.0) w as u sed  to  au tom ate  the process for vary ing  the h u m id ity  

and  collecting capacitance d a ta  (program m ing  by  S u m u d u  Fernando). The com ­

m ercial h u m id ity  p robe is packaged  w ith  a transm itte r (Vaisala HMT100) th a t p ro ­

vides a vo ltage signal linearly  p roportional to  the m easu red  relative h u m id ity  w ith  

a responsiv ity  of 10 m V  p e r %RH. This voltage signal w as sent to  a differential an a­

log in p u t channel of a da ta  acquisition  board  (N ational Instrum ents PCI-6024E) for
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use in  Lab VIEW.

A tw o  channel p o w er su p p ly  an d  read o u t (MKS Instrum en ts PR-4000-F) w as 

u sed  to  control the flow  setpoin ts of the tw o  MFCs. Both the read o u t an d  LCR 

m eter have RS232 term inals for com m unication  w ith  a com puter. Lab VIEW drivers 

for b o th  in strum en ts are available from  their respective m anufactu rer w ebsite.

D u rin g  a typical capacitive response m easurem ent, the u ser selects the start 

RFI se tpo in t (R H i), the end  RH setpo in t (R H f ), the increm ental /  decrem ental RH 

value be tw een  setpoin ts (A RH ), the w ait tim e at each setpo in t (Twau ), an d  the n u m ­

b er of tim es to  perfo rm  a com plete increasing an d  decreasing h u m id ity  cycle (N ). 

The flow  rates of the the M FCs w ere set to  achieve the desired  RH setpo in t w ith  the 

total flow  held  constan t at 500 seem. A RH setpo in t of 50% w ill se t the  flow  ra tes of 

b o th  M FCs to  250 seem, w hereas a se tpo in t of 25% RH w ill set the flow  ra te  of the 

n itrogen  MFC to 375 seem an d  the  sa tu ra ted  w ate r v ap o u r MFC to 125 seem. Thus, 

for a g iven  set of in p u t param eters  the  p ro g ram  will:

1. Set MFC flow  rates to  achieve RHi

2. W ait Twait

3. Record capacitance from  LCR m eter an d  RH from  com m ercial p robe an d  

w rite  to file

4. Increm ent RH setpo in t by  A R H

5. R epeat steps 2 to 4 un til R H f  is reached  an d  m easurem ents logged

6 . D ecrem ent RH setpo in t b y  A R H

7. W ait Twait

8 . Record capacitance an d  RH  an d  w rite  to  file

9. R epeat steps 6  to  8  u n til RHi is reached

10. R epeat steps 1 to  9 u n til to tal n u m b er of com pleted  cycles equals N
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Z = (Z1Z3)
Z2

Z = Z o f DUT

1 =  0 ( D )  D etec to r

O scillator

Figure 4.2. Nulling type bridge circuit used in LCR meter. When the current through 
the detector equals zero, the impedance o f the D U T can be calculated based on bridge ele­
ments Z \,  Z 2 , and Z 3. The QuadTech meter utilizes different combinations o f inductive, 
capacitive, and resistive bridge elements, depending on the measured quantity.

As a general gu ideline the se tpo in t w a it tim e w as set to  at least 3 m inu tes since 

a t 500 seem  the 350 m L cham ber w ill be exchanged rough ly  5 tim es p e r setpoint, 

ensu rin g  equ ilib rium  of cham ber hum idity .

4.2 Capacitance Measurement and Calibration

The LCR m eter u sed  to  m easu re  sensor capacitance is a dig ital m eter th a t uses a 

n u lling  type b rid g e  circuit to  calculate im pedance p aram eters  of a device u n d er 

test (DUT). This basic concept is show n  in F igure 4.2.

The LCR m eter uses 4 -term inal connections to  a DUT w here one set of term inals 

applies an  AC cu rren t an d  the o ther m easures the resu lting  open-circuit voltage. 

This elim inates m easu rem en t errors from  lead  inductance and  lead  resistance (in­

c lud ing  contact resistance) in  series w ith  the device an d  stray  capacitance betw een  

the tw o  leads. M easurem ent of the curren t, voltage, an d  their p h ase  angle differ­

ence p rov ides the m eter w ith  all the necessary  in form ation  to calculate a n u m b er of 

im pedance p aram eters  u sing  either a series or parallel equ ivalen t circuit m odel.
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Ls R s C

V W \A o

s/vW -1
Rp

Figure 4.3. Equivalent circuit for a capacitor.

For series equ ivalen t circuit m easurem ents the m eter m odels the DUT as a resis­

tance (R, = equ ivalen t series resistance, ESR) in  series w ith  either a capacitance (Cs) 

or inductance (Ls). The parallel setting  m odels the  DUT as a resistance (Rp = equ iv ­

alent parallel resistance, EPR) in  paralle l w ith  a capacitance (Cp) or inductance (Lp). 

To decide w hich  equ ivalen t circuit m odel m ost accurately  represen ts the  DUT, it 

is necessary  to  look a t the  relative m ag n itu d e  of the reactance an d  EPR. Since the 

w o rk  p resen ted  in  th is thesis involves capacitive b ased  sensors, on ly  the situation  

for capacitive elem ents w ill be discussed.

A real capacitor can be  m odeled  by  the circuit show n  in F igure 4.3 w ith  an  in ­

ductance, Ls, in  series w ith  a resistance, Rs, in  series w ith  a parallel com bination  of 

a capacitance, C, an d  resistance, Rp [117]. Every circuit elem ent h as  an  inductance 

w hich  is rep resen ted  by  Ls. H ow ever, for m ost capacitive elem ents th is inductance 

can be safely ignored  unless particu larly  h ig h  frequencies are u sed  w here  self res­

onan t characteristics becom e an  issue [117]. The series resistance, R.s, represents 

the  effects of conducto r resistance an d  dielectric losses. The parallel resistance, Rp, 

represen ts the  effects of leakage cu rren t th ro u g h  the electrodes of the capacitor.

The LCR m eter m odels a capacitor w ith  e ither Rs or Rp. Thus, it is necessary  to 

look a t the reactance of the capacitor, X c to decide w hich  is m ore appropria te . If Xc 

is sm all relative to  Rp, th en  the parallel com bination  of X c an d  Rp is dom inated  by  

X c an d  it is therefore m ore ap p ro p ria te  to  use  the series m odel (C = C s). Similarly, 

if X c is large relative to Rp, th en  Rp shou ld  n o t be ignored  and  the parallel m odel 

shou ld  be  u sed  (C = Cp).
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In ad d itio n  to  selecting either series or parallel m easu rem en t m ode, the  m eter 

has 4 frequency settings (100 H z, 120 H z, 1 kH z, 10 kH z), tw o voltage level settings 

(0.25 Vrms an d  1.0 Vrms), and  three voltage in tegra tion  tim es (slow, m ed ium , and  

fast). The slow  in tegra tion  tim e p rov ides 2 m easurem ents p e r second and  is the 

m ost accurate setting. If m easu rem en t speed  is an  issue (e.g., d u rin g  response tim e 

m easurem ents) th en  the fast setting  can p rov ide 25 m easurem ents p e r second.

4.2.1 C apacitance C alibration

To obtain  an  estim ate of the absolute erro r of the LCR m eter capacitance m easu re­

m ents, it is necessary  to  assess accuracy erro r an d  precision  error. A m ethod  for 

using  m ultip le  poo r s tan d ard s  as an  ensem ble to  p rov ide a h igh  quality  calibration 

is developed.

4.2.1.1 Capacitance Accuracy Error

The LCR m eter is sh ip p ed  w ith  a NIST traceable calibration  certificate. The q uo ted  

m easu rem en t accuracy is 0.2% a t 1 kH z an d  1 Vrms-

M eter accuracy w as tested  using  ceram ic capacitors w ith  nom inal values ran g ­

ing  from  1 pF  to  2.2 pF. For these m easurem ents, a vo ltage of 1 Vrms an d  a frequency 

of 1 kH z w ere  used . Both the series an d  paralle l capacitance w ere m easu red  and  

found  to be sim ilar (difference m uch  less th an  m eter accuracy error) for the range of 

values p rev iously  m entioned . The m easu red  capacitance w ill be  d en o ted  as Cmeas 

and  the  nom inal capacitance as Cnom.

It can be a rg u ed  th a t an  ensem ble of uncorre la ted  poor s tan d ard s  w h en  taken 

together, resu lts in  an  excellent near perfect s tan d ard , assum ing  th a t the errors b e ­

tw een  the d ifferent s tan d ard s are uncorrelated . In this m anner, the  d istribu tion  

of the errors w ill be cen tered  a ro u n d  zero, y ield ing  an  ensem ble s tan d ard  w ith  

near perfect accuracy [118]. For the calibration p resen ted  here, uncorre la ted  error 

betw een  the capacitors w as ensu red  by  choosing a large n u m b er of capacitors of
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different values an d  from  different m anufacturers. This frees the s tan d a rd  set from  

any  b ias resu lting  from  system atic errors b y  a particu la r m anufacturer, or from  a 

particu la r batch  of capacitors. For the LCR m eter capacitance calibration, four sets 

of capacitors (125 in  total) from  m ore th an  ten  d ifferent m anufactu rers w ere m ea­

sured.

F igure 4.4 show s a p lo t of the nom inal capacitance versus m easu red  values. The 

d a ta  from  the Q uadTech calibration certificate has been  included  for com parison.

The d a ta  sets show n  in F igure 4.4 sp an  five orders of m agnitude, th u s  sim ple

least squares regression analysis w ill be  d o m in ated  b y  the large capacitance values.

To elim inate this dom inance, an  analytic fitting technique w as derived  on  the basis 

of fitting the logarithm  of the capacitance an d  calculating accuracy erro r u sing  error 

p ropagation . This technique is described  in  A ppend ix  A.

Table 4.1 show s the fit values of the 4 sets of capacitance m easurem ents an d  the 

Q uadTech calibration certificate da ta  u sing  the technique described in  A ppend ix  A.

The m ean  slope (excluding Q uadTech data) w as calculated  to be:

to =  1.0134 ±0 .0063  (4.1)

w ith  a s tan d ard  dev iation  of:

am =  0.0125 (4.2)

Thus, the relative uncerta in ty  of the slope is:

^  =  0.012 -  1.2% (4.3)
TO

It is this value th a t is taken  as the LCR m eter accuracy erro r for capacitance 

m easurem ents (eciOCC) as it rep resen ts the experim ental uncerta in ty  of slope values, 

w hich  in  tu rn  translates to an  u ncerta in ty  in  Cnom for a given m easu red  capacitance
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■ QuadTech 
•  Set #1 
O Set #2 
▼ Set #3 
A  Set # 4

10-f

10-'U_

10--I3 1 0 '12 1 0 '11 1 0 '10 1 0 '9 1 0 '8 1 0 '7 10 ‘6 1 0 '5

Cnom (F)

Figure 4.4. Nominal versus measured capacitance from  QuadTech calibration certificate 
and 4 sets o f capacitors (125 in total) from  various manufacturers.

Table 4.1. Fit values ( C m e a s =  rnCnom)fo r  the 4 sets o f capacitance measurements and 
the QuadTech calibration certificate.

D ata Set Slope m Slope E rror 5m Sm/m[%\
Q uadTech 0.9992 0.0005 0.05

# 1 0.9973 0.0135 1.35
# 2 1.0103 0.0155 1.53
#3 1.0260 0.0153 1.49
#4 1.0199 0.0099 0.97
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4.2. Capacitance M easurem ent and Calibration

Cmeas v ia erro r p ropagation . Thus,

CC,acc = 1-2% (4.4)

E quation  4.3 is represen ta tive of the LCR m eter accuracy erro r only  because 

of the p rev ious a rg u m en t th a t an  ensem ble of uncorre la ted  p o o r s tan d ard s  can be 

taken  together an d  u sed  as an  accurate s tan d ard  [118]. F itting all of the capacitance 

m easurem ents (using techn ique in  A ppend ix  A) an d  observ ing  the relative re s id u ­

als p rov ides su p p o rt for this argum ent. F igure 4.5 show s a h istog ram  of the relative 

residuals an d  a 3 -param eter G auss d istribu tion  fit p ro v id ed  from  S igm aPlot (ver­

sion 10.0), w h ich  uses the M arquard t-L evenberg  fitting algorithm . The follow ing 

G auss fit param eters  w ere obtained:

x 0 =  0.2 ±  0.4% (4.5)

(r ~  5.4 i  0.4% (4.6)

R 2 = 0.940 (4.7)

The excellent correlation coefficient an d  the fact th a t xq is w ith in  erro r of zero p ro ­

v ides evidence th a t the errors govern ing  the dev iation  of true  capacitance values 

from  nom inal capacitance values are indeed  ran d o m  an d  uncorrelated , su p p o rtin g  

the assum ption  of the p rev ious ensem ble argum ent.

4.2.1.2 C apacitance P rec ision  E rror

Estim ates of precision erro r w ere ob tained  by  record ing  a m in im u m  of 200 suc­

cessive capacitance m easurem ents for a varie ty  of capacitors w ith  nom inal values

rang ing  from  0.5 pF  to 3.3 p.F. The LCR frequency  an d  voltage w as set to  1 kH z

and  1 Vrms, respectively. Two sets of d a ta  w ere collected; one using  the fast and

one usin g  the slow  in tegra tion  tim e setting. There w as no significant difference
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Figure 4.5. Histogram o f relative residuals o f measured capacitance values from  best fi t  
line and corresponding Gaussian f i t  from  SigmaPlot version 10.0 (Marquardt-Levenberg 
algorithm). Gaussian parameters were xq — 0.2 ±  0.4% and a = 5.4 ±  0.4% with a 
correlation coefficient o f R 2 = 0.940. The good f i t  to a Gauss distribution indicates that the 
relative residuals are normally distributed and that the capacitors used are uncorrelated.

of m easu red  capacitance betw een  series an d  parallel m easu rem en t m ode for the 

range of capacitance values used. The relative s tan d ard  dev iation  (RSD) of those 

m easurem ents are p lo tted  in  F igure 4.6. Som e RSD values have been  om itted  from  

Figure 4.6 based  on  C h auvene t's  C riterion  [118].

The fit show n  in F igure 4.6 w as obtained  using  b o th  the fast an d  slow  data  sets 

and  the fo llow ing equation  as a m odel:

w here ameas is the s tan d ard  dev iation  of the 200 m easurem ents an d  Cnorn is the 

nom inal capacitance value  in  Farads. The value  of arneas is d ep en d en t on  the p re ­

cision error (crprec)  as w ell as the noise in troduced  by  the LCR m eter (a noise). Thus, 

fmeas can be w ritten  as:

m e a s

n o m
(4.8)

m ea s n o ise (4.9)
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Figure 4.6. Relative standard deviation o f a minimum 200 capacitance measurements using 
the fast and slow integration time setting on the LCR meter. The f i t  was obtained using 
Equation 4.10.

It is assu m ed  th a t the relative precision error, o f f f ,  and  the m eter noise are 

constan t an d  are therefore taken  to  be fit param eters. Thus, for fitting, E quation  4.8 

is taken  as:

R S D  =  Vnieas =  /  ̂ r e c  \  2 +  /  2 =  /  2 +  J L  ( 4 .1 0 )

^ n o m  y \ ^ n o m /  \  ^ n o m  /  y ^ n o m

w here a an d  b are the  fit param eters. For the d a ta  sh o w n  in  Figure 4.6, a an d  b w ere 

calculated  to  be  0.018 [%] an d  1.78 x 10- 1 2  [%F], respectively.

The fit sh o w n  in F igure 4.6 w as used  as a basis to reject d a ta  based  on C h au ­

vene t's  criterion  [118]. Since all capacitive based  sensors p resen ted  in  this thesis 

have capacitance values g reater th an  100 pF, the  LCR m eter capacitance precision 

error can be taken  as a from  the fit u sing  E quation  4.10. Thus, the precision error 

for capacitance m easurem ents w as taken  as:

e c ,p r e  -  0.02% (4.11)
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4.2.1.3 C apacitance A b so lu te  E rror

The absolu te  erro r for capacitance m easurem ents (ec) w as calculated b y  ad d in g  the 

accuracy erro r ( e c , Qcc) an d  precision error (ec ,a cc )  in  quadratu re :

4.3 Resistance Measurement and Calibration

The LCR m eter m easures the  resistance of a device u n d e r test the u sing  the sam e 

m ethod  p rev iously  described  for capacitance (Section 4.2). The sam e gu ide lines 

for selecting the series or parallel equ ivalen t circuit m odel for capacitance m ea­

surem ents can be ap p lied  to  resistance m easurem ents. For m anufac tu red  resistors, 

how ever, the series an d  parallel resistance w ill be  equ ivalen t (R s = Rp).

4.3.1 R esistance C alibration

C alibration of the LCR m eter resistance m easurem ents w ere p erfo rm ed  in  the sam e 

m an n er as capacitance calibration. A ccuracy erro r w as estim ated  by  m easu ring  

m ultip le  sets of m anufac tu red  resistors an d  calculating the dev ia tion  in  the slope 

for each set of m easurem ents. Precision erro r w as estim ated  by  m easu rin g  various 

resistors m an y  tim es. Finally, absolu te  erro r w as estim ated  b ased  on ad d in g  in  

q u ad ra tu re  the accuracy an d  precision errors.

€C  -  eC,acc +  eC  ,pre (4.12)

Inserting  the values from  equations 4.4 an d  4.11:

ec  =  V 0 .0 1 2 2 +  0 .0 0 0 2 2 =  0 .0 1 2 (4.13)

Thus, the absolu te  erro r for capacitance m easurem ents w as taken  to  be:

ec =  1 .2 % (6 8 % confidence) (4.14)
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4.3.1.1 R esistance A ccuracy E rror

F igure 4.7 show s a p lo t of nom inal resistance ( R n o m )  versus m easu red  resistance 

( R m e a s )  for th ree sets of resistors ( 8 6  in  total). The LCR m eter settings w ere 1 kH z 

frequency, 1 Vrms voltage, an d  slow  in teg ra ton  tim e. The d a ta  p resen ted  in  Fig­

ure 4.7 w as collected w ith  the series equ ivalen t circuit setting, how ever, as p rev i­

ously  m en tioned  R s = Rp for m anufac tu red  resistors so the resistance is sim ply  

repo rted  as Rmeas■ Sets #1 an d  #2 con tained  resistors from  m ore th an  four m an u ­

facturers all w ith  a tolerance of 5%. Set #3 resistors w ere from  a single m anufactu rer 

and  h ad  a to lerance of 2%. N om inal resistance values ranged  from  5.6 to 10 MIL 

The d a ta  from  the Q uadTech calibration certificate has also been  inc lu d ed  in  Fig­

ure 4.7 for com parison.

Table 4.2 show s the fit values of the  3 sets of resistance m easurem ents an d  the 

Q uadTech calibration certificate da ta  u sing  the technique described  in  A ppend ix  A.

The m ean  slope (excluding Q uadTech data) w as calculated to  be:

m  -  0.9911 ±  0.0024 (4.15)

w ith  a s tan d ard  dev iation  of:

am =  0.0042 (4.16)

Thus, the relative uncerta in ty  of the slope is:

flL  =  0.004 =  0.4% (4.17)
m

As w ith  the  capacitance calibration data , the relative uncerta in ty  in  the slope is

taken as the accuracy error. Thus for resistance m easurem ents the accuracy error

(eR.acc) w as calculated  to be:

tR ,acc  = 0.4% (4.18)

F igure 4.8 show s a h istog ram  of the relative residuals resu lting  from  fitting all
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Figure 4.7. Nominal versus measured resistance from  QuadTech calibration certificate and 
3 sets of resistors (86 in total).

Table 4.2. Fit values (Rmeas =  rnRn0m) for the 3 sets o f resistance measurements and the 
QuadTech calibration certificate.

D ata Set Slope m Slope Error 6m $m/m[%\
Q uadTech 0.9983 0 .0 0 1 1 0 .1 1

# 1 0.9874 0 .0 0 1 0 0 .1 0

# 2 0.9903 0.0007 0.07
#3 0.9956 0.0006 0.06
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Figure 4.8. Histogram of relative residuals of measured resistance values from best fit line 
and corresponding Gaussian fit  from SigmaPlot. Gaussian parameters were xq =  0.07 ±  
0.04% and a = 0.4 ±  0.04% with a correlation coefficient of R 2 =  0.937. The good fit to 
a Gauss distribution indicates that the relative residuals are normally distributed and that 
the resistors used are uncorrelated.

resistance m easurem ents together. The fo llow ing G auss fit param eters  (3 param eter 

fit from  Sigm aPlot) w ere  obtained:

x 0 = 0.07 ±  0.04% (4.19)

a  =  0.4 ±  0.04% (4.20)

R 2 = 0.937 (4.21)

The excellent correlation coefficient an d  the fact th a t xq is close to  zero p rov ides 

evidence of a ran d o m  erro r process govern ing  the resistance calib ration  m easu re­

m ents. As w ith  the capacitance calibration, it is essential th a t the ensem ble of resis­

tors be  uncorre la ted  an d  th a t the dev ia tion  of tru e  resistance values from  nom inal 

values be random , w hich  F igure 4.8 supports.
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Figure 4.9. Relative standard deviation o f a minimum 100 resistance measurements on 
resistors with different nominal values.

4.3.1.2 R esistance P rec ision  Error

Precision erro r estim ates w ere obtained  by  record ing  a m in im um  of 100 subse­

quen t resistance m easurem ents for a varie ty  of resistors w ith  nom inal values ran g ­

ing  from  22 El to 470 k f l  The RSD values for these m easurem ents are repo rted  in 

F igure 4.9. U nlike the precision d a ta  for capacitance m easurem ents sh o w n  in Fig­

u re  4.6, there is no  increase in  RSD for the sm aller R n 0 m  values. This is a resu lt of the 

LCR m eter being  capable of reporting  resistances in  the m il range, th u s the noise 

con tribu tion  from  LCR m eter for the range of R n 0 m  values u sed  in  the precision 

m easurem ents is m inim al.

The avearge RSD value for the d a ta  show n  in F igure 4.9 w as calculated  to  be 

0.004% , w h ic h  is ta k e n  a s  a n  e s t im a te  o f  th e  p re c is io n  e r r o r  fo r  r e s is ta n c e  m e a s u r e ­

m ents. Thus,

e R ,pre = 0.004% (4.22)

C om paring  E quation  4.22 to  E quation  4.18 reveals th a t accuracy erro r w ill dom inate
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the calculation for abso lu te  error for resistance m easurem ents. Thus, even  if the 

largest calculated  RSD value (0.01% for i?n0m =  470/cQ) w ere u sed  as an  estim ate of 

the precision error, the  absolute erro r w o u ld  n o t change.

4.3.1.3 Resistance Absolute Error

The absolu te  erro r for resistance m easurem ents (eR) w as calculated by  ad d in g  the 

accuracy an d  precision  errors in  q u ad ra tu re  as sh o w n  by  E quation  4.23.

4.4 Vaisala Relative Humidity Probe Calibration

Vaisala HM P100 relative h u m id ity  p robes are delivered  w ith  a NIST traceable cali­

b ra tion  certificate. The q uo ted  uncerta in ty  (95% confidence level) is ±1.0%  RH for 

RH levels betw een  0% an d  15%, an d  ±1.5%  RH for RH levels b etw een  15% and  

78%, bo th  at a tem p era tu re  of 23 ±  1 °C.

The calibration  certificates are really  only  a check th a t three d ifferent h u m id ­

ity m easurem ents are w ith in  a pre-specified to lerance level (±1.7%  RH), w hich  is 

stated  in  the u se r m an u al as device uncertainty. It is desirable to  confirm  the lim ited  

calibration  w ith  in  house  calibration  experim ents.

S atu rated  salt so lu tions are com m only u sed  to calibrate h u m id ity  sensors [119].

(4.23)

Inserting  the  resu lts from  equations 4.18 an d  4.22 gives:

eR = \/0 .0 0 4 2 +  0.000042 =  0.004 (4.24)

Thus, the abso lu te erro r for resistance m easurem ents w as taken  to be:

eR = 0.4% (6 8 % confidence) (4.25)
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Table 4.3. Polynomial f i t  constants A* and R H  at 2 5°C with 99.7% confidence level uncer­
tainty for lithium chloride, magnesium chloride, sodium chloride, and potassium sulfate. [3]

Salt Ao [%] A\ [% /°C ] A2 [% /°C 2] A3 [% /°C 3] RH(25°C) [%]
LiCl
M gC l2
N aC l
K 2S 0 4

11.23
33.67
75.52
98.78

+8.24  x 1 0 -3 
- 7 .9 7  x IO- 3 

+3.98 x 10~2 
-5 .9 1  x 10~2

-2 .1 5  x H T 4 
-1 .0 9  x 1 0 -3 
-2 .6 5  x 1 0 -3 

0

0
0

+2.85 x 10“ 5 
0

11.30 +  0.27 
32.78 +  0.16
75.29 +  0.12
97.30 ±  0.45

The technique has been  k now n  since the  early  1900's and  is still u sed  today  by 

m any  lead ing  laboratories [3,119]. It is w ell k now n  th a t ad d in g  so lu te to  a solvent 

reduces the sa tu ra tio n  v ap o u r p ressu re  of the p u re  solvent. The sa tu ra tio n  v ap o u r 

p ressure  of the so lu tion  d ep en d s on the am o u n t of so lu te added , the n a tu re  of the 

so lu te-solvent in teractions (e.g., so lubility  lim it), an d  the  tem peratu re. S aturated  

solutions of w a te r an d  various salts generate  k now n  hum id ities  in  the air above 

them  [3]. Based on  these values, h u m id ity  sensors can be  calibrated.

In 1977, G reenspan  perfo rm ed  least squares regressional analysis on  the relative 

h u m id ity  at various tem peratu res for a n u m b er of sa tu ra ted  salt so lu tions [3]. H e 

fit the d a ta  to a th ird  o rder po lynom ial show n  as E quation  4.26 here.

R H  = A 0 +  A \T  +  A 2T 2 +  A 3T 3 (4.26)

w here T  is the tem p era tu re  of the air in  °C and  R H  is in  percent.

The Vaisala HM P100 relative h u m id ity  probes w ere calibrated  from  sa tu ra ted  

aqueous solu tions of lith ium  chloride, m agnesium  chloride, so d iu m  chloride, and  

po tassium  sulfate (Fischer Scientific, laborato ry  g rade salts). The Ai constan ts for 

these salt so lu tions an d  their RH a t 25°C are listed  in  table 4.3. The 99.7% confi­

dence level (3cr) uncerta in ty  of the RH values show n  in table 4.3 w as calculated  by  

G reenspan  based  on  the residual s tan d ard  dev iation  using  th ree d ifferen t w e ig h t­

ing m ethods.

D uring  a calibration experim ent, a Vaisala h u m id ity  probe w as he ld  above a sat-
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4.4, Vaisala Relative H u m idity  Probe Calibration

u ra ted  salt so lu tion  in  a sealed cham ber w here the  tem peratu re  w as m on ito red  by  a 

20 gauge type-k  therm ocouple (Om ega). The voltage signals from  the Vaisala tran s­

m itter (recall th a t the transm itte r p rov ides a vo ltage signal linearly  p roportional to 

the m easu red  hum id ity ) an d  the therm ocouple w ere sen t to  an  oscilloscope (Fluke 

190 Series ScopeM eter) eq u ip p ed  w ith  an  RS232 o u tp u t an d  com pu ter softw are for 

data  logging. The tem p era tu re  an d  relative h u m id ity  w ere logged every  60 seconds 

for a m in im u m  of 2 2  ho u rs  to ensure equ ilib rium  h ad  been  reached.

Two Vaisala h u m id ity  probes w ere calibrated. P robe #1 w as calibrated  once (RH 

and  tem p era tu re  logged once for each of the four sa tu ra ted  salt solutions), w hereas 

probe #2 w as calibrated  three tim es. N ew  sa tu ra ted  salt so lu tions w ere p rep ared  

for every  calibration experim ent. The d a ta  from  all calibration  experim ents are 

p lo tted  in  F igure 4.10. The d ata  from the Vaisala calibration certificates have also 

been  inc lu d ed  for com parison.

4.4.1 V aisala RH A ccuracy Error

W eighted least squares regression w ith  erro r in  b o th  x  (RHref)  an d  y (RHmeas) w as 

used  to fit the d ata  in  F igure 4.10. For the error in  R H rey the G reenspan  uncerta in ­

ties w ere ad d ed  in  q u ad ra tu re  w ith  the RH erro r d u e  to  the therm ocouple tem per­

a tu re  error, w hich  w as calculated  u sing  error p ro p ag atio n  of E quation  4.26 an d  a 

tem peratu re  u ncerta in ty  of 2.2°C (O m ega specification for type-K  therm ocouple). 

A n u ncerta in ty  of 0.5% RH w as u sed  for the reference h u m id ity  values from  the 

Vaisala calibration  certificates, w hich  w as estim ated  from  a p riv a te  com m unication  

w ith  the Vaisala M easurem ent S tandard  Laboratory. Table 4.4 lists the param eters  

ob tained  from  the  regression analysis for all d ata  sets.

The average an d  stan d ard  dev iation  of the slope an d  in tercep t values listed  in 

table 4.4 (excluding Vaisala data) w ere calculated  to  be:

m  =  0.9950 (4.27)
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Figure 4.10. Reference RH versus measured RH for Vaisala humidity probe calibration 
experiments. The data from the Vaisala calibration certificates for both probes have been 
included for comparison. The line was obtained from fitting all data sets together using 
weighted least squares regression.

Table 4.4. Weighted least squares regression analysis (y = m x + b) for data plotted in 
Figure 4.10.

D ata Set m b [% RH]
Vaisala (probe #1) 
Vaisala (probe #2) 
Probe #1 
Probe #2 (set 1) 
P robe #2 (set 2) 
P robe #2 (set 3)

0.9924 ±  0.0100 
0.9957 ± 0 .0100  
0.9995 ± 0 .0012  
0.9861 ± 0 .0 0 1 2  
0.9979 ±  0.0012 
0.9965 ±0 .0012

-0 .1410  ± 0 .4795  
-0 .1007  ± 0 .4807  
-1 .8894  ±0 .0834  
-0 .7 2 0 0  ±  0.0835 
-0 .9612  ± 0 .0835  
-1 .0530  ± 0 .0835
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4.4. Vaisala Relative H u m idity  Probe Calibration

<jm =  0.0061 (4.28)

b = -1 .1559 (4.29)

ab = 0.5088 (4.30)

A n estim ate for the accuracy erro r for RH m easurem ents (tRH.acc) w as ob tained  

using  erro r p rop ag atio n  of the equation:

For a g iven  RH m easu rem en t y, there are a range of reference RH values x, tha t 

co rrespond  to  th a t m easu red  value as a resu lt of the errors in b o th  slope (Sm = am) 

and  in tercep t (5b =  ab). T hus the accuracy erro r can be app rox im ated  as the error 

in  x  (Sx):

Substitu ting  E quation  4.31 in to  Equation  4.32 show s th a t the accuracy erro r for RH 

m easurem ents d ep en d s on the m easu red  h u m id ity  y. This is in  con trast to  the 

accuracy erro r calculations for capacitance and  resistance m easurem ents sh o w n  in 

Sections 4.2.1.1 an d  4.3.1.1. For those calculations the accuracy erro r w as estim ated  

as the relative slope error, w hich  is re levan t for the analytic fitting described  in 

A ppend ix  A, since there is no  in tercep t or in tercep t erro r to account for. Setting 

b and  5b equal to zero in  E quation  4.32 show s th a t in  such  a situation  the relative 

error in  x  is equal to  the relative slope error.

S ubstitu ting  E quation  4.31 an d  en tering  the values for b, 5b, m , an d  5m  in  E qua­

tion  4.32 gives:

y - b
(4.31)x  =

m

(4.32)

£RH,acc «  ^ (3 .8  x 10~5 )y2 +  (8.7 x 10~5)y +  0.26 (4.33)
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4.4.2 V aisala RH P recision  Error

For precision  error, an  estim ate w as ob ta ined  b y  ana lyz ing  the last 100 RH m easu re­

m ents (1  m in u te  apart) from  the sa tu ra ted  salt so lu tions calibration experim ents. 

The tem p era tu re  fluctuation  d u rin g  these m easurem ents w as less th an  0.1°C. Ta­

ble 4.5 lists the resu lts of the precision experim ent.

The average RSD of the values in  table 4.5 w as calculated to  be 0.2%, w hich  w as 

u sed  as an  estim ate of the precision erro r for RH m easurem ents ((RH,pre)• Thus,

4.4.3 V aisala RH A b so lu te  Error

The abso lu te  erro r of the Vaisala RH probe (c r h ) w as calculated  b y  ad d in g  the 

accuracy erro r an d  precision error in  quadratu re :

The abso lu te  erro r given b y  E quation  4.35 is the 6 8 % confidence level uncer­

tain ty  (lcr), doub ling  th is value gives the  95% confidence level (2a) absolute error, 

w hich  is p lo tted  in  F igure 4.11. The factory calibration uncerta in ty  (95% confidence 

level) is specified in  the Vaisala HM P100 U ser 's  G uide an d  is equal to  ±1.0%  RH for 

h u m id ity  values in  the range of 0-15% RH, an d  ±1.5%  RH for the 15-78% RH range. 

The d a ta  in  F igure 4.11 is consistent w ith  these n u m b ers  an d  therefore su p p o rts  our 

calibration m ethodo logy  an d  analysis. Thus, the absolute error (95% confidence) 

fo r  R H  m e a s u r e m e n ts  r e p o r te d  in  th is  th e s is  is g iv e n  b y :

( RH, pr e  — 0.2% (4.34)

(■RH = ^RH,pre = \J (4.2 x 10- 5 )y2 +  (8.7 x 10~5)y ±  0.26 (4.35)

eRH =  V i 1 - 7  x  1 0 ~*)RH 2 + (3.5 x 1 0 -* )R H  ±  1.04 [% RH] (4.36)

w here  R H  is the relative h u m id ity  in  percent.
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Table 4.5. Precision data from  last 100 RH  measurements o f saturated salt solutions cal­
ibration experiments. The relative standard deviation (RSD) is calculated by dividing the 
standard deviation (a) by the mean value (RHmean)-

Probe # S e t# Salt R H mean [%  RH] a  [%  RH] RSD [%]
1 1 LiCl 1 0 .2 0 .0 1 0 .1 0

2 1 LiCl 1 0 .6 0.05 0.45
2 2 LiCl 1 0 .6 0 .0 2 0.23
2 3 LiCl 1 0 .6 0.04 0.37
1 1 M gC l2 30.6 0.04 0.13
2 1 M gC l2 31.3 0.04 0 .1 2

2 2 M gC l2 31.2 0.09 0.29
2 3 M gC l2 31.3 0.07 0.23
1 1 N aC l 73.2 0.03 0.04
2 1 N aC l 73.6 0.06 0.09
2 2 N aCl 74.0 0 .1 0 0.13
2 3 N aC l 73.9 0.07 0 .1 0

1 1 k 2s o 4 96.7 0.14 0.14
2 1 k 2s o 4 96.3 0.07 0.07
2 2 k 2s o 4 96.5 0.05 0.05
2 3 k 2s o 4 97.0 0.04 0.04
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Figure 4.11. 95% confidence level (2a) absolute error for RH  measurements.
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4.5 Sensor Response Time Measurement

In o rder to give a correct defin ition  of sensor response tim e consider the case of a 

sensor record ing  a change in  gas concentration  from  c\ to C2 over a p e rio d  of tim e, 

T . The concentration  m easu red  b y  the sensor, c, can be  defined  as a function  of 

tim e, t:

c = c{t) (4.37)

If at tim e t = 0 the m easu red  concentration  begins to  change, c\ an d  C2 can be 

defined  as:

c(t <  0) =  ci (4.38)

c{T) = c2 (4.39)

The response tim e is defined  as the  tim e requ ired  for the sensor to m easure  a certain  

percentage of the change |c2 — c\ | [120]. This percentage is typically  90%, w here  the 

response tim e is d en o ted  tgo. W ith the above defin itions the  90% response tim e can 

be defined as the tim e w h en  E quation  4.40 is satisfied:

c(^9o) — c\ + 0 .9 (c2 — ci) (4.40)

If C2 is less th an  ci, the response tim e is som etim es referred  to as recovery time. 

The term s rise tim e an d  fall tim e have  also been  u sed  to  denote the  response tim es 

for increasing an d  decreasing  concentrations, respectively. To be  clear, the rem ain­

der of this thesis w ill ad o p t the use  of ad so rp tio n  response tim e w h en  referring  to 

the 90% response tim e for increasing h u m id ity  (c2 >  ci), deso rp tion  response tim e 

w h en  referring  to the 90% response tim e for decreasing  h u m id ity  (c2 <  ci), and  

response tim e as a general term  for e ither situation.

To obtain  an  accurate m easu rem en t of sensor response tim e, it is necessary  to 

construct a testing  system  th a t can rap id ly  change the gas concentration  su rro u n d -
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ing  the sensor. It is crucial tha t the tim e taken  to  change the gas concentration  be 

less th an  the sensor response tim e to  m in im ize the effects of experim ental cond i­

tions on  the  m easu red  values. V arious techniques have been  rep o rted  to  achieve 

a rap id  gas exchange. Tobias et al. constructed  a stage w ith  tw o  side-by-side gas 

outlets th a t p o in ted  tow ards the sensor u n d e r test [121]. R apidly  oscillating the 

stage back  an d  forth  allow ed them  to change the gas su rro u n d in g  the sensor b e­

tw een  th a t from  one ou tlet to the o ther w ith in  m illiseconds (they u sed  oxygen and  

h ydrogen  in  their study, b u t this could  easily  be  ad o p ted  for air a t tw o  different 

hum idities). Tetelin et al. fabricated  a cy linder w ith  a p iston  at one en d  an d  a one 

w ay  valve at the o ther [37]. The cy linder cham ber w as filled w ith  m oist an d  d ry  

air a t d ifferent ra tios to  generate  a desired  h u m id ity  level. The p iston  w as m oved 

at a p reset velocity  tow ards the one w ay  valve, causing  the gas in  the cham ber to 

exit a t a ra te  of 1 litre p e r m in u te  (LPM) tow ards a sensor held  3 cm  in fron t of the 

outlet. They w ere able to change the h u m id ity  a t the sensor from  am bien t RH to 

the RH in the cham ber w ith in  80 ms. Briglin an d  Lew is u sed  a ro tating  d isk  w ith  a 

section m issing  to a lternate  the  gas flow ing over a sensor betw een  tw o  stream s of 

d ifferent concentration  [46]. U sing  flow  rates of 6  LPM  an d  a specially  constructed  

cham ber they  w ere able to change the gas concentration  in  less th an  5 m s. A nother 

technique for rap id  gas exchange uses so lenoid  valves to d ivert gas flow  onto  a 

sensor b etw een  the d ifferent in p u t gases of the solenoid  valves [47,54,120]. This is 

the techn ique u sed  for the research  p resen ted  in  this thesis.

Two d iverting  solenoid  valves (Evolutionary  C oncepts Inc.) w ere  u sed  to alter­

nate the flow  onto  the sensor u n d er test b etw een  d ry  n itrogen  (<1%  RH) and  m oist 

air (variable RH). F igure 4.12 depicts the response tim e se tup  w here  the o u tp u t of 

the tw o  d iverting  valves w ere connected and  d irected  tow ards the sensor u n d er 

test, w hich  w as h o u sed  in  a sm all, unsea led  cham ber (600 mL). The in p u t gases 

for the solenoid  valves w ere  d ry  n itrogen  an d  m oist air. The actuation  tim e of the 

solenoid  valves is b etw een  2 an d  3 m s an d  the vo lum e of air to  be  exchanged  p er
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Dry n itro g en  [ Hum id air

Solenoid Valve #2S olenoid  Valve #1

Senso r Leads to  LCR m eter

Figure 4.12. Response time setup using diverting solenoid valves. Desorption is depicted 
here where solenoid # 2  is energized causing dry nitrogen to flow onto the sensor while the 
humid air in solenoid # 2  (de-energized) is diverted.

ad so rp tio n /d eso rp tio n  event w as calculated  to be  2.0-2.5 mL. Thus, for a 2.5 LPM 

flow ra te  the  gas exchange w ill occur in  50-60 m s, assum ing  no  m ixing (see C hap­

ter 5 Section 5.5 for a m ore detailed  investigation). Flow  rates w ere typically  he ld  

a t 2.5 LPM  d u rin g  response tim e m easurem ents u sing  flow m eters (Cole P arm er 

FF-32004-10).

The sensor capacitance (or o ther im pedance param eter) d u rin g  response tim e 

m easurem ents w as m onito red  by  the LCR m eter an d  recorded  b y  a com puter. A 

sim ple V isual Basic p ro g ram  (see A ppend ix  B) w as w ritten  to  allow  the user to 

select the im pedance p aram eter to  record  d u rin g  a response tim e event, w h a t fre­

q u en cy /v o ltag e  to  use, an d  to  tim e stam p an d  log the m easurem ents. The in teg ra­

tion tim e on  the Q uadTech m eter w as set to  fast, p rov id ing  a m easu rem en t every  

40 m s (25 Hz).

The tim ing  circuit sh o w n  in  F igure 4.13 w as u sed  to  alternate  the actuation  

of the d iverting  solenoid  values in  the response tim e setup. The 555 tim er (LMC 

555CN) w as in  an  astable configuration, w h ich  p rov ides a voltage w aveform  (squ­

are w ave w ith  low  voltage Vl — 0 an d  h igh  voltage Vh = VS) w ith  the tim e a t h igh  

voltage, tH, and  the tim e at low  voltage, t i ,  g iven by:

t H = ln(2) (R A + R B)C  (4.41)
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Figure 4.13. Timing circuitry for asatable switching of solenoid valves.

t L =  ln ( 2  ){Rb )C  (4.42)

w here tu  + t i  =  T  = w aveform  period. For all m easurem ents rep o rted  in  th is 

thesis, a 50% d u ty  cycle w as used. A capacitance of 10 p.F w as u sed  for C, an d  a 

resistance of 1 kfi w as u sed  for Ra  (w an t RC tim e constan ts on the o rder of solenoid 

actuation  time). R b  values w ere varied  d ep en d in g  on  the desired  pu lse  w id th  (tn) 

w ith  typical values rang ing  from  500 kH to 3 M fl for pu lse  w id th s  of 5 s to  30 s. The 

high  voltage, V#, w as set by  the vo ltage Vs, w hich  w as set to the actuation  voltage 

of the so lenoid  valves ( 1 2  Vd c )■

The so lenoid  valves (represented  by  inducto rs  in  F igure 4.13) w ere p laced  in  the 

d ra in  b ranch  of a p o w er MOSFET (IRFZ40) operating  as a sw itch. The MOSFETs 

w ere necessary  to  p rov ide  sufficient cu rren t to the solenoids since the  555 tim er is 

ra ted  for a m ax im um  o u tp u t cu rren t of 100 m A  and  the solenoid valves requ ire  500 

m A  w h en  energized.

A 270 Ft gate resistance w as u sed  to  reduce voltage ring ing  at the  gate an d  to
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prov ide a safety factor for FET p u n ch  th rough . The resistance value  270 fi w as 

selected to ensure a sub-m illisecond RC tim e constan t (FET parasitic  capacitances 

are in  the 100 pF  range).

W hen the vo ltage a t the gate of the FETs is h igh , the FET is d riv en  in to  sa tu ra tion  

an d  cu rren t flow s th ro u g h  the inducto r an d  sinks in to  the FET. Thus, w h en  a h igh  

voltage is p resen t at the gate, the so lenoid  valves are in  the energ ized  state. W hen 

the gate voltage is low, the FET is off an d  the solenoid  valves w ill be  in  the d e­

energ ized  state.

D iodes (1N4005) w ere p laced  in  parallel w ith  the solenoid valves to  act as free 

w heeling  diodes. This is s tan d ard  practice w h en  d riv ing  inductive loads since the 

curren t th ro u g h  an  in d u cto r can no t instan taneously  change. Thus, w h en  the FET 

toggles b e tw een  the off an d  sa tu ra tio n  states, cu rren t w ill circle a ro u n d  the d iode- 

inducto r loop u n til the steady-sta te  cu rren t th ro u g h  the inducto r is reached.

A BJT (2N4001) in  sw itch  configuration  w as u sed  to  invert the  555 tim er signal 

p rio r to  the  FET d riv ing  solenoid  #2. In th is way, w h en  solenoid  #1 is in  the  ener­

g ized state, so lenoid  #2 w ill be in  the de-energ ized  state  and  visa versa. To ensure 

tha t the BJT enters sa tu ra tion , it is necessary  th a t R ib  < P R ic , since [3 varies w ith  

tem peratu re  an d  for d ifferent BJTs, it is com m on to select R ib  = 10R ic-  Since (3 w ill 

a lm ost certain ly  be greater th an  10. A  1 k fl resistance for R ic  is sufficient to  ensure 

tha t the  p o w er d issipa ted  b y  R ic  is less th an  the ra ted  250 mW, an d  to m inim ize its 

contribu tion  to  the FET RC tim e constant. Thus, R ic  = 1 kfl an d  R ib  =  10 k<l.

4.6 Commercial Sensor Testing

C om m ercial h u m id ity  sensors w ere pu rchased , tested , an d  com pared  to  specifica­

tions to evaluate  the h u m id ity  control cham ber an d  response tim e setup.

The G-CAP2 h u m id ity  sensor from  G eneral Electric (GE) is a po lym er capacitive 

b ased  sensor w ith  excellent docum en ta tion  on  the capacitive response an d  response
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Figure 4.14. GE G-CAP2 capacitive humidity sensor response. The close agreement be­
tween the measured data and the data provided by GE indicates the ability to accurately 
obtain the capacitive response of humidity sensors.

time. The G-CAP2 is a capacitive e lem ent (no ex ternal circuitry) th a t is factory 

calibrated  to  w ith in  ±1 pF, w hich  resu lts in  in terchangeability  be tte r th an  3% RH. 

Tabulated da ta  on  the capacitance (at 10 kH z, 1.0 Vrms) a t various RH levels is given 

b y  GE. R esponse tim e d a ta  is also g iven for a flow  ra te  of 150 linear feet p e r m inu te  

(LFM). The typical ad so rp tio n  response tim e is 75 seconds for a 25% to 75% RH step 

change. A  m axim um  response tim e of 120 seconds is also given.

F igure 4.14 show s the capacitive response of the G-CAP2 sensor. The typical re ­

sponse d a ta  on the specification sheet has also been  included  for com parison. The 

error bars of the m easu red  d a ta  are from  the analysis in  Section 4.2.1 (i.e., E qua­

tion 4.14). N o hysteresis of the capacitive response w as observed. The good agree­

m en t b etw een  the m easu red  da ta  an d  the d a ta  p ro v id ed  by  GE ind icates the ability 

of the h u m id ity  control cham ber an d  the Q uadTech LCR m eter to  accurately  obtain 

the capacitive response of a h u m id ity  sensor.

F igure 4.15 show s the response tim e d a ta  of the G-CAP2 sensor ob ta ined  from  

the  response tim e se tup  d iscussed  in  Section 4.5. The capacitive response in  Fig-
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ure  4.14 (m easured  data) w as fit to a sigm oidal function  in  Sigm aPlot an d  u sed  to 

convert the response tim e capacitance m easurem ents to  their co rrespond ing  rela­

tive h u m id ity  value, resu lting  in  the RH vs. tim e d a ta  show n  in F igure 4.15.

The specification sheet for the G-CAP2 sensor gives the response tim e a t a flow 

rate of 150 LFM, w hich  corresponds to  a flow  ra te  of ~ 1  LPM for the inner d iam ­

eters of the fittings u sed  in the response tim e se tup  (~  0.2")- The response tim e 

d ata  in  F igure 4.15 w as generated  w ith  a flow  ra te  of 1.0 LPM. Sigm aPlot w as used  

to fit the ad so rp tio n  an d  deso rp tion  response tim e curves to  exponential functions, 

and  the response tim es w ere found  b y  solving E quation  4.40. The adso rp tion  and  

deso rp tion  response tim es w ere calculated  to  be 81 ±  3 s an d  111 ±  2 s, respectively. 

Both of these values are w ith in  the 75 s typical an d  120 s m axim um  response tim es 

on the specification sheet. The 75 s typical response tim e is for an  ad so rp tio n  event 

betw een  25% an d  75% RH, w hereas the ad so rp tio n  response tim e d a ta  sh o w n  in 

Figure 4.15 w as for a 1% to 85% RH change, an d  so it w as expected  th a t this re­

sponse tim e be slightly  larger th an  the q u o ted  75 s. N o typical d eso rp tion  response 

tim e w as sta ted  on the specification sheet, how ever, the  I l l s  deso rp tion  response 

tim e is w ith in  the specified 120 s m axim um . Thus, it appears th a t the response tim e 

setup  p rov ides a sufficient m easu rem en t of h u m id ity  sensor response time.

The resu lt th a t deso rp tion  appears to be  slow er th an  ad so rp tio n  is no t u n u su a l 

as the m ajority  of h u m id ity  sensors rep o rted  in  the lite ra tu re  hav e  this sam e char­

acteristic. It is u sually  q u o ted  th a t this is a resu lt of deso rp tion  kinetics being  differ­

en t th an  ad so rp tio n  kinetics (e.g., deso rp tion  is endotherm ic) [28,120]. This topic is 

ra ther com plex an d  w ill no t be  d iscussed  here.

The response tim e of the G-CAP2 sensor is relatively  slow  an d  so add itional 

testing of the response tim e se tup  w ith  a faster sensor w as desired . The Vaisala 

M ulitiM eterM ate RHT probe is a po lym er capacitive-based sensor sim ilar to the 

G-CAP2, how ever, the specified response tim e of the M ultiM eterM ate is only  15 

seconds.
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Figure 4.15. GE G-CAP2 response time data for 1 LPM flow rates. Adsorption and des­
orption response times were calculated to be 81 ±  3 s and 111 ±  2 s, respectively, from 
exponential fitting with SigmaPlot.

The sensing  elem ent of the M ultiM eterM ate com es attached  to  a p robe w ith  

in ternal circuitry  to  p ro v id e  an  o u tp u t voltage d ep en d en t on the relative h u m id ity  

(1 m V p e r %RH). The sensing elem ent can easily be  rem oved  for rep lacem ent of 

elem ents th a t requ ire  calibration.

The capacitive response of the M ultiM eterM ate elem ent is sh o w n  in F igure 4.16. 

As w ith  the G-CAP2 sensor, no  appreciable hysteresis is p resen t in  the capacitive 

response an d  only  the d a ta  collected d u rin g  increasing h u m id ity  is show n. U nfor­

tunately, Vaisala does n o t p rov ide  capacitance d a ta  of their sensing elem ents, so no 

com parison  can be m ade. H ow ever, this da ta  w as u sed  to convert the capacitance 

values ob ta ined  d u rin g  response tim e m easurem ents to their co rrespond ing  rela­

tive h u m id ity  values by  fitting the capacitive response to  a sigm oidal function  w ith  

Sigm aPlot.

F igure 4.17 show s the response tim e da ta  of the M ultiM eterM ate elem ent for 

1 LPM flow  rates. The sh o rt response tim e allow ed m ultip le  ad so rp tio n  an d  des-
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Figure 4.16. Vaisala MultiMeterMate RHT probe capacitive humidity sensor response.

orp tion  m easurem ents to  be  con tinuously  recorded. C alculations of response tim es 

using  exponential fitting revealed  an  average ad so rp tio n  response tim e of 1.3 ±  0.1 

s, and  an  average d eso rp tion  response tim e of 2.5 ±  0.1 s. A lthough  these values 

are significantly  less th an  the specified 15 s, the difference can be  a ttrib u ted  to the 

m ethodo logy  u sed  b y  Vaisala to  m easure sensor response time. Vaisala m easures 

the response tim e in  "still a ir" , m ean ing  the testers physically  m ove the sensor 

from  a cham ber a t one hum idity , to ano th er cham ber a t a different h u m id ity  and  

recorded  the response tim e. A lthough  this m eth o d  p rov ides usefu l in form ation, it 

does n o t p ro v id e  any  ind ication  of sensor response tim e w here  air flow  is involved. 

Thus, the m easu red  adso rp tion  an d  deso rp tion  response tim e values can n o t be 

com pared  to  the specified 15 s response tim e. N onetheless, th is d a ta  p rov ides in ­

sigh t on the ability  of the response tim e se tup  to  obtain  m easurem ents from  fast 

hu m id ity  sensors.

To test the lim its of the response tim e setup , it is necessary  to test a sensor 

w ith  response tim es in  the m illisecond range. To the au thors know ledge, no  m ass
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Figure 4.17. Vaisala MultiMeterMate RHT probe response time data for 1 LPM flow rates. 
The average adsorption and desorption response times were calculated to be 1.3 ±  0.1 s and 
2.5 ±  0.1 s, respectively, from a best fit exponential.

pro d u ced  com m ercial sensors w ith  response tim es in  the m illisecond range w ere 

available d u rin g  the tim e this research  w as conducted . H ow ever, a select few  re­

search g roups have  repo rted  the fabrication of h u m id ity  sensors w ith  m illisecond 

response tim es. K uban et al. described  a m icrofabricated  h u m id ity  sensor m ade 

of in terd ig ita ted  rh o d iu m  electrodes on  a silicon substra te  coated w ith  a h u m id ity  

sensitive N afion perfluorosu lfonate ionom er [47]. The N afion coating  exhibits ionic 

conduction  d ep en d en t on  the am bien t hum idity , th u s  the sensor is a resistive-based 

h u m id ity  sensor. The ad so rp tio n  an d  d eso rp tion  response tim es w ere repo rted  to 

be betw een  30 an d  50 ms.

A sim ilar sensor w as fabricated  u sing  a CSE-IDC described in  C hap ter 3. N afion 

so lu tion  (5% w / v  in  alcohols, Sigm a) w as sp u n  onto  an  IDC-100-3-3 at 4000 RPM 

for 30 s an d  b ak ed  at 120°C for 30 m in. The th ickness of the N afion film  w as m ea­

su red  w ith  contact profilom etry  (Tencor A lphastep  200 Profilom eter) an d  spectro­

scopic ellipsom etry  (J.A. W oollam  DUV Spectroscopic Ellipsom eter) an d  found  to
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Figure 4.18. Nafion coated IDC resistive humidity sensor response.

be ~230 nm  thick. K uban  et al. repo rted  a N afion thickness of ~200 n m  for their 

fastest sensors (response tim e d ep en d en t on thickness).

The resistance response of the IDC N afion coated sensor is sh o w n  in F igure 4.18. 

N o significant hysteresis w as m easu red  an d  the d a ta  in  Figure 4.18 perta in s to in ­

creasing hum idity .

The response tim e d a ta  is p resen ted  in  F igure 4.19. D iscrete d a ta  po in ts  have 

been included  to  show  th a t this da ta  is n ea r the lim it of the response tim e setup  

in  term s of sam pling  tim e. E xponential fits revealed  an  adso rp tion  an d  deso rp tion  

response tim e of 37 ±  3 m s an d  153 ±  4 m s, respectively.

The discrepancy  betw een  the 153 m s m easu red  deso rp tion  response tim e an d  

the 30 to 50 m s range rep o rted  by  K uban et al. m ay  be a ttrib u ted  to the differences 

in  sensor fabrication  an d  characterization. The IDC structu re  of K uban 's  sensor is 

quite d ifferent, b u t perh ap s m ore im portantly , in stead  of a LCR m eter K uban used  

custom  circuitry  to  ap p ly  a constan t DC voltage (>  2 V) and  transla te  the cu rren t 

th ro u g h  the  sensor into a voltage o u tp u t signal. The sensing m echanism  of K ubans 

DC sensor is substan tially  d ifferent th an  the sensor p resen ted  here in  th a t a t DC
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Figure 4.19. Nafion coated IDC resistive sensor response time data for 2.5 LPMflow rates. 
The adsorption and desorption response times were 37 ±  3 ms and 153 ±  4 ms, from best 
fits to an exponential.

voltages exceeding ~  2V  electrolysis occurs in  the  sensing  m ed ium  [47].

R egardless of the deso rp tion  response tim e discrepancy, the resu lts are a valid  

ind ication  of the ability  of the response tim e se tup  to  obtain  response tim e m ea­

surem ents in  the 1 0 's of m illiseconds range.

4.7 Conclusions

The experim ental m ethodo logy  u sed  to  characterize h u m id ity  sensors w as p re ­

sented. C alibration  stud ies on  the Q uadTech 1715 LCR m eter revealed  an  absolute 

error for capacitance an d  resistance m easurem ents of 1.2% an d  0.4% (6 8 % confi­

dence level), respectively. Relative h u m id ity  m easu rem en t erro r for the Vaisala 

HM P100 h u m id ity  p robe w as fo u n d  to  be  d ep en d en t on  RH (Equation 4.36, pg. 64) 

an d  ran g ed  from  ±1.0%  RH to ±1.7%  RH (95% confidence level) over the entire 

RH range. C om m ercial sensor testing d em onstra ted  the ability  to  ob tain  accurate 

capacitive response, an d  response tim e data. A  resistive h u m id ity  sensor u tiliz ing
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a 230 n m  thick N afion film  w as fabricated  an d  tested  to reveal the capability  of 

m easu ring  response tim es on  the 1 0 's  of m illiseconds tim e scale.

In the next chap ter the first experim ental resu lts of GLAD b ased  h u m id ity  sen­

sors w ill be p resen ted  w ith  a d iscussion  on sensor characterization.
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Chapter 5

Sensor Characterization1

The objective of this chap ter is to establish  a fram ew ork  for m eaningfu l in terp re ta­

tion of the d a ta  ob ta ined  from  GLAD p ro d u ced  capacitive based  h u m id ity  sensors 

(herein d en o ted  as sensors). The follow ing w ill be  discussed:

1. Im pedance p aram eters  ob tained  from  LCR m eter

2. Sensor hysteresis

3. Sensor ageing

4. IDC geom etry

5. Effect of flow  ra te  on  response tim e m easu rem en t

5.1 Impedance Parameters

In  C hap ter 4, a d iscussion  of the LCR m eter u sed  to  obtain  im pedance param eters  

of the sensors w as given. The LCR m eter m easures com plex im pedance an d  from  

th a t d a ta  p rov ides capacitance (or resistance, inductance, etc.) values dep en d in g  

on  the equ ivalen t circuit u sed  to  m odel the device u n d e r test (DUT). The equ iva­

lent circuit m odels u sed  by  the LCR m eter are show n  in Figure 5.1. The im pedance

*Part of this chapter has been published in: J.J. Steele, G.A. Fitzpatrick, and M.J. Brett. Capacitive 
humidity sensors with high sensitivity and subsecond response times. IEEE Sensors Journal, 7(6):955- 
956, June 2007. [122]
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Q Q

| Z | z e cp
cs

T IO
DUT Series or Parallel

Figure 5.1. The DUT is modeled by the LCR meter as either a series or parallel equivalent 
circuit. For inductive circuits the capacitors Cs and Cp are replaced by inductors L s and 
Lp, respectively.

properties of m ost tw o p o rt devices an d  com ponen ts can be m odeled  using  these 

sim ple circuits, how ever, in  som e instances m ore com plicated  configurations of re­

sistors an d  capacitors are requ ired  [63,123].

The series capacitance (C,s) m easu red  at a frequency of 1 kH z an d  a voltage of 

1 Vrms w as u sed  to characterize the h u m id ity  response of the sensors repo rted  in 

this thesis. The p rim ary  reason  for th is is th a t the capacitance response (as opposed  

to  im p ed an ce/resistan ce) facilitates d irect com parison  w ith  the lite ra tu re  an d  com ­

m ercial devices, therefore e ither the series capacitance (Cs) or the parallel capaci­

tance (Cp) sh o u ld  be u sed  to  characterize the sensors. F igure 5.2 show s the series 

and  parallel capacitance response at th ree frequencies for a sensor com prised  of a 

1.5 pm  thick TiC>2 vertical post GLAD film  deposited  onto  a IDC-100-3-5 substrate  

at a deposition  angle of a  =  81°. The capacitance response d a ta  sh o w n  in  Fig­

ure  5.2 are n o t un iversa l for all sensors, how ever, the d ata  set w as am ongst the 

best ob ta ined  in  term s of sensitiv ity  over the entire h u m id ity  range an d  therefore 

serves to identify  an  app ro p ria te  frequency an d  capacitance (series or parallel) for 

sensor characterization. F igure 5.2 reveals tha t b o th  the Cs at 1 kH z an d  the Cp at 

0.1 kH z responses are good cand ida tes for sensor characterization  as th ey  hav e  a 

sim ple functional form  (near exponential) com pared  to  the o ther responses an d  can 

therefore be  sum m arized  w ith  few er param eters. In the capacitive h u m id ity  sen-
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sor literature, a m easu rem en t frequency of 1 kH z is com m only u sed  [28,124-127], 

therefore for the rem ainder of th is thesis, the capacitive response of the GLAD p ro ­

du ced  h u m id ity  sensors w ill deno te  the series capacitance response m easu red  at a 

frequency of 1 kH z, un less o therw ise stated.

5.2 Hysteresis

W ater v ap o u r ad so rp tio n -d eso rp tio n  hysteresis can be a m ajor p rob lem  for h u m id ­

ity sensors resu lting  in  reduced  accuracy an d  lim ited  applica tions [128]. Several 

m echanism s have been  p roposed  for the cause of hysteresis in  b o th  po lym ers and  

p orous ceram ics an d  the topic is controversial [21,128-133]. A ttem pts to  reduce 

hysteresis include po re  w id en in g  [129], operating  a t ra ised  tem peratu res [129], in ­

creasing hydrophob icity  [129], po lym er cross-linking [20], illum ination  w ith  in ­

frared  rad ia tio n  [130], an d  com plex artificial n eu ra l n e tw ork  signal condition ing  

softw are [134,135].

F igure 5.3 show s the capacitance response of the first tw o scans for a 1.5 pm  

thick Ti0 2  vertical post film d eposited  at a  =  81° onto  a IDC-100-3-5. A scan 

is defined as one com plete cycle from  the low  RH setpo in t to  the h ig h  RH set- 

po in t an d  back  d o w n  to the  low  RH setpoint. Significant hysteresis (~15-20%  RH) 

w as p resen t in  the first scan, w hereas there w as m in im al hysteresis in  the second 

scan. In  add ition , the d a ta  of the second scan nearly  overlaps th a t of the deso rp tion  

b ranch  in  the first scan. The hysteresis in  the first scan w as likely a resu lt of a su r­

face m odification  process occurring w h en  the sensor w as initially  exposed  to h igh  

h u m id ity  conditions. It is possible th a t the film  surface w as no t fully  hydroxy la ted  

(covered w ith  a m onolayer of hydroxy l groups) u n til exposure to  the h ig h  h u m id ­

ity conditions of the first scan. A l-A badleh an d  G rassian  u sed  Fourier transfo rm  in ­

frared  spectroscopy to show  th a t w a te r v ap o u r ad so rp tio n  hysteresis on  a lum inum  

oxide surfaces is a resu lt of the form ation  of a hydroxy lated  layer d u rin g  the first
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Figure 5.2. Series capacitance (a) and parallel capacitance (b) response of a sensor comprised 
of a 1.5 pm thick T1O 2 vertical post GLAD film deposited onto a IDC-100-3-5.
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Figure 5.3. First and second scan capacitive response for 1.5 pm thick TiO 2 vertical post 
film  deposited at a  = 81° onto a 1DC-100-3-5. Hysteresis is substantially reduced after 
initial exposure to high humidity.

ad so rp tio n  iso therm  [60]. It is also possible th a t d u e  to  the relatively  slow  natu re  

of dissociative chem isorp tion  of w a te r v ap o u r [2 ] th a t insufficient tim e h ad  passed  

for com plete hydroxy lation  p rio r to  the first scan. The sensor th a t generated  the 

d ata  in  F igure 5.3 w as tested  approx im ately  12 ho u rs  after film deposition . Sensors 

repo rted  in  this thesis w ere  tested  w ith in  the first 24 ho u rs  after film  deposition , 

w hich  m ay  be insufficient for com plete hydroxylation. F urther s tu d y  is requ ired  to 

iden tify  the cause of hysteresis in  the first scan. A p ro p o sed  s tu d y  w ill be  g iven  in 

C hap ter 8 .

To evaluate  m ulti-scan hysteresis an d  repeatab ility  characteristics of the capac­

itive response, the p rev iously  described  sensor w as tested  for a to tal of eigh t scans. 

A ll e ight scans h ad  the sam e low  RH setpo in t (2%) b u t different h igh  RH setpoints. 

The m easu red  h ig h  RH values of the eigh t scans are listed  in  Table 5.1.

The d a ta  from  the first an d  second scans w ere  show n  in F igure 5.3. F igure 5.4 

show s the  fo u rth  scan, F igure 5.5 the sixth scan, an d  F igure 5.6 the e igh th  scan. The
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data  from  scans 3, 5, an d  7 have  been  om itted  for clarity. The da ta  from  all e ight 

scans show  th a t after the first scan the capacitive response is h igh ly  repeatable, does 

n o t d ep en d  on the h igh  RH  setpoint, an d  exhibits m in im al hysteresis.

To account for the difference of the first scan capacitive response com pared  to 

subsequen t scans, all sensor response d ata  repo rted  in  this thesis co rresponds to 

the increasing h u m id ity  d ata  of the second scan, unless o therw ise stated.

5.3 Ageing

The d e g ra d a tio n /d rif t  of a h u m id ity  sensors response is critical to eva lua ting  p e r­

form ance an d  po ten tia l applica tions [7,8]. M ost h u m id ity  sensors require  re-cali­

b ra tion  at som e po in t in  tim e [119], D egradation  of sensor response is typically  

a resu lt of contam ination  from  d u st, d irt, oil, sm oke, alcohol, an d  o ther solvents. 

Porous m ateria ls are especially sensitive to  con tam ination  and  typically  require  p e­

riodic regeneration  by  hea ting  to h u n d red s  of degrees C elcius to  ou tgas im p u ri­

ties [16,18,19].

Figure 5.7 show s the capacitive response over several days for a 1.5 pm  thick 

TiC>2 vertical p o st film  deposited  at a = 81° onto  a IDC-100-3-5. A fter only  one 

d ay  the sensor response w as noticeably  different. A fter one w eek  the capacitive 

response h ad  significantly  d eg rad ed , becom ing  m uch  less sensitive to relative h u ­

m id ity  levels below  ~40% . C ontinued  ageing fu rth e r d im in ished  sensor p erfo r­

m ance an d  increased the relative h u m id ity  w here the sensor becom es exponentially  

responsive. The deg rad atio n  of the capacitive response is expected to  be from  con­

tam ination  com m on to po rous m ateria ls as m en tioned  above. For exam ple, v an  den  

B rand et al. have show n  th a t the surface of ev aporated  th in  films of am o rp h o u s a lu ­

m in u m  oxide are h igh ly  reactive to organic con tam ination  w here  chem isorp tion  of 

carboxylates (via air-borne con tam inan ts such  as acetic an d  form ic acid) occurs af­

te r only  one h o u r of ageing in  am bien t conditions [136]. A dditional ageing resu lted
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Table 5.1. Measured high RH values of eight scans with different high RH setpoints, but 
the same low RH setpoint (2%) used to test sensor hysteresis and repeatability.

Scan H igh  RH  (%)
1 & 2 92

3 2 0

4 38
5 56
6 74
7 83
8 92

10-6

bb 1 0 ‘7
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CD
Q .
CD 1 0-8

1 0 '9

0 10 20 30 40 50 60 70 80 90 100

RH (%)

Figure 5.4. Fourth scan capacitive response for 1.5 ym  thick TiO2 vertical post film  de­
posited at a  — 81° onto a IDC-100-3-5.
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Figure 5.5. Sixth scan capacitive response for 1.5 pm thick HO 2 vertical post film  deposited 
at a  =  81° onto a IDC-100-3-5.

X Scan 8 - Increasing RH
V  Scan 8 - Decreasing RH
X  Scan 2 - Increasing RH

xV

10-7 --
0  Oc
CO .
'o  CO
a
CO 10‘8

A V * V
& *

*v *v
xv XV

£V

X V
. A

X V '
A

X V "
A

1 0 's H 1 h
0  1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  9 0  1 0 0

RH (%)

Figure 5.6. Eighth scan capacitive response for 1.5 pm thick T/O2 vertical post film  de­
posited at a  = 81° onto a IDC-100-3-5.
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Figure 5.7. Capacitive response over several days for a 1.5 \m  thick TiO 2 vertical post film  
deposited at a  = 81° onto a IDC-100-3-5.

in  short-chained  aliphatic con tam ination  w here  after 2 0  hou rs of ageing the b o n d ­

ing capacity  of the surface decreased  b y  ~60% . C hap ter 8  p roposes ageing  studies 

to confirm  the d eg rad atio n  m echanism  of GLAD p ro d u ced  h u m id ity  sensors.

A ttem pts to  regenerate  the capacitive response w ere conducted  usin g  the fol­

low ing  h ea t treatm ents:

• 110°C for 20 ho u rs

• 200°C for 1 h o u r

• 300°C for 1 h o u r an d  5 ho u rs

• 400°C for 5 m in, 15 m in, 30 m in, 1 hour, an d  3 ho u rs

• 500°C for 5 m in, and  30 m in

• 700°C for 2 hours.

The m ost effective h ea t trea tm ent w as 400°C for 1 hour. F igure 5.8 show s the im pact 

of such a trea tm en t to  a 17 day  old  sensor com prised  of a 1.5 pm  thick  TiCL vertical
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Chapter 5. Sensor Characterization

post film deposited  a t a  =  81° onto  a IDC-100-3-3. The h ea t trea tm ent d id  n o t com ­

p letely  restore the capacitive response, w hich  is likely a resu lt of sm ooth ing  a n d /o r  

crystallization  of the colum ns. Sm oothing reduces the surface area available for w a ­

ter v ap o u r ad so rp tio n  and  is expected to reduce sensitivity. C rystallization  of the 

colum ns w ill affect the capacitive response as several w orks have show n  th a t the 

crystal p hase  an d  p lane at the surface influence the w ate r v ap o u r ad so rp tio n  capac­

ity  and  hydroph ilic ity  of the surface [137-140]. F igure 5.9 show s X-ray diffraction 

p a tte rn s  (as deposited  an d  after 400°C 1 h o u r h ea t treatm ent) for a 1.5 pm  thick 

Ti0 2  vertical p o st film  deposited  at a  = 81° onto  a s tan d ard  boron  d o p ed  p-type 

silicon (100) test wafer. The lack of d iscernable peaks in  the as deposited  diffrac­

tion p a tte rn  ind icates an  am o rp h o u s p hase  of the titan ia  film. Follow ing a 400°C 1 

h o u r h ea t trea tm en t the X-ray p a tte rn  contained  characteristic peaks of the anatase 

crystal phase. U sing S cherrer's  equation  the average g ra in  size w as calculated  to 

be 21 ±  2 nm  from  the XRD data  in  F igure 5.9, w h ich  is sim ilar to  p rev iously  re­

p o rted  values [141]. A lthough  tem peratu res in  the 400-500°C range are requ ired  to 

desorb surface hydroxy l g roups —  w hich  m ay  explain  the ineffectiveness of low er 

tem p era tu re  h ea t trea tm en ts —  the reduction  of surface area an d  crystallization  of 

the co lum ns a t these tem peratu res w ill p reven t the capacitive response from  regen­

erating  to an  as d eposited  state. W hile h ea t trea tm ents m ay  n o t be a viable option, 

o ther regenerative techniques such as oxygen p lasm a an d  chem ical so lu tion  based  

cleaning m igh t p rove m ore effective.

5.4 IDC Geometry

The geom etry  of an  IDC (e.g., d ig it w id th , separation , area) determ ines the  elec­

tric field profile w ith in  the sensing  m ed iu m  an d  therefore plays an  im p o rtan t role 

in  sensor perform ance [31,32,110,112,113], Initial stud ies of IDC b ased  GLAD 

h u m id ity  sensors u sed  large geom etry  IDCs (IDC-25-20-10 described in  C h ap ter 3

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4. ID C Geometry

10-'

1 0-'

g  10-7
c
CO

‘o
TO 10-8 

CO
o

•  New  
o  Aged 17 days 

T  Heated: 400°C, 1 hr

10-9 -r

10-1

•  T T O 0.% 0 ^ 0 0 0 0 0 0 0 0 0 0

H 1------- 1------- 1- - t -

0 10 20 30 40 50 60 70 80 90 100

R H  ( % )

Figure 5.8. Regeneration attempt using 400°C 1 hour heat treatment for a 1.5 pm thick 
TiC>2 vertical post film  deposited a ta  = 81° onto a IDC-100-3-3.
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Figure 5.9. X-ray diffraction patterns for a 1.5 pm thick 7702 vertical post film  deposited 
at a  — 81° onto a standard boron doped p-type silicon (100) test wafer. As deposited, the 
film  is amorphous, however, after heating at 400°C for 1 hour the film exhibits crystalline 
properties of the anatase (A) phase. The average grain size was calculated to be 2 1  ±  2 nm.
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Section 3.3.1) d u e  to  their ease of fabrication. A lthough  they  w ere  sensitive to h u ­

m id ity  changes, several w orks suggested  th a t reducing  the d ig it perio d  (w id th  + 

spacing) of the IDCs could  enhance the sensitivity. S im ulations of IDC structu res 

have show n  th a t approx im ate ly  95% of the electric field is contained  in  a distance 

p erp en d icu lar to the IDC surface equal to  half the electrode perio d  [31,32,113]. 

Thus, the electric field for the large geom etry  IDC-25-20-10 IDCs, w hich  have a 

30 pm  d ig it period , is essentially  con tained  15 pm  above the  IDC surface. For 

GLAD films a few  m icrons th ick  m uch  of the electric field ex tends p as t the films 

and  is no t fully  u tilized. It w as therefore desirab le to reduce the d ig it perio d  of the 

IDCs as o pposed  to  g row ing  films w ith  a th ickness on the order of 10's of m icrons 

for several reasons includ ing  shorter deposition  tim es (less chance of deposition  

errors an d  therefore greater reproducibility), reduced  film  stress, an d  suppression  

of adverse g row th  effects (e.g., co lum n b roaden ing  an d  extinction) w hich  are m ore 

p red o m in an t in  th icker films [72]. H ow ever, the topo g rap h y  of IDCs fabricated  u s ­

ing  s tan d ard  pho to lith o g rap h y  techniques com bined  w ith  deposition  v ap o u r flux 

arriv ing  at h igh ly  oblique incidence angles d u rin g  GLAD, resu lted  in  sh ad o w ed  re­

gions on the su b s tra te /ID C  d u rin g  film  g ro w th  w h ich  lim ited  the effectiveness of 

reducing  the d ig it p e rio d  to enhance sensitivity. This shadow ing  effect is d em on­

stra ted  in  Figure 5.10 w here  cross-sectional SEM im ages of an  IDC-25-20-10 coated 

w ith  a 2  pm  thick titan ium  dioxide vertical post film  deposited  a t a  = 81° are 

show n. The film irregu larity  at the  electrode b o u n d arie s  is a d irect resu lt of elec­

trode in d u ced  substra te  shad o w in g  d u rin g  film  grow th. F igure 5.10(c) show s th a t 

the film irregu larity  ex tends a d istance p erp en d icu lar to  the electrodes on  the o rder 

of a couple m icrons; thus, if the d ig it/e lec tro d e  separation  w ere reduced  to  ~ 4  pm  

the entire region  b etw een  the electrodes w o u ld  b e sh ad ow ed  during  deposition . 

The sh ad o w in g  an d  resu lting  film irregu larity  d im inishes the surface area available 

for w a te r v ap o u r ad so rp tio n  an d  is therefore expected to  reduce the sensitivity. To 

circum vent this p rob lem  M icralyne, Inc. developed  a fabrication  techn ique to pro-
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Figure 5.10. IDC-25-20-10 coated with a 2 pm thick T2O 2 film  deposited at a  =  81°. 
Substrate shadowing at electrode boundaries results in film  irregularities, which reduces 
surface area available for water vapour adsorption.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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duce the  CSE-IDCs described  in  C hap ter 3 Section 3.3.2. The CSE-IDCs elim inate 

electrode induced  substra te  shadow ing  by  coun ter sink ing  the electrodes resu lting  

in  a p lan ar surface. F igure 5.11 show s cross-sectional SEM im ages of a CSE-IDC 

(IDC-100-3-5) coated w ith  a 1.5 pm  thick TiC>2 film  deposited  at a  = 81°. The elim ­

ination  of film irregu larity  at the electrode b o u n d arie s  is clearly ev ident. Thus, the 

CSE-IDCs offer the advan tages of un ifo rm  GLAD film  coatings w ith  larger surface 

area, an d  d ig it periods in  the several m icrom etre range. These advan tages facili­

tate the fabrication of h ighly  sensitive sensors u tiliz ing  GLAD films of only  a few  

m icrons thick.

F igure 5.12 show s the capacitive response of a IDC-25-20-10 (large geom etry  

IDC) an d  a IDC-25-3-3 (CSE-IDC) b o th  coated  w ith  a 2 pm  thick TiC>2 vertical post 

film d eposited  at a  — 81°. Both sensors h ad  the sam e d ig it area (25 m m 2) b u t 

w ith  d ifferent d ig it periods (30 pm  for IDC-25-20-10 an d  6  pm  for IDC-25-3-3). The 

topo g rap h y  of the IDC-25-20-10 w as also d ifferent as p rev iously  d iscussed. The 

sensitiv ity  (S -  nF  /  %RH) of the sensor u tiliz ing  the IDC-25-3-3 substra te  increased 

from  0.04 nF  /  %RH at low  h u m id ity  to 9.7 nF  /  %RH at h igh  h u m id ity  (due to 

exponential response), w hereas the IDC-25-20-10 based  sensor h a d  a m in im u m  and  

m axim um  sensitiv ity  of only  0.002 nF /  %RH an d  0.3 nF  /  %RH, respectively.

F igure 5.13 fu rth e r illustra tes the im pact of IDC geom etry  on the capacitive re­

sponse. The m in im u m  an d  m axim um  sensitiv ity  of the data  sets in  F igure 5.13 

are listed  in  Table 5.2. C om paring  the sensitiv ity  range for the IDC-100-3-5 and  

IDC-100-3-3 based  sensors, w hich  have the sam e d ig it area of 100 m m 2, show s tha t 

reducing  the d ig it perio d  by  as little as 2 pm  from  8  pm  (IDC-100-3-5) to  6  pm  

(IDC-100-3-3) can enhance sensitivity. Increasing the d ig it area h as  a sim ilar effect 

as show n  b y  the IDC-25-3-3 an d  IDC-100-3-3 sensitiv ity  ranges sh o w n  in  Table 5.2. 

The increased  sensitiv ity  for the 100 m m 2 IDC-100-3-3 is a resu lt of increased film 

surface area w ith in  the electric field.

The rem a in d er of this thesis p resen ts d ata  ob tained  from  sensors u tiliz ing  CSE-
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Figure 5.11. 1.5 pm thick TiO-2 film  (a  =  81°) deposited onto a CSE-IDC (IDC-100-3-5). 
Elimination of film  irregularity at electrode boundary facilitates the use IDCs with reduced 
digit periods and therefore thinner GLAD films.
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Figure 5.12. Capacitive response comparison between IDC-25-20-10 (large geometry IDC) 
and IDC-25-3-3 (CSE-IDC) both coated with a 2 pm thick TiO 2 vertical post film  deposited 
at a  = 81°.
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Figure 5.13. Effect of varying IDC geometry on capacitive response. All IDCs were coated 
with a 1.5 pm thick TiO? vertical post film  deposited at a  — 81°.
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Table 5.2. Minimum and maximum sensitivity, S, of the sensors that produced the capaci­
tive responses shown in Figure 5.13.

IDC Smin (nF /  %RH) Smax (nF /  %RH)
IDC-25-3-3 0 .0 1 6

IDC-100-3-5 0.06 1 1

IDC-100-3-3 0.3 19

IDCs d u e  to  their enhanced  sensitiv ity  an d  un ifo rm  GLAD film coatings. The exact 

geom etry  of the IDCs varies; how ever, for a g iven  s tu d y  all IDCs h ad  the sam e 

geom etry.

5.5 Effect of Flow Rate on Response Time

In C hap ter 4 Section 4.5, the se tup  used  to  m easure sensor response tim e w as d e­

scribed. It w as sta ted  th a t flow  rates of 2.5 LPM  w ere typically  u sed  d u rin g  m ea­

surem ents to rap id ly  exchange the 2.0-2.5 m L vo lum e betw een  the so lenoid  valve 

o u tp u ts  an d  the  sensor surface. A  m ore detailed  d iscussion  will no w  be given.

Figure 5.14 show s response tim e d a ta  ob ta ined  a t th ree d ifferent flow  rates (0.5, 

1.0, 2.5 LPM) collected d u rin g  a 13.5 s pu lse  (low  RH to h igh  RH  to low  RH) for 

a sensor com prised  of a IDC-100-3-5 coated w ith  a 1.5 pm  thick TiC>2 vertical post 

film deposited  at a  =  81°. In Table 5.3, the calculated  response tim es for the three 

d ifferent flow  rates are given. The response tim es (adsorp tion  an d  desorp tion) ob­

ta ined  a t 0.5 LPM  are ~2.3  tim es longer th an  those ob tained  a t 2.5 LPM. Similarly, 

the  response tim es for 1,0 LPM  are ~1 .4  tim es longer. M enil e t al. considered  a 

gas sensors response tim e as a sum  of extrinsic an d  in trinsic com ponents w here  the 

extrinsic com ponen t is d u e  to the gas delivery  system  an d  the in trinsic is d u e  to 

sensor p roperties  an d  is in d ep en d en t of the experim ental se tup  [120]. The longer 

response tim es for the sm aller flow  rates are a d irect resu lt of longer extrinsic tim es 

requ ired  to  change the h u m id ity  at the sensor surface since the sam e sensor w as 

used  to  obtain  all m easurem ents.
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Figure 5.14. Effect of flow rate on response time measurement. A  large contribution of 
the observed response times for 0.5 and 1.0 LPM are from air mixing and the gas delivery 
system.

Table 5.3. Response times for the data shown in Figure 5.14 calculated using exponential 
fitting with SigmaPlot.

Flow  Rate 
(LPM)

A dsorp tion  Response 
Time (ms)

D esorp tion  R esponse 
Time (ms)

0.5 590 ±  36 775 ±  25
1 .0 375 ± 4 426 ±  10
2.5 243 ± 3 336 ± 2
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Several w orks hav e  sh o w n  th a t a first o rder approxim ation  of the tran sien t con­

centration, c(t), of targe t species (in this case w ate r vapour) in  a test cell can be 

obtained  from  the w ell-stirred  tan k  m odel [120,142,143]. If a t tim e t <  0 the con­

centration  in  the test cell is c\ an d  at tim e t =  0  gas of concentration  C2 flow s into 

the cell a t a ra te  of / ,  then  assum ing the gas is alw ays hom ogeneous in  the test cell 

an d  th a t the to tal p ressure  rem ains constant, the tran sien t concentration  is given

w here r  =  V / f  w ith  V  the exchange volum e. Thus, E quation  5.1 can be u sed  to 

estim ate the extrinsic response tim e if the exchange volum e is know n. Since an

ro u g h  estim ate) the to tal response tim e (extrinsic + intrinsic) d a ta  listed  in  Table 5.3 

w as u sed  to estim ate the extrinsic an d  intrinsic response times. R esponse tim es 

are typically  defined  b y  the tim e it takes for 90% of the change to  occur, th u s  the 

extrinsic response tim e (tex) calculated  from  E quation  5.1 is:

since the exchange vo lum e is constan t the extrinsic response tim e can be  defined as 

a function of flow  rate:

by:

(5.1)

accurate value  of the exchange vo lum e is difficult to calculate (2.0-2.5 m L w as a

(5.2)

(5.3)

Thus, the follw ing equations ho ld  true:

fex(0.5 LPM) -  5tex(2.5 LPM) (5.4)

te:r(1.0 LPM:) =  2.5tex(2.5 LPM) (5.5)
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From  the  d a ta  in  Table 5.3 the follow ing six equations w ere  obtained:

tea;(0.5 LPM) +  t iniads = 590 m s (5.6)

t e x (  1-0 LPM) +  t i n tads  =  375 m s (5.7)

t e x { 2 . 5  LPM) +  ftn .ada  =  243 m s (5.8)

fez(0.5 LPM) +  t i n 4 e s  =  775 m s (5.9)

fez (1.0 LPM) +  t i n 4 e s  = 426 m s (5.10)

fez(2.5 LPM) +  t i n 4 e s  =  336 m s (5.11)

w here U n ,ads  an d  t i n 4 e s  are the in trinsic response tim es (independen t of flow  rate) 

for ad so rp tio n  an d  desorp tion , respectively. Solving the above sets of equations 

(5.4-5.11) yields:

t i n ,a d s  =  {155,156} =  156 m s (average) (5.12)

t i n ,d e s  =  {226,276} =  251 m s (average) (5.13)

fex(2.5 LPM) =  {85,88} =  87 m s (average) (5.14)

To m inim ize the  extrinsic con tribu tion  to  the response tim e, a flow  ra te  of 2.5 

LPM  (m axim um  on flow m eters u sed  in  response tim e setup) w as u sed  th ro u g h o u t 

this thesis, un less o therw ise stated. The reader is asked  to  keep in  m in d  th a t the 

repo rted  response tim es encom pass a ~90  m s con tribu tion  from  the experim ental 

setup. D irect com parisons are m eaningfu l for all values ob tained  at the sam e flow 

rate.
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5.6 Summary

The follow ing w ere u sed  to characterize the capacitive h u m id ity  sensors repo rted  

in  this thesis:

1. The series capacitance m easu red  at 1 kH z an d  1 Vrms w as u sed  to  characterize 

the sensor response as a function  of relative hum idity .

2. C apacitive response da ta  corresponds to the second scan d u rin g  increasing 

hum idity .

3. Sensors w ere  tested  w ith in  the first 24 h o u rs  after film deposition .

4. Several CSE-IDCs w ith  different geom etries w ere used.

5. 2.5 LPM  flow  rates w ere u sed  to m easure  sensor response time.

In the  nex t chap ter the effects GLAD film com position  and  m orpho logy  on sen­

sor perform ance are presen ted .
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Chapter 6

GLAD Film Composition and 

Morphology Effects on Sensor 

Performance

In this chap te r the im pact of GLAD film com position  and  m orphology  on  the ca­

pacitive response an d  response tim e are presen ted . In particular, the follow ing w ill 

be  discussed:

1. C om parison  of AI2O 3 , SiC>2 , an d  Ti0 2  as sensing  m aterials

2. Effect of film  thickness

3. Effect of deposition  angle (a)

6.1 Sensing Material

It is w ell k now n  th a t chem ical natu re , crystallinity, crystal phase, an d  crystal p lane 

a t the surface of m etal oxides affect the reactiv ity  to w ard s w ate r v ap o u r [2,56,59, 

137-140,144]. The degree of coordinative u n sa tu ra tio n  of surface m etal cations and  

therefore the Lew is acid ity  of the surface are strongly  d ep en d en t on  these p rop-
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erties. For exam ple, stud ies have show n  th a t the anatase p hase  of Ti0 2  is m ore 

reactive tow ards w a te r v ap o u r (larger h ea t of adsorp tion) and  h as  a larger w a te r 

v ap o u r ad so rp tio n  capacity  th an  ru tile  [137,139,144], O thers have  show n  th a t w a­

ter v ap o u r adso rp tion  characteristics differ betw een  several m etal oxides including  

T1O 2 (anatase an d  rutile), Si0 2  (silicalite, q uartz , an d  am orphous silica), an d  AI2O 3 

(a and  p phases) [2 ].

The follow ing p resen ts resu lts from  an  investigation  on the use  of as deposited  

Ti0 2 , Si0 2 , an d  AI2O 3 vertical post GLAD films as the  h u m id ity  sensitive m ateria l 

in  capacitive sensors. These particu la r oxides w ere selected d u e  to their frequen t 

use in the  h u m id ity  sensor lite ra tu re  [17] an d  their su itab ility  for the GLAD process. 

All film s w ere 1.5 ±  0.1 p.m thick an d  deposited  at an  angle of cu =  81° onto  

IDC-100-3-5 substrates. See C hap ter 3, Section 3.4 for in form ation  on  deposition  

conditions.

F igure 6.1 show s XRD p atte rn s  of the as deposited  m etal oxide films grow n 

on p-type silicon (1 0 0 ) substrates ob tained  using  a copper Kq, source an d  an  area 

detector (Bruker D 8  D iscover). The lack of d iscernable peaks in the p a tte rn s  reveals 

tha t all th ree m etal oxides w ere am orphous.

6.1.1 C apacitive R esp on se

Figure 6 .2  show s the capacitive responses from  sensors u sin g  TiC>2 , SiC>2 , an d  AI2O 3 

GLAD films. The responses w ere found  to  be  repeatab le as d em o n stra ted  in  Fig­

u re  6.3 for the TiC>2 an d  AI2 O 3 sensors. The sensitiv ity  (local slope of capacitive 

response w ith  u n its  nF  /  %RH) of the sensors varies as a function of h u m id ity  due  

to  the exponentia l capacitive response. F igure 6.4 show s the  sensitiv ity  of the three 

sensors p lo tted  as a function of RH. The sensor u tiliz ing  TiC>2 w as the m ost sensi­

tive over the en tire  RH range w ith  a m in im u m  an d  m axim um  sensitiv ity  of 0.2 and  

34.4 nF /  %RH, respectively. F igure 6.4 show s th a t the  m axim um  sensitiv ity  occurs 

a t approx im ate ly  78% RH for TiC>2 , 80% RH  for SiC>2 , an d  55% RH for AI2O 3 .
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Figure 6.1. A s deposited XRD  patters for 1.5 pm  thick TiC>2 , S1O 2 , and A I2 O 3  GLAD  
film s deposited at an angle o f a  =  81° onto silicon wafers (1 0 0 ).
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Figure 6 .2 . Comparison of the capacitive response for sensors made with TiO 2 , S 1O 2 , and 
A I2 O 3  GLAD films. A ll film s were 1.5 ±  0.1 pm  thick and deposited at an angle o f a  =  81° 
onto IDC-100-3-5 capacitors.
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Figure 6.3. Repeatability of capacitive response for different sensors using TiO 2 and AI2 O3  

GLAD films deposited on different days. All sensors were tested within 24 hours after film  
deposition.
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Figure 6.4. Sensitivity plotted as a function of relative humidity for sensors made with 
TiO-2 , S i0 2/ and A/2 O 3 CLAD films. The sensitivity changes with RH due to the exponen­
tial response of the sensors.

The d ifferent surface chem istry  of the TiC>2 , SiC>2 , an d  AI2O 3 film s w ill affect 

the capacitive response. Furtherm ore , m orphological differences resu lting  from  

different th in  film  g ro w th  dynam ics can also im pact sensor response. F igure 6.5 

show s cross-sectional and  top  d o w n  SEM im ages of the films. F igures 6 .6 , 6.7, and  

6 .8  show  TEM im ages of the  tip  of a single co lum n from  the TiC>2 , SiC>2 , an d  AI2O 3 

GLAD films, respectively. It is ap p a ren t th a t b o th  in ter- a n d  in tra-co lum n m o rp h o l­

ogy of GLAD films are d ep en d en t on  the source m aterial. D ifferent m orphologies 

w ill alter the density, porosity, surface area, and  pore size d istribu tion  of the films 

and  can therefore significantly alter sensor perform ance.

A significant difference in  the deposition  of TiC>2 GLAD films, as com pared  to 

Si0 2  an d  AI2O 3 , is the ad d itio n  of oxygen gas to p rom ote  stoichiom etric g row th  

(see C h ap ter 3 Section 3.4 for descrip tion  of deposition  conditions). The ad d ition  

of oxygen resu lts in  m uch  h ig h er deposition  p ressures (e.g., 7 x 10~ 5 Torr com ­

p ared  to 3 x 10~ 6 Torr for Si0 2 ). D eposition  in  an  oxygen env ironm en t can affect
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Figure 6.5. Cross-sectional and top down SEM images ofTiC>2 , Sz'C^, and A hO z films 
used in humidity sensors producing the capacitive responses shown in Figure 6.2. All 
images were taken at 50,000x magnification.
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Figure 6 .6 . TEM image ofTiO -2 column.
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Figure 6.7. TEM image ofSi02 column.
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m m m
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Figure 6 .8 . TEM image of AI2 O3  column.
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Figure 6.9. Effect of depositing SiO? in high pressure oxygen environment on the capacitive 
response.

surface chem istry  as w ell as g row th  dynam ics since elevated  p ressures resu lts in 

enhanced  scattering  and  a larger ang u lar d is trib u tio n  of the v ap o u r flux [91]. To in ­

vestigate the influence of the oxygen env ironm en t a n d  h igher deposition  p ressures 

on  the capacitive response, a h u m id ity  sensor u sing  a SiC>2 GLAD film grow n  in an  

oxygen env ironm en t at 7 x 10~ 5 Torr w as fabricated. W ith the exception  of the d e­

position  conditions, th is sensor w as near identical to the p rev iously  d iscussed  SiC>2 

based  sensor exhibiting  the capacitive response sh o w n  in  F igure 6.2. The capaci­

tive response of the SiC>2 sensor deposited  in  a h ig h  pressure oxygen env ironm ent 

is show n  in F igure 6.9 along w ith  the capacitive response of the p rev iously  de­

scribed Si0 2  sensor for com parison. The considerable difference in  the capacitive 

response show s th a t the ad d itio n  of oxygen gas a n d /o r  the h ig h  deposition  p res­

sures can significantly  im pact sensor perform ance as a resu lt of surface chem istry  

a n d /o r  m orphological changes.

Furtherm ore , the shape of the capacitive response for the SiC>2 sensor deposited  

a t h igh  p ressu re  exhibits a sim ilar shape to th a t ob ta ined  from  the sensor u sing
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6.1. Sensing M aterial

AI2O 3 . Since AI2 O 3 films are deposited  a t h igher p ressu res th an  SiC>2 films, this re­

su lt suggests th a t film grow th  dynam ics m ay  p lay  an  im p o rtan t role in  determ in ing  

the capacitive response for SiC>2 an d  AI2O 3 films.

These resu lts show  th a t sensors fabricated  using  TiC>2 films offer the advan tage 

of h igh  sensitiv ity  over the entire RH range, w hich  is the p rim ary  reason  w h y  TiC>2 

is p red o m in an tly  u sed  th ro u g h o u t th is thesis. C haracterization  techniques such as 

gas ad so rp tio n  porosim etry, v ibrational surface spectroscopy, an d  gas adso rp tion  

calorim etry  m ay  identify  the physical an d  chem ical p roperties of the  m etal oxide 

films responsib le for the capacitive response tren d s p resen ted  here.

6.1.2 R esp on se  Tim e

R esponse tim e m easurem ents w ere ob ta ined  u sing  the m ethodo logy  ou tlined  in 

C hap ter 4 an d  the characterization  protocol p resen ted  in  C hap ter 5, Section 5.5. 

C urves sim ilar to  those p resen ted  in  Figure 5.14 on pag e  96 w ere obtained.

F igure 6.10 presen ts the response tim es of the TiC>2 , SiC>2 , an d  AI2O 3 based  sen­

sors, The response tim es w ere ob tained  b y  tak ing  a w eigh ted  average of response 

tim es calculated  using  exponential fitting (using S igm aPlot version  10.0) for th ree 

adso rp tion  an d  three d eso rp tion  response tim e d a ta  sets. The average h u m id ity  

change d u rin g  the response tim e m easurem ents w as 82% RH (alternation  betw een  

2% RH an d  84% RH). A lthough  all sensors w ere fast com pared  to cu rren t com m er­

cial technology, the  TiC>2 sensor w as slow est, fo llow ed b y  SiC>2 an d  th en  AI2O 3 . 

This tren d  m ay  be a resu lt of b o n d in g  streng th  (m ore Lewis acidic m ateria ls w ill 

form  stronger b o n d s w ith  w ate r v ap o u r an d  th u s  require  m ore energy  to desorb) 

a n d /o r  pore size an d  shape distribu tions. The h igh  sensitiv ity  of TiC>2 tow ards 

w ater v ap o u r could  be a resu lt of a finer an d  possib ly  deeper (h igher aspect ratio) 

in tra-co lum n pore  structure , w h ich  w ill resu lt in  a larger surface area an d  therefore 

h igh  sensitivity; how ever, this w o u ld  likely p resen t a m ore to rtuous p a th  for w ater 

v ap o u r ad so rp tio n /d e so rp tio n , w hich  w o u ld  slow  d o w n  the sensor response [145].
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Figure 6.10. Response times for TiO % S/O2 , and A /2 O 3 based sensors obtained by taking a 
weighted average of three adsorption and three desorption response time measurements.

6.2 Film Thickness

To s tu d y  the effect of GLAD film  thickness on  sensor perform ance, seven sensors 

w ere fabricated  using  IDC-100-3-5 substrates coated w ith  TiC>2 film s deposited  at 

a  — 81°. The film  thicknesses (m easured  from  SEM im ages) w ere  as follows: 0.28,

0.57, 1.1, 1.7, 3.3, 6.4, an d  8.5 pm. C ross-sectional an d  top  d o w n  SEM im ages of 

the sensors are show n  in Figures 6.11 an d  6.12, respectively. F igure 6.13(a) show s 

the capacitive response of the sensors u tiliz ing  0.28, 1.7, and  8.5 pm  thick  films, 

an d  in  F igure 6.13(b) the sensitiv ity  is p resented . The d a ta  from  the o ther sensors 

w ere excluded  for clarity, how ever, the follow ing general trends in  the capacitive 

response he ld  true.

6.2.1 L ow  H u m id ity

U nder low  h u m id ity  (0% <  RH <  20%) the sensitiv ity  w as enhanced  as the th ick­

ness increased from  0.28 pm  to 1.7 pm. Film s 1.7 pm  an d  th icker h a d  a sim ilar 

sensitivity.
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Figure 6.11. Cross-sectional SEM images of IDC-100-3-5 substrates coated with TiOz 
films of varying thickness. The image of the 1.1 ym  thick film was excluded. All images 
were obtained at 8 , 0 0 0 x magnification.
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Figure 6.12. Top down SEM images of IDC-100-3-5 substrates coated with TiO^ films 
of varying thickness. The image of the 1.1 pm thick film was excluded. All images were 
obtained at 25,000 x magnification.
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6.2. Film Thickness

6.2.2 M id  R ange H u m id ity

For m id  range h u m id ity  levels (20% <  RH <  70%) the sensitiv ity  w as enhanced  as 

the th ickness w as increased  from  0.28 pm  to 1.7 pm. B etw een 1.7 pm  an d  3.3 pm  

the sensitiv ity  rem ained  constant. A bove 3.3 pm  the sensitivity  b egan  to d im in ish  

w ith  increased thickness.

6.2.3 H igh  H u m id ity

In the h ig h  h u m id ity  reg ion  (>  70% RH), the  sensitiv ity  w as sim ilar for all film 

thicknesses.

In F igure 6.14 the change in  capacitance b etw een  2-93%  RH is p lo tted  as a func­

tion of film thickness. It is ap p a ren t th a t the overall capacitance change is p rim arily  

a resu lt of the first few  h u n d re d  nanom etres of GLAD film. Furtherm ore , as the 

film th ickness is increased such  th a t it ex tends p as t the electric field of the IDC 

the change in  capacitance begins to d im in ish  (recall th a t for IDC-100-3-5 substrates 

w hich  have a d ig it p e rio d  of 8  pm , 95% of the electric field is contained  w ith in  4 pm  

above the IDC surface). For these thicker films w ate r v ap o u r ad so rp tio n  occurring 

near the  tips of the colum ns w hich  are ou tside  the electric field w ill no t likely re­

su lt in  a capacitance change an d  w ill reduce the overall change in  capacitance for a 

g iven am o u n t of adso rbed  water.

6.2.4 R esp on se  Tim e

W eighted average response tim es w ere ob tained  using  exponential fitting (Sigma- 

Plot) for th ree ad so rp tio n  an d  three d eso rp tion  response tim e d a ta  sets. F igure 6.15 

show s the response tim es p lo tted  against film  thickness. R2 values for the linear 

fits sh o w n  in F igure 6.15 w ere 0.983 an d  0.996 for the adso rp tion  an d  deso rp tion  

response tim e data , respectively. It is ap p a ren t th a t the film thickness p lays a vital 

role in  d eterm in ing  sensor response tim e. This is em phasized  by  observ ing  the re ­

sponse tim es for the sensor u tiliz ing  the 8.5 pm  th ick  film, w hich  w ere  1.24 ±  0.04 s
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Figure 6.13. (a) Capacitive response for IDC-100-3-5 substrates coated with TiO 2 films of 
different thickness, (b) Sensor sensitivity (capacitive response local slope) as a function of 
RH.
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Figure 6.14. Change in capacitance between 2-93% RH as a function of film  thickness. 
The line fit is a guide for the eye. This figure shows that the overall capacitance change 
is primarily a result of the first few hundred nanometres of GLAD film and that as the 
thickness of the film extends past the electric field of the IDC the change in capacitance 
begins to diminish.
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Figure 6.15. Weighted average response times as a function of film thickness. Linear re­
gression R2 values were 0.983 and 0.996 for the adsorption and desorption response time 
data, respectively.
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an d  1.53 ±0 .02  s for ad so rp tio n  and  desorp tion , respectively. These values are sim i­

lar to those ob ta ined  from  the Vaisala M ultiM eterM ate com m ercial h u m id ity  probe 

d iscussed  in  C hap ter 4 Section 4.6, w hich  w ere  1.3 ± 0 .1  s and  2.5 ± 0 .1  s for ad so rp ­

tion an d  desorp tion , respectively. It is likely th a t since the m ag n itu d e  of the change 

in  capacitance is a resu lt of the first few  h u n d re d  nanom etres of film  th a t increasing 

the thickness im pedes w ate r v ap o u r access to this region of the film an d  therefore 

increases the response time.

6.2.5 C o n c lu s io n s

The follow ing conclusions can be d raw n  from  the film  thickness study:

1. The sensitiv ity  can be tu n ed  b y  altering  film  thickness.

2. The m ag n itu d e  of the  change in  capacitance is p rim arily  a resu lt of the first 

few  h u n d re d  nanom etres of GLAD film.

3. The overall change in  capacitance decreases as the film ex tends p as t the elec­

tric field of the IDC substra te  (i.e., th ickness >  half the IDC d ig it period).

4. For TiC>2 films deposited  at a = 81°, a large sensitiv ity  over the entire RH 

range can be ob ta ined  usin g  film s in  the 1.5 ±  0.2pm  thickness range.

5. The response tim e is approx im ate ly  linear w ith  film thickness w hich  is likely 

a resu lt of im ped ing  w ate r v ap o u r transfer to  the initial few  h u n d re d  n anom e­

tre thick sensitive layer.

6.3 D eposition Angle oc

It is w ell-know n th a t the d en s ity /p o ro s ity  of GLAD film s dep en d s on the v ap o u r 

incidence angle a  [146]. Topographical varia tions d u e  to  ada tom  clustering  and  

nucleation  create regions of the substra te  th a t are shadow ed  from  the incom ing 

v apor flux. A h ig h er v ap o u r incidence angle w ill en large the sh ad o w ed  regions
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an d  decrease overall film  density. In ter-colum n pore size and  g ro w th  dynam ics in 

general are also d ep en d en t on  a.

To investigate the im pact of a  on  sensor perform ance six sensors w ere fabricated  

from  IDC-25-3-5 substrates coated w ith  1.5 pm  thick TiC>2 vertical p o st GLAD films. 

The deposition  angle w as different for each sensor w ith  the follow ing values used: 

70°, 75°, 78°, 81°, 83°, an d  85°. A ttem pts to  fabricate sensors u sin g  deposition  an ­

gles less th an  70° w ere unsuccessful d u e  to  cracking an d  delam ination  of the films 

from  in terna l stress. Figures 6.16 an d  6.17 show  cross-sectional an d  top  d o w n  SEM 

im ages of the films u sed  in  the study, respectively.

Figure 6.18 show s the capacitive response (a) and  sensitiv ity  (b) of the sensors 

u tiliz ing  films g row n  at a = 70°, 75°, 81°, and  85°. The d a ta  from  the a  — 78° and  

83° sensors w ere  om itted  for clarity. U n d er low  h u m id ity  conditions (RH <  ~20% ) 

the sensitiv ity  w as enhanced  for sensors u sing  film s deposited  at low er deposition  

angles. This tren d  appears to ho ld  tru e  u p  to ~60%  RH, w ith  the  exception of the 

sensor u tiliz ing  the film  grow n  a t a  = 7 0 °  w hich  exhibited  a reduced  sensitivity. 

Above ~60%  RH the sensitiv ity  w as sim ilar for all sensors o ther the a = 70° sensor 

w here the relative h u m id ity  h ad  to  reach ~85%  before its sensitiv ity  becam e similar.

The physics govern ing  the specific shape of the capacitive response are no t w ell 

u nderstood . A lthough  a large change in  capacitance is w idely  rep o rted  in  the lit­

erature, a fun d am en ta l u n d ers tan d in g  has n o t yet em erged. F u rther d iscussion  on 

this topic w ill be given in  Section 6.4 below.

Figure 6.19 show s the w eigh ted  average (three adso rp tion  an d  three desorp tion  

m easurem ents) response tim es, w hich  w ere found  to  decrease w ith  increasing a. 

The influence of a  on  response tim e is no t nearly  as strong as film th ickness as 

even the slow est sensor (a  =  70°) still exhibited  a 467 ±  3 m s ad so rp tio n  response 

tim e an d  a 548 ±  1 m s d eso rp tion  response tim e. It is expected th a t the increased 

response tim e a t low er deposition  angles is a resu lt of m ore restric ted  access to the 

film surface d u e  to co lum n agglom eration  an d  a m ore to rtuous po re  netw ork .
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Figure 6.16. Cross-sectional SEM images of TiO-2 films used to investigate the impact of 
a on sensor performance. All films were deposited on IDC-25-3-5 substrates and were 
~ L 5  pm thick. All images were obtained using 45,000x magnification.
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6.3. Deposition A ngle  a
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Figure 6.17. Top down SEM images ofTiC>2 films used to investigate the impact of a  on 
sensor performance. All films were deposited on IDC-25-3-5 substrates and were ~1.5 pm  
thick. All images were obtained using 100,000 x magnification.
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Figure 6.18. (a) Capacitive response for 1DC-25-3-5 substrates coated with 1.5 jim thick 
TiO 2 films deposited at different a. (b) Sensitivity as a function ofRH.
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Figure 6.19. Weighted average response time for sensors fabricated using 1.5 pm thick 
TiC>2 films deposited at different a. The best fit lines are a guide for the eye.

6.4 D iscussion

It is clear from  the resu lts p resen ted  in  this chap ter th a t the device physics of ca­

pacitive h u m id ity  sensors u sing  n an o stru c tu red  p o rous m etal oxide m aterials is 

com plex. W hile m any  a ttem pts to  m odel the response of such sensors exist in  the 

literature [18,147-153], a tru ly  fundam en tal u n d ers tan d in g  has no t yet em erged. 

O rders of m ag n itu d e  changes in  bo th  the capacitance an d  resistance are com m only 

repo rted  [16,18,22,28,29,54,62,122] an d  a ttrib u ted  to  w ater v ap o u r capillary  con­

densing  in to  the pores of the m ateria l [7 ,22,28,29]. H ow ever, b u lk  p roperties  of 

condensed  w ate r (w hich has a dielectric constan t of rough ly  80 for sub-G H z fre­

quencies [154]) cannot account for the large changes in  capacitance and  resistance. 

C onsider a h u m id ity  sensor com prised  of a p o rous ceram ic, say  T1O 2 , w hich  has a 

dielectric constan t b etw een  86-170 (rutile) [155]. If the film  porosity  w as 50%, then  

the dielectric constan t (and therefore capacitance) can only  increase by  a factor of 

w 2 as w a te r v ap o u r condenses an d  com pletely  fills all the pores. It is ap p a ren t tha t
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nanoscale surface in teractions betw een  the w a te r m olecules an d  the  oxide surface 

p lay  a critical role in sensor perform ance, a fact th a t is n o t curren tly  d iscussed  in 

the h u m id ity  sensor literature.

M orim oto et al. have m easu red  the dielectric constan t for w a te r adso rbed  on 

Titania (rutile) [65]. A t room  tem p era tu re  (298 K) an d  a m easu rem en t frequency 

of 1 kH z they  observed  a 30 fold increase in  the real com ponen t of the dielectric 

constan t for h u m id ity  levels 0-90.5%. W hile this ind icates an  enhanced  dielectric 

constan t com pared  to the b u lk  p ro p e rty  exam ple given above, it is still no t sufficient 

to explain  the m ag n itu d e  of the change in  capacitance p resen ted  here. Furtherm ore, 

the details of the dependence of the capacitive response on com position, a, and  

thickness are n o t yet u n d ersto o d  and  require  a m ore detailed  u n d ers tan d in g  of the 

fundam en tal physics on  the nanom etre  scale.

6.5 Conclusions

The follow ing conclusions can be d raw n  from  the d a ta  p resen ted  in  this chapter:

1. The com position  an d  m orpho logy  of GLAD film s have a significant im pact 

on  bo th  the capacitive response an d  response time.

2. Sensors u tiliz ing  TiC>2 films are m ore sensitive th an  SiC>2 an d  AI2O 3 films.

3. The sensitiv ity  can be  tu n ed  by  altering  film thickness an d  a.

4. The overall capacitance change is p rim arily  a resu lt of the first few  h u n d re d  

nanom etres of GLAD film.

5. The response tim e is p redom inan tly  de term ined  by  the film thickness.

In the nex t chap ter the  fabrication an d  characterization  of an  optical h u m id ity  

sensor is p resen ted  an d  com pared  to capacitive based  sensors.
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Chapter 7

Optical Humidity Sensor 1

In this chap ter the fabrication and  characterization  of a GLAD titan iu m  dioxide 

optical interference filter for h u m id ity  sensing is presen ted .

7.1 Introduction

O ptical based  h u m id ity  sensors have several advan tages includ ing  im m unity  to 

electrom agnetic interference, an d  capability  of rem ote sensing [12]. Furtherm ore, 

they  are b e tte r su ited  for applica tions w here h igh  concentrations of flam m able or 

explosive gases are present, as electrical based  sensors can act as an  ign ition  source 

[157,158]. Lee an d  Lee regard  optical based  h u m id ity  sensors as su p erio r for low- 

RH applications ow ing  to  their h ig h  sensitiv ity  u n d e r such conditions [9]. It is 

therefore of in terest to evaluate  the h u m id ity  sensitive p roperties of G LA D -derived 

optical in terference coatings for sensor applications.

O ptical in terference filters fabricated  w ith  GLAD exploit the birefringence (lin­

ear or circular) resu lting  from  film m orpho logy  a n d /o r  the dependence of the effec­

tive index of refraction on porosity. For exam ple, film s consisting of iso lated  helical 

colum ns o rien ted  along the substrate  no rm al exhibit a circular b irefringence tha t

'This work has been published in: J.J. Steele, A.C. van Popta, M.M. Hawkeye, J.C. Sit, and M.J. 
Brett. Nanostructured gradient index optical filter for high-speed humidity sensing. Sensors and  
A ctu ators B, 120(1):213-219, December 2006. [156]
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will selectively reflect either left-handed  or rig h t-h an d ed  circularly po larized  light 

d ep en d in g  on the h an d ed n ess  of the helical co lum ns [82],

The sensor d iscussed  in  th is chap ter incorporates an  optical in terference filter 

tha t u tilizes the effective index dependence on film porosity. Periodic nanoscale 

porosity  varia tions w ere in troduced  th ro u g h o u t the thickness of a titan iu m  diox­

ide GLAD film to generate an  index profile designed  to  yield a n arrow -bandpass 

optical interference filter. The transm ittance spec trum  of the filter is sensitive to 

changes in  h u m id ity  d u e  to  effective index  changes resu lting  from  w ate r v ap o u r 

ad so rp tio n /d eso rp tio n . This design  p rov ides g reater porosity  an d  faster p erfo r­

m ance th an  earlier designs based  on  helical film s [159]. The follow ing w ill show  

tha t this sensor is h ighly  sensitive, exhibits m in im al hysteresis, an d  is extrem ely 

fast.

This w ork  w as conducted  in  collaboration w ith  A ndy  van  Popta an d  M atthew  

H aw keye w h o  con tribu ted  to  the design, fabrication, an d  spectral characterization  

of the optical interference filter.

7.2 Theory

A ccording to  effective m ed iu m  theory, the effective index of refraction of a m ed ium  

com prised  of a m ix ture of m ateria ls d ep en d s on the relative am o u n ts  of the con­

stituen ts and  the shapes of the inclusions [160]. For GLAD films, the m ix ture con­

sists of film m ateria l and  void  (air). Also, there is a tw o-d im ensional sym m etry  

in  the shapes of the inclusions for light a t no rm al incidence, therefore the effective 

index of GLAD film s is de term ined  by  film  density  alone [161]. A sm aller d ep o ­

sition angle w ill y ield  a denser film w ith  less vo id  an d  a h igher effective index  of 

refraction. Conversely, a larger deposition  angle w ill resu lt in  a film w ith  a low er 

effective index of refraction. Thus, GLAD prov ides a m eans of m an ip u la tin g  the 

effective index  th ro u g h o u t the thickness of a film th ro u g h  in situ  ad justm en ts of a
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Figure 7.1. Refractive index profile used to obtain a narrow-bandpass optical interference 
filter. A  n-phase shift is introduced after 5 periods of a 9.5 period sinusoidal oscillation of 
the refractive index to create the bandpass.

d u rin g  deposition .

A  sinuso ida l varia tion  in the refractive index  of an  optical m ed iu m  w ill generate 

a b an d  of frequencies in  w hich  the transm ittance is strongly  reduced  [162,163], The 

w id th  an d  location of this b an d  is d ep en d en t on the average refractive index and  

the period  an d  am p litu d e  of the  index m odulation . In troducing  a specific defect to 

the index  profile, such  as a p hase  shift or a segm ent of constan t index, p roduces a 

narro w  b an d  of frequencies w ith in  the stop  b an d  w here  the transm ittance is su b ­

stantially  increased [163,164],

The GLAD technique w as u tilized  to fabricate a p o rous narro w -b an d p ass o p ti­

cal in terference filter for h u m id ity  sensing. The sinuso ida l index profile of the filter 

w as ob tained  th ro u g h  periodic varia tions of a  d u rin g  film  grow th. F igure 7.1 show s 

the refractive index film  thickness profile u sed  for the  design, w here  a 7r-phase shift 

defect is in troduced  after 5 periods of a 9.5 perio d  sinuso idal index m o d u la tio n  to 

create a n a rro w  bandpass. This design  profile w as used  to calculate the a-con tro l 

algorithm  u sed  d u rin g  film grow th. The open  po re  structu re  an d  accessible surface
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of the b an d p ass  filter can in teract w ith  its environm ent. A dsorbed  chem ical species 

w ill displace the air in  the pores of the film resu lting  in  an  increase of the average 

refractive index. H ow ever, a period ic m od u la tio n  of the  index w ill be m ain ta ined  

such th a t the b an d p ass  w ill rem ain  in tact an d  the profile of the transm ittance spec­

tru m  w ill n o t significantly  degrade.

E quation  7.1 show s the dependence of the stop  b an d  centre w aveleng th , As b , on 

the physical periodicity, Q, an d  the average refractive index  of the film, n ave [163].

As£ =  2 n a„e fi (7.1)

For a 7r-phase shift defect the b an d p ass  w ill be located n ea r the centre of the 

stop b an d  (Ab p  — As b , w here Xpp is the m ax im um  transm ittance w aveleng th  of 

the bandpass). A dso rp tion  of w a te r vapour, or o ther chem ical species, increases the 

average index an d  red-shifts the transm ittance spectrum , w hile deso rp tion  results 

in  a blue-shift. This is the basis of operation  for the  optical h u m id ity  sensor. Se­

lecting a hydroph ilic  source m ateria l to  fabricate a p o ro u s narro w -b an d p ass optical 

in terference filter resu lts in  a transm ittance  spec trum  sensitive to the concentration 

of am bient w a te r vapour.

7.3 Filter Fabrication

The b an d p ass  interference filter consisted  of a TiC>2 GLAD film d eposited  onto  a 

C orn ing  7059 glass substrate. O scillating a  betw een  30° and  80° w hile  continuously  

increasing 4> a t a ra te  of 5 RPM p ro d u ced  a vertical p o st film w ith  nanoscale v aria ­

tions in p o st diam eter. The average deposition  ra te  w as 1 n m /s . O xygen gas w as 

in troduced  d u rin g  deposition  to p rom ote the form ation  of stoichiom etric Ti0 2  at 

the substrate . The oxygen flow  ra te  w as ad justed  to  m ain ta in  a p ressu re  of 5 x 10~ 5 

Torr. U nder these g row th  conditions, the Ti0 2  GLAD film w ill be am o rp h o u s [165].

P rio r to  fabrication  a set of calibration  film s w ere deposited  to  determ ine the
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index of refraction an d  the ra te of film  grow th  as a function of a  [166]. This infor­

m ation  w as u sed  to calculate the o-control algorithm  u sed  d u rin g  the fabrication  of 

the film in o rder to  generate the refractive index profile show n  in F igure 7.1 w here 

the m axim um  an d  m in im um  effective indices of 2.22 an d  1.44 correspond  to d ep o ­

sition at a  =  30° an d  a  — 80°, respectively. A spectroscopic ellipsom eter (V-VASE, 

J. A. W oollam  Co., Inc.) and  a scanning  electron m icroscope (JSM-6301FXV, JEOL) 

w ere u sed  to  characterize the calibration films.

TiC>2 w as chosen because it is hydrophilic , has a large bu lk  refractive index, and  

is tran sp aren t over the v isib le /near-IR  spectrum . A large b u lk  index is beneficial as 

it results in  a larger index  m odulation , w hich  w ill p ro d u ce  a stop  b an d  w ith  a larger 

FW HM  b an d w id th  an d  a greater reflectance for a g iven n u m b er of index  m o d u la ­

tion periods [162], C onsequently, few er index m odu lations are need ed  resu lting  in 

a th inner film  w ith  less in terna l stress an d  less diffuse scattering.

7.4 Sensor Characterization

N orm al incidence transm ittance spectra w ere ob ta ined  u n d er vary ing  h u m id ity  

conditions u sing  a Perkin-E lm er L am bda 900 U V /V IS /N IR  spectrophotom eter. To 

vary  the h u m id ity  the bub b ler system  described in  C hap ter 4 w as u tilized . The 

h u m id  air w as delivered  to the sam ple cham ber of the  spectropho tom eter w here 

the h u m id ity  w as m onito red  w ith  a Vaisala M ultiM eterM ate R H /T  probe. The 

spectropho tom eter sam ple cham ber w as sealed  to p reven t exposure of the in ternal 

optics to  h igh  h u m id ity  levels. To m ain ta in  a tm ospheric  p ressure a one w ay  valve 

w as im p lem en ted  to  exhaust excess gas ou t of the cham ber.

R esponse tim e m easurem ents w ere ob tained  using  a h u m id ity  control cham ber 

fitted w ith  glass w in d o w s to  allow  ligh t from  an  ex ternal laser d iode (Thor Labs 

CPS186, A = 668.5 nm , 4.5 m W ) to pass th ro u g h  the filter at no rm al incidence and  

exit the cham ber w here it w as collected by  a pho tod iode. The laser beam  w as split
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Figure 7.2. Response time setup for optical humidity sensor.

prio r to en tering  the cham ber such th a t one beam  w o u ld  pass th ro u g h  the filter 

w hile the o ther w o u ld  sim ply  pass stra igh t th ro u g h  the cham ber to ano th er p h o ­

tod iode to m on ito r any  fluctuations in  the laser o u tp u t intensity. Step-like changes 

in  h u m id ity  w ere  atta ined  b y  electronically ac tua ting  a so lenoid  valve to  deliver 

m oist or d ry  air (from  the bu b b ler system ) to  ou r sensor as w ell as a Vaisala probe 

for com parison. The steady-sta te  flow  of the solenoid  valve w as set to 28 litres 

per m inute. F igure 7.2 illustra tes the experim ental se tup  used  for response tim e 

characterization. P rior to response tim e m easurem ents the filter transm ittance (at 

the laser w avelength) as a function of relative h u m id ity  w as ob ta ined  by  recording 

the p h o to d io d e  voltages u n d er vary ing  hum idity . This da ta  w as u sed  to translate  

the p h o to d io d e  voltage versus tim e da ta  ob tained  d u rin g  response tim e m easu re­

m ents, to relative h u m id ity  versus tim e, w hich  w as u sed  to  calculate the response 

time. The transm ittance versus relative h u m id ity  d a ta  w as also u sed  to observe 

sensitiv ity  an d  hysteresis of the device. The transien t responses of the p h o tod iode  

at the filter o u tp u t and  the voltage signal from  the Vaisala p robe w ere recorded  

w ith  a d igital oscilloscope an d  im ported  to a com pu ter for response tim e analysis.
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7.5 Results and Discussion

Figure 7.3 show s a cross-sectional SEM im age of the n arrow -bandpass filter. The 

periodic oscillation in  post d iam eter along w ith  the 7r-phase shift defect are clearly 

show n. The b rig h t horizon ta l layers of the im age correspond  to  regions of h igh  

d en s ity /in d e x  w hile  the d ark er layers indicate regions of low  d en sity /in d ex . The 

film thickness w as m easu red  to be  1.7 pm  w ith  an  average period  thickness of 185 

±  10 nm . In Figure 7.3(b) the m agnification is increased show ing  the detailed  m or­

phology  of the film an d  the large pores p resen t in  the low  index regions.

F igure 7.4(a) show s the no rm al incidence transm ittance spec trum  at 35% RH. 

The stop  b an d  is ev iden t betw een  550 n m  an d  830 nm . The b an d p ass  FW HM  is 

17 nm  an d  its peak  transm ittance of 89% occurs at 679 nm . A t sho rter w avelengths, 

below  400 nm , the transm ittance is strongly  reduced  d u e  to the presence of an  ab­

sorp tion  edge of the TiC>2 .

F igure 7.4(b) show s the red-sh ift of the b an d p ass  at increased hum idity . The 

ban d p ass  shifts from  674 nm  at 0.3% RH to 705 nm  at 90.2% RH; an  overall shift of 

31 nm  for a 90% change in  relative hum idity .

The FW HM  at 90% RH is 27 nm , w hereas at 0.3% RH it is 16 nm . This b ro ad ­

en ing of the b an d p ass  a t h igh  h u m id ity  can likely be a ttrib u ted  to  a decrease in  the 

index m odu lation  A n  =  nmax -  nmin, w here  nmax an d  nmm are the m axim um  and  

m in im um  values of the index m odulation , respectively. The n arro w -b an d p ass  op ­

tical in terference filter w as fabricated  by  vary ing  the density  an d  therefore porosity  

of a titan ia  film. H igh  index  regions of the film  correspond to  a dense  m o rp h o l­

ogy w ith  sm all pores, w hereas low  index  regions correspond  to  segm ents of the 

film w ith  large pores (Figure 7.3(b)). In term s of the index profile of the  filter (Fig­

ure 7.1), increasing the h u m id ity  w ill shift the en tire  profile u p  the refractive index 

axis (y-axis). A t h ig h  hum idity , the relative increase of nmin w ill be greater than  

that of nmax d u e  to  a greater am o u n t of adso rbed  w ate r p resen t in  the less dense 

regions of the film  w h ich  contain  large pores. This w ill sh ift the  low er index values
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shift defect

low index 

high index
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Figure 7.3. Cross-sectional SEM images of narrow-bandpass filter at 40k (a) and 180k (b) 
magnification. The alternating bright/dark horizontal layers correspond to the regions of 
high/low index respectively.
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Figure 7.4. Normal incidence transmittance spectra of the film shown in Figure 7.3. In (a), 
the spectrum from 300 nm to 1100 nm is shown, revealing a bandpass located at 679 nm 
(peak wavelength) within the 550 nm to 830 nm stop band. In (b), the bandpass spectra 
obtained at different RH levels (percentages given at bandpass peaks) are shown.
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of the profile tow ards the m axim um  index. The n e t resu lt w ill be  a decrease to A n  

w hich  w ill b ro ad en  the bandpass.

The b an d p ass  w aveleng th  as a function  of h u m id ity  is rep o rted  in  F igure 7.5(a). 

H ysteresis (<  8 %) is ev iden t at hum id ities  g reater th an  50% RH. Below this level, 

the hysteresis is negligible. This da ta  w as taken  d u rin g  the first increasing and  

decreasing h u m id ity  exposure to  the sensor. In  C hap ter 5, Section 5.2 it w as show n 

tha t capacitive based  h u m id ity  sensors exhibited  hysteresis only  d u rin g  the first 

increasing an d  decreasing h u m id ity  exposure. D u rin g  subsequen t exposures the 

hysteresis w as m inim al. It is possible th a t the hysteresis observed  for the optical 

sensor w o u ld  also d im in ish  in  subsequen t scans an d  is a topic for fu rther study.

The transm ittance da ta  ob tained  from  the laser d iode ( A = 668.5 nm ) is repo rted  

and  com pared  to the spectropho tom eter d a ta  in  F igure 7.5(b). A t this w aveleng th  

a 90% change in  the relative h u m id ity  resu lts in  a 51% change in  transm ittance. 

Also, there is v irtually  no hysteresis d u e  to decreased  sensitiv ity  a t h ig h  h u m id ­

ity. F igure 7.5(a) show s tha t hysteresis is only  p resen t above 50% RH, how ever, 

F igure 7.5(b) suggests tha t the sensitiv ity  at h igh  h u m id ity  is low  enough  th a t the 

difference in  b an d p ass  position  for increasing an d  decreasing h u m id ity  does no t 

constitu te a large en o u g h  change in  transm ittance to be  noticeable. The close agree­

m ent of the laser d io d e  d a ta  w ith  the  spec tropho tom eter da ta  show s th a t the se tup  

illustra ted  in  F igure 7.2 can accurately  obtain  filter transm ittance  d a ta  an d  su p p o rts  

its use to  m easu re  sensor response time.

F igure 7.5(b) show s th a t the optical sensor is h igh ly  sensitive in  low  to m id  RH 

levels for 668.5 nm  light. This w avelength , how ever, w as chosen for convenience 

and  if a d ifferent w aveleng th  w as used  w e w o u ld  obtain  a d ifferent transm ittance 

versus relative h u m id ity  curve. The low  RH sensitiv ity  of the sensor is a resu lt of 

the relative position  of the laser w aveleng th  w ith  respect to  the filter bandpass. Fig­

u re  7.4(b) show s th a t a t 0.3% RH, 668.5 n m  is to the left (low er A) of the b an d p ass  

p eak  an d  has a transm ittance of abou t 64%. As the h u m id ity  is increased and  the
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Figure 7.5. (a) Bandpass location as a function of increasing and decreasing humidity,
(b) Transmittance at 668.5 nm wavelength as a function of humidity obtained from the 
spectrophotometer and laser diode setup.
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Chapter 7. Optical H u m idity Sensor

b an d p ass  red-shifts, the transm ittance at 668.5 nm  strong ly  reduces as it traces ou t 

the left side of the narrow -bandpass. This accounts for the h ig h  sensitiv ity  in  low  

to m id  h u m id ity  levels. As the h u m id ity  is fu rth e r increased, 668.5 n m  lines u p  

near the base of the b an d p ass  w here the transm ittance  spec trum  begins to  flatten. 

A t this p o in t any  add itional red-sh ift to  the b an d p ass  w ill no t change the tran sm it­

tance nearly  as m uch  as a sim ilar shift a t a low er hum idity . Thus, the sensitiv ity  is 

reduced  at h igh  hum idity .

Fortunately, this sensor architecture offers the ability  to alter the perform ance to 

obtain  a h igh  sensitiv ity  at low, m id  or h igh  RH  by  m odify ing  the relative positions 

of the b an d p ass  and  laser w avelengths. This can be  achieved b y  changing  the laser 

w aveleng th  (by selecting an  app ro p ria te  laser), or the  b an d p ass  w aveleng th  (by 

altering  the index  profile), or both . It is also possib le to b ro ad en  the b an d p ass  by  

decreasing the index  m od u la tio n  A n  by  reducing  the deposition  angle range used  

d u rin g  the  fabrication of the filter (oscillating a  b etw een  60° an d  80° as opposed  to 

30° and  80° for exam ple), or by  using  few er index periods to fabricate the  filter, or 

by  selecting a d ifferent source m ateria l w ith  a low er b u lk  index th an  TiCV

The ad so rp tio n  an d  deso rp tion  response tim e curves for the optical sensor (solid 

line) an d  the Vaisala p robe (broken line) are show n  in F igure 7.6. R esponse tim es 

w ere calculated  from  exponential best fits p ro v id ed  from  Sigm aPlot version  10.0. 

The ad so rp tio n  response tim es correspond ing  to  a 58% RH change from  13% RH to 

71% RH w ere 315 ±  35 m s an d  2.27 ±  0.16 s for the optical sensor an d  Vaisala probe, 

respectively. D esorp tion  response tim es for a 54% RH change from  71% RH to 17% 

R H  w ere 196 ±  12 m s for the optical sensor and  2.86 ±  0.19 s for the Vaisala probe.

The response tim es of the optical sensor are sim ilar to  those ob tained  from  ca­

pacitive sensors u sing  TiC>2 films of a sim ilar thickness (1.7 pm ) w h en  extrinsic 

response tim es d u e  to the gas delivery  system  are taken  into account (recall tha t 

the capacitive sensor response tim e m easurem ents include a 90 m s extrinsic com ­

p o n en t for a 2.5 LPM  flow  rate). The extrinsic response tim e for the optical sensor
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Figure 7.6. Adsorption (a) and desorption (b) response time data for the CLAD produced 
optical humidity sensor (solid line) and the Vaisala MultiMeterMate RHT probe (broken 
line). The h um id ity  changed from  13%  R H  to 71%  R H fo r  adsorption and 71%  R H  to 17%  
RHfor desorption. Response times were calculated from exponential best fits provided from 
SigmaPlot. For the optical sensor they were 315±35 ms and 196±12 ms for adsorption 
and desorption,respectively. The Vaisala probe adsorption response time was calculated to 
be 2.27±0.16 s, while desorption was 2.86±0.19 s.
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Chapter 7. Optical H u m idity  Sensor

setup  w as n o t eva lua ted , how ever, since a flow  rate of 28 LPM  w as u sed  it is ex­

pected  th a t the values repo rted  here are close to the intrinsic response tim es of the 

sensor.

7.6 Conclusions

The optical sensor repo rted  in  this chap ter exploited  spectral shifts of a porous 

n arro w -b an d p ass  interference filter u n d e r vary ing  h u m id ity  conditions. A  31 nm  

b an d p ass  w aveleng th  shift w as observed  for a 90% change in  relative hum idity . A t 

the laser d iode w aveleng th  (668.5 nm ) this shift p roduces a transm ittance change 

of 51%. A lthough  this is a substan tial im provem en t over o ther h u m id ity  sensors 

based  on optical spectra shifts [1 2 ], the capacitive sensors p rev iously  rep o rted  in 

this thesis p rov ide a m uch  larger 3 orders of m ag n itu d e  capacitance change. The 

adso rp tion  an d  deso rp tion  response tim es w ere sim ilar to  those ob ta ined  from  ca­

pacitive sensors u sing  sim ilar thickness films an d  w ere m easu red  to be 315 ±  35 m s 

for adso rp tion  an d  196 ±  12 m s for desorp tion .

The optical sensor offers a h ig h  degree of control over the sensitiv ity  th rough  

probe w aveleng th  selection an d  spectral tun ing . O ther advan tages include im m u ­

n ity  to electrom agnetic interference, capability  of rem ote sensing, an d  am enabil­

ity to applications w here  h ig h  concentrations of flam m able or explosive gases are 

present.
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Chapter 8

Conclusions and Future Work

8.1 Summary of Results

C apacitive based  h u m id ity  sensors w ere fabricated  by  coating in terd ig ita ted  ca­

pacitor substrates w ith  n an o stru c tu red  m etal oxide th in  films deposited  b y  glanc­

ing angle deposition . O ptim al perform ance in  term s of response tim e, sensitivity, 

an d  operational h u m id ity  range w as ob tained  for 1.5 ±  0.2 pm  thick  H O 2 films d e­

p osited  at a  — 80° ±  2° onto  CSE-IDCs w ith  pm  range electrode periods (6  pm  

p erio d  w as sm allest stud ied), an d  1 0 0  m m 2 areas (area lim ited  b y  desired  size of 

end  product). These sensors exhibited  a near exponential increase in  capacitance 

from  ~ 1  nF to ~ 1  pF over the entire relative h u m id ity  range, an d  h a d  response 

tim es on the order of 400 ms. Significant hysteresis in  the capacitive response w as 

p resen t w h en  the sensors w ere first exposed to an  increasing an d  decreasing h u ­

m id ity  cycle. Subsequen t cycles revealed  a h igh ly  repeatab le capacitive response 

w ith  m in im al hysteresis.

A geing stud ies revealed  th a t after only  one d ay  the capacitive response w as 

noticeably different. F u rther ageing continually  d eg rad ed  the response an d  d im in ­

ished  the sensitivity. A ttem pts to  regenerate the capacitive response by  hea ting  the 

sensors revealed  th a t a 400°C, 1 h o u r trea tm ent w as m ost effective. H ow ever, this
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trea tm ent w as unab le  to com pletely  restore the capacitive response to an  as d e­

posited  state, w h ich  m ay be a resu lt of crystallization of the film s as identified  by 

XRD patterns.

The geom etry  of the u n d erly in g  IDC substrates w as found  to  have a significant 

im pact on the sensitiv ity  of the sensors. R educing the electrode period  (w id th  + 

spacing) as w ell as increasing the p lan ar area of the IDC enhanced  the sensitivity  

w hile the overall shape  of the capacitive response curve rem ained  unaffected.

Sensors fabricated  from  TKD2 GLAD films w ere found  to be the m ost sensitive 

in  com parison  to  sim ilarly  fabricated  sensors u tiliz ing  SiC>2 an d  AI2 O 3 films. The 

response tim es w ere also affected w ith  AI2 O 3 being  the fastest (200 m s range) fol­

low ed by  SiC>2 (300 m s range) th en  TiC>2 (400 m s range). It is expected th a t bo th  

surface chem istry  an d  m orphological differences w ere responsible for the trends 

observed.

The th ickness of the GLAD film s h ad  a significant im pact on  b o th  the capac­

itive response an d  response tim e of the sensors. The overall capacitance change 

of the sensors an d  the h igh  h u m id ity  sensitiv ity  w as found  to  be a resu lt of the 

first few  h u n d re d  nanom etres of film. The response tim e w as d iscovered  to  be  p re ­

dom inan tly  de term ined  by  the film thickness an d  ran g ed  from  a couple h u n d re d  

m illiseconds to over one second for TiC>2 films 0.28-8.5 pm  thick.

The deposition  angle a  also im pacted  the capacitive response an d  response 

time. Low  to m id  h u m id ity  sensitiv ity  w as found  to  increase for sensors using  

films deposited  at low er a. H igh  h u m id ity  sensitiv ity  w as sim ilar for all deposition  

angles. The response tim e decreased  in  a linear fashion w ith  increasing a  over the 

range of 70-85°. Sensors u tiliz ing  films deposited  at a — 70° w ere rough ly  tw o 

tim es slow er th an  those using  films deposited  at a  — 85°.

An optical h u m id ity  sensor w as fabricated  from  a TiC>2 film w ith  period ic n an o ­

scale porosity  varia tions designed  to y ield  a n arrow -bandpass optical interference 

filter. The transm ittance spec trum  of the filter sh ifted  b y  31 nm  for a 90% change in
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relative hum idity . The ad so rp tio n  an d  d eso rp tion  response tim es w ere m easu red  to 

be  315±35 m s an d  196± 12 m s, respectively, w hich  is sim ilar to the capacitive based  

sensors u sing  films of sim ilar thickness. In com parison  to the capacitive based  sen­

sors the optical sensor offers the advan tages of im m u n ity  to electrom agnetic in ter­

ference, capability  of rem ote sensing, an d  am enability  to sensing in  flam m able or 

explosive environm ents.

8.2 Contributions to the Field

•  A  rigorous h u m id ity  sensor characterization  m ethodo logy  w as developed. 

This is a significant con tribu tion  as poor practices are often observed  in  the 

h u m id ity  sensor literature. For exam ple, b reath ing  onto  room  tem peratu re  

sensors is frequently  u sed  to  evaluate  sensor response tim e, w hich  is flaw ed 

as h u m an  b rea th  (~  37°C) w ill condense on the cooler sensor surface form ing 

liqu id  w ate r as w ell as in troducing  a varie ty  of organic v ap o u rs  an d  o ther 

form s of con tam ination  from  h u m an  breath . It is also com m on for pub lica­

tions to lack critical experim ental in fo rm ation  such  as the frequency an d  cir­

cuit m odel u sed  to m easu re  cap ac itan ce/im p ed an ce  as w ell as m easu rem en t 

errors.

•  A th o rough  investigation  of the perform ance of GLAD p ro d u ced  h u m id ity  

sensors w as perform ed. Several param eters  an d  film properties  w hich  alter 

the perform ance w ere identified  includ ing  m ateria l com position, deposition  

angle, film thickness, IDC geom etry  an d  the frequency of capacitance m ea­

surem ents.

•  A n op tim al GLAD film  for electrical based  h u m id ity  sensing w as d iscovered 

o u t of T:l0 2 , SiC>2 , an d  AI2 O 3 films.

•  The m ag n itu d e  of the change in  capacitance w as show n  to be  a resu lt of the
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first few  h u n d re d  nanom etres of GLAD film.

•  The sensor response tim e w as show n  to be d ep en d an t on  film properties 

such  as com position  an d  m orphology, b u t p redom inan tly  de term ined  by  film 

thickness.

•  This research revealed  tha t hysteresis w as p resen t in  GLAD p ro d u ced  capaci­

tive h u m id ity  sensors d u rin g  the initial exposure to h igh  h u m id ity  conditions, 

an d  th a t for subsequen t exposures hysteresis w as m inim al. Several stud ies 

w ere identified  w hich  suggest th a t this is likely a resu lt of incom plete surface 

hydroxy lation  p rio r to  the first exposure.

•  Issues w ith  sensor ageing w ere identified  an d  a hea t trea tm en t to partia lly  

restore the capacitive response w as developed .

•  A n optical based  h u m id ity  sensor th a t exhibited  a sim ilar h igh  speed  re­

sponse as capacitive based  sensors w as developed . This device presents sev­

eral advan tages over electrical based  sensors an d  offers a h igh  degree of con­

trol over the sensitiv ity  th ro u g h  p robe w aveleng th  selection an d  spectral tu n ­

ing.

•  The d a ta  p resen ted  in  this thesis w ill be  a strong  set of test cases for fu tu re  

deve lopm en t of device physics m odels. This is a considerable con tribu tion  

as there is a lack of u n d ers tan d in g  from  a fun d am en ta l perspective of the 

physics govern ing  the m any  orders of m ag n itu d e  change in  capacitance and  

resistance. This w o rk  p rov ides fu rth e r insigh t in to  the physics govern ing  the 

response from  electrical based  h u m id ity  sensors u tilizing  p o rous ceram ic m a­

terials.
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8.3 Proposed Future Work

8.3.1 A g e in g

Research on the  d eg rad atio n  of the capacitive response w ith  tim e an d  possib le re­

generation  m ethods is of p rim e im portance. These sensors offer several advan tages 

and  have  com m ercialization potential. H ow ever, un less the capacitive response can 

be  stabilized, any  such th ough ts  m u st be p u t to rest. A geing in  contro lled  env iron­

m ents, in frared  spectroscopy an d  o ther surface spectroscopic techniques m ay be 

able to  iden tify  the  source of contam ination. O xygen p lasm a an d  chem ical clean­

ing trea tm en ts shou ld  be investigated  as a possib le m eans of regeneration.

8.3.2 M o d elin g

U n d erstan d in g  the physics govern ing  sensor perform ance w o u ld  be a m ajor con­

tribu tion  to  the field. Im p ed an ce/d ie lec tric  spectroscopy m easurem ents of the sen­

sors w o u ld  be  in strum en tal tow ards m eeting  this goal. The capacitive response is 

strongly  d ep en d en t on  the m easu rem en t frequency an d  so far only  three frequen­

cies (0 .1 ,1 .0 ,10 kH z) have been  utilized.

8.3.3 Porosim etry M easurem ents

P orosim etry  d ata  on  the surface area and  pore size d istribu tion  of GLAD films 

w o u ld  be  valuab le for sensor characterization  an d  u n d ers tan d in g  device physics. 

H ow ever, ob tain ing  such  d ata  is n o t a triv ial task  for th in  films d u e  to their rela­

tively low  cum ulative  surface area for sm all sam ples. For exam ple, n itrogen  gas 

adso rp tion  iso therm s typically  require at least ~0.5 m 2 surface area. K ryp ton  is 

frequently  u sed  for low  surface area m easurem ents, how ever, ob tain ing  po re  size 

d istribu tions is problem atic as the physical state of K rypton  is no t w ell u n d ers to o d  

at tem peratu res below  its trip le  po in t, 115 K, an d  m easurem ents are typically  ob­

tained  a t 77 K.
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8.3.4 D ev ice  Fabrication

The research p resen ted  in  this thesis has identified  m ultip ly  avenues for the d e­

velopm ent of extrem ely h igh  sensitiv ity  devices w ith  a linear response over the 

entire RH range. The use  of m u ltip le  sensors on  a single chip each fabricated  using  

GLAD films of d ifferent a, th ickness, an d  m aterial in  ad d itio n  to  u sin g  m ultip le  

test frequencies could  lead  to the deve lopm en t of such a device. P art of this w ork  

w o u ld  also include the developm en t of a stringen t fabrication protocol to achieve 

a h igh  degree of interchangeability. Ideally  the film deposition  process w o u ld  be 

au to m ated  and  IDC cleaning procedures and  quality  tests developed.

8.3.5 R esp on se  Tim e

F urther investigation  into response tim e m echanism s are required . Film  grow th  

sim ulations coup led  w ith  porosim etry  da ta  an d  gas d iffusion m odels m ay  be an  

ap p ro p ria te  s tarting  point.

8.3.6 S en sin g  M aterial

The chem ical an d  physical p roperties of m etal oxides w hich  effect sensor p erfo r­

m ance could  be  investigated  using, for exam ple, porosim etry, surface spectroscopy, 

and  gas adso rp tion  calorim etry. This m ay  lead to  the  identification of m aterials 

m ore sensitive th an  those a lready  investigated  an d  w ill aid  in  the u n d ers tan d in g  of 

device physics and  deve lopm en t of sensor m odels.

8.3.7 H ysteresis

D iscovering the cause of capacitive response hysteresis d u rin g  initial exposure to 

an  increasing an d  decreasing h u m id ity  cycle is desired . Cyclic gas adso rp tion  

iso therm s using  several degassing  p re treatm en ts  coup led  w ith  v ib rational spec­

troscopy cou ld  p rov ide insight into the hysteresis m echanism .
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Appendix A

Analytic Fitting of Linear Data 

with Large Range

In C hap ter 4, m easurem ents of s tan d ard  capacitors an d  resistors w ith  nom inal val­

ues ex tending  over several o rders of m ag n itu d e  are u sed  to evaluate  the LCR m eter 

accuracy error. In such  cases, the d ata  at the u p p e r end  w ill dom inate a least squares 

fit of m easu red  versus nom inal values, so a m ore com plicated  approach  m u st be 

used  to  correctly fit data. The use  of non linear fitting m ethods are avo ided , since 

an  analytic expression for the error is required .

The follow ing equation  w as u sed  as a m odel to  fit the data.

y = m x  (A .l)

N o in tercept w as u sed  for this analysis for the follow ing reasons: (1) the da ta  set 

of nom inal capacitance versus m easu red  capacitance sh o u ld  p ro d u ce  a best fit line 

th a t passes th ro u g h  the orig in  (w ith in  error), (2 ) for d a ta  tha t spans several o rders 

of m ag n itu d e  the in tercep t is typically  insignificant an d  (3) d ro p p in g  the in tercept 

greatly  sim plifies the analysis.

To fit correctly, it is necessary  to  de-em phasize the d ata  po in ts at the large end
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Appendix A . A n alytic  F itting o f Linear Data w ith  Large Range

to  keep them  from  dom inating  the fit. This is accom plished by  m oving  to  a loga­

rithm ic space, an d  fitting the data  there. Thus, E quation  A .l is converted  to:

log  (y ) =  log  (rra ) (A.2)

log  (y ) =  log (m )  +  log (x)  (A.3)

This equation  can be  re -w ritten  in  a linear form  by  m aking  the transfo rm ation  Y  =

log  (y)> X  =  log  (x ), an d  M  — log  (m):

Y  =  M  + X  (A.4)

To fit Equation  A.4, the deriva tion  of least squares fitting b y  Taylor [118] can be 

altered  for the special case w here  the slope is unity. In  this case, the erro r (5) to  be 

m in im ized  is given by:
N

S  = (y i - X i -  M ) 2 (A.5)

os N
dM

£ - 2  ( Y - X i - M )  (A.6 )

Setting E quation  A .6  to  zero and  solving for M  y ields the analytic expression for 

the slope param eter:

M  = (A.7)

A pply ing  erro r p rop ag atio n  to E quation  A.7 gives the error in  M  {5m )- It is 

assum ed  tha t the erro r in  X i  is negligible (standard  assum ption  w ith  least squares 

fitting [118]). The erro r is thus restric ted  to Yi values (<5yJ:

<a -s>
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A ppendix A. A n alytic  F itting of Linear Data w ith  Large Range

The p artia l deriva tive  dM /dY i  is found  from  E quation  A.7:

d M  _  d Yi  +  Y2 +  . . .  +  Yj +  . . .  +  YN 1 w . . . . .
dYi OYi N  N ' { ’

Thus,

4  =  E f l V  < A A ° >N

A ssum ing th a t Syt is constan t w ith  respect to d a ta  i:

S„ =  f L  (A.11)

The error is the stan d ard  deviation  of the Yl residuals from  the best fit line, and  

is calculated  from  [118]:

SYi = \ <A - 1 2 >

Thus, Cnom vs. Cmeas an d  Rnom vs. Rmeas d a ta  can be  fit to  E quation  A.4 using  

E quation  A.7 w ith  erro r given by  E quation  A .l l .

To convert back  to  the m ore usefu l E quation  A .l, M  =  log (m ) is s im ply  inverted  

to give m:

m  =  10M (A.13)

The error in  m  (Sm) is found  from  error propagation:

5m = \ ] { w SM)  = l n (10) m ^  (A.14)

The relative slop e error:

—  =  ln(10)$M  (A.15)m

represents the range of " tru e"  capacitance /  resistance values, x, th a t co rrespond  to 

a m easu red  value, y, an d  is u sed  as an  estim ate of the accuracy erro r in  C hap ter 4.
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Appendix B

Visual Basic Program for 

Capacitance Data Logging

In this append ix  the V isual Basic p rog ram  u sed  to  log sensor capacitance d u r­

ing response tim e m easurem ents is p resented . This p rog ram  w as co-au thored  by  

S u m u d u  Fernando.

W hen the p ro g ram  is ru n  a w in d o w  pops u p  th a t allow s the user to  select (via 

rad io  bu tton ) the im pedance param eter to log d u rin g  response tim e m easurem ents. 

A fter m ak ing  the selection an d  clicking the start bu tton , three successive w indow s 

p op  u p  and  ask the user to select the m easu rem en t frequency, voltage, an d  sam ple 

tim e (typically set to zero). After these selections are m ad e  the p ro g ram  con tinu ­

ally collects d a ta  from  the Q uadTech 1715 LCR m eter (progress b a r identifies p ro ­

gram  is runn ing ) un til the stop b u tto n  is clicked, w h ich  exits the program . W hen 

im pedance param eters  are m easu red  they  are im m ediately  w ritten  to a com m a sep­

ara ted  value  file.

The follow ing is a copy of the Visual Basic code.
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A ppendix B. Visual Basic Program fo r Capacitance Data Logging

Public Class Forml
Inherits System.Windows.Forms.Form 
Dim meter As New Rs232 
Dim File As System.10.File 
Dim logger As System.10.StreamWriter 
Dim clock As New System.DateTime

Public Function request(ByVal REQ As String, Optional ByVal ret 
As Boolean = True) As String

meter.Write(REQ & Chr(13) & Chr(lO))
If ret Then

Dim output As String 
Dim c As Char
System.Threading.Thread.Sleep(lO) 'sample time 
Application.DoEvents() 
meter.Read(1)
c = meter.InputStreamString.Chars(0)
Do While c <> Chr(lO) 

output = output & c 
meter.Read(l)
c = meter.InputStreamString.Chars(0)

Loop
Return output

Else
Return ""

End If 
End Function

#Region " Windows Form Designer generated code "

Public Sub New()
MyBase.N e w ()

'This call is required by the Windows Form Designer. 
InitializeComponent()

'Add any initialization after the InitializeComponent() call 

End Sub

'Form overrides dispose to clean up the component list.
Protected Overloads Overrides Sub Dispose(ByVal disposing As Boolean)

If disposing Then
If Not (components Is Nothing) Then 

components.Dispose()
End If 

End If
MyBase.Dispose(disposing)

End Sub

'Required by the Windows Form Designer
Private components As System.ComponentModel.IContainer

'NOTE: The following procedure is required by the Windows Form Designer 
'It can be modified using the Windows Form Designer.
'Do not modify it using the code editor.
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A ppendix B. Visual Basic Program fo r Capacitance Data Logging

Friend WithEvents Labell As System.Windows.Forms.Label 
Friend WithEvents Label2 As System.Windows.Forms.Label 
Friend WithEvents Label3 As System.Windows.Forms.Label 
Friend WithEvents StartButton As System.Windows.Forms.Button 
Friend WithEvents StopButton As System.Windows.Forms.Button 
Friend WithEvents RsButton As System.Windows.Forms.RadioButton 
Friend WithEvents RpButton As System.Windows.Forms.RadioButton 
Friend WithEvents ZsButton As System.Windows.Forms.RadioButton 
Friend WithEvents CpButton As System.Windows.Forms.RadioButton 
Friend WithEvents CsButton As System.Windows.Forms.RadioButton 
Friend WithEvents Label4 As System.Windows.Forms.Label 
Friend WithEvents Label5 As System.Windows.Forms.Label 
Friend WithEvents ProgressBar As System.Windows.Forms.ProgressBar 
<System.Diagnostics.DebuggerStepThroughO >
Private Sub InitializeComponent()

Me.Labell = New System.Windows.Forms.Label 
Me.Label2 = New System.Windows.Forms.Label 
Me.Label3 = New System.Windows.Forms.Label 
M e .StartButton = New System.Windows.Forms.Button 
M e .StopButton = New System.Windows.Forms.Button 
Me.RsButton = New System.Windows.Forms.RadioButton 
Me.RpButton = New System.Windows.Forms.RadioButton 
Me.ZsButton = New System.Windows.Forms.RadioButton 
Me.CpButton = New System.Windows.Forms.RadioButton 
Me.CsButton = New System.Windows.Forms.RadioButton 
Me.Label4 = New System.Windows.Forms.Label 
Me.LabelS = New System.Windows.Forms.Label 
M e .ProgressBar = New System.Windows.Forms.ProgressBar 
M e .SuspendLayout()
/

'Labell 
/

M e .Labell.Font = New System.Drawing.Font("Times New Roman", 18.0!, 
System.Drawing.FontStyle.Regular,
System.Drawing.GraphicsUnit.Point, CType(0, Byte))

M e .Labell.Location = New System.Drawing.Point(8, 8)
M e .Labell.Name = "Labell"
M e .Labell.Size = New System.Drawing.Size(336, 32)
M e .Labell.Tablndex = 34
M e .Labell.Text = "QuadTech 1715 LCR Digibridge"
M e .Labell.TextAlign = System.Drawing.ContentAlignment.MiddleCenter

'Label2 
/

M e .Label2.Font = New System.Drawing.Font("Times New Roman", 18.0!, 
System.Drawing.FontStyle.Regular,
System.Drawing.GraphicsUnit.Point, CTypefO, Byte))

M e .Label2.Location = New System.Drawing.Point(8, 40)
M e .Label2.Name = "Label2"
M e .Label2.Size = New System.Drawing.Size(336, 32)
M e .Label2.Tablndex = 35
M e .Label2.Text = "Response Time Logger"
M e .Label2.TextAlign = System.Drawing.ContentAlignment.MiddleCenter 

'Labe13

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix B. Visual Basic Program fo r  Capacitance Data Logging

M e .Label3.Font = New System.Drawing.Font("Times New Roman", 12.0!, 
System.Drawing.FontStyle.Italic,
System.Drawing.GraphicsUnit.Point, CType(0, Byte))

M e .Label3.Location = New System.Drawing.Point(8, 72)
M e .Labe13.Name = "Label3"
M e .Label3.Size = New System.Drawing.Size(336, 23)
M e .Label3.Tablndex = 36
M e .Label3.Text = "By John Steele and Fernando Sumudu"
M e .Label3.TextAlign = System.Drawing.ContentAlignment.MiddleCenter 
/

’StartButton

Me.StartButton.BackColor = System.Drawing.Color.LimeGreen 
M e .StartButton.Location = New System.Drawing.Point(12 8, 104)
M e .StartButton.Name = "StartButton"
M e .StartButton.Size = New System.Drawing.Size(104, 32)
Me.StartButton.Tablndex = 3 7 
Me.StartButton.Text = "START"

'StopButton 
/

M e .StopButton.BackColor = System.Drawing.Color.Tomato
M e .StopButton.Location = New System.Drawing.Point(12 8, 144)
M e .StopButton.Name = "StopButton"
M e .StopButton.Size = New System.Drawing.Size(104, 32)
M e .StopButton.Tablndex = 38 
Me.StopButton.Text = "STOP"

'RsButton

Me.RsButton.Location = New System.Drawing.Point(160, 216)
Me.RsButton.Name = "RsButton"
Me.RsButton.Size = New System.Drawing.Size(40, 24)
Me.RsButton.Tablndex = 3 9 
M e .RsButton.Text = "Rs"

'RpButton

M e .RpButton.Location = New System.Drawing.Point(208, 216)
Me.RpButton.Name = "RpButton"
M e .RpButton.Size = New System.Drawing.Size(40, 24)
Me.RpButton.Tablndex = 4 0  
M e .RpButton.Text = "Rp"
/

'ZsButton

M e .ZsButton.Location = New System.Drawing.Point(2 56, 216)
M e .ZsButton.Name = "ZsButton"
M e .ZsButton.Size = New System.Drawing.Size(40, 24)
M e .ZsButton.Tablndex = 4 1  
M e .ZsButton.Text = "Zs"
I

'CpButton

M e .CpButton.Location = New System.Drawing.Point(112, 216)
M e .CpButton.Name = "CpButton"
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M e .CpButton.Size = New System.Drawing.Size(40, 24)
Me.CpButton.Tablndex = 42
Me.CpButton.Text = "Cp"
/

'CsButton

M e .CsButton.Checked = True
M e .CsButton.Location = New System.Drawing.Point(64, 216)
M e .CsButton.Name = "CsButton"
M e .CsButton.Size = New System.Drawing.Size(40, 24)
Me.CsButton.Tablndex = 43 
M e .CsButton.TabStop = True 
Me.CsButton.Text = "Cs"

'Labe14

M e .Labe14.Font = New System.Drawing.Font("Times New Roman", 9.75!, 
System.Drawing.FontStyle.Regular,
System.Drawing.GraphicsUnit.Point, CType(0, Byte))

M e .Label4.Location = New System.Drawing.Point(8, 240)
Me.Label4.Name = "Label4"
M e .Label4.Size = New System.Drawing.Size(33 6, 23)
M e .Label4.Tablndex = 44
Me.Label4.Text = "NOTE: Program run time must be less than 1 minute" 
M e .Label4.TextAlign = System.Drawing.ContentAlignment.MiddleCenter

'Label5

M e .Labels.Font = New System.Drawing.Font("Times New Roman", 9.75!, 
System.Drawing.FontStyle.Regular,
System.Drawing.GraphicsUnit.Point, CType(0, Byte))

M e .Label5.Location = New System.Drawing.Point(8, 264)
M e .Labe15.Name = "Label5"
M e .Label5.Size = New System.Drawing.Size(336, 23)
M e .Label5.Tablndex = 45
M e .Label5.Text = "Output file is located here 
""C:\ResponseTimeData.txt"""
M e .Labe15.TextAlign = System.Drawing.ContentAlignment.MiddleCenter 

'ProgressBar

M e .ProgressBar.Location = New System.Drawing.Point(56, 184)
M e .ProgressBar.Maximum = 500
Me.ProgressBar.Name = "ProgressBar"
M e .ProgressBar.Size = New System.Drawing.Size(24 0, 23)
Me.ProgressBar.Tablndex = 4 6

'Forml

M e .AutoScaleBaseSize = New System.Drawing.Size(5, 13)
Me.BackColor = System.Drawing.SystemColors.ActiveBorder 
M e .ClientSize = New System.Drawing.Size(352, 294)
M e .Controls.Add(Me.ProgressBar)
M e .Controls.Add(Me.Label5)
M e .Controls.Add(Me.Label4)
M e .Controls.Add(Me.CsButton)
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M e .Controls.Add(Me.CpButton)
M e .Controls.Add(Me.ZsButton)
M e .Controls.Add(Me.RpButton)
M e .Controls.Add(Me.RsButton)
M e .Controls.Add(Me.StopButton)
M e .Controls.Add(Me.StartButton)
M e .Controls.Add(Me.Label3)
M e .Controls.Add(Me.Label2)
M e .Controls.Add(Me.Labell)
Me.Name = "Forml"
Me.Text = "Forml"
M e .ResumeLayout(False)

End Sub

#End Region

Private Sub StartButton_Click(ByVal sender 
As System.Object, ByVal e As System.EventArgs) Handles 
StartButton.Click

'Open output file
logger = File.AppendText("C:\ResponseTimeData.txt") 
logger.AutoFlush = True 
If CsButton.Checked Then 

logger.WriteLine("Cs")
logger.WriteLine("Output format: 0, Cs, Theta, Timel (ms), 
Time2 (ms), Timel uses a time stamp before LCR request 
and Time 2 uses a time stamp after the LCR request")

Elself CpButton.Checked Then 
logger.WriteLine("Cp")
logger.WriteLine("Output format: 0, Cp, D, Time (ms),
Time2 (ms), Timel uses a time stamp before LCR request 
and Time 2 uses a time stamp after the LCR request")

Elself RsButton.Checked Then 
logger.WriteLine("Rs")
logger.WriteLine("Output format: 0, Rs, Theta, Time (ms), 
T.ime2 (ms) , Timel uses a time stamp before LCR request 
and Time 2 uses a time stamp after the LCR request")

Elself RpButton.Checked Then 
logger.WriteLine("Rp")
logger.WriteLine("Output format: 0, Rp, Q, Time (ms),
Time2 (ms), Timel uses a time stamp before LCR request 
and Time 2 uses a time stamp after the LCR request")

Elself ZsButton.Checked Then 
logger.WriteLine("Zs")
logger.WriteLine("Output format: 0, Zs, Theta, Time (ms), 
Time2 (ms), Timel uses a time stamp before LCR request 
and Time 2 uses a time stamp after the LCR request")

End I f

Dim readTime = 1 'incremental wait time during reading of meter

Dim freq As String 
Dim volt As String
'prompt user for frequency and voltage
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1: freq = InputBox("Please choose frequency." & Chr(13) & Chr(lO) &
"Enter 1 for 100 Hz" & Chr(13) & Chr(10) & "Enter 2 for 120 Hz" &
Chr(13) & Chr(10) & "Enter 3 for 1000 Hz" & Chr(13) & Chr(10) &
"Enter 4 for 10000 Hz", "Frequency", "3")

While freq <> "1" And freq <> "2" And freq <> "3" And freq <> "4" 
GoTo 1 

End While
2: volt = InputBox("Please choose voltage." & Chr(13) & Chr(10) &
"Enter 1 for 0.25 V" & Chr(13) & Chr(10) & "Enter 2 for 1.0 V",
"Voltage", "2")

While volt <> "1" And volt <> "2"
GoTo 2 

End While

'prompt user for sample time 
Dim satnpleTime As Integer 

3: sampleTime = Val(InputBox("Please enter sample time in ms." &
Chr(13) & Chr(10) & "No negative numbers, no decimal points, 
no commas", "Sample Time", "0"))

'set frequency of meter 
If freq = "1" Then

request("source:freq 100", False)
Elself freq = "2" Then

request("source:freq 120", False)
Elself freq = "3" Then

request("source:freq 1000", False)
Elself freq = "4" Then

request("source:freq 10000", False)
End If

'set voltage of meter 
If volt = "1" Then

request("source:volt 0.25", False)
Elself volt = "2" Then

request("source:volt 1.0", False)
End If

'query voltage and write value to file
logger.WriteLine("Voltage = " & request("Source:volt?") & " V") 

'query frequency and write value to file
logger.WriteLine("Frequency = " & request("Source:freq?") & " Hz")

'set primary parameter to measure 
If CsButton.Checked Then

request("calcl:form Cs", False)
'set se c o n d a r y  pa r a m e t e r
request("calc2:form Phase", False) 

Elself CpButton.Checked Then
request("calcl:form Cp", False)
'set secondary parameter 
request("calc2:form D", False) 

Elself RsButton.Checked Then
request("calcl:form Rs", False)
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'set secondary parameter
request("calc2:form Phase", False)

Elself RpButton.Checked Then
request("calcl:form Rp", False)
'set secondary parameter 
request("calc2:form Q", False)

Elself ZsButton.Checked Then
request("calcl:form Zs", False)
'set secondary parameter
request("calc2:form Phase", False)

End If

'startTime is a reference for time stamping the LCR samples 
Dim startTime As DateTime -- clock.Now

'While loop continues until STOP button is pressed 
While True

'Wait a user defined amount of time before next sample 
System.Threading.Thread.Sleep(sampleTime)

'nowTimel is time stamp for current sample pre LCR request 
Dim nowTimel As DateTime = clock.Now

'request is function to get the data from the LCR meter 
Dim out As String = request("FETCH?")

'nowTime is time stamp for current sample (after LCR request) 
Dim nowTime2 As DateTime = clock.Now

'log results to file
logger.WriteLine(out & & (nowTimel.Hour * 3600 * 1000 +
nowTimel.Minute * 60 * 1000 + nowTimel.Second * 1000 + 
nowTimel.Millisecond) - (startTime.Hour * 3600 * 1000 + 
startTime.Minute * 60 * 1000 + startTime.Second * 1000 + 
startTime.Millisecond) & & (nowTime2.Hour * 3600 *
1000 + nowTime2.Minute * 60 * 1000 + nowTime2.Second *
1000 + nowTime2.Millisecond) - (startTime.Hour * 3600 *
1000 + startTime.Minute * 60 * 1000 + startTime.Second *
1000 + startTime.Millisecond))

'Increment progressbar
If ProgressBar.Value = ProgressBar.Maximum Then 

ProgressBar.Value = ProgressBar.Minimum
Else

ProgressBar.Value += 1 
End If

End While

End Sub

Private Sub StopButton_Click(ByVal sender As System.Object, ByVal e 
As System.EventArgs) Handles StopButton.Click 

logger.Close()
End
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End Sub

Private Sub Forml_Load(ByVal sender As System.Object, ByVal e As 
System.EventArgs) Handles MyBase.Load

'When application starts open the RS232 port
meter.Open(1, 38400, 8, Rs232.DataParity.Parity_None,
RS23 2 .DataStopBit.StopBit_l, 512)

System.Threading.Thread.Sleep(100) 'wait 100 ms for port to open 
Application.DoEvents() 'while waiting let application do other 
events like refresh buttons etc.

'set parameters of LCR meter
meter.Write("Trigger:delay 0" & Chr(13) & Chr(10))
'set trigger delay to 0ms 

meter.Write("Trigger:edge falling" & Chr(13) & Chr(10))
'set trigger edge to falling 

meter.Write("Sense:FIMP:Range:Auto ON" & Chr(13) & Chr(10))
'set ranging to automatic 

meter.Write("Sense:FIMP:APER fast" & Chr(13) & Chr(10))
'set measure rate to fast

End Sub 

End Class

The follow ing code was used for the RS232 communications.

Imports System.Runtime.InteropServices 
Imports System.Text 
Imports System.Threading

ttRegion "RS232"
Public Class Rs232 : Implements IDisposable

Module : Rs232
Description : Class for handling RS232 comunication with VB.Net
Created : 10/08/2001 - 8:45:25
Author : Corrado Cavalli (1336@gmx.it)
Website : www.corradocavalli.cjb.net

Notes :

'Revisions
'1st Public release Beta2 (10/08/2001)

'Rev.1 (2 8 .0 2 .2002)
'1. Added ResetDev, SetBreak and ClearBreak to the 
EscapeCommFunction constants 
'2. Added the overloaded Open routine.
'3. Added the modem status routines, properties and enum.
'4. If a read times out, it now returns a EndOfStreamException 
(instead of a simple Exception).

'5.Compiled with VS.Net final
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Rev.2 (01.03.2002)
Added Async support

Rev.3 (07.04.2002)
Minor bugs fixed

Rev.3 (05/05/2002)
Fixed BuildCommmDCB problem

Rev.4 (24/05/2002)
Fixed problem with ASCII Encoding truncating 8th bit 

Rev.5 (27/05/2002)
Added IDisposable / Finalize implementation

'// Class Members
Private mhRS As Int32 = -1 '// Handle to Com Port
Private miPort As Integer = 1  '// Default is COM1
Private miTimeout As Int32 = 7 0  '// Timeout in ms
Private miBaudRate As Int32 = 9600 
Private meParity As DataParity = 0 
Private meStopBit As DataStopBit = 0
Private miDataBit As Int32 = 8
Private miBufferSize As Int32 = 512 '// Buffers size default 512 bytes
Private mabtRxBuf As ByteO '// Receive buffer
Private meMode As Mode '// Class working mode
Private mbWaitOnRead As Boolean
Private mbWaitOnWrite As Boolean
Private mbWriteErr As Boolean
Private muOverlapped As OVERLAPPED
Private muOverlappedW As OVERLAPPED
Private muOverlappedE As OVERLAPPED
Private mabtTmpTxBuf As ByteO '// Temporary buffer used by Async Tx
Private moThreadTx As Thread
Private moThreadRx As Thread
Private miTmpBytes2Read As Int32
Private meMask As EventMasks
Private mbDisposed As Boolean

#Region "Enums"
'// Parity Data 
Public Enum DataParity 

Parity_None = 0 
Pariti_Odd 
Parity_Even 
Parity_Mark 

End Enum 
'// StopBit Data 
Public Enum DataStopBit 

StopBit_l = 1 
StopBit_2 

End Enum
Private Enum PurgeBuffers 

RXAbort = &H2

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix B. Visual Basic Program fo r Capacitance Data Logging

RXClear = &H8 
TxAbort = &H1 
TxClear = &H4 

End Enum
Private Enum Lines 

SetRts = 3 
ClearRts = 4 
SetDtr = 5 
ClearDtr = 6
ResetDev = 7  '// Reset device if possible
SetBreak = 8  '// Set the device break line.
ClearBreak = 9  '// Clear the device break line.

End Enum
' I I  Modem Status
<Flags()> Public Enum ModemStatusBits 

ClearToSendOn = &H10 
DataSetReadyOn = &H2 0 
RinglndicatorOn = &H4 0 
CarrierDetect = &H80 

End Enum 
'// Working mode 
Public Enum Mode 

NonOverlapped 
Overlapped 

End Enum 
'// Comm Masks
<Flags()> Public Enum EventMasks 

RxChar = &H1 
RXFlag = &H2 
TxBufferEmpty = &H4 
ClearToSend = &H8 
DataSetReady = &H10 
ReceiveLine = &H20 
Break = &H4 0 
StatusError = &H80 
Ring = &H100 

End Enum 
#End Region 
#Region "Structures"

<StructLayout(LayoutKind.Sequential, Pack:=l)> Private Structure DCB 
Public DCBlength As Int32 
Public BaudRate As Int32 
Public Bitsl As Int32 
Public wReserved As Intl6 
Public XonLim As Intl6 
Public XoffLim As Intl6 
Public ByteSize As Byte 
Public Parity As Byte 
Public StopB i t s  As Byte 
Public XonChar As Byte 
Public XoffChar As Byte 
Public ErrorChar As Byte 
Public EofChar As Byte 
Public EvtChar As Byte 
Public wReserved2 As Intl6 

End Structure
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<StructLayout(LayoutKind.Sequential, Pack:=l)> Private Structure 
COMMTIMEOUTS

Public ReadlntervalTimeout As Int3 2 
Public ReadTotalTimeoutMultiplier As Int32 
Public ReadTotalTimeoutConstant As Int32 
Public WriteTotalTimeoutMultiplier As Int32 
Public WriteTotalTimeoutConstant As Int32 

End Structure
<StructLayout(LayoutKind.Sequential, Pack:=l)> Private Structure 
COMMCONFIG

Public dwSize As Int32 
Public wVersion As Intl6 
Public wReserved As Intl6 
Public dcbx As DCB 
Public dwProviderSubType As Int32 
Public dwProviderOffset As Int32 
Public dwProviderSize As Int32 
Public wcProviderData As Byte 

End Structure
<StructLayout(LayoutKind.Sequential, Pack:=l)> Public Structure 
OVERLAPPED

Public Internal As Int32 
Public InternalHigh As Int32 
Public Offset As Int32 
Public OffsetHigh As Int32 
Public hEvent As Int32 

End Structure 
#End Region 
#Region "Constants"

Private Const PURGE_RXABORT As Integer = &H2
Private Const PURGE_RXCLEAR As Integer = &H8
Private Const PURGE_TXABORT As Integer = &H1
Private Const PURGE_TXCLEAR As Integer = &H4
Private Const GENERIC_READ As Integer = &H80000000
Private Const GENERIC_WRITE As Integer = &H40000000
Private Const OPEN_EXISTING As Integer = 3
Private Const INVALID_HANDLE_VALUE As Integer = -1
Private Const IO_BUFFER_SIZE As Integer = 1024
Private Const FILE_FLAG_OVERLAPPED As Int32 = &H40000000
Private Const ERROR_IO_PENDING As Int32 = 997
Private Const WAIT_OBJECT_0 As Int32 = 0
Private Const ERR0R_I0_INC0MPLETE As Int32 = 996
Private Const WAIT_TIMEOUT As Int32 = &H102&
Private Const INFINITE As Int32 = &HFFFFFFFF

#End Reg i o n

#Region "Win32API"
'// Win32 API
<DllImport("kernel32.dll")> Private Shared Function SetCommState(ByVal 
hCommDev As Int32, ByRef lpDCB As DCB) As Int32 

End Function
<DllImport("kernel32.dll")> Private Shared Function GetCommState(ByVal
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hCommDev As Int32, ByRef lpDCB As DCB) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function BuildCommDCB(ByVal 
lpDef As String, ByRef lpDCB As DCB) As Int32 

End Function
<DllImport("kernel32.dll")> Private Shared Function SetupComm(ByVal 
hFile As Int32, ByVal dwInQueue As Int32, ByVal dwOutQueue As Int32)
As Int32 
End Function
c D H I m p o r t ("kernel32.dll")> Private Shared Function SetCommTimeouts 
(ByVal hFile As Int32, ByRef lpCommTimeouts As COMMTIMEOUTS) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function GetCommTimeouts 
(ByVal hFile As Int32, ByRef lpCommTimeouts As COMMTIMEOUTS) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function ClearCommError 
(ByVal hFile As Int32, ByVal IpErrors As Int32, ByVal 1 As Int32) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function PurgeComm(ByVal 
hFile As Int32, ByVal dwFlags As Int32) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function EscapeCommFunction 
(ByVal hFile As Integer, ByVal ifunc As Long) As Boolean 
End Function
<Dlllmport("kernel32.dll")> Private Shared Function WaitCommEvent 
(ByVal hFile As Integer, ByRef Mask As EventMasks, ByRef lpOverlap As 
OVERLAPPED) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function WriteFile(ByVal 
hFile As Integer, ByVal Buffer As ByteO, ByVal nNumberOfBytesToWrite 
As Integer, ByRef lpNumberOfBytesWritten As Integer, ByRef 
lpOverlapped As OVERLAPPED) As Integer 
End Function
<DllImport("kernel32.dll")> Private Shared Function ReadFile(ByVal 
hFile As Integer, ByVal Buffer As ByteO, ByVal nNumberOfBytesToRead 
As Integer, ByRef lpNumberOfBytesRead As Integer, ByRef lpOverlapped 
As OVERLAPPED) As Integer 
End Function
<DllImport("kernel32.dll")> Private Shared Function CreateFile 
(<MarshalAs(UnmanagedType.LPStr)> ByVal lpFileName As String, ByVal 
dwDesiredAccess As Integer, ByVal dwShareMode As Integer, ByVal 
IpSecurityAttributes As Integer, ByVal dwCreationDisposition As 
Integer, ByVal dwFlagsAndAttributes As Integer, ByVal hTemplateFile 
As Integer) As Integer 
End Function
<Dlllmport("kernel32.dll")> Private Shared Function CloseHandle(ByVal 
hObject As Integer) As Integer 
End Function
<D1IImport("kerne132.dl1")> Private Shared Function FormatMessage 
(ByVal dwFlags As Integer, ByVal IpSource As Integer, ByVal 
dwMessageld As Integer, ByVal dwLanguageld As Integer, cMarshalAs 
(UnmanagedType.LPStr)> ByVal lpBuffer As String, ByVal nSize As 
Integer, ByVal Arguments As Integer) As Integer 
End Function
<DllImport("kernel32.dll")> Public Shared Function GetCommModemStatus 
(ByVal hFile As Int32, ByRef lpModemStatus As Int32) As Boolean
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End Function
<DllImport("kernel32.dll")> Private Shared Function CreateEvent 
(ByVal IpEventAttributes As Int32, ByVal bManualReset As Int32, ByVal 
blnitialState As Int32, <MarshalAs(UnmanagedType.LPStr)> ByVal lpName 
As String) As Int32

End Function
<DllImport("kernel32.dll")> Private Shared Function GetLastError() As 
Int32
End Function
<DllImport("kernel32.dll")> Private Shared Function
WaitForSingleObject(ByVal hHandle As Int32, ByVal dwMilliseconds As 
Int32) As Int32 
End Function
<DllImport("kernel32.dll")> Private Shared Function 
GetOverlappedResult(ByVal hFile As Int32, ByRef lpOverlapped As 
OVERLAPPED, ByRef lpNumberOfBytesTransferred As Int32, ByVal bWait 
As Int32) As Int32

End Function
<DllImport("kernel32.dll")> Private Shared Function SetCommMask(ByVal 
hFile As Int32, ByVal IpEvtMask As Int32) As Int32 
End Function

Private Declare Function FormatMessage Lib "kernel32" Alias _ 
"FormatMessageA" (ByVal dwFlags As Int32, ByVal IpSource As Int32, 
ByVal dwMessageld As Int32, ByVal dwLanguageld As Int32, _
ByVal lpBuffer As StringBuilder, ByVal nSize As Int32, ByVal 
Arguments As Int32) _
As Int32

#End Region 
#Region "Events"

Public Event DataReceived(ByVal Source As Rs232, ByVal DataBufferO As 
Byte)
Public Event TxCompleted(ByVal Source As Rs232)
Public Event CommEvent(ByVal Source As Rs232, ByVal Mask As EventMasks) 

#End Region

Public Property PortO As Integer

Description : Comunication Port 
Created : 21/09/2001 - 11:25:49

★P a rameters Info*

Notes :

Get
Return miPort 

End Get
Set(ByVal Value As Integer)
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miPort = Value 
End Set 

End Property
Public Overridable Property Timeout() As Integer

Description: Comunication timeout in seconds 
Created : 21/09/2001 - 11:26:50

♦Parameters Info*

Notes :

Get
Return miTimeout 

End Get
Set(ByVal Value As Integer)

miTimeout = CInt(Ilf(Value = 0, 500, Value)) 
'// If Port is open updates it on the fly 
pSetTimeout()

End Set 
End Property
Public Property Parity() As DataParity

Description : Comunication parity 
Created : 21/09/2001 - 11:27:15

♦Parameters Info*

Notes :

Get
Return meParity 

End Get
Set(ByVal Value As DataParity) 

meParity = Value 
End Set 

End Property
Public Property StopBitO As DataStopBit

Description: Comunication StopBit 
Created : 21/09/2001 - 11:27:37

♦Parameters Info*

Notes :

Get
Return meStopBit 

End Get
Set(ByVal Value As DataStopBit) 

meStopBit = Value 
End Set 

End Property
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Public Property BaudRateO As Integer

Description: Comunication BaudRate 
Created : 21/09/2001 - 11:28:00

♦Parameters Info*

Notes :

Get
Return miBaudRate 

End Get
Set(ByVal Value As Integer) 

miBaudRate = Value 
End Set 

End Property
Public Property DataBitO As Integer

Description : Comunication DataBit 
Created : 21/09/2001 - 11:28:20

♦Parameters Info*

Notes :

Get
Return miDataBit 

End Get
Set(ByVal Value As Integer) 

miDataBit = Value 
End Set 

End Property
Public Property BufferSizeO As Integer

Description : Receive Buffer size 
Created : 21/09/2001 - 11:33:05

♦Parameters Info*

Notes :

Get
Return miBufferSize 

End Get
Set(ByVal Value As Integer) 

m i B u f f e r S i z e  - Value 
End Set 

End Property
Public Overloads Sub Open()

'Description : Initializes and Opens comunication port 
'Created : 21/09/2001 - 11:33:40
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*Parameters Info* 

Notes :

'// Get Deb block,Update with current data 
Dim uDcb As DCB, iRc As Int32 
'// Set working mode
Dim iMode As Int32 = Convert.ToInt32(Ilf(meMode = Mode.Overlapped, 
FILE_FLAG_OVERLAPPED, 0))
'// Initializes Com Port 
If miPort > 0 Then 

Try
'// Creates a COM Port stream handle
mhRS = CreateFile("COM" & miPort.ToString, _
GENERIC_READ Or GENERIC_WRITE, 0, 0,
OPEN_EXISTING, iMode, 0)
If mhRS <> -1 Then

'// Clear all comunication errors 
Dim IpErrCode As Int32
iRc = ClearCommError(mhRS, IpErrCode, 0&)
'// Clears I/O buffers
iRc = PurgeComm(mhRS, PurgeBuffers.RXClear Or PurgeBuffers 
.TxClear)
'// Gets COM Settings
iRc = GetCommState(mhRS, uDcb)
'// Updates COM Settings
Dim sParity As String = "NOEM"
sParity = sParity.Substring(meParity, 1)
'// Set DCB State
Dim sDCBState As String = String.Format("baud={0} parity= 
{l} data={2} stop={3}", miBaudRate, sParity, miDataBit,
CInt(meStopBit))
iRc = BuildCommDCB(sDCBState, uDcb) 
iRc = SetCommState(mhRS, uDcb)
If iRc = 0 Then

Dim sErrTxt As String = pErr2Text(GetLastError ())
Throw New CIOChannelException("Unable to set COM stateO" 
& sErrTxt)

End If
'// Setup Buffers (Rx,Tx)
iRc = SetupComm(mhRS, miBufferSize, miBufferSize)
'// Set Timeouts 
pSetTimeout()

Else
'// Raise Initialization problems
Throw New CIOChannelException("Unable to open COM" & 
miPort.ToString)

End I f
Catch Ex As Exception 

'// Generica error
Throw New CIOChannelException(Ex.Message, Ex)

End Try 
Else

'// Port not defined, cannot open
Throw New ApplicationException("COM Port not defined,use Port
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property to set it before invoking InitPort")
End If 

End Sub
Public Overloads Sub Open(ByVal Port As Integer, ByVal BaudRate As 
Integer, ByVal DataBit As Integer, ByVal Parity As DataParity, ByVal 
StopBit As DataStopBit, ByVal BufferSize As Integer)

Description: Opens comunication port (Overloaded method) 
Created : 21/09/2001 - 11:33:40

♦Parameters Info*

Notes :

M e .Port = Port
Me.BaudRate = BaudRate
Me.DataBit = DataBit
Me.Parity = Parity
Me.StopBit = StopBit
M e .BufferSize = BufferSize
Open()

End Sub
Public Sub Close 0

Description: Close comunication channel 
Created : 21/09/2001 - 11:38:00

♦Parameters Info*

Notes :

If mhRS <> -1 Then 
CloseHandle(mhRS) 
mhRS = -1 

End If 
End Sub
Readonly Property IsOpen() As Boolean

Description: Returns Port Status 
Created : 21/09/2001 - 11:38:51

♦Parameters Info*

Notes :

Get
Return CBool(mhRS <> -1)

End Get 
End Property
Public Overloads Sub Write(ByVal Buffer As ByteO)

'Description: Transmit a stream
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Created : 21/09/2001 - 11:39:51 

♦Parameters Info*
Buffer : Array of ByteO to write
Notes :

Dim iBytesWritten, iRc As Integer

If mhRS = -1 Then
Throw New ApplicationException("Please initialize and open port 
before using this method")

Else
'// Transmit data to COM Port 
Try

If meMode = Mode.Overlapped Then 
'// Overlapped write
If pHandleOverlappedWrite(Buffer) Then

Throw New ApplicationException("Error in overllapped 
write")

End If 
Else

'// Clears 10 buffers
PurgeComm(mhRS, PURGE_RXCLEAR Or PURGE_TXCLEAR)
iRc = WriteFile(mhRS, Buffer, Buffer.Length, iBytesWritten
, Nothing)
If iRc = 0 Then

Throw New ApplicationException("Write Error - Bytes 
Written " & iBytesWritten.ToString & " of " &
Buffer.Length.ToString)

End If 
End If 

Catch Ex As Exception 
Throw 

End Try 
End If 

End Sub
Public Overloads Sub Write(ByVal Buffer As String)

Description : Writes a string to RS232 
Created : 04/02/2002 - 8:46:42

♦Parameters Info*

Notes : 24/05/2002 Fixed problem with ASCII Encoding

Dim oEncoder As New System.Text.ASCIIEncoding() 
Dim oEnc As Encoding = oEncoder.GetEncoding(12 52)

Dim aByte() As Byte = oEnc.GetBytes(Buffer)
Me.Write(aByte)

End Sub
Public Function Read(ByVal Bytes2Read As Integer) As Integer

'Description: Read Bytes from Port
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Created : 21/09/2001 - 11:41:17 

♦Parameters Info*
Bytes2Read : Bytes to read from port 
Returns : Number of readed chars

Notes :

Dim iReadChars, iRc As Integer

'// If Bytes2Read not specified uses Buffersize 
If Bytes2Read = 0 Then Bytes2Read = miBufferSize 
If mhRS = -1 Then

Throw New ApplicationException("Please initialize and open port 
before using this method")

Else
'// Get bytes from port 
Try

'// Purge buffers
'PurgeComm(mhRS, PURGE_RXCLEAR Or PURGE_TXCLEAR)
'// Creates an event for overlapped operations 
If meMode = Mode,Overlapped Then

pHandleOverlappedRead(Bytes2Read)
Else

'// Non overlapped mode 
ReDim mabtRxBuf(Bytes2Read - 1)
iRc = ReadFile(mhRS, mabtRxBuf, Bytes2Read, iReadChars, 
Nothing)
If iRc = 0 Then 

'// Read Error
Throw New ApplicationException("ReadFile error " & 
iRc.ToString)

Else
'// Handles timeout or returns input chars 

If iReadChars = 0 Then 
Return -1

Else
mbWaitOnRead = True 
Return (iReadChars)

End If
End If 

End If 
Catch Ex As Exception

'// Others generic erroes
Throw New ApplicationException("Read Error: " & Ex.Message, Ex) 

End Try 
End If 

End Function
O v e r r i d a b l e  R e a d o n l y  P r o p e r t y  I n p u t S t r e a m () As B y t e ()

Description: Returns received data as ByteO 
Created : 21/09/2001 - 11:45:06

♦Parameters Info*
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'Notes :

Get
Return mabtRxBuf 

End Get 
End Property
Overridable Readonly Property InputStreamString() As String

Description : Return a string containing received data 
Created : 04/02/2002 - 8:49:55

♦Parameters Info*

Notes :

Get
Dim oEncoder As New System.Text.ASCIlEncoding()

Return oEncoder.GetString(Me.InputStream) 
End Get 

End Property
Public Sub ClearlnputBuffer()

Description: Clears Input buffer 
Created : 21/09/2001 - 11:45:34

♦Parameters Info*

Notes : Gets all character until end of buffer

If Not mhRS = -1 Then
PurgeComm(mhRS, PURGE_RXCLEAR)

End If 
End Sub
Public WriteOnly Property Rts() As Boolean

Description: Set/Resets RTS Line 
Created : 21/09/2001 - 11:45:34

♦Parameters Info*

Notes :

Set(ByVal Value As Boolean)
If Not mhRS = -1 Then 

If V a l u e  Then
EscapeCommFunction(mhRS, Lines.SetRts) 

Else
EscapeCommFunction(mhRS, Lines.ClearRts) 

End If 
End If 

End Set 
End Property
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Public WriteOnly Property Dtr() As Boolean

Description: Set/Resets DTR Line 
Created : 21/09/2001 - 11:45:34

♦Parameters Info*

Notes :

Set(ByVal Value As Boolean)
If Not mhRS = -1 Then 

If Value Then
EscapeCommFunction(mhRS, Lines.SetDtr)

Else
EscapeCommFunction(mhRS, Lines.ClearDtr)

End If 
End If 

End Set 
End Property
Public Readonly Property ModemStatus() As ModemStatusBits

Description : Gets Modem status 
Created : 28/02/2002 - 8:58:04

♦Parameters Info*

Notes :

Get
If mhRS = -1 Then

Throw New ApplicationException("Please initialize and open 
port before using this method")

Else
'// Retrieve modem status 
Dim lpModemStatus As Int32
If Not GetCommModemStatus(mhRS, lpModemStatus) Then

Throw New ApplicationException("Unable to get modem status") 
Else

Return CType(lpModemStatus, ModemStatusBits)
End If 

End If 
End Get 

End Property
Public Function CheckLineStatus(ByVal Line As ModemStatusBits) As Boolean

Description : Check status of a Modem Line 
Created : 28/02/2002 - 10:25:17

♦Parameters Info*

Notes :

Return Convert.ToBoolean(ModemStatus And Line)
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End Function
Public Property WorkingMode() As Mode

Description : Set working mode (Overlapped/NonOverlapped) 
Created : 28/02/2002 - 15:01:18

♦Parameters Info*

Notes :

Get
Return meMode 

End Get
Set(ByVal Value As Mode) 

meMode = Value 
End Set 

End Property
Public Overloads Sub AsyncWrite(ByVal Buffer() As Byte)

'Description : Write bytes using another thread, TxCompleted
raised when done
'Created : 01/03/2002 - 12:00:56
I

'♦Parameters Info*
!

'Notes :

If meMode <> Mode.Overlapped Then Throw New ApplicationException 
("Async Methods allowed only when WorkingMode=Overlapped")
If mbWaitOnWrite = True Then Throw New ApplicationException 
("Unable to send message because of pending transmission.") 
mabtTmpTxBuf = Buffer 
moThreadTx = New Thread(AddressOf _W) 
moThreadTx.Start()

End Sub
Public Overloads Sub AsyncWrite(ByVal Buffer As String)

Description : Overloaded Async Write 
Created : 01/03/2002 - 12:00:56

♦Parameters Info*

Notes :

Dim oEncoder As New System.Text.ASCIIEncoding()

Dim aByte() As Byte = oEncoder.GetBytes(Buffer)
Me.AsyncWrite(aByte)

End Sub
Public Overloads Sub AsyncRead(ByVal Bytes2Read As Int32)

'Description : Read bytes using a different thread, RxCompleted
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raised when done
'Created : 01/03/2002 - 12:00:56
I

'♦Parameters Info*
/

'Notes :

If meMode <> Mode.Overlapped Then Throw New ApplicationException 
("Async Methods allowed only when WorkingMode=Overlapped") 
miTmpBytes2Read = Bytes2Read 
moThreadTx = New Thread(AddressOf _R) 
moThreadTx.Start()

End Sub 
#Region "Finalize"

Protected Overrides Sub Finalize()

'Description : Closes COM port if object is garbage collected 
and still owns
' COM port reosurces
/

'Created : 27/05/2002 - 19:05:56 
/

'*Parameters Info*

'Notes :

Try
If Not mbDisposed Then Close() 

Finally 
End Try 

End Sub 
#End Region

#Region "Thread related functions" 
Public Sub W()

Description : Method invoked by thread to perform an async write 
Created : 01/03/2002 - 12:23:08

♦Parameters Info*

Notes : Do not invoke this method from code

Write(mabtTmpTxBuf) 
End Sub
Public Sub R()

Description : Method invoked by thread to perform an async read 
Created : 01/03/2002 - 12:23:08

♦Parameters Info*

Notes : Do not invoke this method from code

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix B. Visual Basic Program fo r Capacitance Data Logging

Dim iRet As Int32 = Read(miTmpBytes2Read) 
End Sub 

#End Region

#Region "Private Routines"
Private Sub pSetTimeout()

Description: Set comunication timeouts 
Created : 21/09/2001 - 11:46:40

♦Parameters Info*

Notes :

Dim uCtm As COMMTIMEOUTS 
'// Set ComTimeout 
If mhRS = -1 Then 

Exit Sub 
Else

'// Changes setup on the fly 
With uCtm

.ReadlntervalTimeout = 0 

.ReadTotalTimeoutMultiplier = 0 

.ReadTotalTimeoutConstant = miTimeout 

.WriteTotalTimeoutMultiplier = 10 

.WriteTotalTimeoutConstant = 100 
End With
SetCommTimeouts(mhRS, uCtm)

End If 
End Sub
Private Sub pHandleOverlappedRead(ByVal Bytes2Read As Int32)

Description : Handles overlapped read 
Created : 28/02/2002 - 16:03:06

♦Parameters Info*

Notes :

Dim iReadChars, iRc, iRes, iLastErr As Int32

muOverlapped.hEvent = CreateEvent(Nothing, 1, 0, Nothing)
If muOverlapped.hEvent = 0 Then 

'// Can't create event
Throw New ApplicationException("Error creating event for 
o v e r l a p p e d  read.")

Else
'// Ovellaped reading 
If mbWaitOnRead = False Then

ReDim mabtRxBuf(Bytes2Read - 1)
iRc = ReadFile(mhRS, mabtRxBuf, Bytes2Read, iReadChars, 
muOverlapped)
If iRc = 0 Then
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iLastErr = GetLastError()
If iLastErr <> ERROR_IO_PENDING Then

Throw New ArgumentException("Overlapped Read Error: "
& pErr2Text(iLastErr))

Else
' // Set Flag 
mbWaitOnRead = True 

End If 
Else

'// Read completed successfully 
RaiseEvent DataReceived(Me, mabtRxBuf)

End If 
End If 

End If
'// Wait for operation to be completed 
If mbWaitOnRead Then

iRes = WaitForSingleObject(muOverlapped.hEvent, miTimeout)
Select Case iRes

Case WAIT_OBJECT_0
'// Object signaled,operation completed
If GetOverlappedResult(mhRS, muOverlapped, iReadChars, 0)
= 0 Then

'// Operation error 
iLastErr = GetLastError()
If iLastErr = ERROR_IO_INCOMPLETE Then

Throw New ApplicationException("Read operation 
incomplete")

Else
Throw New ApplicationException("Read operation error 
" & iLastErr.ToString)

End If 
Else

'// Operation completed 
RaiseEvent DataReceived(Me, mabtRxBuf) 
mbWaitOnRead = False 

End If 
Case WAIT_TIMEOUT

Throw New IOTimeoutException("Timeout error")
Case Else

Throw New ApplicationException("Overlapped read error")
End Select 

End If 
End Sub
Private Function pHandleOverlappedWrite(ByVal Buffer() As Byte) As 
Boolean

Description : Handles overlapped Write
C r e a t e d  : 28/02/2002 - 16:03:06

♦Parameters Info*

Notes :

Dim iBytesWritten, iRc, iLastErr, iRes As Integer, bErr As Boolean
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muOverlappedW.hEvent = CreateEvent(Nothing, 1, 0, Nothing)
If muOverlappedW.hEvent = 0 Then 

'// Can't create event
Throw New ApplicationException("Error creating event for 
overlapped write.")

Else
'// Overllaped write
PurgeComm(mhRS, PURGE_RXCLEAR Or PURGE_TXCLEAR) 
mbWaitOnRead = True
iRc = WriteFile(mhRS, Buffer, Buffer.Length, iBytesWritten, 
muOverlappedW)
If iRc = 0 Then

iLastErr = GetLastError()
If iLastErr <> ERROR_IO_PENDING Then

Throw New ArgumentException("Overlapped Read Error: " & 
pErr2Text(iLastErr))

Else
'// Write is pending
iRes = WaitForSingleObject(muOverlappedW.hEvent, INFINITE) 
Select Case iRes

Case WAIT_OBJECT_ 0
'// Object signaled,operation completed 
If GetOverlappedResult(mhRS, muOverlappedW, 
iBytesWritten, 0) = 0 Then 

bErr = True 
Else

'// Notifies Async tx completion,stops thread 
mbWaitOnRead = False 
RaiseEvent TxCompleted(Me)

End If 
End Select 

End If 
Else

'// Wait operation completed immediatly 
bErr = False 

End If 
End If
CloseHandle(muOverlappedW.hEvent)
Return bErr 

End Function
Private Function pErr2Text(ByVal ICode As Int32) As String

Description : Translates API Code to text 
Created : 01/03/2002 - 11:47:46

♦Parameters Info*

No t e s  :

Dim sRtrnCode As New StringBuilder(256) 
Dim IRet As Int32

IRet = FormatMessage(&H1000, 0, ICode, 0, sRtrnCode, 256, 0) 
If IRet > 0 Then

Return sRtrnCode.ToString
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Else
Return "Error not found."

End If

End Function
Private Sub pDisposeO Implements IDisposable.Dispose

Description : Handles correct class disposing Write 
Created : 27/05/2002 - 19:03:06

*Parameters Info*

Notes :

If Not mbDisposed AndAlso mhRS <> -1 Then 
'// Closes Com Port releasing resources 
Try

Close()
Finally

mbDisposed = True
'// Suppress unnecessary Finalize overhead 
GC.SuppressFinalize(Me)

End Try 
End If

End Sub

#End Region 
End Class 
#End Region

#Region "Exceptions"
Public Class CIOChannelException : Inherits ApplicationException

'Module : CChannellException 
'Description: Customized Channell Exception 
'Created : 17/10/2001 - 10:32:37

'Notes : This exception is raised when 
NACK error found

Sub New(ByVal Message As String)
MyBase.New(Message)
End Sub
Sub N e w (ByVal M e s s a g e  Aa String, ByVal I n n e r E x c e p t i o n  As Exception)
MyBase.New(Message, InnerException)
End Sub 
End Class
Public Class IOTimeoutException : Inherits CIOChannelException

'Description : Timeout customized exception
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Created : 28/02/2002 - 10:43:43 

♦Parameters Info*

Notes :

Sub New(ByVal Message As String)
MyBase.New(Message)
End Sub
Sub New(ByVal Message As String, ByVal InnerException As Exception) 
MyBase.New(Message, InnerException)
End Sub 
End Class

#End Region
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