
CHAPTER III

REVIEW OF THEORETICAL BACKGROUND AND LITERATURES

3.1 Cellulose, Bacterial Cellulose, Bacterial Cellulose based Nanocomposite

3.1.1 Cellulose
Cellulose, the most common bio-polymer, has been used for centuries 

as a raw material from trees and other plants in various applications. However, it was 
first isolated from plant matter by French chemist Anselme Payen in 1839. He 
reported that cellulose has an identical structure as starch, but it exhibited the 
difference in structure and properties. Up to now, cellulose is commonly known as a 
polysaccharide with the common formula (CôHioOs) ท, and consisting of a linear 
chain of several hundreds to over thousand linked glucose units.

Cellulose

Cellobiose unit

Figure 3.1 Chemical structure of cellulose

Figure 3.1 exhibits the chemical structure of cellulose. Cellulose composes of 
several glucose units in order to form long linear chain, so-called “polysaccharide”. 
In general, it is commonly known that cellulose can be produced from plants or 
bacterial. Cellulose is exacted from plant material such as wood, flax, hemp, sisal or
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cotton. For plants, cellulose is found in a composite form composed of polymers, 
lignin and carbohydrates as hemicelluloses and cellulose which are physically and 
chemically bound together [26], The matrix which is lignin in plants matter bonds 
the cellulose fibers together acting as resin system. Cellulose and hemicellulose act 
as reinforcement material and interfacial compatibilizer between cellulose and lignin, 
respectively. Although cellulose constitutes a significant portion of material, 
mechanical properties such as tensile strength and stiffness of the plain material are 
inferior to the properties of neat cellulose. When comparing to natural fibers, it can 
be observed that mechanical properties such as tensile strength and Young‘s modulus 
commonly drop with lower cellulose content [27], For high strength materials, it 
would clearly be preferable to contain as much cellulose in a natural material as 
possible.

Table 3.1 Composition and comparative properties of natural and man-made fibers 
[27].

Types o f
Fibre

Cellulose
m

lign in
{%)

Hemi-
celiuloxe

(% )

Pectin
(%)

Wax
<%>

Tensile
strength
(M P at

Young’s
modulus

(G Pi)
F ru it
Coir 36-43 41-45 (U S-0.25 3-4 - 131-175 4-6

Bast
Jute 61-71.5 12-15 13.6-20.4 0 2 0.5 393-773 13-26.5
Halt 71 2.2 18.6-20.6 2 3 1,7 345-1100 27.6
Hem p 70.2-74,4 3.7- 5.7 17.9-22.4 0.9 0.8 690 r
Ramie 68.6-76.2 0.641.7 13.1-16.7 1.9 0,3 400-938 61.4-128

L eaf
S ial 67-78 8.0-11.0 10. D-14,2 10.0 2 0 468-640 9.4-22.0
PALF 70-82 5-12 - * - 413-1627 34.5-82.51

S e td
C o tto n 82.7 - 5.7 - 0.6 287-800 5.5-12.6

M a n -M a d e
E-glass - - - - - 2000-3500 70
ร -glass - - - - - 457» 86
A ram  id - - - - - 3000-3150 63-67
C a r to n - - - - 40Q0 230-240

Apart from natural plants, there are however some different species of
bacteria that can produce pure cellulose. Certain bacteria belonging to the genera
Acetobacter, Agrobacterium, Alcaligenes, Pseudomonas, Rhizobium or Sarcina were
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reported capable of producing cellulose, the most efficient producer being 
Acetobacter xylinum [28]. Bacterial cellulose is chemically the same as plant 
cellulose, which is P-l,4-glucans. In the next sub-chapter the bacteria cellulose will 
be described in detail.

3.1.2 Bacteria Cellulose
Bacterial cellulose (BC) was first written about in a scientific paper by 

Brown in 1886 [15]. It is chemically the same as plant cellulose, which is P-1,4- 
glucans (Figure 2.1). The papers described a fermentative process which formed a 
gelatinous transparent membrane at the surface of an acetic fermentation. The 
membrane had the capability to grow to a thickness of 25 mm and proved to be very 
strong and tough. It also called pellicle, proved to be cellulose formed by a 
bacterium. The bacterium was named Bacterium Xylinum by Brown, but later it was 
classified as Acetobacter Xylinum. However, in general, Certain bacteria belonging 
to the genera A cetobacter , A grobacterium , A lcaligenes, P seudom onas, Rhizobium  or 
Sarcina  were reported capable of producing bacterial cellulose, the most efficient 
producer being A cetobacter xylinum  [29]. In Table 3.2, it exhibits a classification of 
bacteria’s capability to produce cellulose.

Table 3.2 A classification of the bacteria’s capability to produce cellulose [30]
G enus C ellu lose structure
A ceto ba cter p e llic le  co m p o sed  o f  r ib b o n s
A ch ro m o b a c ter f ib r ils
A ero b a c ter f ib r ils
A gro b a c ter iu m sh o rt f ib r ils
A lca lig en es f ib r ils
P seu d o m o n a s no d is tin c t f ib r i ls
R h izob iu m sh ort f ib r ils
S a rc in a a m o rp h o u s ce llu lo se
Z o o g io ca n o t w ell d e fin ed
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A c e to b a c îe r  xylin u m  is a  s tra in  o f  a ce tic  a c id -p ro d u c in g  b ac te ria  and  an  
o b lig a te  ae ro b e . C e llu lo se  is  a h y d ro p h ilic  g lu can  p o ly m e r w h ic h  co n ta in s  h y d ro x y l 
g roups. T h e se  h y d ro x y l g ro u p s  can  fo rm  in tra m o le c u la r  h y d ro g e n  b o n d s  in s id e  th e  
m a c ro m o le c u le  i ts e lf  an d  am o n g  o th e r  c e llu lo se  m a c ro m o le c u le s  as w ell as w ith  
h y d ro x y l g ro u p s  from  th e  e n v iro n m e n t [31]. In th e  b ac te ria l cu ltu re , th e  b ac te ria l 
ce llu lo se  m ic ro fib rils  a g g lo m era te  an d  fo rm  a p e llic le , w h ich  w ill p ro v id e  a firm  
m a trix  th a t floa ts an d , th e re fo re , a llo w s  th e  e m b e d d e d  b a c te r ia  to  s tay  in  c lo se  
co n tac t w ith  th e  a tm o sp h ere . T h e  p ro d u c e d  c e llu lo se  p e llic le s  p la y  an  im p o rtan t ro le  
in  p ro m o tin g  c o lo n isa tio n  o f  th e  ce lls  o n  th e  su b s tra te  and  p ro v id e  p ro tec tio n  ag a in st 
co m p e tito rs . C e llu lo se  p e llic le s  w e re  a lso  o b se rv ed  to p ro tec t A c e to b a c te r  xylinum  
ce lls  fro m  uv ligh t [32],

B ac te ria l c e llu lo se  has b een  su b s ta n tia lly  u tilise d  in  fo o d  in d u s try  [33], A n 
e x am p le  is n a ta  de  co co , a co co n u t g e l d e sse rt p rep a red  b y  b a c te ria l fe rm en ta tio n  o f  
co co n u t w ate r. T h o u g h  o rig in a lly  th e  F ilip in o  d esse rt, it b e c o m e s  v e ry  p o p u la r  as 
d ie t fo o d  in  Jap an  [15 , 29], A lso , o w in g  to  its g o o d  liqu id  a d so rp tio n , ab ility  to  
w ith s tan d  s te rilisa tio n  an d  n o n -a lle rg e n ic  p ro p e rtie s , b ac te ria l c e llu lo se  is ex ten s iv e ly  
em p lo y ed  in  m an y  m ed ica l ap p lica tio n s . T h e  e x a m p le s  are  a rtif ic ia l sk in , b lo o d  
v esse ls  an d  u re te rs  [29 , 34], B ac te ria l c e llu lo se  is  a lso  ap p lied  as  a b in d e r in  th e  
p a p e r in d u s try  to  im p ro v e  th e  s tre n g th  as  w ell as th e  d u ra b ility  o f  p ap er. O th e r u se s  
in c lu d es  d iap h rag m s in  au d io  c o m p o n e n ts  [29 , 33], T h e  g ro w th  o f  A ce to b a c te r  
xylinum  an d  its p ro d u c tio n  o f  b ac te ria l c e llu lo se  a re  g o v ern ed  b y  its  ca rb o n  so u rce , 
n itro g en  so u rc e  and  th e  co n d itio n  o f  th e  cu ltu re  sy s tem . M an y  c a rb o n  so u rces  w e re  
s tu d ied  as  rep o rted  in  th e  lite ra tu re  [35 ]. R o m an o  et al. [15] s tu d ie d  the  e ffec t o f  
ca rb o n  so u rc e  on  th e  p ro d u c tio n  o f  b a c te ria l ce llu lo se . It w as fo u n d  tha t g a la c to se  
and  x y lo se  g av e  lo w er y ie ld s  th an  g lu c o se  d u e  to  s lo w e r g ro w th  ra te s  o f  th e  b ac te ria . 
M asao k a  et al. [36] re p o rte d  tha t th e  b a c te ria l c e llu lo se  y ie ld  fro m  su c ro se  w as o n ly  
h a l f  th e  y ie ld  from  g lu c o se  w h ils t f ru c to se  and  g ly ce ro l g a v e  a lm o st th e  sam e  
ce llu lo se  y ie ld  as g lu co se . T h e  su g a r a lco h o l, a rab ito l [37] and  m a n n ito l [38], w ere  
rep o rted  to  y ie ld  6.2 a n d  3.8 tim es m o re  ce llu lo se  th an  g lu co se . It w as sh o w n  tha t 
th ese  su g a r  a lco h o ls  w e re  m a tab o lised  v ia  x y lu lo se  and  fru c to se  an d  th a t no g lu co n ic  
ac id  w as p ro d u ced  d u r in g  fe rm en ta tio n , w h ich  c o n se q u e n tly  re su lte d  in  m o re  s ta b le  
pH  o f  th e  cu ltu re . O th e r  carb o n  so u rc e s , su ch  as 5- o r  6 -ca rb o n  m o n o sacch a rid e s ,
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o lig o ssacch a rid e s , starch , a lco h o l and  o rg a n ic  acid  w e re  a lso  rep o rted  [39] as w ell as 
th e  m e th y la ted  g lu co se  d e r iv a tiv e  [40].

A c e to b a c te r  xylinum  a lso  req u ire s  a  sp ec ific  c o m p le x  n itro g en  so u rce  such  as 
y e a s t ex trac t and  p ep to n e  fo r its  g ro w th  [29]. A m in o  a c id s  such  as m e th io n in e  an d  
g lu tam a te  a re  c la im ed  to  h av e  an  im p o rta n t e ffec t o n  th e  cell g ro w th  and  the  
ce llu lo se  p ro d u c tio n  [4 1 -4 3 ], w h ile  th e  p y rid o x in e , n ic o tin ic  acid , p -a m in o b e n z o ic  
ac id  and  b io tin  are  the  m o st s tim u la tin g  v itam in s  [41 , 4 4 ]. H o w ev er F ie ld e r et al.
[45] d id  n o t o b se rv e  any  p o s itiv e  e ffec t on  ce llu lo se  sy n th es is  o f  v itam in s . S o m e  
o th e r  co m p o u n d s  that can  s tro n g ly  s tim u la te  c e llu lo se  p ro d u c tio n  in c lu d es  
d e riv a tiv e s  o f  cho line , b e ta in e  and  fa tty  ac id s  [46], C o m  steep  liq u o r, w h ich  is a 
v isco u s  co n cen tra te  o f  c o m  so lu b le s  th a t is rich  in  v ita m in s , am ino  ac id s , m in e ra ls  
an d  o th e r g ro w th  s tim u lan ts , is  a lso  fo u n d  to  b e  su ita b le  fo r ce llu lo se  p ro d u c tio n  b y  
A c e to b a c te r  xylinum  s tra in  G lu co n a ce to b a c te r  xy lin u s  B P R  2001 [47], It w a s  
rep o rted  th a t w h en  lacta te , w h ic h  w as d e te c te d  in  c o m  steep  liquo r, w as added  to  
cu ltu re  m e d ia  co n ta in in g  o th e r  n itro g en  so u rces , th e  b a c te ria l c e llu lo se  p ro d u c tio n  
w a s  en h an ced  to  the  level s im ila r  to  th o se  in  th e  m e d iu m  c o n ta in in g  c o m  steep  liq u o r 
[44 ], In te rm s o f  the  b ac te ria l cu ltu re  sy s tem , s tu d ies  in d ica te  th a t th e  o p tim al pH  
ra n g e  fo r th e  p ro d u c tio n  o f  b ac te ria l c e llu lo se  by  A c e to b a c te r  xylinum  is  in the  ra n g e  
o f  4—6 [44] w h ile  the  o p tim al g ro w th  te m p e ra tu re  is in  th e  range  o f  2 5 - 3 0  ๐c  [23]. 
V a ria tio n  in  tem p era tu re  can  cau se  c h a n g e s  to  th e  d e g re e  o f  p o ly m e risa tio n  o f  th e  
ce llu lo se  an d  its  w a te r-b in d in g  cap ac ity  [29 ]. O x y g en  tra n s fe r  is p a r tic u la r ly  c ru c ia l 
to  bac te ria l ce llu lo se  p ro d u c tio n . It h a s  b e e n  fo u n d  th a t w h en  o x y g en -en rich ed  a ir  
w a s  su p p lied  in to  the  sy stem , th e  co n cen tra tio n  o f  b a c te ria l ce llu lo se  w as tw o  tim es 
h ig h e r  th an  th a t o f  a ir-su p p lied  cu ltu re  and  c o m p a ra b le  to  that in  a m e c h a n ic a lly  
ag ita ted  s tirred -tan k  fe rm en to r, b u t w ith  m u c h  lo w er e n e rg y  co n su m p tio n . T h e  s iz e  
o f  the  ce llu lo se  p e lle ts  a lso  s tro n g ly  d e p e n d s  on  th e  a m o u n t o f  d is so lv e d  o x y g en  in  
th e  b ro th  [48 ], B acteria l c e llu lo se  fo rm ed  u n d e r  a  lo w  o x y g en  en v iro n m en t h as  
re la tiv e ly  fe w e r ram ifica tio n s  c o m p arin g  to  th o se  fo rm e d  u n d er a h ig h e r  o x y g en  
e n v iro n m en t [42]. H o w ever, h ig h  lev e ls  o f  o p e ra tin g  p re s su re  (o x y g en  and  o th e r g as  
p ressu res) h a v e  b een  rep o rted  to  in h ib it th e  b ac te ria l g ro w th  [29],
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T h e  co n v en tio n a l m e th o d  fo r th e  p ro d u c tio n  o f  b a c te ria l ce llu lo se  is sta tic  
c u ltiv a tio n  u s in g  su g ars  such  as  g lu co se , f ru c to se  and  su c ro se . H o w ev er, th is  m eth o d  
is n o t ap p licab le  to  la rg e -sca le  in d u s tr ia l p ro d u c tio n  d u e  to  th e  lo n g  c u ltiv a tio n  tim e 
an d  ex p en siv e  c a rb o n  sou rce  [4 9 ], O th e r c u ltu re  sy s tem s h a v e  b een  in v estig a ted ; 
ro ta tin g  d ru m  fe rm en to rs  w ere  re p o rte d  b y  F ie d le r  et al. [50 ] and  S a ttle r  an d  F ied le r 
[51 ], and  w as re p o rte d  to g iv e  h ig h e r  y ie ld s  th an  s ta tic  sy s tem s. H o w ev er, it w as  la ter 
sh o w n  [35] th a t it is d ifficu lt to  o b ta in  g o o d  q u a lity  p e llic le s  and  th a t th e  ro ta tin g  
sy s tem  is n o t su ccessfu l e n o u g h  fo r m o re  in te n s iv e  s tu d ies  fo r  in d u stria l p u rp o ses. 
B ac te ria l c e llu lo se  p ro d u c tio n  in  s tirred -tan k  reac to rs  and  ae ra ted  re a c to rs  h as  also 
b een  rep o rted  [28 , 48 , 52, 5 3 ]. In te rm s o f  th e  ce llu lo se  q u a lity , th e  bac teria l 
c e llu lo se  cu ltu red  in  sta tic  sy s tem  ex h ib its  a m o re  co m p ac t and  d en se r s tru c tu re  than  
th o se  cu ltu red  in  ag ita ted  sy stem s. It a lso  h as  m u c h  h ig h e r d e g re e  o f  p o ly m erisa tio n , 
c ry s ta llin ity  in d ex  and  Y o u n g ’s m o d u lu s  [54] (T ab le  3 .3 ). In ad d itio n , th e  ag ita ted  
sy s te m s w ere  re p o rte d  to  o ffe r  lo w e r p ro d u c tiv ity  th an  th e  s ta tic  sy s tem  d u e  to its 
sp o n tan eo u s  g e n e ra tio n  o f  c e llu lo se -n e g a tiv e  m u ta n ts  w h ich  d o  n o t p ro d u c e  ce llu lo se  
[55 , 56], C za ja  e t al. [15] re p o rte d  th a t m o s tly  u n ia x ia lly  o rien ted  r ib b o n s  ce llu lo se  
w as  fo rm ed  in  th e  sta tic  cu ltu re , w h ereas  ce llu lo se  sy n th e s ise d  u n d e r ag ita tin g  
co n d itio n  d e m o n stra ted  a s tru c tu re  o f  d iso rd e rly , cu rv ed  an d  o v e rla p p in g  ribbons. 
S u ch  a  d iso rd e red  m ic ro s tru c tu re  co u ld  re su lt from  co n s ta n t sh ea r fo rces  d u rin g  the  
ag ita tio n  [47, 57],

F o rm a tio n  o f  b a c te r ia l ce llu lo se

T h e  sy n th e s is  o f  c e llu lo se  in  A c e to b a c te r  xylinum  o c c u rs  b e tw een  th e  o u te r 
ce ll m em b ran e  an d  cy to p lasm a  m e m b ra n e  b y  a ce llu lo se -sy n th e s is in g  c o m p le x  [15, 
23 , 58] w h ich  is  asso c ia ted  w ith  p o re s  at th e  su rfa c e  o f  th e  b a c te ria  (F ig u re  3 .3 ) [32, 
59]. T h e  c e llu lo se  syn th ase  [1 5 , 23 , 32] is co n s id e red  to  b e  th e  m o st im p o rtan t 
e n z y m e  in th is  p ro cess . T h e  c e llu lo se  p ro d u ced  leav es  th e  p o re s  as fib rils  an d  jo in s  
to g e th e r  w ith  m a n y  o th e r fib rils  to  fo rm  a rib b o n  o f  c ry s ta llin e  ce llu lo se . T h e  ribbon  
e lo n g a te s  in d ire c t a sso c ia tio n  w ith  th e  cell e n v e lo p e  and  re m a in s  a sso c ia te d  d u rin g  
ce ll d iv is io n  [15 , 60 , 61]. T h e  se lf-a sse m b ly  p ro cess  sh o u ld  b e  re sp o n s ib le  for the 
c ry s ta llisa tio n  o f  th e  o b ta in ed  c e llu lo se  [32].
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S o m e a u th o rs  [23, 45] su g g ested  th a t th e  p ro cess o f  ce llu lo se  fo rm a tio n  sh o u ld  o ccu r 
at th e  m e d iu m /p e llic le  in te rface  an d  th a t the p ro d u c in g  b a c te ria  sh o u ld  b e  n e a r  th is  
in terface . B o rzan i and  S o u za  [62] d em o n stra ted  th a t the  rea l s ite  fo r th e  ce llu lo se  
fo rm a tio n  w as at th e  u p p e r s id e  o f  th e  pe llic le  a t th e  a ir /p e llic le  in te rface , w h ich  
m ean t th a t th e  p ro d u c in g  ce lls  as  w e ll as  nu tritio n  m u st to  b e  tran sp o rted  th ro u g h  the 
p e llic le  to  its  su rface.

A  p rin c ip a l b io ch em ica l p a th w a y  from  g lu co se  to  ce llu lo se  is sh o w n  in 
F ig u re  3 .4 . [23 , 32]. A  sin g le  A c e to b a c te r  xylinum  w as  rep o rted  o f  b e in g  c a p a b le  o f  
p o ly m e ris in g  up  to 2 0 0 ,0 0 0  g lu co se  m o lecu le s  p e r  seco n d  in to  a  ce llu lo se  c h a in  [39], 
A p art fro m  th e  ce llu lo se , o th e r b y -p ro d u c ts  a re  a lso  sy n th es ised  such  as ca rb o n  
d io x id e , ace tan , w h ich  is a b ra n c h e d  p o ly m er o f  P -1 ,4 -g lu co se , ace tic  a c id , and 
g lu co n ic  ac id . T h e  sy n th es is  p a th w a y  o f  b ac te ria l ce llu lo se  b y  A c e to b a c te r  xylinum  
w as e x p la in e d  in  g rea te r  de ta il b y  R o ss  e t al. [32],

1.5 nm sub-elementary fibril Ribbon

I J plasma membrane
V

P(1,4) glucan polymerising enzymes

Figure 3.2 S ch em e  fo r th e  fo rm a tio n  o f  b ac te ria l c e llu lo se . R ep ro d u ced  from  Jo n a s  
and  F a rah  [35],
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Glucokinase Phosphoglucomtase
Glucose---------------- ►  Glucose-6-Phosplrate Glucose-l-
Phosphate

UDP-Glucose Pyrophosphorylase Cellulose Synthase
--------------------------------------- ►  UDP-Glucose----------------------------►
Cellulose

Figure 3.3 P ro p o sed  b io c h e m ic a l p a th w a y  fo r ce llu lo se  sy n th esis  in  A ce to b a c te r  
xylinum . R ep ro d u ced  fro m  C a n n o n  and  A n d e rso n  [23],

P ro p ertie s  o f  b ac te ria l c e llu lo se

B ac te ria l ce llu lo se  sy n th es ised  b y  A c e to b a c te r  xylinum  has b een  ex ten s iv e ly  
in v estig a ted  b y  C za ja  e t al. [15] (s tra in  N Q -5 ) and  W atan ab e  et al. [16] (s tra in  
B P R 2 0 0 1 ). S o m e  o f  th e  re p o rte d  p ro p e rtie s  are  lis ted  in  T ab le  3 .1 . A n  a ir-d ried  
b ac te ria l c e llu lo se  sheet h a s  te n s ile  s tre n g th  o f  256  M P a  w ith  th e  Y o u n g ’s m o d u lu s  
o f  17 G P a  [6 3 ], T h e  e la s tic  m o d u lu s  o f  b ac te ria l c e llu lo se  sing le  fib ril w as re c e n tly  
m easu red  u s in g  a to m ic  fo rce  m ic ro sc o p y  (A F M ) b y  G u h ad o s et al. [64] to  b e  78 
G P a , w h ich  is  c o m p arab le  to  g lass  fib re . T h e  e la s tic  m o d u lu s o f  the  b ac te ria l 
c e llu lo se  s in g le  fib ril w as  a lso  e s tim a ted  u s in g  a R am an  sp ec tro sco p ic  tech n iq u e  to 
b e  114 G P a  b y  H sieh  et al [14 ]. T h is  m o d u lu s  w as p re d ic te d  from  a  ca lib ra tio n  o f  th e  
R am an  b an d  sh if t ag a in st th e  e las tic  m o d u lu s . In co m p ariso n , the  e la s tic  m o d u lu s  o f  
th e  c ry s ta llin e  ce llu lo se  (C e llu lo se -I)  w as  m easu red  b y  X -ray  D iffrac tio n  (XRD) to 
b e  138 G P a  as rep o rted  b y  N ish in o  et al. [65 ],

Table 3.3 P ro p e rtie s  o f  b ac te ria l c e llu lo se .

Features Watanabe et al. [16| Czaja et al. [15]
Agitated
Culture

Static
Culture

Agitated
Culture

Static
Culture

C ry s ta llin ity  in d ex  (% ) 63 71 - -

C ry sta llite  s iz e  (nm ) 6.9 7.4 6 .4-7 .9 6 .7 -8 .6
C ry s ta llin ity  (% ) 72 80 84 89
C ellu llo se  l a  (% ) 61 73 71 76
D egree  o f  p o ly m e risa tio n 10900 14400 - -
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A d v an tag es  o f  B ac te ria l c e llu lo se  fo r  u se  as c o m p o s ite  m a te ria ls

T h e  m a in  a d v an tag e  o f  b ac te ria l ce llu lo se  is its b io d e g ra d a b ility  and  
e n v iro n m e n ta lly  fr ien d ly  asp ec t. In th e  last few  y ears , v a rio u s  tech n o lo g ica l 
in n o v a tio n s  h a v e  b een  p re ssed  b y  th e  w o r ld ’s co n ce rn  w ith  th e  d ep le tio n  o f  na tu ra l 
re so u rc e s  and  th e  im p ac t o f  te c h n o lo g y  on  th e  en v iro n m en t and  c lim a te  change . 
U ltim a te ly , th e re  is a s tro n g  fo cu s  on  re n e w a b le  and  b io d eg rad ab le  m a te ria ls  [27]. 
A n  im p o rta n t issu e  w ith  m o s t n a tu ra l m a te ria ls  u sed  n o w ad ay s re fe rs  to  th e  
m ech an ica l p ro p e rtie s  w ith  a re  fa r  m o re  in fe rio r  to  th e  p ro p e rtie s  o f  sy n th e tic  
m a te ria ls  su ch  as  g lass , c a rb o n  f ib e r  and  a ram id  u sed  in  v a rio u s  d iffe ren t 
ap p lica tio n s , d u e  to  th e ir  h ig h  p e rfo rm a n c e  and  v ersa tility . B acteria l c e llu lo se  is one  
o f  in n o v a tiv e  m a te ria ls  c a p a b le  to  in co rp o ra te  th e  re n e w a b ility  and  b io d e g ra d a b ility  
o f  n a tu ra l m a te ria ls  w ith  h ig h  m e c h a n ic a l p ro p e rtie s  o f  g lass  fibers. F ig u re  3 .4  sh o w s 
th e  re n e w a b ility  and  B io d e g ra d a b ility  cy c le  o f  b ac te ria l ce llu lo se .

Figure 3.4 R e n e w a b ility  and  B io d e g ra d a b ility  c y c le  o f  b ac te ria l c e llu lo se
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A cco rd in g  to  m a n y  lite ra tu re s , b ac te ria l c e llu lo se  h as  b een  u sed  as raw  
m ate ria l fo r  c o m p o site  in d u s tr ie s  h a v in g  th e  fo llo w in g  m ech an ica l ch a rac te ris tic s :

- In 2 004 , G in d l et al [33] rep o rted  th e  resu lt o f  a  se t o f  ten s ile  tests  
p e rfo rm ed  o n  ce llu lo se  a ce ta te  b u ty ra te  re in fo rced  w ith  b ac te ria l ce llu lo se . T h e y  
fab rica ted  th e  c o m p o s ite  b y  so lv e n t e v a p o ra tio n  casting . T h e  c o m p o site  m ate ria l 
co m p o sed  o f  10-30%  v o lu m e  o f  c e llu lo se  and  ex h ib ited  th e  Y o u n g ’s m o d u lu s  as 3 .2-
5.8 G P a  and  a  ten s ile  s tre n g th  5 2 .6 -1 2 8 .9  M P a. M o reo v er, th e y  rep o rted  an  in c rea se  
in  th e  e la s tic  m o d u lu s  th a t o c c u rre d  w h ile  th e  sp ec im en s w ere  cy c lic  ten sile  lo ad ed  
and  u n lo ad ed

- In 2 0 0 5 , T h e  R esea rch  In s titu te  fo r S u s ta in ab le  H u m an o sp h ere , K yo to  
U n iv e rs ity , Jap an  p u b lish e d  th e  re lev an t p ap e rs  re g a rd in g  th e  p ro d u c tio n  o f  a h y b rid  
b ac te ria l ce llu lo se  c o m p o s ite  [11]. T h e y  rep o rted  th e  p ro cess in g  o f  b ac te ria l c e llu lo se  
sh ee ts  w as  im p reg n a ted  w ith  p h en o l-fo rm a d e h y d e  re s in  in  o rd e r  to  form  a lam in a r 
co m p o site . T h e  c o m p o site s  w e re  su b jec ted  to  a th ree -p o in t b e n d in g  test and  ten sile  
test. T h e y  co n c lu d ed  th a t Y o u n g ’s m o d u lu s  fo r th e  b ac te ria l c e llu lo se  b ased  
c o m p o site  is 28  G P a  and  th e  te n s ile  s tren g th  u p  to  4 2 0  M P a. T h e  h ig h e r m o d u lu s  o f  
b ac te ria l ce llu lo se  c o m p o s ite s  w as  c red ited  to  th e  fin e  and  u n ifo rm  3D  s tru c tu re  
fo rm ed  b y  A . X y lin u m . T h e  h ig h  p e rfo rm a n c e  o f  m ech an ica l p ro p e rtie s  is d irec tly  
co n n ec ted  w ith  th e  b i-d im e n s io n a lly  o rien ta tio n  o f  th e  u n ifo rm  n an o sca le  n e tw o rk  
fo rm ed  b y  A . X y lin u m .

O th e r ad v an tag es  o f  b a c te ria l c e llu lo se  re fe r  to  p ro cess in g  stgp: th e  w e a r  on 
m illin g  to o ls  is a lm o st n eg lig ib le  co m p ared  to  th a t on  to o ls  u sed  fo r th e  fab rica tio n  o f  
p a rts  o f  m eta l o r  sy n th e tic  c o m p o s ite  p a rts . C o m p ariso n  to  g lass, it h as  lo w er d en s ity  
and  fav o rab le  en e rg y  ab so rp tio n , g o o d  aco u s tic  and  th e rm al p ro p ertie s . It o ffe rs  
h ig h e r to u g h n ess  th an  g la ss , w h ich  m e a n s  it d o es  n o t sp lin te r  lik e  g lass  fiber. It has 
th e  p o ten tia l fo r o n e -s te p  m a n u fa c tu r in g  ev en  o f  c o m p lex  co n s tru c tio n  e lem en ts  and  
it has th e  c a p a b ility  to  b e  m ad e  a lm o st co m p le te ly  tran sp a ren t. H ea lth  risk s  th a t co m e 
w ith  sp lin te rin g  o f  th e  m a te ria l o r  u se  o f  to x ic  m a te ria ls  are  m u ch  sm a lle r  w h en  
w o rk in g  w ith  b ac te ria l c e llu lo se . In ad d itio n , p ro d u c tio n  o f  m eta ls , g lass  an d  ca rb o n  
fib ers  req u ire s  v e ry  h ig h  p ro d u c tio n  te m p e ra tu re s  as w ell as a  lo t o f  en ergy , w h ich  
a lso  d o m in a ted  th e  p rice .
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O ne o f  th e  m o st a ttra c tiv e  c h a ra c te r is tic s  o f  b ac te ria l c e llu lo se  fo r  re sea rch e rs  
is th e  fact th a t b a c te r ia l c e llu lo se  can  b e  p ro d u ced  in  p re d e te rm in e d  sh ap es . B e c a u se  
b ac te ria l c e llu lo se  is fo rm ed  on  th e  in te rfa c e  b e tw een  a ir  and  c u ltu re  m ed iu m , th e  
sh a p e  o f  th e  c e llu lo se  is  d ire c tly  d e te rm in e d  b y  th e  sh ap e  o f  th e  in te rfa c e  m ed ium .

3.1 .3  B ac te ria l C e llu lo se  R e in fo rc e d  C o m p o site s

B ac te ria l c e llu lo se  re in fo rced  c o m p o s ite  m a te ria ls  c o n s is t o f  b ac te ria l 
c e llu lo se  o f  h ig h  s tren g th  and  m o d u lu s  em b ed d ed  in  o r  b o n d ed  to  a  m atrix  w ith  
d is tin c t in te rfaces  (b o u n d a ry ) b e tw een  th em . In th is  fo rm , b o th  b ac te ria l ce llu lo se  
and  m a trix  re ta in  th e ir  p h y sica l and  ch em ica l id en titie s , yet th e y  p ro d u ce  a 
co m b in a tio n  o f  p ro p e rtie s  th a t can n o t b e  ach iev ed  w ith  e ith e r o f  th e  co n s titu en ts  
a c tin g  a lone. In g en e ra l, b ac te ria l c e llu lo se s  are  th e  p rin c ip a l lo ad -ca rry in g  
co n s titu e n t w h ile  th e  su rro u n d in g  m a tr ix  k eep s  the  b ac te ria l ce llu lo se s  in  th e  d esired  
lo ca tio n  and  o rien ta tio n , an d  acts as  a  lo ad  tran sfe r  m ed iu m  b e tw e e n  them . T h e  
m a trix  also  p ro te c ts  th e  re in fo rc in g  b a c te ria l c e llu lo ses  from  e n v iro n m en ta l a ttack  
d u e  to  tem p e ra tu re  an d  h u m id ity , fo r ex am p le . T h u s a lth o u g h  th e  b ac te ria l c e llu lo ses  
p ro v id e  re in fo rc em en t fo r  th e  m a trix , th e  m a trix  a lso  se rv es a n u m b e r o f  u se fu l 
fu n c tio n s  in  c o m p o s ite  m a te ria ls  [66], T h e  m ech an ism  o f  re in fo rc em en t can  be 
ex p la in ed  as th e  tra n s fe r  o f  th e  s tre ss  a p p lie d  to  th e  c o m p o site  to  th e  re in fo rc in g  
b ac te ria l c e llu lo se s  b y  th e  d e fo rm a tio n  o f  th e  m a trix  m a te ria l a ro u n d  th e  bac te ria l 
ce llu lo ses . A ssu m in g  th a t a  g o o d  b o n d  is m a in ta in ed  b e tw e e n  th e  b a c te ria l c e llu lo ses  
an d  th e  m a trix , w h en  s tre ss  is ap p lied  to  th e  co m p o site , th e  b ac te ria l c e llu lo ses  w ill 
re s is t s tra in  lo c a lly  and  a  m u c h  h ig h e r  s tre ss  w ill b e  in d u ced  in  th e  b ac te ria l 
c e llu lo ses  th an  in  th e  m a trix  a ro u n d  th em . T h e  m a trix  a ro u n d  th e  b a c te ria l ce llu lo se s  
w ill b e  co n s tra in ed  and  w ill su ffe r  sh e a r  a t th e  a rea  n e a r  th e  b ac te ria l c e llu lo se  tip s. 
T h is  sh ear o f  th e  m a trix  is  th e  d o m in a n t p ro cess  in  d e te rm in in g  th e  co m p o site s  
p ro p e rtie s  [67], T o  illu s tra te  th is  fac t it is o n ly  n ecessa ry  to  im ag in e  a  d e fo rm ab le  
sh ee t on  w h ich  tw o  sets o f  e q u a lly  sp a c e d  lin es are  d raw n  p e rp e n d ic u la r  to  o n e  
an o th er. T h is  c o n s tru c tio n  g iv es  a re g u la r  p a tte rn  o f  id en tica l sq u ares. I f  th e  sh ee t is 
u n ifo rm ly  s tre tch ed  in  th e  d ire c tio n  o f  o n e  o f  th e  se ts  o f  lines, th e  sq u a re s  b eco m e  
rec tan g les , re ta in in g  th e  90° an g le  in  each  c o m e r  o f  th e  o rig in a l sq u a res . H o w ev e r i f  
a  b ac te ria l c e llu lo se  is  em b ed d ed  in to  th e  o rig in a l u n d e fo rm ed  sh ee t (m a trix ) , as th e
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sh ee t is  s tre tch ed , th e  re su lts  can  b e  illu s tra ted  in  F igu re  5. P a rt o f  th e  sh ee t th a t is 
ad jacen t to  th e  b a c te r ia l ce llu lo se  is o b lig ed  to  fo llo w  the  d e fo rm a tio n  o f  th e  s tiffe r 
b ac te ria l ce llu lo se  w h ils t fu rth e r a w a y  the  sh ee t c an  defo rm  to  a la rg e r ex ten t. T h e  
re su lt is  th a t th e re  a re  no  lo n g er in te rsec tio n s  o f  th e  lines at r ig h t ang les. T h e  e ffec t 
w ill b e  g re a te s t in  th e  n e ig h b o u rh o o d  o f  th e  b a c te ria l ce llu lo se  tip s . T h e  p re se n c e  o f  
th e  b a c te r ia l c e llu lo se  h as  cau sed  a stress  co n cen tra tio n  in th e  a rea  n ea r th e  tw o 
b ac te ria l ce llu lo se  tip s  and  m u c h  lo w er s tre ss  around  th e  b o d y  o f  the  b ac te ria l 
c e llu lo se . H o w ev er th is  s tress  co n cen tra tio n  at th e  tips can  b e  red u ced  i f  th e  stress  
can  b e  tran sfe rred  to  th e  ad jacen t b ac te ria l ce llu lo se . T h ere fo re , re in fo rc in g  b ac te ria l 
c e llu lo se s  m u st b e  c lo se  en o u g h  to  o n e  an o th e r in  o rd er to m a x im ise  th e  re in fo rc in g  
e ffec t, w h ic h  can  b e  ach iev ed  b y  an  a c c e p tab le  d isp e rs io n  level o f  b ac te ria l 
c e llu lo se s  in to  the  m a tr ix  [67, 68],

Figure 3 .5  D e fo rm a b le  sh ee t w ith  em b ed d ed  b ac te ria l c e llu lo se : th e  lin e s  show  
d e fo rm a tio n  o f  th e  sh e e t w h en  s tre tch ed . R ep ro d u ced  from  B u n se ll and  R enard  [67],

T h e  p ro p ertie s  o f  c o m p o site s  a re  s tro n g ly  in fluenced  b y  th e  p ro p o rtio n s  and  
p ro p e rtie s  o f  the  m a tr ix  and  th e  re in fo rcem en t. M o s t p ro p ertie s  o f  a co m p o site  a re  a 
fu n c tio n  o f  a n u m b e r  o f  p a ra m e te rs  as th e  co n stitu en ts  u su a lly  in te rac t in  a 
sy n e rg is tic  w ay. T h e  s tren g th  o f  th e  in te rface  b e tw e e n  the  b a c te ria l c e llu lo se  and  the 
m a trix  is  p a rticu la rly  im p o rtan t in  d e te rm in in g  th e  p ro p erties  o f  th e  co m p o site s . T h e  
in te rfac ia l b o n d  s tre n g th  has to  b e  su ffic ien t fo r load to b e  tran sfe rred  fro m  the 
m a trix  to  th e  b ac te ria l ce llu lo se s  i f  th e  c o m p o s ite  is to  b e  s tro n g e r th an  the 
u n re in fo rc e d  m atrix . O th e r  p a ra m e te rs  w h ich  m a y  s ig n ifican tly  a ffe c t the  p ro p ertie s
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o f  a c o m p o site  a re  th e  sh ap e , s ize , o rien ta tio n  and  d is tr ib u tio n  o f  th e  re in fo rc em en t 
w ith in  th e  m a tr ix  as  w ell as v a rio u s  fea tu res  o f  th e  m a trix  su ch  as  th e  c ry s ta llin ity  
an d  th e  g ra in  s ize  fo r c ry s ta llin e  p o ly m e r m a trix  [69].

S tru c tu ra l p ro p e rtie s  o f  p o ro u s  b o d ie s  in  co m p o site
G en era lly , b ac te ria l c e llu lo se  co m p o site  has h ig h  w a te r  ab so rp tio n  b eh av io r. 

T h is  ch a ra c te ris tic  m u st b e  co n s id e red  b e c a u se  it w ill in te rru p t and  d e c re a se  th e  
p e rfo rm a n c e  o f  b ac te ria l c e llu lo se  co m p o site . In g en era l, w a te r  ab so rp tio n  can  b e  
d e te rm in ed  b y  tw o  m eth o d s: th e  o n e  -  th e  b ac te ria l c e llu lo se  c o m p o s ite  h as  p o ro u s  
s tru c tu re , th e  o th e r o n e  -  th e  b ac te ria l c e llu lo se  can  fo rm  h y d ro g e n  b o n d in g  w ith  
w ate r. It is c o m m o n ly  k n o w n  th a t c e llu lo se  is in so lu b le  in  w a te r; it can  form  
h y d ro g e n  b o n d s  w ith  w ater. T o  a  ce rta in  ex ten t, an y  m a te ria ls  can  h av e  p o ro u s  
s tru c tu re  and  ab so rb  w ater. F ro m  a fu n d am en ta l p o in t o f  v iew  o f  th is  p h en o m en o n , 
th e  s tru c tu ra l p ro p e rtie s  o f  p o ro u s  b o d ie s  a re  d esc rib ed  be low .

A  p o ro u s  en v iro n m en t is  co n s id e red  to  b e  so lid  c o n ta in in g  p o res . A  
g eo m etrica l d e fin itio n  o f  p o re  co n cep t is h a rd ly  to  d e te rm in e . G en e ra lly , p o re s  a re  
co n s id e red  h o llo w  sp aces  d is tr ib u te d  in s id e  th e  so lid  th a t can  co n n e c t o r  n o t b e tw een  
each  o th e r, b e in g  c lo se  o r  o p en  b e tw e e n  faces. T h e  co n n ec tin g  p o rtio n  o f  p o re  is 
c o m m o n ly  re fe rred  to  as e ffec tiv e  p o re  sp a c e  o r  s im p ly  e ffe c tiv e  p o ro sity . T h is  
d e fin itio n  is la rg e ly  u sed  in  filte r in g  te c h n o lo g y  w h e re  p o ro u s  b o d ie s  can  h a v e  a h igh  
to ta l p o ro s ity  re la ted  to  a lo w  e ffe c tiv e  p o ro sity . T o ta l p o ro s ity  is a lw ay s  su p e rio r  to  
th e  e ffe c tiv e  o n e  [30]. In g en e ra l, p o ro s ity  is d e fin ed  as th e  ra tio  b e tw e e n  p o re ’s 
v o lu m e  and  fo rm  vo lu m e:

<I> =  V pore/ V f
A lo n g  w ith  v o lu m e  p o ro s ity , th e re  is th e  co n cep t o f  su rfa c e  p o ro s ity , d e fin ed  

as th e  ra tio  b e tw e e n  th e  p o re ’s e n d in g  a rea  e x is tin g  o n to  a sec tio n ed  su rfa c e  o f  th e  
p o ro u s  fo rm  and  th e  a rea  o f  th e  sec tio n ed  su rface

T h e  s im p le s t m o d e l o f  th e  p o ro u s  b o d y  is a sy s tem  o f  sh o rt ra d iu s  an d  eq u a l- 
fo rm  p a rtic le s  (m o n o d isp e rse  sy s tem ). A n y  p o ly d isp e rse  sy stem  can  b e  frag m en ted  
in to  m o n o d isp e rse  sy stem  b y  rea l o r  h y p o th e tic a l m e tric  an a ly s is .
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Figure 3.6 S o lid  p a rtic le s  lay o u t in  fo rm in g  a  cell in s id e  th e  p o ro u s  lay e r

F ig u re  3 .6  e x h ib its  th e  sp h erica l p a rtic le s  can  b e  a rran g ed  in  d iffe ren t w ay s. T h e  
lim its  a re  a  ra re  lay o u t (a, cu b ic ) an d  a d e n se  lay o u t (c , h ex ag o n a l). B e tw e e n  th e se  
lim its  th e re  a re  all rea l layou ts. In  th e  ideal case , i f  th e  p a rtic le s  do no t fo rm  h y d ro g e n  
b o n d s w ith  w a te r , w a te r h o ld in g  cap ac ity  w ill b e  d irec tly  p ro p o rtio n a l w ith  the 
p o ro s ity  v o lu m e .

O n  th e  o th e r  hand , th e  m ech an ica l p ro p e rtie s  o f  co m p o site s  a re  g e n e ra lly  
d esc rib ed  b e lo w  w h e re  th e  p o re ’s v o lu m e  can  b e  su b stitu ted  b y  th e  m a trix  v o lu m e .

Pc = (PfVf)/(Pm vm)
W here:
p c -  M ech an ica l p ro p e rtie s  o f  c o m p o s ite  
Pf- M ech an ica l p ro p e rtie s  o f  fib e r 
Vf- V o lu m e  frac tio n  o f  fib e r 
p m -  M ech an ica l p ro p ertie s  o f  m a trix  
vm -  V o lu m e  frac tio n  o f  m a trix

A  fu n d am en ta l p a ra m e te r  o f  th e  c o m p o s ite ’s m ic ro m ech an ic s  is  the 
re p re se n ta tiv e  v o lu m e  e lem en t, fo r  a  c o m p o site  w ith  u n id irec tio n a l fibers, is sk e tc h e d  
in  F ig u re  3 .7 .
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Figure 3 .7  R e p re se n ta tiv e  v o lu m e  e le m e n ts  in  c o m p o s ite

T h is  v o lu m e  e lem en t re p re se n ts  th e  sm a lle s t p o r tio n  w ith in  c o m p o s ite  m a te ria l, 
w h ere  s tre s se s  and s tra in s  are  co n sid e red  to  b e  m a c ro sc o p ic a lly  u n ifo rm . 
M ic ro sc o p ic a lly , th ese  s tre sse s  and  stra in s  a re  n o n -u n ifo rm  b e c a u se  c o m p o s ite  
m a te ria l is  n o t h o m o g en eo u s . F o r a  3D  o rien ta tio n  o f  the b a c te r ia l c e llu lo se , the  
m ic ro sc o p ic  re p re se n ta tio n  is m o re  co m p lica te . F o r s im p lif ic a tio n , it w ill b e  e a s ie r  to 
c o n s id e r tw o  d irec tio n s  an d  exact an  em p irica l c o e ff ic ien t fo r th ird  d irec tio n . In th is  
case , i f  th e  w irin g  g e o m e try  is n eg lec ted , th en  tw o  re fe ren ce  d im e n s io n s  o f  the 
v o lu m e  e le m e n t are  th e  d is tan ces  b e tw een  th e  b ac te ria l c e llu lo se , one  o f  each  
d irec tio n , a n d  the  th ird  d im en s io n  is im p o sed  b y  th e  n u m b er o f  b ac te ria l c e llu lo se  
lay ers  in  th e  d irec tio n  o f  th e  m ate ria l th ick n ess.

T h e  m ic ro m e c h a n ic a l an a ly s is  o f  a c o m p o s ite  is b ased  o n  the  fo llo w in g  
s im p lified  h y p o th esis :

- L am in a  is co n s id e re d  m ac ro sco p ica lly  h o m o g e n o u s  and  o r th o tro p ic , l in e a r ly  
e las tic  an d  w ith o u t in itia l in te rn a l s tresses.

- F ib e rs  are c o n s id e re d  h o m o g en eo u s  and  iso tro p ic , lin ea rly  e lastic , h a v in g  a 
re g u la r  p o s itio n  and b e in g  p e rfe c tly  a lig n ed .

- M a tr ix  is c o n s id e re d  h o m o g en eo u s  and iso tro p ic , lin ea rly  e la s tic  and  h a v in g  
a  p e rfec t a d h e re n c e  to  th e  fibers.

R e g a rd in g  m a te ria l p o ro sity , it is a c k n o w led g ed  that h o llo w  spaces in s id e  a 
p o ro u s  m a te r ia l can  b e  in te r io r  (c lo sed ) po res, e x te r io r  (open  at b o th  en d s) p o res and
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in te r-g ra n u la r  p o re s  o r  u n o c c u p ie d  sp aces. M o n o fila m e n t fab ric s  an d  g ra n u la r  layers 
o f  n o n -p o ro u s  p a r tic le s  g e n e ra lly  h a v e  in te r-g ra n u la r  sp aces. In o p e ra tio n s  in v o lv in g  
flo w s  th ro u g h  p o ro u s  s tru c tu re s  (filte rin g , c ap illa ry  p u m p in g  e tc .) , th e  p o ro sity  
c o rre sp o n d in g  to  in te r-g ra n u la r  sp aces  and  so m e tim e s  to  o p en  p o res  p re se n ts  in terest. 
P o re  s iz e  d is tr ib u tio n  is a lso  im p o rtan t, th o u g h  p o re  “ s iz e ”  o r  “d ia m e te r” is a  
s im p lif ie d  n o tio n , b e c a u se  p o re s  a re  fa r  fro m  h a v in g  cy lin d rica l fo rm . M ost 
c o m m o n ly , th e y  h av e  ir re g u la r  fo rm s w ith  co n tra c tio n s  and  ra m ific a tio n s . T h is  is 
w h y  a  p o ro u s  m a te ria l is p re fe rab ly  c h a rac te riz ed  b y  th e  n o tio n  o f  p e rm e a b ility . B ut 
th e re  a re  cases, e sp e c ia lly  re g a rd in g  m em b ran es , th a t c o n s id e r as im p o rta n t th e  s ize  
o f  th e  po res.

T h is  th e o ry  s tan d s ju s t  in  th e  case  w h e n  ce llu lo se  d o es  n o t fo rm  h y d ro g en  
b o n d s  w ith  w a te r  o r  w h en  m ech an ica l p ro p e rtie s  o f  th e  m ate ria l a re  e v a lu a te d  for 
w a te r  free  en v iro n m en ts . H o w ev e r, in  th e  n e x t p a rt o f  th is  c h a p te r  th e  “ce llu lo se-  
w a te r  re la tio n  is a n a ly z e d ”.

C e llu lo se  h y d ro g e n  b o n d in g  and  c ro ss lin k in g

C e llu lo se  has no taste , is  o d o rless , h yd ro p h ilic , in so lu b le  in  w a te r  an d  m ost 
o rg a n ic  so lv en ts , ch ira l and  it is a lso  b io d eg rad ab le . It can  b e  b ro k e n  dow n  
c h e m ic a lly  in to  its  g lu co se  u n its  b y  tre a tin g  it w ith  co n cen tra ted  a c id s  at h igh  
tem p e ra tu res . In p u re  fo rm , ce llu lo se  a lw ay s ab so rb s  w ate r, w h ich  h a s  a  p la s tic ize r  
e ffe c t u p o n  it. It is ack n o w led g ed  tha t fab ric s  o f  c e llu lo s ic  fib e rs  e x h ib it good  
d im e n s io n a l s ta b ility  in  th e  d ry  s ta te , b u t can  sh rin k  a n d /o r w rin k le  w h en  w et. T h is  
o c c u rs  b ecau se , in  d ry  s ta te , th e  ce llu lo se  ch a in s  are  h e ld  to g e th e r  b y  ex ten s iv e  
n e tw o rk s  o f  h y d ro g e n  b o n d s b e tw e e n  th e  h y d ro x y l g ro u p s  o f  ad ja c e n t c h a in s  in  its 
s tru c tu re . In o th e r  w o rd s , th e  h y d ro g en  b o n d s  fo rm  a  c ro ss-lin k ed  s tru c tu re . I f  a 
s tre ss , su ch  as  tw is tin g  o r fo ld in g , is ap p lied  to  th e  d ry  fab ric , th e  h y d ro g e n  b ond  
c ro ss - lin k s  ten d  to  h o ld  th e  c h a in s  in  p o s itio n  an d  cau se  th e  fab ric  to  re tu rn  to  th e ir  
o rig in a l p o s itio n  w h en  th e  d e fo rm in g  stre ss  is rem o v ed . H o w ev er, w h e n  th e  fab ric  is 
b ro u g h t in to  co n ta c t w ith  m o is tu re , w a te r m o le c u le s  can  p a rtic ip a te  in  th e  h y d ro g en  
b o n d in g  and  p e n e tra te  b e tw e e n  th e  ce llu lo se  ch a in s , e ffec tiv e ly  b re a k in g  up  the
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c ro ss-lin k ed  struc tu re . T h e  w a te r m o le c u le s  act as  a  p la s tic ize r  fo r  c e llu lo se  an d  the  
ch a in s  m a y  m o v e  re la tiv e  to  each  o th e r. I f  th e  fab ric  b eco m es w rin k le d  in  th e  m o is t 
sta te , th e  ch a in s  m o v e  to  re liev e  th e  s tra in  and th e re  is no e ffe c tiv e  fo rce  to  re tu rn  the  
fab ric  to  its  o rig inal sh a p e  w hen  th e  s tre ss  is rem o v ed . T hus, fo r c e llu lo s ic  fab ric s  to 
ex h ib it d u rab le  p re ss  (a lso  te rm ed  p e rm an en t p ress o r  w rin k le res is tan f) 
ch a rac te ris tic s , it is n ece ssa ry  to  fo rm  c ro ss-lin k s  w h ich  a re  n o t e as ily  b ro k e n  by  
w ate r. T h is  is u su a lly  d o n e  w ith  fo rm a ld eh y d e  o r fo rm a ld eh y d e  d e riv a tiv e s , su ch  as 
u rea -fo rm ald eh y d e  resin s.

S ev era l re sea rch  g ro u p s h av e  m en tio n ed  th a t, in  case  o f  b ac te ria l c e llu lo se , 
o n e  o f  th e  m ajo r p ro b le m s  w ith  p ro d u c in g  a co m p o site  ou t o f  th is  m ate ria l is th e  
p re se n c e  o f  hyd roxy l and  o th e r p o la r  g ro u p s  w ith in  its struc tu re . T h is  m akes it h ig h ly  
h y d ro p h ilic  and  th e re fo re  it d o e sn ’t b o n d  o p tim a lly  w ith  c o m m o n ly  u sed  re s in s  like  
ep o x y  o r  p o ly e s te r  as th e y  canno t w e t th e  fibers su ffic ien tly . A n o th e r  p ro b le m  is the 
s tro n g  c ry s ta llin e  co n ten t o f  c e llu lo se  w h ich  in h ib its  th e  p en e tra tio n  o f  resin  [27 , 70]

Figure 3 .8  SE M  o f  frac tu re  su rface s  o f  ep o x y  co m p o site s  b a se d  on  lo n g  v isco u s  
fib e rs  (a ) w ith o u t tre a tm e n t (b) a fte r  tre a tm en t w ith  s ilan e  [71]

T o  o v erco m e  th e se  issues, so m e  resea rch e rs  h av e  m o d if ie d  th e  c e llu lo se  b y  
ad d in g  h y d ro p h o b ic  e lem en ts  to  th e  m o lecu la r  s tru c tu re  and  th e re b y  im p ro v in g  the  
ad h es io n  to  h y d ro p h o b ic  resins. A b d e lm o u leh  [71] d escrib es a m e th o d  o f  tre a tin g  
p lan t c e llu lo se  w ith  s ilan es  tha t reac t w ith  th e  O H  g ro u p s o f  th e  c e llu lo se  and  g iv e s  it 
a h y d ro p h o b ic  ch a rac te r. C o m p o site s  tha t w ere  m ad e  w ith  p o ly e s te r  and  ep o x y  
c lea rly  sh o w ed  an im p ro v em en t in  b o n d in g  b e tw een  th e  fibers an d  re s in  (F ig u re  3 .8 ).
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W h en  flex u ra l te sts  w e re  p e rfo rm ed  th e  re su lts  re v e a le d  an  in c re a se  in flex u ra l 
s tren g th  o f  u p  to  40% . H o w ev er, the  a u th o r  d id  n o t rep o rt s tu d ies o n  th e  c o m p o s ite ’s 
w a te r  so rp tio n  b eh av io r. M o h an ty  [27] d e sc rib e s  sev e ra l m e th o d s  o f  tre a tin g  n a tu ra l 
fib e rs , a im in g  to  im p ro v e  ad h es io n  ch a rac te ris tic s . F o r ex am p le , a lk a li trea tm en t can  
re m o v e  th e  h y d ro x y l g ro u p  and  rep laces  it w ith  a  N a+  io n , w h ich  m a k e s  th e  su rface  
ro u g h e r  and  th e re fo re  im p ro v e  th e  m ech an ica l in te rlo c k in g  o f  th e  c e llu lo se  w ith  th e  
re s in , b u t a lso  d e p o ly m e rise s  th e  n a tiv e  ce llu lo se . G ra ft c o p o ly m e riz a tio n  w as u se d  
to  g ra ft v in y l m o n o m ers  o n to  na tu ra l f ib e rs  th a t a re  co m p a tib le  w ith  severa l re s in  
sy stem s. E th e rif ic a tio n  w a s  d o n e  b y  cy a n o e th y la tio n  an d  a c e ty la tio n  w as u sed  to  
p ro d u c e  e s te rif ied  n a tu ra l fib e rs  w h ich  b o th  re su lts  in  p la s tic  b e h a v io r . Iso cy an a te  
g ro u p s  w e re  u sed  to  reac t w ith  the  h y d ro x y l g ro u p s  in  o rd e r  to  fo rm  s tro n g  co v a len t 
b o n d s  and  c rea te  b e tte r  co m p a tib ility  w ith  b in d e r  resin s. T re a tm e n t w ith  
p o ly p ro p y le n e  is b e liev ed  to  in c rease  th e  su rface  e n e rg y  o f  th e  f ib e rs  and  th e re fo re  
fu r th e r  in c rea se  th e  w e tta b ility  and  in te rfac ia l adhesion .
V e ry  g ood  re su lts  w ere  o b ta in e d  a lso  w h e n  ce llu lo se  w as  u sed  as m a trix . In 2 0 0 4  
N ish in o  et a l, [65] p u b lish e d  th e  P ap er “ A ll-C e llu lo se  C o m p o s ite s” , in  w hich  th ey  
c h a ra c te r iz e  a  n ew  ty p e  o f  co m p o site  h a v in g  ce llu lo se  as  m a trix  an d  ce llu lo se  fib e rs  
a s  re in fo rc em en t fibers. In th e ir  s tu d ies th e y  u sed  re fin ed  ram ie  as ce llu lo se  fibers 
an d  fo r th e  m a trix  th ey  u se d  p re trea ted  c ra ft p u lp  from  co n ife ro u s  tre e s  so lved  in  8%  
L iC l. T h e  n ew  co m p o site  rev ea led  a te n s ile  s tren g th  o f  u p  to  4 8 0  M P a , th is  s tren g th  
b e in g  th e  h ig h e s t ten sile  s tren g th  ev e r re p o rte d  o n  a n y  ce llu lo se  b a se d  co m p o site . 
H o w ev e r, th e  au th o r d id  n o t rep o rted  s tu d ie s  on  th e  c o m p o s ite ’s w a te r  ab so rp tio n  
cap ab ility .

H ere , th e  d e ta il p re se n te d  ab o v e  is th e  fu n d am en ta l th e o ry  o f  c e llu lo se  an d  
c e llu lo se  b a se d  n a n o c o m p o s ite  m a te ria ls . T h e  h ig h lig h t o f  th is  re sea rch  o f  th is  
re se a rch  is to  d ev e lo p  c e llu lo se  b ased  n a n o c o m p o s ite  as a f le x ib le  su b stra te  fo r 
o rg an ic  ligh t em ittin g  d io d e s  (O L E D s)
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3.2 Organic Light Emitting Diodes (OLEDs)

3.2.1 B asic  O L E D s S tru c tu re  an d  M ate ria ls
O L E D s a re  e ssen tia lly  sev e ra l th in  o rg a n ic  film  sem ico n d u c to rs  

san d w ich ed  b e tw e e n  tw o  e lec tro d es . A  sch e m a tic  c ro ss -se c tio n  o f  an  O L E D  w ith  
tw o  o rg an ic  lay e rs  is sh o w n  in F ig u re  2 .9 .

Figure 3.9 O L E D  stru c tu res. T h e  to ta l o rg a n ic  th in  film  th ick n ess  is  ty p ic a lly  ~  10 0  
nm .

T h e  ca th o d e , top  e lec tro d e , c o n s is ts  o f  a low  w o rk  function  m e ta l, ty p ica lly  
A l, o r  M g: A g  d eposited  b y  th erm al ev ap o ra tio n . T h e  an o d e , b o tto m  e lec tro d e , is a 
th in  film  o f  th e  tran sp a ren t se m ic o n d u c to r ind ium  tin  o x id e  (IT O ) d ep o s ited  o n to  
g la ss  su b s tra te  b y  sp u tte rin g . T h e  m o st co m m o n ly  u se d  o rg an ic  m a te r ia ls  in  O L E D s 
are: T P D  o r  N P B , as a h o le  tran sp o rt la y e r  (H T L ), a n d  A lq  as an  em iss iv e  lay e r 
(E M L ) and  e lec tro n  tra n sp o rt lay e r (E T L ). T h e ir  m o le c u la r  s tru c tu re s  a re  sh o w n  in 
F ig u re  3 .10 . L ig h t is em itted  th ro u g h  a n o d e  i f  th e  d io d e  is  op era ted  u n d e r  a su ffic ien t 
fo rw ard  b ias.
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Figure 3.10 S tru c tu re  o f  so m e m o le c u la r  se m ic o n d u c to rs  th a t h av e  b een  u sed  in  
O L E D s. A lq  is u sed  as an  e lec tro n  tra n sp o rt and  e m iss iv e  layer, T P D  o r  N P B  is u sed  
as a  h o le  tran sp o rt layer.

Table 3 .4  T h e  b a s ic  p ro p e rtie s  o f  O L E D  m a te ria ls
M ateria l G lass

tran s itio n
tem p e ra tu re

(°C )

O p tica l gap  
(L U M O - 
H O M O ) 

(eV )

Io n iza tio n
p o ten tia l

(eV )

E lec tro n  
m o b ility  

(cm  V s ' 1)

H o le
m o b ility

(cm  V s ' 1)

A lq 172 [72] 2 .8  [73] 5.7 [73] 10'6 -  10 '5 
[74]

2*1 O'8 [75]

N P B 95 [76] 3.3 [77] 5.2 [73] 8.8*1 O'4 
[78]

T P D 63 [79] 3.1 [80] 5.4 [80] >  10-4 
[16]

D ev ice  fu n c tio n a lity  is b a se d  on  th e  p ro p e rtie s  o f  m a te ria ls . T h e  
u n d e rs ta n d in g  o f  m a te ria ls  is o f  g re a t im p o rta n c e  to  th e  fu rth e r im p ro v e m e n t o f  
O L E D s. C o n s id e rab le  re sea rch  e ffo rts  h av e  b een  a im ed  at s tu d y in g  th e  b a s ic  
p ro p e rtie s  o f  th o se  m o lecu le s , e sp e c ia lly  A lq . S o m e  w e ll-d o c u m e n te d  d a ta  are  
su m m arized  in  T ab le  4. B asica lly , th e re  a re  tw o  m a jo r  co n ce rn s . L ow  g lass  tra n s itio n  
te m p e ra tu re  o f  H T M s su ch  as T P D  an d  N P B  is an  issu e  to  d ev ice  re liab ility . T h e  
c ry s ta lliz a tio n  o f  H T M , w h ich  can  o c c u r  at ro o m  te m p e ra tu re  an d  can  b e  acce le ra ted  
b y  th e  Jo u le  h ea t g en e ra ted  d u rin g  d e v ic e  o p e ra tio n , is o n e  o f  th e  im p o rtan t fac to rs  
re su ltin g  in  O L E D  d eg rad a tio n . [81] T h e  o th e r co n c e rn  is th a t th e  e lec tro n  m o b ility  
o f  A lq  is ~  2 o rd ers  o f  m ag n itu d e  lo w e r th an  th e  h o le  m o b ility  o f  H T M . T h a t can  
lead  to  u n b a lan ced  e lec tro n  and  h o le  cu rren t.
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3 .2 .2  D ev ice  O p e ra tio n  an d  E ffic ien cy

Low work

Figure 3.11 S ch em a tic  en e rg y  level d iag ram  o f  O L E D s u n d e r fo rw ard  b ia s

F ig u re  3.11 illu s tra te s  th e  e n e rg y  level d iag ram  b e tw een  in te rfa c es  in  O L E D s 
u n d e r  a b ia s , c o rre sp o n d in g  to  th e  O L E D  c o n fig u ra tio n  as sh o w n  in  F ig u re  9. U n d er 
a  fo rw ard  b ia s , h o le s  fro m  th e  an o d e  a re  in jec ted  in to  th e  h ig h es t o c c u p ie d  m o lecu la r  
o rb ita l (H O M O ) o f  th e  H T L , an d  in  th e  m e a n tim e , e lec tro n s  a re  in jec ted  from  the 
c a th o d e  in to  th e  lo w est u n o ccu p ied  m o lecu la r  o rb ita l (L U M O ) o f  th e  E T L . T h e  
re c o m b in a tio n  o f  h o le s  and  e lec tro n s  re su lts  in  p h o to n  em iss io n . T h e  rad ia tiv e  
re c o m b in a tio n  o ccu rs  a t th e  o rg an ic /o rg an ic  in te rface , w h ich  g e n e ra lly  is  w ith in  th e  
E T L . T h e  o rg an ic /e lec tro d e  and  o rg a n ic /o rg a n ic  in te rfa c es  p la y  a  v e ry  im p o rta n t ro le  
in  th e  p e rfo rm a n c e  o f  O L E D s. T h e re fo re , th e  u n d e rs ta n d in g  o f  th e  m ech an ism s 
co n tro llin g  th e  en e rg y  b a rrie rs  at th o se  in te rfaces  b y  a lig n m e n t o f  th e  e n e rg y  lev e ls  IS 

c ritica l fo r a g o o d  d ev ice  design .
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Figure 3.12 O L E D  w o rk in g  p rin c ip le s , Jh’, Je’ s tan d  fo r  leak ag e  cu rren t in  E T L  and  
H T L  resp ec tiv e ly . [82]

T h e  ex te rn a l q u an tu m  E L  e ff ic ie n c y  ๆ(p is d e f in e d  b y  th e  ra tio  o f  th e  n u m b e r 

o f  p h o to n s  re lea sed  from  th e  d ev ice  to  th e  n u m b er o f  ch a rg es  in jec ted . r|cp can  be

ap p ro x im a te ly  ex p ressed  b y  ฤ <p = next Hint, w h ere  next =  1/ 2 ท2 i f  b ased  o n  c lassica l ray  

o p tic s  (ท is th e  re frac tiv e  in d ex  o f  th e  e m iss iv e  m e d iu m ), in terna l q u a n tu m  e ffic ien cy  

nint is d e fin ed  b y  th e  n u m b e r o f  p h o to n s  p ro d u ced  w ith in  a  d ev ice  d iv id ed  by  the

n u m b er o f  c h a rg e  in jec ted . Ycap is th e  fa c to r  o f  th e  c h a rg e  b a lan ce , d e fin e d  by  Y -  Jr/J,

w h ere  Jr is th e  cu rren t u sed  fo r ch a rg e  reco m b in a tio n . T h e  m e a n in g  o f  Jr can  b e  
ex p la in ed  b y  F ig u re  12 b a se d  on  th e  m a ss  b a lan ce  an d  ch a rg e  n e u tra lity  o f  h o le  and  
e lec trons. S o  tw o  eq u a tio n s  can  b e  d e r iv e d  as fo llo w s: J=Jh+Je’=Je+Jh’, and  Jr=Jh- 
Jh’=Je-Je’. I f  a ll the  h o les  an d  e lec tro n s  a re  co n su m ed  fo r re c o m b in a tio n  w ith in  an

em iss iv e  lay e r, Ycap w ill b e  1.0 . I f  J h » J e  o r J e » J h , Y can  b e  m u c h  less th an  1.0.

In ternal q u a n tu m  E L  e ff ic ie n cy  can  b e  g iv en  b y  Hint =  Ycap - rst - ฤ PL, w h e re  rst is the
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frac tio n  o f  e x c ito n s  w h ich  a re  fo rm ed  a s  s in g le ts , and  r|PL is th e  e ffic ien cy  o f  

rad ia tiv e  d e c a y  o f  th e se  s in g le t ex c ito n s.

3 .2 .3  E lec tro n  and  H o le  In jec tion

C a rr ie r  in je c tio n  is d e te rm in e d  b y  in te rfac ia l e le c tro n ic  p ro p erties . 
T h e  u n d e rs ta n d in g  o f  th e  fo rm a tio n  o f  en e rg y  b a rrie rs  at c a th o d e  and  an o d e  
in te rfaces  is  v e ry  ch a llen g in g . T h e  en e rg y  b a rr ie r  at th e  in te rfaces is n o t ex ac tly  th e  
d iffe re n ce  b e tw e e n  th e  F e rm i level o f  c a th o d e  (an o d e) and  th e  L U M O  (H O M O ) o f  
th e  o rg an ic  la y e r  sin ce  th e re  is an  u ltra - th in  d ip o la r la y e r at th e  in te rfa c e  [83], 
H o w ev e r, lo w  w o rk  fu n c tio n  m e ta ls  su ch  a s  M g, Li and  C a can e n h a n c e  d ev ice  
p e rfo rm an ce . E lec tro n  in je c tio n  can  p lay  a  d o m in a n t ro le  in  the  q u a n tu m  e ffic ien cy  
o f  O L E D s i f  th e re  is a la rg e  b a rr ie r  at th e  E T L /c a th o d e  in terface .

C arrie r in jec tio n  in to  a se m ic o n d u c to r  can  b e  trea ted  in  te rm s  o f  e ith e r 
F o w le r-  N o rd h e im  tu n n e lin g  o r  R ich a rd so n - S ch o ttk y  (R S ) th e rm io n ic  e m iss io n  [84]. 
B o th  co n cep ts  a re  ap p ro p ria te  in  in o rg an ic  se m ic o n d u c to rs  w ith  e x ten d ed  b an d  sta tes  
an d  large  m e a n  free  p a th s , w h ich  is n o t th e  case  in  o rg an ic  sem ico n d u c to rs . 
H o w ev e r, M o n te  C arlo  s im u la tio n  has sh o w n  th is  in jec tio n  m ech an ism  re se m b le s  R S 
th e rm io n ic  e m iss io n  even  th o u g h  q u a n tita tiv e  d iffe ren ces  ex ist [85], T h e  m o b ility  
d e p e n d en ce  o f  th e  th e rm io n ic  in jec tio n  ra te  w as first p red ic ted  b y  E m tag e  and  
O ’D w y er [86] an d  ex ten d ed  b y  S co tt an d  M allia ras  [87 ], in tro d u c in g  th e  fie ld - 
d ep en d en t fac to r. T h e  ra te  o f  in jec tio n  at a  co n tac t lim ited  e lec tro d e  is  p ro p o rtio n a l 
to  th e  ch arg e  m o b ility  in  th e  o rg an ic  m a te r ia l [88]. S p ec ifica lly , th e  n e t in jec ted  
cu rren t in to  th e  film  is th e  d iffe ren ce  b e tw e e n  th e  in jec ted  flux  an d  a  su rface  
rec o m b in a tio n  ra te . T h e  in je c tio n  cu rren t c a n  b e  ex p re ssed  as th e  fo llo w in g :

J INJ =  4  'V2 No e  p  E e x p  (-<Pb/  kT ) ex p  ( f 172) 

w h e re  T  is a  s lo w ly  v a ry in g  fu n c tio n  o f  e le c tr ic  fie ld , No is the  d e n s ity  o f  ch a rg e

h o p p in g  sites, an d  qps is th e  S c h o ttk y  e n e rg y  barrie r. T h e  ex p o n en tia l in  th e  sq u are
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ro o t o f  th e  e lec tric  f ie ld ,/ = e  3 E  /  [4tt££o(K T )2], rep resen ts  th e  u su a l S ch o ttk y  b a m e r  

lo w erin g  effect.
R ecen t in te n s iv e  s tu d ies  o n  ca th o d e  in te rfa c e  e n g in ee rin g  sh o w  th a t e lec tron  

in jec tio n  can  b e  en h a n c e d  b y  in tro d u c in g  less  th a n  2 nm  io n ic  co m p o u n d  film s  such  
as L iF  [89], C aF 2 [2 1 ], L u O , C s2 0 , N aC l, KC1 [90 ], o r b y  d o p in g  th e  A1 ca th o d e  in 
th e  n e a r  in te rface  re g io n  w ith  L iF  o r C sF  [91]. T he c h a n g e  in  im a g e  force, 
d e te rm in ed  b y  th e  ‘f  item  in th e  a b o v e  fo rm u la  and  caused  b y  in se rtin g  th e  above  
m en tio n e d  h igh  d ie le c tr ic  co n s tan t b u ffe r  lay e rs , seem s to  h a v e  b een  o v e rlo o k ed  111 

m u ch  o f  th e  re c e n t lite ra tu re . T h e  n a tu re  o f  ch arg e  in jec tio n  is  d e te rm in ed  by  
in te rfac ia l ch em istry  th a t is m o re  c o m p lic a te d  th an  p re v io u s ly  a ssu m ed  [92-94], 
A lso , i t  is  d ifficu lt to  q u a n tita tiv e ly  ex p la in  th e  d e v ic e  e lec trica l c h a ra c te ris tic s  on  the  
b a s is  o f  in jec tio n  b a rrie r. T h e  u n d e rs ta n d in g  o f  c a rrie r in jec tio n  also  n eed s  a  p ro p er 
k n o w le d g e  o f  tran sp o rt.

3 .2 .4  C a rrie r  T ran sp o rt in  A m o rp h o u s  O rg a n ic  S em ico n d u c to rs

O L E D  m a te ria ls  a re  co n ju g a te d  ( th e  bonds b e tw e e n  th e  c a rb o n  a tom s 

are  a lte rn a te ly  s in g le  and  d oub le ). T h e  TT e le c tro n s  are co m p le te ly  d e lo ca liz ed  a lo n g  

th e  co n ju g a ted  ca rb o n s. H ence , th e ir  ch a rg e  tra n sp o rt p ro p e rtie s  can  b e  a ffec ted  by  

th e  TT -  TT* m o lecu la r  o rb ita l o v erlap . H o w ev e r, th e  overlap  o f  m o le c u la r  o rb ita ls  to r

in te rm o lecu la r  e le c tro n  ex ch an g e  is m u c h  sm a lle r  than  th e ir  in o rg an ic  co u n te rp a rts  
due  to  w eak  van  d e r  w a lls  b o n d in g  b e tw een  m o lecu les . P h y s ica lly , c a rrie r tran sp o rt 
in  am o rp h o u s  o rg a n ic  m a te ria ls  d ep en d s  o n  th e  e lec tro n -p h o n o n  and  e lec tro n - 
ex ch a n g e  in te rac tio n s  [95]. It is  v e ry  c h a lle n g in g  to d ise n ta n g le  th e ir  in trin s ic  
tra n sp o rt p ro p erties  d irec tly  from  th e  e le c tr ic a l c h a rac te ris tic s  b e c a u se  o f  a 
c o m p lica ted  in te rfac ia l s itu a tio n  an d  u n k n o w n  trap  sta tes. In O L E D s, ca rrie r 
tran sp o rt s tro n g ly  d e p e n d s  on  th e  e lec tr ic  f ie ld  d is trib u tio n . T h e re  is no  u n iv e rsa l 
tran sp o rt m ech an ism  in a w id e  te m p e ra tu re  ran g e . P h o n o n  assis ted  th e rm io n ic  
e m iss io n  m igh t b e  a  d o m in an t m ech an ism  a t ro o m  tem p e ra tu re  (R T ). A t low  
tem p era tu res , tu n n e llin g  can  b e  d o m in a n t fo r c a rr ie r  tran sp o rt b e tw een  m o lecu les. 
C a rrie r tran sp o rt in  O L E D s has b e e n  d e sc r ib e d  b y  sp ace  ch a rg e  lim ited  cu rren t
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(S C L C ) th eo rie s  at R T  i f  ch a rg e  in jec tio n  is n o t a lim itin g  fac to r. S C L C  o b ey s  th e  
M o tt-G u m e y  e q u a tio n  [96]:

JS C L C  =  (9 /8 ) |i££o (V 2/d 3)

w h e re  (J and  ธ a re  m o b ility  and  d ie le c tr ic  co n stan t o f  th e  m a te ria l, Zo is th e

p e rm ittiv ity  o f  v acu u m , d  is  th e  d is ta n c e  b e tw e e n  th e  co n tac ts , and  V  is  th e  ap p lied  
vo ltag e .

T h e  sp ace  c h a rg es  can  b e  e ith e r free  ca rrie rs  o r  trap p ed  ch arg es. T h e  ea rly  
o b se rv a tio n  o f  th e  te m p e ra tu re -d e p e n d e n t p o w e r law  re la tio n  o f  cu rren t-v o ltag e  
su g g es ted  a trap p ed  c h a rg e  lim ited  cu rren t (T C L C ) m o d e l [97], w h ich  em p lo y ed  
b an d  m o d e ls  w ith  a d is tr ib u tio n  o f  tra p p in g  lev e ls  b e lo w  th e  c o n d u c tio n  ban d . It w as 
d ev e lo p ed  fo r b a n d lik e  tra n sp o rt ra th e r  th an  h o p p in g  tran sp o rt. F u rth e rm o re , co n stan t 
ch a rg e  ca rrie r  m o b ility  is req u ired , w h ich  is co n tra ry  to  th e  fie ld -d ep en d en ce  o f  
m o b ilitie s  [75], T h e  n a tu re  o f  tra p p in g  n eed s  to  b e  c la rified  fo r p ro p e r  d ev ice  
m o d e lin g . T h e rm a lly  s tim u la ted  cu rren ts  (T S C ) and  th e rm a lly  s tim u la ted  
lu m in escen ce  (T S L ) h a v e  b een  u sed  to  in v es tig a te  th e  trap  p ro p e rtie s  o f  A lq  [98 , 99J. 
T h e  re su lts  d e riv ed  from  th o se  sp ec tra  a re  no t in  g ood  ag reem en t. A  trap  d ep th  from  
0 .05  to  0 .7  eV  and  a d is tr ib u tio n  o f  trap  s ta te s  fro m  0.13 to  0 .25  eV  are  su g g ested  by  
T S C  and  T S L  sp ec tra  re sp ec tiv e ly . T S C  sp ec tra  v a ry  s tro n g ly  fo r A lq  o f  d iffe ren t 
su p p lie rs  [98], T rap  s ta te s  a re  m o re  lik e  an  ex trin s ic  fac to r. V e ry  recen tly , non - 
d isp e rs iv e  e lec tro n  tra n sp o rt in  w e ll-p u rif ied  A lq  film  at n itro g en  a tm o sp h e re  a lso  
in d ic a te s  th e  trap  s ta te s  m ig h t b e  a ttr ib u ted  to  im p u ritie s  and  o x y g en  [100]. T rap p in g  
m a y  b e  seen  at v e ry  lo w  fie ld s  s in ce  th e  free  c a rr ie r  d e n s ity  is  lo w e r an d  m ay  b eco m e  
co m p a ra b le  to  th e  trap  c o n cen tra tio n . H o w ev e r, a t a ty p ica l d r iv in g  v o ltag e  o f  
O L E D s, trap -free  tra n sp o rt is m o re  lik e  an  in tr in s ic  b eh av io r.
T h e  m o b ility  o f  ch a rg e  ca rrie rs , in  a m o rp h o u s  o rg a n ic  m a te ria ls , is s tro n g ly  e lec tric  
fie ld  and  tem p e ra tu re  d ep en d en t. E lec tro n  tra n sp o rt in  a m o rp h o u s  o rg an ic  film s tak es  
p lace  b y  h o p p in g  in  th e  L U M O  o f  each  m o lecu le . T h e  e n e rg y  o f  L U M O  can  b e  
a ssu m ed  to  hav e  a G a u ss ia n  d is tr ib u tio n , w ith  a  w id th  o f  th e  o rd e r  o f  0.1 eV . A 
p ack e t o f  c a rrie rs  p ro p a g a tin g  in  su ch  a  sy s tem  can  q u ic k ly  reach  therm al 
q u a s ie q u ilib riu m  at ro o m  te m p e ra tu re  [101]. V e ry  lim ited  in fo rm a tio n  ab o u t the  
te m p e ra tu re  d e p e n d e n c e  o f  O L E D  m ate ria l m o b ility  h as  b e e n  p ro v id ed  in  th e
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te m p e ra tu re  ra n g e  from  10 to  70k. In fie ld  e ffec t tran s is to rs , th e  m o b ility  in  a -

se x ith io p h e n e  (a -6 T )  d isp lay s  a n o n m o n o to n ic  tem p e ra tu re  d ep e n d e n c e  [102].

A b o v e  50  K , th e  tra n sp o rt is  th e rm a lly  a c tiv a ted , w h ereas  b e lo w  4 0K , th e  fie ld -e ffec t 
m o b ility  is a p p ro x im a te ly  te m p e ra tu re  in d e p e n d e n t, as sh o w n  in  F ig u re  13.

Figure 3.13 M easu red  P v s T  fo r th ree  (X-6T T F T ’ A , B and  c [102]

0 20 40 60 80 100
-gate voltage (V)

Figure 3.14 V aria tio n  o f  th e  h o le  m o b ility  o f  a  6 T  p o ly -c ry s ta llin e  film  as a fu n c tio n  
o f  g a te  b ias. D a ta  w e re  re c o rd e d  a t 300K . C lo se d  c irc le s  c o rre sp o n d  to  u n co rrec ted  
d a ta , and  o p en  c irc le s  to  d a ta  co rrec ted  fo r th e  co n ta c t se ries  re s is tan ce  [103],
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T h e  h o le  m o b ili ty  is a lso  fo u n d  to  in c re a se  q u a s ilin e a rly  w ith  g a te  v o lta g e  at 
ro o m  tem p e ra tu re , an d  th a t d e p e n d e n c e  b e c o m e s  su p e rlin ea r at lo w  te m p e ra tu re s
[1 0 3 ]  , as  sh o w n  in  F ig u re  3 .14 . In  s ilico n  fie ld  effec t tran s is to rs , m o re  sca tte rin g  
ev en ts  can  lo w er th e  m o b ility  a  b it  w h en  th e  c a rr ie r  d en s ity  is  in c rea sed  b y  ra is in g  
th e  g a te  vo ltag e . T h is  ab n o rm al b e h a v io u r  m ig h t in d ica te  so m e  tra n sp o rt co h e re n c e  
in  a h ig h  ca rrie r d e n s ity  i f  g ra in  b o u n d a rie s  an d  d e fec ts  in  th in  film s  a re  n eg lig ib le . 
T h e  p ic tu re  o f  c h a rg e  tran sp o rt is  no t v e ry  c lear. H o w ev er, a lo t o f  e ffec tiv e  
ex p e rim en ta l w o rk  a im ed  a t b e tte r  e lec tro n  tran sp o rt h as  b e e n  do n e . A t d r iv in g  
v o lta g e s  fo r a lu m in a n c e  o f  o v e r  1, 0 00  c d /m 2, u su a lly  th e re  is a su b stan tia l h o le  
le ak ag e  cu rren t in  E T L , re su ltin g  in  lo w  cu rren t e ffic ien cy . N -ty p e  d o p in g  su ch  as  Li
[104] can  im p ro v e  th e  c o n d u c tiv ity  o f  E T L  an d  keep  a b e tte r  b a la n c e  o f  h o le  an d  
e lec tro n  curren t.

3 .2 .5  P a ir in g  o f  E lec tro n s  an d  H o les  to  F o rm ร E x c ito n s

S p in  Vi e lec tron  an d  sp in  Vi h o le  can  fo rm  4  sp in  c o m b in a tio n s , 3 
tr ip le ts  and  1 s ing le t. I f  s in g le t an d  trip le t c a p tu re  c ro ss-sec tio n s  a re  eq u a l, it im p lie s  
o n ly  2 5 %  e ffic ien cy  fo r g en e ra tio n  o f  s in g le t ex c ito n s . T h is  fa c to r  is a ssu m ed  to  be 
in se n s itiv e  to  b o th  d ev ices  and  m ate ria ls . S in ce  the  g ro u n d  s ta te  o f  f lu o re scen t 
m o le c u le s  is ty p ic a lly  s ing le t, th e  tran s itio n  from  trip le t to  s in g le t is u su a lly  
fo rb id d en  b y  sp in  co n se rv a tio n . T h u s  the  m a x im u m  in te rn a l q u a n tu m  e ffic ien cy  is 
ex p ec ted  to  b e  2 5 %  fo r  f lu o rescen t O L E D s.

R ecen t s tu d ie s  sh o w ed  th a t th is  is n o t th e  case  in  c o n ju g a te d  p o ly m e r [105 , 
106], S in g le t to  tr ip le t ra tio  d ep en d s  on  th e  co n ju g a ted  len g th  [1 0 7 ]. R eco m b in a tio n  
is sp in in d ep en d en t fo r  th e  m o n o m er, b u t th a t sp in -d ep en d en t p ro c e ss  fav o rin g  s in g le t 
fo rm a tio n  is e ffec tiv e  in  th e  p o ly m e r as a co n se q u e n c e  o f  th e  e x c h a n g e  in te rac tio n , 
w h ich  w ill o p e ra te  o n  o v e rla p p in g  e lec tro n  an d  h o le  w a v e fu n c tio n s  o n  th e  sam e  
p o ly m e r cha in  at th e ir  c ap tu re  ra d iu s  [108], M a k in g  u se  o f  th e  tr ip le t ex c ito n s  can  
g re a tly  im p ro v e  q u a n tu m  e ffic ien cy . O ne a p p ro a c h  is to  in tro d u c e  sp ec ie s  tha t w ill 
a llo w  e ffic ien t tr ip le t lu m in escen ce  (p h o sp h o re scen ce ). T h is  can  b e  p ro v id ed  by  
h ig h -a to m ic -n u m b e r e lem en ts  w ith  s tro n g  sp in -o rb it c o u p lin g . A  p la tin u m -
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c o n ta in in g  p o rp h y rin  (P tO E P ) h a s  b een  su c c e ss fu lly  u sed  as a  d o p an t in  m o le c u la r  
O L E D s [109 ], T h e  in te rn a l q u a n tu m  e ffic ien cy  can  b e  as h ig h  as 87% .

U n d e r ty p ica l w o rk in g  co n d itio n s , a  p o ten tia l o f  o rd e r 5V  m ig h t b e  ap p lied

ac ro ss  a 100 n m  th ick  dev ice . T h is  co rresp o n d s to  an  av erag e  ap p lied  fie ld  o f  5*

107v /m .  T h e  loca l e lec tr ic  fie ld  is s tro n g ly  a ffec ted  by  th e  p re se n c e  o f  sp ace  ch a rg e  
and  th e  p re c ise  d e ta ils  o f  th e  d e v ic e  s tru c tu re . It m ay  b e  s ig n ific an tly  sm a lle r  th an  
th is  v a lu e  o v e r  th e re c o m b in a tio n  zone . In O L E D s, h o p p in g  is th e  d o m in an t c a rrie r  
tra n sp o rt m e c h a n ism  so th a t th e  m ean  free  p a th  o f  ch arg e  ca rrie rs  is ro u g h ly  th e  
m o le c u la r  sep a ra tio n . T h is  is ab o u t o n e  o rd e r o f  m ag n itu d e  sh o rte r  th an  th e  ra n g e  o f  
th e  C o u lo m b  in te rac tio n . T h u s a t low  fie lds, re co m b in a tio n  can  b e  tre a te d  u s in g  th e  
c a rrie r  m o tio n -c o n tro lle d  L an g ev in  ap p ro x im a tio n  [110]. N ev e rth e le ss , a t a h ig h - 
ap p lied  fie ld , th e  s iz e  o f  th e  c a rr ie r  cap tu re  su rfa c e  w ill b e  g rea tly  red u ced . Che 
s im p le  L an g ev in  m o d e l is no  lo n g e r  valid . T h is  b e h a v io u r can  b e  ex p la in ed  b y  the  
T h o m so n -lik e  rec o m b in a tio n  co n tro lled  b y  th e  c a rr ie r  cap tu re  [111].

3 .2 ,6  P h o to n  R e lea sed  o u t from  P L E D
T h e  co u p lin g  o f  e lec tro n ic  e x c ita tio n s  to  p h o to n  sta tes  is  a ffec ted  b y  

th e  p h y s ica l s tru c tu re  o f  O L E D s. T h e  p re se n c e  o f  th e  m e ta llic  c a th o d e  p ro v id es  a 
m irro r  th a t m o d ifie s  th e  p a tte rn  o f  th e  e lec tro m ag n e tic  m o d es n ea r th e  ca th o d e . T h e  
v a ria tio n  o f  A lq  film  th ick n ess  in  a  tw o -la y e r s tru c tu re  w ill ch an g e  th e  d is tan ce  
b e tw e e n  th e  e m iss iv e  zo n e  and  th e  ca th o d e , th e re fo re  em iss io n  sp ec tra , as sh o w n  in 
F ig u re  3 .15 , an d  sp ec tra l e m iss io n  p a tte rn s  w ill ch an g e  acco rd in g ly . T h e  em iss io n  
p a tte rn  co u ld  d ev ia te  fro m  th e  id ea l L am b ertian  p a tte rn  [112]. T h is  d e p en d en ce  o f  
e m iss io n  p a tte rn  o n  A lq  th ick n ess  can n o t b e  ex p la in ed  b y  c lassica l o p tics .
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Figure 3.15 E le c tro lu m in e sc en c e  sp ec tra  at n o rm al d irec tio n s  in  IT O /T P D  (5 0  
n m )/A lq /M g A g  d ev ice s  [112]

D u e  to  th e  re frac tiv e  in d e x  m ism a tch  b e tw een  th e  em ittin g  la y e r  and  air, a 
la rg e  frac tio n  o f  th e  lig h t is trap p ed  in  th e  g lass, IT O , and  o rg a n ic  lay e rs . T h e  
ex te rn a l c o u p lin g  e ffic ien cy  is e s tim a ted  b y  c lassica l th e o ry  to  b e  l /2 m  fo r la rg e  ท 
[113], T h e  ex te rn a l co u p lin g  e ff ic ie n cy  in  p la n a r  o rg an ic  lig h t-e m ittin g  d e v ic e s  can 
b e  m o d e led  b a sed  on  a q u an tu m  m ech an ica l m ic ro c a v ity  th e o ry  [114] an d  m easu red  
b y  ex a m in in g  b o th  th e  fa r fie ld  em iss io n  p a tte rn  and  th e  edge  e m iss io n  o f  ligh t 
trap p ed  in  th e  g la ss  su b stra te . T h e  ex te rn a l co u p lin g  e ff ic ie n cy  is d e p e n d e n t u p o n  th e  
th ick n ess  o f  th e  IT O  lay e r and  th e  re frac tiv e  in d ex  o f  th e  su b stra te . T h e  co u p lin g  
e ffic ie n cy  ra n g e s  fro m  2 4 %  to  52% , b u t in  gen era l it is m u ch  la rg e r th a n  th e  18.9%  
ex p ec ted  fro m  c la ss ica l ray  o p tic s  [115 ]. It is c le a r  th a t th e  re su lts  o b ta in e d  fro m  ray  
o p tic s  can  o v e re s tim a te  th e  in te rn a l q u an tu m  e ffic ien cy .
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Figure 3.16 S ch em a tic  lay e r s tru c tu re  o f  a p a tte rn ed  p la n a r  m ic ro c a v ity  in  w h ich  the  
S i3N 4 fille r  la y e r  is e tched  to  th re e  d iffe ren t th ick n esse s  to  ch an g e  th e  o p tic a l 
p ro p e rtie s  [116]

Figure 3.17 E le c tro lu m in e sc en c e  sp ec tm m s fro m  a th ree -m o d e  m ic ro c a v ity  L E D , in 
w h ic h  th e  th ree  p e a k s  are at 4 8 8 , 543 , and 6 1 0  n m  [116]

A fte r  a d d in g  a m u ltila y e r  d ie lec tric  s ta ck  on  th e  o th e r  side  o f  th e  IT O  from  
th e  o rg a n ic  lay er, th is  stack , a lo n g  w ith  th e  m e ta l ca th o d e , fo rm s a  re so n a n t cav ity  
w ith  a  n a rro w  b a n d  pass th a t c a n  b e  se lec ted  b y  v a ry in g  th e  op tica l th ic k n e ss  o f  th e  
c a v ity  [116 , 117]. W ith  an  e m ittin g  layer th a t h a s  a w h ite  sp ec tru m , th e  th re e  p rim ary  
c o lo rs  can  b e  o b ta in e d  by  p a tte rn in g  d iffe ren t d ie lec tr ic  th ick n esses  as  in d ica ted  in 
F ig u re s  3 .16  an d  3 .17 . T h is  te c h n o lo g y  is  p ro m is in g  fo r R G B  co lo rs  e v e n  th o u g h  
c lo se  co n tro l o f  th e  e tch in g  p ro c e s s  is requ ired .
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H ere , th e  d e ta il p re sen ted  ab o v e  is th e  fu n d am en ta l th e o ry  o f  o rg a n ic  ligh t 
e m ittin g  d io d es  (O L E D s). U p  to  th e  p resen t tim e , th e  novel co n cep t o f  O L E D s is to 
d ev e lo p  b y  p rin ted  e le c tro n ic  in  o rd e r  to  o b ta in  th e  f lex ib le  d isp lay .

3.3 Flexible Substrate for Organic Light Emitting Diodes (OLEDs)

F le x ib le  su b s tra te  fo r o rg a n ic  ligh t e m ittin g  d io d es  (O L E D s) h a s  been  
su c c e ss fu lly  d ev e lo p ed  up  to  th e  p re sen t tim e  in  o rd e r to  re p la c e  th e  u se  o f  flat 
su b stra te . T h e  f lex ib le  d isp lay  can  b e  c lassified  acco rd in g  to  d eg ree  o f  flex ib ility . 
F la t d isp la y s  a re  m ad e  o f  p la s tic  o r  an o th e r n o n -g la ss  b ack p lan e , b u t o n ly  fo r the  
b en e fit o f  lig h tn ess  o r  ru g g ed n ess ; fo rm ed  d isp lay s  are  b en t o n ce , su ch  as a cu rv ed  
a u to m o b ile  d a sh b o ard , b u t do  no t flex  further. H o w ev er, f lex ib le  d isp lay s  can  b e  ben t 
o r  flex ed  d u rin g  use. T h e  d e fin itio n  o f  flex ib le  d isp lay s  can  b e  ex ten t to  th e  Tollable 
p ro cess  o f  f lex ib le  d isp la y  fab rica tio n .

T h e  p ro sp ec ts  fo r flex ib le  d isp lay s  are  p ro m is in g , a lth o u g h  th e  t im in g  still 
d ep en d s  o n  tech n ica l and  m a n u fac tu rin g  d ev e lo p m e n ts  [118 , 119]. E lec tro p h o re tic  
d isp lay s  su ch  as e lec tro n ic  p ap e rs  u s in g  p la s tic  su b stra te s , w h ich  h av e  a re la tiv e ly  
s im p le  s tru c tu re , are  ju s t  b eg in n in g  to  be  p ro d u ced  in  q u an titie s  a p p ro a c h in g  h igh  
v o lu m e . D isp lay s  th a t a re  in ten d ed  to  flex  o r ro ll d u r in g  u se  m a y  reach  th e  m a rk e t in 
severa l y ea rs , p e n d in g  fu rth e r d ev e lo p m en ts  in  b ac k p la n e  and  fab rica tio n  p ro cesses . 
T h e  n ea r-te rm  re v e n u e  in  d y n am ic  s ig n ag e  an d  m o b ile  p h o n es  w ill lead  to  the 
d e v e lo p m e n t o f  la rg e r an d  m o re  so p h is tic a ted  d isp lay s  w ith  flex ib ility  an d  re lia b ility . 
F ig u re  3 .1 8 , w h ich  h a s  b een  ad ap ted  from  th e  d a ta  o f  th e  iS u p p li F lex ib le  D isp lay  
R ep o rt, sh o w s  th e  m ark e t p ro sp ec ts  fo r  flex ib le  d isp lay s  from  2 0 0 7  to  2013  [1 2 0 ].
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Figure 3.18 M ark e t p ro sp e c t fo r flex ib le  d isp la y s  [8]

P o ly m ers  a re  v e ry  p ro m is in g  m a te ria ls  fo r f lex ib le  d isp lay s  w ith  m an y  
ad v an tag es . T h e y  a re  tran sp a ren t, lig h t in  w e ig h t, flex ib le , an d  ro b u st. P o ly m ers  are  a  
g o o d  a lte rn a tiv e  to  th e  g la ss  su b s tra te s  tha t h a v e  b een  a c tiv e ly  u sed  fo r fla t panel 
d isp la y s  su ch  as liq u id  c ry sta l d isp lay s  (L C D s) an d  p la sm a  d isc h a rg e  p a n e ls  (P D P s). 
G la ss  is  so  rig id  th a t it is v e ry  d ifficu lt to  u se  in  a flex ib le  d isp lay . P o ly m e rs  h av e  
m e c h a n ic a l p ro p e rtie s  tha t v a ry  fro m  s tro n g  rig id ity , such  as in  e n g in e e r in g  p las tic s , 
to  so ftn e ss , su ch  as in  ru b b e r o r  p o ly e th y le n e  film s. T h e y  a re  so m e  o f  th e  least 
e x p e n s iv e  m a te ria ls  and  a re  su itab le  fo r m a ss  p ro d u c tio n  v ia  ro ll- to -ro ll (R T R ) 
p ro c e sse s . T h e re fo re , p o ly m ers  a re  b e in g  c o n s id e re d  as th e  k e y  m a te ria ls  fo r  flex ib le  
d isp la y s  in  v a rio u s  ap p lica tio n  areas in c lu d in g  tran sp a ren t su b s tra te s , e lec tro d es, 
a c tiv e  m a te ria ls  fo r o rg an ic  lig h t em ittin g  d e v ic e s  (O L E D s), L C D s and  o rg a n ic  th in - 
film  tran s is to rs  (O T F T s), d ie le c tr ic  m a te ria ls , an d  co a tin g  m a te ria ls . A ll p o ly m er- 
b a se d  f le x ib le  d isp lay s  a re  b e in g  in v estig a ted .

3,3.1 P o ten tia l P o ly m er C an d id a te  F o r F lex ib le  D isp la y
T h e re  a re  sev e ra l p o ly m ers  th a t a re  c an d id a te s  fo r f lex ib le  su b stra te s  

as sh o w n  in  F ig u re  3 .1 9 , w h ic h  lis ts  su b stra tes  in  te rm s o f  g la ss  tra n s itio n  em p era tu re  
(T g ) [121].
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Polyethylene terephlhalMe (PET) Polyethylene naphlbalste (PEN)

Pol year bonat# (PC) Potyetheraulphons (PES)

Polycyclic olefin (PCO) Polyarylets (PAR)

Figure 3.19 P o ten tia l can d id a te  p o ly m ers  for f le x ib le  d isp lay  su b s tra te

T h e se  p o ly m ers  are  d iv id ed  in to  th re e  types, in c lu d in g  c ry sta llin e , 
am o rp h o u s , and  so lu tio n -ca s tab le  am o rp h o u s. T h e rm o p la s tic  sem i-c ry s ta llin e  
p o ly m e rs  av a ilab le  fo r flex ib le  d isp lay s  in c lu d e  p o ly e th y len e  te re p h th a la te  (P E T ), 
p o ly e th y le n e  n a p h th a la te  (P E N ), and  p o ly e th e re th e rk e to n e  (P E E K ) [1 2 2 , 123]. 
P E E K , w h o se  T g  an d  T m  are  140 an d  340  °c, re sp ec tiv e ly , is k n o w n  b e  at th e  u p p er 
lim it o f  se m ic ry s ta llin e  p o ly m ers  th a t can  b e  m e lt-p ro cessed  b e c a u se  p o ly m e rs  w ith  a 
T g  o f  h ig h e r  th an  140 ๐c  w ill b e  d eg rad ed  s ig n ific an tly  d u rin g  a  m e lt p ro c e ss . H eat- 
s ta b iliz e d  sem i-c ry s ta llin e  p o ly m ers  p ro v id e  g o o d  d im en sio n a l s tab ility  ab o v e  th e ir  
T g , w h ich  ex p an d s  th e ir  u p p e r o p e ra tin g  tem p era tu re . T h e  seco n d  g roup , a m o rp h o u s  
p o ly m ers , in c lu d es  p o ly ca rb o n a te  (P C ) and p o ly e th e rsu lp h o n e  (P E S ) [124 ]. T h ese  
are  n o n -c ry s ta llin e  th e rm o p la s tic s  th a t can  b e  m e lt-ex tru d ed  o r  so lv en t casted . T h e
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la s t g ro u p  is  th e  a m o rp h o u s  p o ly m ers  th a t c a n n o t b e  m e lt-p ro c e sse d , su ch  as 
m o d ified  P C , p o ly ac ry la te  (P A R ), p o ly c y c lic  o le fin  (P C O ) o r  p o ly n o rb o n e n e  (P N B ), 
an d  p o ly im id e  (P I) [1 2 5 -1 2 7 ], F ab ric  m a te r ia ls  [1 2 8 ], u ltra - th in  p o ly m e r  film s [1 2 9 ], 
an d  g lass  re in fo rced  p la s tic  [130] h a v e  a lso  b een  u se d  as  su b s tra te s . F ig u re  3 .2 0  
su m m arize s  th e  T g  o f  th e  can d id a te  p o ly m e rs  fo r f le x ib le  su b stra te s .

ะ เ :
par125u

M o d if ie d  P C * * >
P E S ™

150 PC——

Amorphuous รemicrystdline

Figure 3 .2 0  G lass  tra n s itio n  tem p e ra tu re  (T g ) o f  c o m m e rc ia lly  a v a ila b le  p o ly m er

3 .3 .2  P ro p ertie s  R eq u irem en t o f  P o ly m e r fo r  F le x ib le  D isp la y  S u b stra te
T h e  p ro p e rtie s  req u irem en t o f  f lex ib le  d isp la y  d e v ic e s  a re  c u rre n tly  

b ased  on  g la ss  su b stra te  b e c a u se  th ey  a re  p e rfec tly  sa tis fa c to ry  fo r f la t pane l d isp la y  
ap p lica tio n s . In o rd e r to  rep la c e  g lass, a  p o ly m e r  su b s tra te  n eed s  to  h a v e  th e  g en era l 
p ro p e rtie s  sa m e  as g la ss  in c lu d in g  c la rity , d im en s io n a l s tab ility , th e rm a l s tab ility , 
b a rrie r  p ro p e rtie s , so lv en t resis tan ce , sm o o th  su rface  as  w ell as  e x c e lle n c e  in  o p tic a l 
p ro p erties .
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C larity
C la rity  is th e  m o st im p o rtan t p ro p e rty  fo r  b o tto m  e m iss iv e  d isp lay s , and  a 

to ta l lig h t tra n sm iss io n  o f  >  8 5 %  o v er 4 0 0 -8 0 0  n m  co u p led  w ith  a haze  o f  less  than 
0 .7 %  a re  ty p ica l o f  w h a t is re q u ire d  [121].

- T h erm al s tab ility
T h erm al s tab ility  is a n o th e r  issue  fo r p o ly m e r su b s tra te s . P o ly m e r su b stra tes  

a re  ex p o sed  to  h ig h  tem p e ra tu res  d u rin g  m a n u fa c tu rin g  p ro cesse s  su ch  as b a rrie r 
c o a tin g  [131], e le c tro d e  d ep o s itio n  [132] and  p a tte rn in g  [133 ],

T h ere  a re  tw o  facto rs th a t have  to  b e  co n sid e red  w h en  se le c tin g  p o ly m er 
m a te r ia ls  w ith  th e  p ro p e r th e rm a l stab ility : C T E  and  T g , w h e re  p o ly m e r ch a in s  s ta rt 
to  m o v e  fo r s tre ss  re lax a tio n  th a t  is  sto red  d u r in g  the  p ro cesse s . In g en e ra l in o rg an ic  
o r  m e ta l lay ers  u se d  for b a rr ie r  o r  e le c tro d e  layers h a v e  m u ch  lo w e r C T E  th an  
p o ly m e r  su b stra te s , and  th e  d im en s io n s  o f  th e  p o ly m er c h a n g e  s ig n ific a n tly  at Tg. 
P o ly m e r  w ith  h ig h  T g  are b e tte r  a lte rn a tiv e  can d id a te  fo r  th is  regard . H o w ev er, in 
o rd e r  to  m a in ta in  th e  flex ib ility  aspect o f  su b stra te , T g  a t ro o m  tem p e ra tu re  o f  
p o ly m e r  is co n sid e red . T h e  im p o rtan t p o in t o f  th is issu e  is to  se lec t ap p ro p ria te  
p o ly m e r  fo r f le x ib ility  and  h ig h  tem p era tu re  re s is tan ce  o p tim iza tio n .

O n  th e  o th e r  hand , a  lo w  C T E  is a lso  ad v an tag eo u s  fo r m ak in g  d im en s io n a lly  
s ta b le  d esig n s fo r  d ev ices [1 2 5 ], A  m ism a tc h  o f  C T E  b e tw e e n  lay e rs  g iv es  rise  to  
s tra in  and  c rack in g  u n d er th e rm al cy c lin g  d u r in g  d ev ice  fab rica tio n .

T h e re fo re , th e  T g  at ro o m  tem p e ra tu re  and  C T E  lo w e r th an  2 0  p p m  K '1 are  
re q u ire d  fo r f le x ib le  su b stra te  o f  O L E D s fa b ric a tio n  [121].

- S u rface  p ro p ertie s
S u rface  q u a litie s  such  as  ro u g h n ess  an d  c lean lin ess  a re  e ssen tia l to  en su re  th e  

in te g r ity  o f  su b seq u en t lay e rs  in c lu d in g  b a rr ie r  and  co n d u c tiv e  lay e rs . S em i­
c ry s ta llin e  p o ly m e r fd m s d o  n o t p o ssess  g o o d  su rface  p ro p e rtie s  co m p ared  to 
a m o rp h o u s  p o ly m e r  fdm s. S u rface  d e fe c ts  tha t rem ain  in  th e  su b stra te s  a re  
d e tr im e n ta l to  th e  p e rfo rm an ce  o f  the  ac tiv e  la y e r  o f  O L E D s. T h ey  w ill c réâ t d e fec ts  
lik e  p in h o le s  on  th e  th in  fd m s  o f  b a rrie r  an d  e lec tro d es, fo rm in g  d a rk  spo ts in 
O L E D s  [134], T h e  d e fec ts  w ill a lso  lead to  c rack s  w hen  d isp la y  is b en t. H o w ev er, to
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provide a defect-free surface, scratch resistant or planarizing layers are coated to 
smooth over entire underlying substrate surface [135], The coated film ensures good 
integrity for subsequent barrier layers and conductive coating.

Therefore, in case of flat substrate, the smoothness of surface should he 
preferably less than 10 nm [8].

- Chemical resistance
Polymer substrates have to be exposed to a wide range of solvents as well as 

moisture during manufacturing processes, including cleaning, coating and patterning 
process. Normally, there is a typical list of the materials that the substrate must be 
compatible with includes methanol, isopropanol, acetone, THF, etc. Coated polymer 
substrates with a variety of organic or inorganic layers or a hard coating layer are 
used to prevent the invasion of solvents and moisture [121],

- Mechanical properties
For the roll to roll (RTR) process as well as display performance, mechanical 

properties have to be carefully considered [136], Flexible OLEDs which demand 
stringent requirements among the display technologies, usually contain a polymer 
substrate, organic-inorganic multi barrier layer and encapsulation layers are exhibited 
in Figure 3.21.

—■ "— ►  E ncapsu la tion  
_____ *. C a th o d e

---------*■  E le c tro -o p tic  m a te r ia ls

*  T h in  film  t r a n s i s to r *
..........*• T ra n s p a re n t  a n o d e

* B a r r ie r  lay e re d  po lym er 
s u b s t r a te s

Figure 3.21 Cross-sectional structure of flexible displays

W h en  th e  d ev ices  a re  b en t, the  m ech an ica l d isc re p a n c y  at th e  in te rface
b e tw e e n  th e  o rg an ic  and  in o rg an ic  m a te ria ls  g en e ra te s  m ech an ica l fa ilu re  in  dev ices.
F o e  th e se  d ev ice  w ith  in o rg an ic  th in  film s m a y  b e  a  so u rc e  o f  fa ilu re  d u e  to  the ir
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brittle properties [137], Therefore, organic thin film is preferably used for Tollable 
displays.

However, the failure of devices depends on the arrangement, thickness and 
properties of all layers. Adhesion at the interfaces between the different layers under 
thermal cycling and environmental testing, wetting characteristics and the ability to 
withstand flex testing are critical to determine their robustness during use [138],

- Water vapor transmission rate (WVTR) and Oxygen transmission rate
(OTR)

Normally, polymer substrates are sensitive to moisture and air. The electronic 
devices, especially OLEDs demand more stringent barrier confinement. For an 
OLED lifetime of > 1 OOOOh, the requirements include water vapor transmission rates 
(WVTR) of 1CT6 g/m2/day and OTR of 10"5 mL/m2/day [139, 140], Figure 3.22 shows 
the relative barrier properties and requirements for electro-optic devices.
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Figure 3.22 Requirement of WVTR and OTR for electronic devices [8]

In order to prevent this issue, inorganic transparent thin film has been widely 
used as barrier layer. Silicon and aluminum oxide can be deposited on polymer 
substrate by plasma enhanced chemical vapor deposition (PECVD) [141], sputtering 
or evaporation.
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