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SYNOPSIS 

An investigation was made of the optical and waveguiding properties of thin films fabricated 
from solutions of chitosan-acetic acid (chitosan/HAc) and chitosan/HAc doped with rare- 
earth metal ions (Er+++ or Nd+++). For all three films, the refractive indices were approx- 
imately 1.5 and there was nearly no absorption in the range of 300 to 2700 nm. The optical 
loss in a waveguides was less than 0.5 dB/cm. Morphological observations disclosed that 
all the films possessed a dense and homogeneous amorphous structure with smooth surfaces. 
Extrinsic scattering, especially the scattering caused by surface impurities, was the domi- 
nating factor affecting the optical loss value. It is also interesting to note that for all the 
films, doped with rare-earth metal ions or not, the morphological characteristics were alike 
and the optical properties were similar. Doping rare-earth metal ions into chitosan thin 
films did not seriously influence optical waveguiding. This paper reports, we believe, the 
first study of chitosan films for optical applications. The experimental results demonstrate 
that chitosan and its derivatives are potential candidates for optical materials. 0 1996 John 
Wiley & Sons, Inc 

INTRODUCTION 

In the past 10 years, research has dramatically in- 
creased on organic and polymeric materials as 
promising candidate media for optical information 
transmission, storage, and processing. This interest 
has arisen from advantages that polymers possess, 
including good optical and mechanical properties, 
high structural integrity, excellent processability, 
and inexpensive raw material costs.')' Furthermore, 
polymers have achieved fundamental success in im- 
proving desired structures and properties by molec- 
ular design. In recent years, polymers have increas- 
ingly been studied as possible waveguide materials. 
Polymeric materials have exhibited relatively low 
optical loss at the important communication wave- 
lengths of 830 nm, 1.3 pm, and 1.5 pm, processing 
compatibility with microelectronic and optical de- 
vices, and a wide variety of special properties in- 
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cluding refractive index tailoring. Barriers still exist 
to produce successful materials with the combined 
attributes of low propagation loss, high temperature 
stability, and excellent electronic packaging process 
~apab i l i t y .~ -~  It is also interesting to note that rare- 
earth ions such as erbium and neodymium, when 
doped into the right glass or matrix, can be used to 
build optical amplifiers or lasers with optical pump- 
ing.7 During the past 10 years, intense research on 
single-mode rare-earth-doped fiber lasers and am- 
plifiers has led to rapid growth of a series of active 

It has also been reported recently that 
the chemical compounds containing rare-earth 
metal ions (REMI) can be successfully mixed with 
host polymer materials to produce REMI-doped 
polymer waveguide amplifiers." 

Chitosan is an interesting polysaccharide, which 
can be easily derived from chitin by N-deacetylation. 
Chitin is widely found in nature as a major com- 
ponent of the cell wall of various fungi and in the 
shells of insects and crustaceans. Figure 1 shows 
the molecular repeat units of chitosan, containing 
P-l-4-linked 2-amino-2-deoxy-D-glucopyranose, and 
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Figure 1 Molecular structures of chitin and chitosan. 

chitin, poly-N-acetyl-D-glucosamine. In the recent 
decade, chitosan has received much attention for its 
special properties and inexpensive, abundant re- 
sources. Research has not only concentrated in tra- 
ditional areas such as  waste water treatment and 
medical fibers and films, but also for potential ap- 
plications in many other areas including industry, 
agriculture, food, and b i~ logy . '~ - '~  Recently, our lab- 
oratory has achieved progress in applying chitosan 
for optics applications. In the present article, we 
describe the processing conditions and character- 
ization of chitosan thin film fabricated from chito- 
san/acetic acid (HAc) solutions as optical wave- 
guiding materials. Based on the high affinities of 
chitosan for metal ions, films of chitosan doped with 
rare-earth metal ions have also been studied for their 
optical waveguiding properties. 

EXPERIMENTAL 

Materials and Processing 

The chitosan used for making thin films was sup- 
plied by Fluka with either low molecular weight 
(MW: about 70,000) or medium molecular weight 
(MW: about 750,000). Chitosan was dissolved in an 
HAc aqueous solution (0.5-10 wt %) to form the 
precursor solution with 0.5-5 wt % chitosan. The 
rare-earth metal ions, used to dope the chitosan so- 
lutions, were Nd3+ [ N ~ ( N o ~ ) ~ ]  and Er3+ (Efl13). 

Doping ratios around 5-50 wt ?6 relative to chitosan 
were used. 

All solutions were filtered carefully through a 
glass sinter filter (medium grade). Films were pre- 
pared for characterization by spin-coating (with 
spinning rates of 30-250 rpm) or casting the pre- 
cursor solutions on silicon, Si02/silicon, quartz, 
glass, or polyethylene substrates a t  room tempera- 
ture. The films were immediately dried in a vacuum 
chamber at  55°C for 4 h. The thickness of the pre- 
pared films ranged from 0.3 to  10 microns as mea- 
sured by a Dektak IIA surface profiling system 
(Sloan Technology Co.) and spectroscopic ellipso- 
metry (Rudolph Instruments S2000). 

Waveguiding Measurement 

Optical waveguide loss measurements on chitosan 
films were performed using the out-of-plane scat- 
tering technique at  830 nm.15 Shown schematically 

LASER SOURCE 
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Figure 2 
surement technique (see Ref. 15). 

A schematic of the out-of-plane loss mea- 
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Figure 3 
showing a large decomposition peak above 300°C. 

in Figure 2 is a diagram of the experimental setup 
for this measurement technique. Light was coupled 
into the waveguide via a rutile prism. A large area 
silicon detector was used to measure the light scat- 
tered perpendicular to the waveguide film as the de- 
tector was moved along the waveguide. Generally, 
silicon wafers (76 and 51 mm diameter) with a 2 
micron-thick layer of thermally grown silica ( Si02) 
were used as substrates for the waveguide measure- 
ments. The typical waveguide lengths were about 
3-6 cm. To obtain reliable results, several measure- 
ments across the wafer were selected to obtain an 
average loss value. (Normally, at least three posi- 
tions were chosen for each tested film.) Assuming 
that there is a uniform distribution of scattering 
centers in the waveguide, the loss is calculated from 
a fit to the measured data according to Beer's Law, 

Instruments DSC2920). The refractive indices and 
optical absorption of the films were determined by 
spectroscopic ellipsometry in the reflectance mode 
and standard UV-vis spectrometry (Perkin-Elmer 
X9) in the transmission mode. The morphology of 
the films was probed with a transmission electron 
microscope (TEM, JEOL lOOCX), a low-voltage 
high-resolution scanning electron microscope 
(LVHRSEM, Hitachi S900), an atomic force micro- 
scope (Park Scientific Instruments SFM BD2), and 
a rotating anode X-ray generator (Rigaku RU300) 
with a Statton camera. For LVHRSEM measure- 
ments, film samples were coated with 10-20 %, tung- 
sten using a dual-ion beam coater to eliminate 
charging and increase contrast. 

RESULTS AND DISCUSSION 

where I. is the input intensity; a, the loss coefficient; 
and 2, the distance of propagation. Therefore, the 
loss (dB/cm) = (a/z)log(lo/Z), where a is a logarith- 
mic conversion constant.16 

Film Characterization 

The thermal properties of the films were measured 
by a differential scanning calorimeter (DSC) (TA 

By considering the thermal behavior of chitosan 
films as a function of temperature, it is possible to 
obtain information about their thermal stability. 
Figure 3 is a DSC diagram of chitosan. The heating 
rate was 20"C/min, with a Nz purge, up to 500°C. 
It is clear that the chitosan films have a thermal 
decomposition temperature ( To) higher than 250°C. 
Due to its semirigid molecular backbone, chitosan 
does not show a glass transition before decomposi- 
tion. Experimental data also demonstrated that al- 
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Table I Refractive Indices of Chitosan Thin Films Measured by Ellipsometry 

Material C hitosan/HAc Chitosan/HAc-Er3+ C hitosan/HAc-Nd3+ 

Refractive index 1.500 

though the thermal decomposition temperature is 
influenced by doping with rare-earth metal ions, all 
films survive to  temperatures over 200°C. This tem- 
perature stability is beneficial in processes which 
require elevated temperatures. 

The refractive index of the chitosan films was 
investigated by ellipsometry. The measured refrac- 
tive indices are shown in Table I. All films exhibit 
a refractive index near 1.5, and no dependence on 
doping was observed. Across the wavelength range 
examined (from 300 to 700 nm),  little dispersion 
was found. 

One of the most important parameters in deter- 
mining the usefulness of the material for waveguides 
in applications such as optical interconnects is the 
optical loss. There exist many experimental methods 
to determine the optical loss in a waveguide struc- 
ture, including out-of-plane scattering, Fabry-Perot 
fringe contrast, and cut-back  technique^.'^,'^ The 
two latter experiments require processing-intensive 
facet preparation and also result in the destruction 

1.503 1.504 

of the waveguide. In contrast, the out-of-plane scat- 
tering technique uses a prism to couple light into 
the waveguide requiring no special processing or 
complicated end-fire-coupling equipment. In addi- 
tion, the technique is noninvasive, leaving the 
waveguide intact for further characterization. 

A four-layer planar slab waveguide geometry was 
used in these experiments. The waveguide consists 
of a silicon wafer substrate, a silica ( S O z )  low re- 
fractive index buffer layer, the chitosan thin film 
waveguiding layer, and, finally, air. The SiOz lower 
cladding layer acted as a buffer to  prevent any pos- 
sible coupling of the guided wave into the absorbing 
substrate. 

As described above, the loss measurement was 
made by measuring the scattered light emitted from 
the waveguide as a function of the position along 
the distance of the waveguide. Figure 4 is a typical 
room-temperature result of the waveguiding loss 
measurement of chitosan/HAc films at  a wavelength 
of 830 nm taken at  three different locations on the 

Average Loss = 1.5 dB/cm 
Wavelength = 830 nm 

t c t 
-5 0 5 10 15 20 25 30 

Distance (mm) 
Figure 4 Examples of data obtained from the waveguiding loss measurements at 830 
nm. The different sets of data represent measurements from three different areas of the 
same film. The line drawn through the data is a best fit and is used to calculate the average 
loss. 
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wafer. This wavelength was chosen because of its 
usefulness in short-haul communication systems, 
such as optical connects. The solid lines represent 
the least-squares fits to the data, in which the actual 
loss coefficient is extracted. Apparent noise in the 
experimental data was mostly attributed to scatter- 
ing off large impurities or defects, such as dust, that 
was incorporated during film preparation. All three 
films, chitosan/HAc, and chitosan/HAc doped with 
Er3+, or Nd3+, exhibited nearly the same loss value 
of about 1.5 dB/cm with a measurement error of 
k O . 1  dB/cm. Best values obtained were less than 
0.5 dB/cm. 

Generally, the main causes of propagation loss in 
straight waveguides are absorption and scattering. 
As seen in Figure 5, there is nearly no difference 
between the UV-vis spectra of all chitosan films 
(including the undoped and doped films which were 
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spin-coated onto glass substrates with a thickness 
of 1 micron) and that of the blank glass substrate. 
In other words, all the polymer films have a negli- 
gible optical absorption at  room temperature over a 
wavelength range of 300-2700 nm. Combined with 
morphological characterization by LVHRSEM and 
TEM (which will be discussed later), it is reasonable 
to believe that scattering (and not absorption) losses 
were the dominating factor for the chitosan films. 

Figures 6-8 are micrographs of the chitosan/HAc 
thin films measured with TEM and LVHRSEM. 
The surface morphology appears smooth and uni- 
form (Fig. 7 ) ,  and the structure is dense with few 
defects (Fig. 6 and Fig. 8, seen in cross section). 
Wide-angle X-ray diffraction and electron diffrac- 
tion of all the chitosan films (withlwithout doping) 
also confirm an amorphous structure of these films 
and no clear evidence of forming crystallites was 

1 

0.8 
A s 
Y 

5 0.6 

'P .- 
0.4 

E 
!? 
I- 0.2 

0 

1 

0.g 
8 

'8 O.! 

*$ 
3 0.: 

c 
0 

c 

0 

I I I 
300 900 1500 2100 2700 

Wavelength (nm) 

(C) 

I I I 
300 900 1500 2100 270 

Wavelength (nm) 

(D) 
Figure 5 UV-vis spectra of various films (1 micron thick) from 300 to 2700 nm taken 
still attached to the glass substrates. (A) Chitosan, (B) chitosan doped with Nd, (C) chitosan 
doped with Er, and (D) the blank glass substrate spectra are shown. 



1168 JIANG ET AL. 

roughness (measured with AFM surface images) of 
these films is less than 10 A. Therefore, the low 
waveguide loss values could be attributed to the uni- 
form and homogeneous amorphous structure of the 
films. In addition, the smoothness and low micro- 

Figure 6 Typical TEM micrographs of ultramicrotomed 
films of chitosan-based materials obtained in the BF mode. 
Micrograph A shows a film with thickness approximately 
1 micron. A small inclusion is shown in this micrograph. 
Both micrographs indicate a homogeneous hulk structure 
with few defects and particulates present. 

found. However, it is interesting to note from the 
WAXD pattern of the chitosan films that there ex- 
ists a faint diffraction ring which might fit the char- 
acteristic diffraction of the anhydride crystals ( a t  
28 = 20°, seen in Fig. 9 ) .  Crystallites in the films 
can cause scattering. It is possible that there might 
exist a small amount of crystallites in the chitosan 
films, which could come from two sources: One is 
the original anhydrous crystals in the raw materials, 
which are difficult to dissolve in acidic solvents19,20 
and may remain in the final films, and the other is 
that  some degree of aggregation of the rigid chitosan 
molecules could form in the dilute acetic acid solu- 

solvents, the aggregation might act as  the nuclei to  
form small crystallites. 

AFM surface images (Fig. 10) support the con- 
clusion of a homogeneous film structure. The RMS 

(b) 

Figure, Characteristic LVHRSEM micrographs of the 

dicate a smooth texture with the presence of a small num- 
ber of particulites of various sizes as indicated by the ar- 
rows. It is these particulates that are thought to he the 
main cause of the extrinsic scattering loss observed. 

tion.'' During processing, with the evaporation Of surface structure of chitosan-based thin films. Both in- 
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Figure 8 Characteristic LVHRSEM micrographs of 
cross sections of chitosan-based thin films. Micrograph A 
shows the interface between the Si and the deposited S i02  
and the interface between Si02 and the deposited chitosan 
thin film. The higher magnification micrographs show a 
clean fracture surface with few voids or particulates pres- 
ent. 

scattering plays a key role in the optical losses of 
these films. 

Extrinsic scattering is caused by impurities and 
imperfections. The waveguides were tested a t  dif- 
ferent wavelengths (790,830, and 950 nm) and the 
optical loss results were similar. It is well known 
that according to the Rayleigh and Mie theories 
scattering should be closely related to the wave- 
length." However, in our experimental range, there 
is no apparent differences in loss value. Therefore, 
it is reasonable to predict that the scattering loss is 
suggestive of loss by imperfections whose sizes are 
random and greater than the wavelength of the 
scattering light. These considerations combined with 
the TEM and LVHRSEM observations of homo- 
geneous glassy films suggest that the surface im- 
purities may be one of the determining factors af- 
fecting the loss values. During our experiments, it 
was easily seen that scattering by surface impurities 
when present, such as dust and particulate inclu- 
sions, caused serious optical losses during wave- 
guiding. Also affecting these measurements was a 
nonuniform thin film thickness. Owing to problems 
in spin-coating processing and/or an initial uneven 
surface morphology of the substrates, some chitosan 
films were not uniform across the whole wafer. By 
means of a monochromatic green light source, it  was 
observed that there were apparent variations in 

roughness of the film surface also contribute to de- 
creased optical scattering. All these facts imply that 
the intrinsic nature of chitosan films satisfies the 
requirements for a good waveguide material. The 
experimental results also suggest that extrinsic diffraction patterns. 

~i~~~~ Q WAXD pattern from a chitosan-based thin 
films. Two faint, relatively diffuse rings are present as 
indicated by the arrows. Doping had little effect on these 
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Figure 10 (a) AFM image of an approximately 1.5 X 1.5 
micron region, (b) area statistics generated from the region 
revealing a low RMS roughness, and ( c )  the histogram of 
the median heights indicating a homogeneous (amorphous) 
distribution of roughness. 

thickness of some films on the order of 500 A. The 
difference in thickness between the edge and center 
led to variations in the waveguiding results, which 
clearly increased the optical loss due to guided light 
being coupled out of the surface of the waveguide. 

Reduction of extrinsic scattering requires opti- 
mization of the film fabrication process. A series of 
experiments was performed to examine the influence 
of processing conditions on waveguiding loss. For 
the dissolving solution, the HAc concentration was 
kept in the range 0.5-10 wt % and preferably 1-3 
wt %. Chitosan in the precursor solution was con- 

trolled in the range of 0.5-5 wt %, preferably 1-3 wt 
%. Higher chitosan concentrations resulted in so- 
lutions with a too high viscosity which hindered pu- 
rification of the precursor solution and led to an 
increase in optical loss. Compared to the films made 
with low molecular weight chitosan, the films made 
with medium molecular weight chitosan had higher 
optical loss (>2.5 dB/cm) . This was related to light 
scattering in the precursor solution. The physical 
dimensions of the waveguides were also affected by 
the processing. Single-mode operation of the wave- 
guide could be achieved in 1 micron-thick or less 
films, while multimode operation was observed in 
thicker guides, because of lower refractive index 
confinement. It is known that samples with poor 
adhesion between the tested film and th@ substrate 
will show poor waveguiding due to increased scat- 
tering. However, the fabrication of chitosan precur- 
sor solutions under clean conditions resulted in films 
with good adhesion properties. Therefore, it is rea- 
sonable to consider that the polymer-Si02 interface 
was not responsible for the optical loss. 

It is interesting to note that all the films, whether 
made from the chitosan/HAc system or made from 
the systems of chitosan/HAc doped with Er3+ and 
Nd3+, show nearly the same losses in waveguiding, 
optical refractive indices, and similar morphological 
structures. It is known that chitosan has a limited 
capacity for doping with rare-earth metal ions.23 
Within the permitted range, increasing the doping 
amount of the rare-earth metal ions did not have a 
distinct effect on the measured optical loss and other 
properties, such as refractive index or morphological 
structure. When the doping ratio was increased over 
40 wt %, the metal salts crystallized and precipitated 
out of the solution during the processing to form 
scattering sites in the films which degraded the op- 
tical quality of the waveguides. 

CONCLUSIONS 

Thin films made from a chitosan-dilute HAc solu- 
tion show loss values of less than 0.5 dE3/cm in a 
waveguide geometry. Films made from this material 
class are amorphous as shown by both WAXD and 
ED. TEM, LVHRSEM, and AFM observations in- 
dicate that these films have dense, uniform, and ho- 
mogeneous bulk structures as well as smooth sur- 
faces. The chitosan films also show good thermal 
stability and their decomposition temperatures are 
higher than 200°C. All these features indicate that 
chitosan is a potential candidate material for elec- 
trooptic applications. The experimental results also 
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imply that the extrinsic scattering caused by im- 
perfections, particulate inclusions, and impurities 
(especially the surface impurities ) and waveguide 
thickness uniformity were the main causes for the 
optical loss in our waveguide geometry. 

It is interesting to note that for all three kinds of 
films, chitosan / HAc and chitosan / HAc doped with 
Er3+ or Nd3+, their optical properties, including 
waveguide loss and refractive indices, and morpho- 
logical characteristics are similar. This implies that 
in our experimental scale the basic molecular con- 
formation in the chitosan films are not changed dra- 
matically if chitosan forms complexes with rare- 
earth metal ions. More research is ongoing to un- 
derstand the structure variations of the chitosan/ 
HAc films with and without doping of the rare-earth 
ions in order to improve optical properties and to 
vary the refractive index of the films. 

The authors thank sincerely Ms. Pamela Lloyd for her 
help in TEM work. 
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