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Abstract:  We report on photoinduced modifications of the refractive index 
of nanoparticulate TiO2-pHEMA organic-inorganic hybrids.  The samples 
with titania concentration ranging from 0.88·10

20
 to 17.6·10

20
 cm

-3
 were 

irradiated and analyzed with UV light at 375 nm. A reduction of the 
refractive index is observed in all samples. Although the photoinduced 
refraction was stronger in samples with higher titania concentration, its 
normalized value per Ti

3+
 center a0 = -2.4·10

-23
 cm

3
 remained constant. The 

change of refractive index correlates with the material photochromic 
response due to the accumulation of polaronic Ti

3+
 centers in the material. 
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1. Introduction  

Organic-inorganic hybrids have deserved a growing interest last decade owing to a 
combination of useful properties of their constituting components [1, 2]. The flexibility and 
shaping versatility of an organic polymer and high refractive index of an inorganic component 
permit considering the hybrids materials for many potential applications in field of photonics 
[3-7]. Among these materials, the TiO2-based hybrids are of particular interest because of 
their efficient photodarkening at the exposition to photons with energy above that of the band 

gap (h3.25 eV). Conversely to the well-known chalcogenide glasses [8, 9], which also 
exhibit photodarkening, the bleaching of the dark domains in hybrids can be photoinduced, 
without need of the annealing process [10]. Reversible photopatterning of these optically 
transparent materials makes them potentially suitable for 2D/3D laser structuring.  

Previously, we have reported on the elaboration of TiO2 gel-based hybrids including 
macroscopic interpenetrating inorganic oxo-titanate, and organic poly(hydroxethyl 
methacrylate) pHEMA, networks [11]. These nanocomposites, obtained without shrinkage, 
show high transparency and mechanical stability, allowing optical-grade surface polishing, as 
well as high photonic sensitivity, which permit realization of 3D microstructures using 
femtosecond lasers [11, 12]. The photodarkening of the pHEMA-TiO2 hybrids results from an 
efficient charges separation at the organic-inorganic interface. Actually, the conduction-band 
(CB) electron remains localized onto the inorganic component as small polaron-like Ti

3+
 

center, whereas the valence-band (VB) hole leaves to the polymer component. The localysed 
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electron is responsible of the material absorption in the visible spectral range according to the 

process 3 4
( ) ( )T i h V IS T i e C B

  
   . Recently, nanoparticulate pHEMA-TiO2 hybrids with 

nanoscale morphology control and record charge separation efficiency (50%) have been 
realized [13]. The relevant physical mechanisms involved in the photodarkening have been 
previously discussed in Refs [10, 14, 15].  

Because of the Kramers-Kroning relation, changes of the transmission in photochromic 
materials usually lead to the modification of their refraction properties. The photoinduced 
modifications may enable fabrication of optoelectronic devices as Bragg gratings or 
waveguides  [16, 17].  In order to optimize the optical writing process, accurate measurements 
of photoinduced modifications of the linear refraction coefficient have to be performed. 
Practically, the absorption modifications are probed by transmission measurements, whereas 
the variations of refractive index are usually measured by microellipsometry  [18] and/or Z-
scan methods [19, 20]. First attempts to measure the photoinduced refraction in the gel-based 
TiO2 organic-inorganic hybrids were recently presented by Bityurin’s group using the phase 
grating method [21], who reports positive refraction changes of +1.6x10

-24
 cm

3
 per Ti

3+
 center 

at 1570 nm. The obtained value can be assigned to bound electrons, since free electrons 
produce negative contribution to the refraction. More experiments are required to verify the 
refraction changes in the photochromic hybrids. 

In this publication we report on the photoinduced refraction measurements in novel 
nanoparticulate TiO2-pHEMA organic-inorganic hybrids with an improved photochromic 
response in the UV spectral range. The article is organized as follow: the experimental setup 
and sample preparation procedure are described in section 2. The theoretical formalism of the 
refractive index calculations is briefly presented in section 3. The experimental results and 
discussion of the photoinduced refractive index are given in section 4. 

 

2. Experiment 

The measurements were performed by using an original approach developed by 
Gayvoronsky et al. [22]. This approach has some similarities with the well-known z-scan 
method, however in contrast to it the sample is kept in a fixed position. Actually, the hybrid 
samples are irradiated with TEM00 Gaussian shape laser beam. The modifications of the 

absorption coefficient  and refractive index n depend on the laser dose and, at least for 

small doses, the spatial distributions of  and n  are of similar Gaussian shape. Depending 

on the sign of n, the induced phase shift results in a self-focusing (n>0) or a self-

defocusing (n<0) of the laser beam. The modifications on the beam divergence are probed 
by measurements of the sample normalized transmittance through a small circular aperture 
placed on the beam propagation axis in the far field. The refractive index variations can be 
obtained by fitting the experimental points with theoretical expression of the on-axis 
transmittance in the Gaussian beam approximation.  

 
Table 1: Hybrid samples characteristics: [Ti

4+
] concentration, thickness (L), quantum 

yield a, photoinduced refractive index change  ∆n0, density of [Ti
3+

]  centers and refractive 
index modification per Ti

3+
 center a0. All values are given for a reference irradiation dose 

equal to 10 J/cm
2
. 

 [Ti
4+

]  10
20

cm
-3

 L μm %
a

  ∆n0 10
-4 

[Ti
3+

] 10
18

 cm
-3

 
 
a0 10

-23
 cm

3 

X1 0.88   94.9 14.5 - 0.23 0.90   -2.55   

X2 1.76   78;1 13.4 - 0.36 1.72  -2.13   

X5 4.4   92.9 7.0 -0.48 2.59   -2.17   

X10 8.8   98.6 16.5 - 2.42 10.85  -2.23   

X20 17.6   82.7 15.1 - 5.64 19.01   -2.97   
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The general synthesis scheme adopted for hybrids fabrication  is described in details in ref 
[13]. Briefly, the titania based hybrids samples are synthetized in a three step process. Firstly, 
monodispersed titanium-oxo-alkoxy nanoparticles of size 5.2 nm are generated in 2-propanol 
solvent in a sol-gel reactor with rapid micromixing. On the second step, the solvent 
replacement by HEMA results in ligands exchange at the nanoparticles surface, and leads to 
the stable nanoparticulate precursor in a HEMA solution. On this stage, the concentration of 
the inorganic component is adjusted. Finally, the precursor solution is filled between two 
microscope plates and thermally polymerized. Five samples with different titanium oxide 
concentrations, 0.88x10

20
 (x1), 1.76x10

20
 (x2), 4.4x10

20
 cm

-3
 (x5), 8.8x10

20
 (x10) and 

17.6x10
20

 cm
-3

 (x20) were prepared. The samples thicknesses were carefully measured with 
optical microscope in the cross-section of the irradiated zone. The characteristics of all 
samples are reported in Table 1. Additionally, a reference pHEMA polymer sample has been 
prepared.  

The experimental setup used for measurements of the absorption and refraction kinetics is 
shown in Fig. 1.  A UV laser diode at 375 nm (from Oxxius) with a single mode fiber output 
delivers, after spatial filtering and collimation, a TEM00 beam of 0.5 mW cw power after 
spatial filtering system (SFS) and collimation. This beam interacts with the sample at normal 
incidence, and the transmitted beam is analyzed by two photodiodes (D1 and D2). A beam 
splitter (Sp), positioned immediately after the sample, reflects a small part of the beam to 
photodiode D1, which monitors the total transmitted power. A wide aperture lens (L), 
positioned as close as possible to the beam splitter (Sp), was used to collect the transmitted 
light. The photodiode D2 measures the transmitted power through a small diaphragm 

( 2 2 5
a

r m ) placed in far field and monitors the convergence/divergence of the beam due to 

the photoinduced refractive index variations in the sample. The sample is placed at the 

position 
S

Z  after the beam waist that was found at the position 
W

Z  from the SFS. The 

distance between the sample and diaphragm is 6 0d cm  and the typical intensity of 280 

mW/cm
2
 has been used to irradiate the samples.  

Z
Zw

D1

D2Sp

L

sample

d375 nm

SFS

0 Zs

 

Fig. 1: Experimental setup: SFS – spatial filtering system, Sp is a beam splitter, S - sample, 
D1 and D2 are photodiodes. The beam waist position is taken as the origin of the axis z. 

 

The experimental results analysis was based on the Gaussian-shape beam approximation. 
Consequently, the spatial profile of the UV laser beam after the spatial filtering was carefully 
measured using a CCD beam analyzer at different distances from the source.  The measured 

beam square radius 2
w z( )  (half width at 1/e

2
 on intensity) as function of the propagation is 

plotted in Fig. 2(a). This variation can be fitted with the usual expression 
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2

0 0
1 ( ) ( / )w z w z z , where z

w
 Z - Z  and 2

0 0 /z w   (Rayleigh range). An excellent 

agreement has been found with the fit parameters 2 8 7 c m
w

 .Z  and 1 7 3
0

w m (beam waist).  

The spot size at the sample plane that correspond to obtained parameters magnitudes is similar 

to the one measured directly by CCD beam analyzer 2 0 0w m .  Additionally, we have 

checked the Gaussian profiles of the photodarkened domains. An example of such 
photodarkened area, observed with an optical microscope, is shown on the Fig. 2(b).  We have 
superimposed on this picture, the absorption profile obtained with the CCD camera when the 
sample is illuminated with a white light. According to the displayed profiles cross-sections, 
the distribution of the photoinduced modifications at the irradiated area is Gaussian. Next we 
describe the formalism used for the experimental data analysis. 

b)
40 50 60 70 80 90 100

2,0

2,5

3,0

3,5

4,0

4,5

5,0

5,5

 

 

 

 

a)

Distance Laser-Camera, cm

R
a

d
iu

s
 w

, 
1

0
-2

c
m w0 = 173 m

Zw = 28.7 cm

Fig. 2: a) Evolution of square beam radius (half width at 2
1 / e ) along the propagation (Z 

axis). The full line is a fit with the usual expression of w z( ) for Gaussian beams (see text). b) 

Image of the darkened area of sample x10 and spatial variation of the sample transmission. 

3. Theoretical formalism of the refraction measurements 

Assuming a Gaussian beam propagating along the  z direction and the coordinate origin 
being at the Gaussian beam waist, the electric field incident on the sample is written: 

 
2 2

0

0 2 2
( , ) e x p e x p ( )

( ) ( )( )
e

w r k r
E r z E i i z

w z R zw z


 

       
  

                        (1) 

where 
0

E denotes the on-axis electric fields amplitude, r  is the radial coordinate, z  is the 

sample position and  
2

0
1( ) /R z z z z
 

 
 
 

 stands for the wave front radius of curvature. The 

phase term z ( )  contains all the radially uniform phase variations.  The sample is considered 

as thin with a thickness L smaller than the Rayleigh range (
0

L z ). Consequently, any 

changes of the laser beam profile induced by linear diffraction phenomena can be neglected, 
which was experimentally supported by the propagating beam analysis. Moreover, we 
suppose that (i) photoinduced modifications are uniform in the direction z of the beam 
propagation inside the sample and (ii) their radial distribution corresponds to the spatial 
profile of the beam intensity at the sample position z = zS. Thus, we can write: 
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2

0 2

2

0 2

2

2

S

S

r
n r D n D

w z

r
r D D

w z

 

 

    

 
 

 

    

 
 

( , ) ( ) e x p
( )

( , ) ( ) e x p
( )

                                           (2) 

where 
0

n  and 
0

  are respectively photoinduced variations of the on-axis refractive index 

and absorption coefficients and D is the irradiation dose.   

In general case, one has to explicitly consider the beam propagation inside the absorbing 
medium. However the above suppositions allow simplifying the modeling. For a relatively 
thin sample and low absorbance, one can neglect changes of the spatial beam shape and 
absorbance along the z-axis. We consider that the i-th laser pulse propagates in the medium 
prepared by the i-1 previous pulses, which induce an absorbing area with the absorption 

coefficient +0(Di-1) of the Gaussian spatial shape in (x,y) plane and independent on z 
coordinate within the sample. In these conditions, the electric field at exit surface of the 
sample than be expressed by:  

2

0

0 2

2
2

2
s e

S

L r
E r z D E r z L i

w z


 

   
                   

( , , ) ( , ) e x p / e x p e x p
( )

         (3) 

where  is the absorption coefficient of the non-irradiated sample (D=0) and 

0 0
2 /n L      is the photoinduced phase shift. To calculate the amplitude of the electric 

field in the plane of the aperture, we use the Gaussian decomposition method described in 
Ref. [20]. The electric field at the output of the sample is decomposed as a series of Gaussian 
beams with different waists and wave front curvatures. Each individual Gaussian beam is then 
propagated independently along the z axis in the free space. The electric field 

( , ' , )
a

E r z z d D   in the receivers’ aperture plane is obtained after summing up all the 

individual beams. Thus: 

0

0 2 2

2 0

2

0

2
0 1

2

m

L m m

a e m

m mm m

L
i

w r k r
E r z z d D E r z e i

m w Rw














 
  

     
 

         
  
  


/

( , ' , ) ( , ) ( ) e x p e x p
!

  

(4) 

where d is the distance between the sample and the aperture plane. The other geometry 
defined parameters are [20]:  

  
 

   

1
2 2 2 2 2 2 2

0 0

1 2 2 2 2

0

2 1 2   1     

 a n d   1   

m m m m m

m m m m m

w w z m d k w R d g g d d

d d g w w g d d g d R z





     
 

     
 

( ) / ( ) , / , – / /

t a n / / , ( / ) /

  

The Eq. (4) describes sufficiently thin and low absorbing samples. With an increase of 
both thickness and absorbance, the deviation from Eq. (4) appears. This deviation between the 
experiment and modeling will be considered as a criterion of the above formalism 
applicability.  

Finally, we define the normalized on-axis transmittance: 
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2

0

2

0

a
r

a

o n a x is

to ta l

a

E r z D r d r
P

T D
P

E r z D r d r


 





( , , )

( )

( , , )

                                         (5) 

where ra is the aperture radius. This normalization Eq. (5) permits distinguishing the refraction 
component of the field variation on the beam propagating in an absorbing medium. 
Experimentally, the powers Pon-axis and Ptotal are measured separately, and the photoinduced 

variation of refractive index 
0

 ( )n D  is obtained by fitting the experimental normalized on-

axis transmittance with the theoretical expression of ( )T D  given by Eq. (5).  

4. Results and discussion 

It’s worth to notice that the usual Z-scan approach is not appropriate for measurements of 
the refraction modifications in materials with high sensitivity to photodarkening and long 

relaxation. Indeed, consistent Z-scan traces necessary for measurement of 
0
( )n D  at a given 

irradiation dose D require a fresh zone of the sample to be irradiated for each position Z. This 
needs in turn a complicated optical alignment, which would assure no axial beam deviation 
and conservation of laser dose during the lateral (r) and longitudinal (Z) sample 

displacements. The method proposed in the present article, allows to measure  
0
( )n D  with a 

large range of irradiation doses in the same experimental geometry. Moreover, its sensitivity 
is high. In our experimental conditions, as we will show, we were able to measure variations 
of 1% of the normalized on-axis transmittance. Taking into account the diaphragm radius 

( 2 2 5
a

r m ) this corresponds to a phase shift  
0

3 3 m ra d  . Consequently, the minimum 

measurable optical path length variation is 
0 0

2 1 9 0/ /n L        . 

The UV irradiation of pHEMA/TiO2-based hybrids materials induces modifications of 
both absorption coefficient and refractive index. The total and on-axis transmittances, as a 
function of the UV irradiation dose, are shown in Fig. 3(a) and 3(b) respectively. In the same 
experimental conditions, the transmittance of the pure pHEMA reference sample is found 
unaffected by the irradiation, which evidence that the effect is entirely due the presence of the 

inorganic TiO2 component. Since, the measured changes in the refraction 
0
( )n D  correlate 

with the photodarkenning of the sample, we will first discuss the photoinduced modifications 
of total absorption coefficient ( )0 D  (Fig. 3(a)).   For the sake of simplicity, we mainly 

present next parts the results obtained in samples X1 and X10. A similar procedure has been 

used to measure 
0
( )D  and 

0
( )n D  in others samples. 

In pHEMA/TiO2-based hybrids materials, the darkening is assigned to Ti
+3

 centers [10, 
11] which are formed by the CB electron trapping on Ti

4+
 after photoexcitation below 380 nm 

( 3 2
g

h E e V   . ). The scheme of the relevant processes involved in the Ti
3+

 centers 

formation is drawn in the Fig. 4.  The absorption of a photon h  results in the electron 

transition from the valence band, due to O
2-

 2p orbital, to the conduction band, due to Ti
4+

 3d 
orbital. Whereas the hole is supposed to escape rapidly into the organic pHEMA component, 
the remaining CB electron is trapped into the inorganic component with the quantum 

efficiency 
a

 . The spontaneous relaxation of the photoinduced charges is slow resulting in a  

Ti
3+

 centers lifetime of several weeks [10]. On the other hand, the maximal concentration of 
the Ti

3+
 centers is limited by the inner-photoeffect, which corresponds to the trapped electrons 

excitation. The successfully reexcited electrons can leave the inorganic component, and 
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recombine with holes localized in the organic component.  This last process is characterized 

by the quantum efficiency 
b

 . Accordingly, the rate equation of Ti
3+

 concentration is: 

 
3

3 4

0

[ ]
.[ ] . [ ] .

a a b b a a

d T i I I
T i T i

d t h h
     

 



 
                               (6) 

where 2 1
4 3 1 0.

a



 cm

2
 and 1 9

6 1 0
b




 cm
2
 accounts for the absorption cross sections of 

respectively 4
T i

  and 3
T i

  at 375 nm [10], 4

0
[ ]T i

  is the initial density of titania, and I is 

the laser intensity in W/cm
2
.  The evolution of 3

T i
  concentration as a function of the 

irradiation dose D can be obtained from the previous expression: 
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Fig. 3:  Variation of total transmittance (a) and on-axis transmittance (b) in the hybrid 
samples as a function of UV irradiation dose. The dark solid line represents the fit of the 

experimental transmittance of sample X10 by Eq. (9) with parameters a = 16.5%, b =2.5 %. 

The kinetics of the total transmittance at 375 nm is plotted in the Fig. 3(a) as a function of 
the UV irradiation dose for all hybrids samples. As expected, the absorption increases both 
with the titania concentration and UV irradiation dose. According to the model discussed 
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above and the assumption about the absorption coefficient uniformity along the z direction 
proposed in section 3, the transmittance curves can be described by the usual Beer-Lambet 
law, assuming that each produced Ti

3+
 center replaces one Ti

4+
:  

  3

0

( )
  e x p

( )

to ta l

b a

to ta l

P D
T T i L

P D
 

    
 

                             (8) 

where L is the sample thickness and the density 3
[ ]T i

  is given by Eq. (7). The quantum 

efficiencies a and b involved in the calculation of 3
[ ]T i

  are free parameters which can be 

obtained from the fit of the experimental data by Eqs. (8) and (9). The theoretical transmission 
curve of sample X10, is plotted by dark solid line in Fig. 3(a). An excellent agreement with 
the experimental curve supports the approximation of a uniform distribution of the absorbing 

species along the laser beam propagation. The obtained quantum efficiencies 
a

  for the 

charge separation process are ranging from 13.5% to 16.5% excepted for the sample X5 for 

which 7%
a

  . A less efficient polymerization in sample X5 may account for this difference. 

The quantum efficiency 
b

  of the inner photoeffect process is ranging from 1.5% to 2.5% for 

all samples. The values of 
a

  are reported in Table 1. It’s worth to remark that the obtained 

charges separation efficiency is considerably smaller than that measured with photoexcitation 

at 355 nm ( 5 0%
a

  ) [13]. This may be explained by the activation barrier that the 

photoinduced hole has to overcome in order to escape the inorganic component. The holes 
remained into the inorganic component likely recombine with the CB electrons with the 

probability 1-
a

 .  

a

b

a

VB (O2-)

CB (Ti4+)

Ti3+

h

h

h

e

e

1

2

1 a

1 b
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InorganicOrganic
 

Fig. 4: Scheme of the relevant processes involved in the photodarkenning of pHEMA-
TiO2 hybrids materials.   

The photoinduced modifications of the absorption coefficient  0

3
[ ]

b a
T i 


   are 

proportional to the number density of localized electrons 3
[ ]T i

  and cross sections difference. 

The number density  3
[ ]T i

  is calculated using quantum efficiencies a and b obtained from 

the fit of total transmittance curves with Eqs. (8) and (8).  

With knowledge of the total sample transmittance, the on-axis transmittance provides 
information about modifications of the refractive index. In the present experiment, the 
normalized on-axis transmittance T(D) decreases with the UV irradiation dose in all hybrid 
samples as shown in Fig. 3(b). This reduction of on-axis transmittance corresponds to the 

negative variations of the refractive index (
0

0n  ), since the samples were positioned after 

the beam waist.  
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The experimental data permit evaluation of the photoinduced refractive index according 
to the formalism described in section 3. The fits of the normalized on-axis transmittance of 
samples X1 and X10 by Eq. (5) are plotted as dash curves in Fig. 5(b). In these fits the 

refractive index modification 
0
( )n D   is supposed to vary linearly with the Ti

3+
 concentration 

3

0 0
n a T i


   [ ] . Consequently, the only free parameter in the Eq. (5) is the factor 

0
a which 

represents the refractive index variation per Ti
3+

 center. An excellent agreement with the 
experiment is obtained for sample X1 in the whole range of laser doses  0 < D < 60 J/cm

2
. On 

the other hand, the normalized on-axis transmittance of sample X10 can be satisfactory fitted 
by Eq. (5) in a restricted range of laser doses 0 < D < 20 J/cm

2
 responsible for the linear 

regime of the photodarkening. As discussed in section 3, the total sample absorption of 10% 
(see Fig. 3) sets limit of applicability of the proposed formalism. This is in agreement with 
Ref. [20], where non-linear absorption in optical media has been considered.  

The variations of the refractive index 
0
( )n D  of samples X1 and X10 are reported in Fig. 

5(a). Typical values 4

0
0 6 7 1 0n


   .  in sample X1 at D = 60 J/cm

2
 and 4

0 4 1 0n


     in 

sample X10 at D = 20 J/cm
2
 were obtained.  
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Fig. 5: Variations of refractive index 
0

n  (a)  and normalized on-axis transmittance (b) of 

hybrid samples X1 and X10 versus the UV irradiation dose. On (b) the dashed lines represent 
the fits of on axis transmittance by Eq. (5). 

 

The proposed method of the refractive index variation measurements is valid in the 

Gaussian phase shift approximation when both distributions of  ( , )n r D  and  ( , )r D  

reproduce the Gaussian spatial profile of the laser beam. Indeed, due to the saturation of the 

Ti
3+

 concentration, the  ( , )n r D  profile becomes progressively flat when the irradiation dose 

increases. Experimentally, this results in a decrease of the photoinduced divergence and an 
underestimation of the normalized on-axis transmittance calculated by the Eq. (5).  This effect 
is observed in the sample X10 when D > 20 J/cm

2
. For this reason, we were unable to 

calculate the refractive index changes in the range of a strong material darkening. However, to 
have an idea about the refractive index modification in sample X10 at higher doses, we have 

plotted the expected variation of 
0
( )n D  as a dot line in Fig. 5(a). A pure numerical approach 

allowing calculating the electric field ( , , )
a

E r z D  in the aperture plane and taking into account 

real modifications of the  ( , )n r D  profile is currently under consideration in our group. This 

should allow measuring the refractive index modification beyond the Gaussian phase shift 
approximation.  

The refractive index 
0
( )n D modifications have been measured in samples X2, X5 and 

X20 using the above described procedure. For the sake of comparison, we report in Table 1 

the values of 
0
( )n D  measured in all samples for the same reference irradiation dose 

2
1 0 /D J c m .  As expected because of a stronger absorbance, 

0
( )n D  increases with the 

titania concentration in the hybrid samples. To account for the increased number of the 
photoinduced centers, the photoinduced refraction can be normalized on their number density. 
The relevant density of the photoinduced Ti

3+
 centers for the reference dose  together with the 

refractive index variation per Ti
3+

 center 3

0 0
/ [ ]a n T i


   are also reported in Table 1. As 

Fig. 6 shows, this parameter appears to be almost independent on the titania concentration in 

the considered samples. Its mean value 2 3 3

0
2 4 1 0a c m


  . is indicated by a dot line in Fig. 6. 
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Fig. 6:  Photoinduced refractive index modification per Ti
3+

 center 3

0 0
/a n T i

 
 

  
.  

For the experimental viewpoint, the refractive index modification results from the 
photoexcitation of titania nanoparticles and is correlated with the material photodarkening. 
Therefore, since the photoexcitation process results in the electron localization on Ti

4+
 center 

and hole transfer to organics, both organic and inorganic components of the hybrid material 
could contribute to the observed modification of refraction. The possible mechanisms are 
discussed below.  

The photo induced modifications of refractive index in polymer are related to variation of 
density    or of polarizability  , according to the Lorenz-Lorentz equation :  

2

2

41

32

n

n


 






                                                   (9) 

Actually, a decreases of refractive index in silica-based organic-inorganic hybrid material 
under UV-light irradiation has been previously reported by Park et al. [23]. The effect was 
assigned to changes of the organic component polarizability resulting from the decomposition 
of methacryl chains and subsequent evaporation of carbonyl groups. In our case, the organic 
component of the hybrids is transparent in UV-A spectral region and cannot be decomposed 
by 375-nm photons. Moreover, the refraction modifications are reversible and no modification 
of volume sample has been observed after the irradiation. Therefore, the organic component 
may contribute to the refractive index variation only via a decrease of its polarizability as a 
result of the hole transfer from titania nanoparticles [10]. Indeed, the polarizability of -OEMA 
groups on the inorganic nanoparticle surface is explained by the mesomeric effect, as shown 
in Fig. 7 below: 

 
Fig 7: Charges distribution on -OEMA groups.  

The presence of a double carbon bond in conjugation with a carboxylic group (α-position) 
may have a significant impact on the charges distribution when an electric field is applied. On 
the other hand, the hole transfer cancels the right-most configuration, which decreases the 
group polarizability. Although an exact place of the hole localization in not known, the 
organic polymerization is not complete in these hybrids [6,8] and non-polymerized -OEMA 
functional groups may remain at the organic-inorganic interface.  

The origin of the refractive index reduction in semiconductors is usually assigned to the 
contribution of the free carriers conductivity by the so-called plasma effect [24]. Owing to the 
cw  UV irradiation, free CB electrons permanently exist in our samples. Nevertheless, because 
of their short lifetime, they are not supposed to contribute significantly to the refractive index 
modification. This is confirmed by our experimental results. Indeed, the transmittance curves 
presented in Fig. 3 are independent of the UV laser intensity. Consequently, the observed 
refraction change cannot be directly related to the density of free CB electrons. Nevertheless, 
due to the presence of very long-lived (about weeks) photo-induced charges, the UV 
irradiated titania nanoparticles constituting the hybrids, may be considered as a n-doped 
semiconductor. Interestingly, the obtained values of the refractive index variation per Ti

3+
 

center 
0

a  (table 1) are in the range 2 3 3

0
2 4 0 5 1 0a c m


   . ( . ) , which is in agreement with the 
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typical values reported for refractive index modifications induced by charge carriers in doped 
semiconductors [24]. In titania, CB electrons interact strongly with phonons and form small 
polarons Ti

3+
 centers [25].  In these conditions, the electron transport can be governed by 

hopping, where the electrons move between Ti atoms by thermal activation and/or tunneling 
processes [25, 26], over against the ballistic transport and Drude model description [27]. This 
polaronic conductivity could be responsible of the observed refractive index reduction. 
Experiments with hybrids materials prepared with different organic components should allow 
clarifying the contribution of organic and inorganic components to the refractive index 
change.  

Finally, photoinduced permanent modifications of the refractive index have been reported 
in a large variety of materials as chalcogenide glass, oxide glass or polymers [8, 23, 28]. They 
are used to realize optical devices like wave guides, photonic structures, optical switches, etc 
…. Typical reported values of photoinduced refractive changes ranges from 10

-4
 to 10

-1
.  In 

the presented experiments the maximum refractive index modification -5·10
-4

 is found in 
sample X20 at the UV irradiation dose of 10 J/cm

2
.  Although, this value is sufficient to 

implement waves guide in our hybrids materials [29, 30], it’s worth to remark that the Ti
3+

 
concentration of the considered hybrid samples can attain 13% of the available Ti atoms 
[8,10]. Consequently, the photoinduced change of the refractive index could be much 

stronger. Assuming the refractive index change per Ti
3+

 center 2 3 3

0
2 4 1 0a c m


  . , the 

maximum modification of the refractive index in sample X20 could attain 
0

0 0 0 5n 
, m ax

. . 

This estimation, which needs to be confirmed experimentally, makes the TiO2-pHEMA hybrid 
material performance comparable with those of chalcogenide and oxide glasses. Moreover, 
the photopatterning in the hybrids is reversible, which may permit repetitive recording.  

The present results indicate that the photosensibilty of our nanoparticulate hybrids is 
sensitive to the excitation photon energy: the quantum yield of charges separation attains 15% 
at 375 nm, which is considerably lower than previously reported 50% at 355 nm [13]. 
Moreover, the titania absorbance strongly increases with an increase of photon energy above 
bandgap of 3.24 eV (380 nm). Accordingly, photopatterning of the hybrids at the shorter 
wavelengths would increase of the structure contrast and process efficiency. We notice that 
the use in the present study of a laser diode emitted at 375 nm is explained by its perfect 
Gaussian spatial beamshape, essential for the refraction measurements. 

The reproducibility of electronic properties of the hybrid materials requires a comment. In 
the present experiments, three series of hybrid samples with different inorganic concentrations 
ranging from X1 to X20 were tested, prepared of 5-nm titania nanoparticles and distillated 
HEMA monomer. We found that the quantum yield of the photoinduced charges separation 
depends sensitively on the surface state of glass plates, between which the hybrid is confined. 
In particularly using silica treated hydrophobic glass plates (instead of the not treated ones), 
the quantum yield of photoinduced charges separation can be increased by a factor of two, 
which can be explained by the titania adhesion to the glass surface. In the same time, the 

refraction factor 
0

a  remained in the range of -2.4·10
-23

 cm
3
 irrespectively of the plates 

preparation (at the only exception of one sample X5 showed 
0

a  about twice higher, which 

may be related to the organic polymerisation extent that is beyond the scope of this 
communication). This confirms the photoinduced refraction relation to the created Ti

3+
 

centers. 

An almost constant value of 
0

a  reported in the Fig. 6 shows that the photoinduced 

refractive index modification per elementary e
-
/h

+
 pair excitation is not influenced by the 

inorganic nanoparticles concentration. This evidences the large organic/inorganic internal 
interface of these hybrids which is maintained until the highest nanoparticles loading 
(correspondent to the interparticles distance close to their size). The nanoparticulate hybrids 
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can be considered as open structure materials, which functional properties are defined by 
internal interface. 

 

5. Conclusion 

We report on measurements of photoinduced modifications of the linear optical refraction 
coefficient of nanoparticulate pHEMA-TiO2 organic-inorganic hybrids at 375 nm.  The 
samples with titania concentration ranging from 0.88x10

20
 (X1) to 17.6x10

20
 cm

-3
 (X20) were 

prepared and analyzed. The photoinduced phase shift was obtained from the evolution of the 
normalized on-axis sample transmittance as a function of the UV irradiation dose. The 
reduction of the refractive index with the increase of the UV irradiation dose was observed in 

all hybrids. The refraction per Ti
3+

 center 3 2 3

0 .0
/ 2 .4 ( 0 .5 ) 1 0a n T i

 
      
 

cm
3
 was found 

almost independent on titania concentration. Both organic and inorganic components of the 

hybrid can contribute to the refractive changes. The strongest variation of 4
5 1 0n


     in the 

linear sample absorbance regime has been measured in X20 sample with the highest 
concentration of TiO2 nanoparticles. At high irradiation doses close to the photodarkening 
saturation, the refraction index variations could attain -0.005, which makes these materials 
candidates for applications in optoelectronics. 


