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Experimental and modeled dependencies of the induced refractive index on dosage of UV exposure in
photo-thermo-refractive glass for different thermal treatment regimes are presented. Resulting spatial
profiles of refractive index modulation in a reflecting Bragg grating recorded by a holographic technique
are computed, and corresponding diffraction efficiencies are modeled. It is shown that nonlinearity of the
photosensitivity response is responsible for spatial distortions of a recorded grating that result in a
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1. Introduction

Phase photosensitive materials are those with the
ability to locally change their refractive index when
they are exposed to photoactinic radiation. Several
types of such materials were developed over the
past few decades. Not to produce a survey of phase
photosensitive materials, one can cite examples in
photopolymers [1], photorefractive crystals [2], and
photosensitive glasses [3]. They can be used for the
fabrication of refractive and diffractive optical ele-
ments such as phase Fresnel lenses [4] or volume
Bragg gratings (VBGs) [5]. It is important to note
that while all these materials have different physical
properties, they also have a property common to all
photosensitive materials, which is nonlinear depend-
ence of refractive index change (RIC)—the difference
between refractive indices in exposed and unexposed

areas—on dosage of exposure and saturation of RIC
at high dosages of irradiation [6].

The recording of VBGs using a holographic tech-
nique consists of interfering two beams inside the
photosensitive medium and the creation of a station-
ary wave with a sinusoidal spatial profile of inten-
sity. Spatial modulation of a refractive index in a
photosensitive medium produces a bulk multilayered
Bragg mirror VBG. For a linear response of the pho-
tosensitive medium, the spatial profile of refractive
index would be sinusoidal too. The theory of sinusoi-
dal VBGs was developed a long time ago [7] and re-
duced to practical formulae in numerous works, see,
e.g., [8] and [9]. It was shown theoretically and con-
firmed experimentally that the reflection coefficient
of such VBGs is completely determined by amplitude
of refractive index modulation (RIM), thickness, and
incident angle. Based on these results, people have
commonly used the measured evolution of diffraction
efficiency of Bragg gratings recorded in photosen-
sitive materials (bulk or fibers) to characterize its
RIC kinetics [10,11]. It is obvious that while a linear
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response of the photosensitive medium results in a
RIM profile identical to that of the interference pat-
tern (i.e., perfectly sinusoidal), a nonlinear response
of the recording medium should cause distortions in
the spatial profile of RIM. The goal of the current
work is to study the effect of these distortions on
diffraction efficiency of VBGs.

2. Modeling of the Evolution of Refractive Index
Change in PTR Glass

One of the most promising photosensitive materials
for the recording of high-efficiency robust diffractive
optical elements is photo-thermo-refractive (PTR)
glass [3]. Such material is a multicomponent silicate
glass that exhibits RIC after successive UV exposure
and thermal treatment at temperatures above the
glass transition temperature (Tg). It was shown for
PTR glass [6,12] that RIC kinetics versus dosage of
UV exposure can be modeled using hyperbolic func-
tions. In this paper, we study the refractive index
kinetics versus dosage of UV-exposure for different
thermal treatment durations in PTR glass, model the
spatial profile of induced RIM, and study the influ-
ence of this profile on the diffraction efficiency
of RBGs.

The photosensitivity of PTR glass is determined by
photo-ionization of Ce3� ions and the release of elec-
trons that are trapped by silver ions converting them
to neutral silver atoms [3]. The spatial distribution of
silver atoms determines the spatial profile of induced
refractive index observed after thermal development
of PTR glass. Using the system of balance equations
of such a process of photoionization and trapping, it
was shown that the RIC (Δn) dependence on dosage
(D0) of UV-exposure (phase photo-sensitometric
curve) follows a hyperbolic function [6,12]:

Δn � Δnsat ×
D0

k�D0
; (1)

where Δnsat is the maximum RIC obtained after
exposure with an infinite dosage (saturation level)
and k is the dosage required to achieve a RIC equal
to half of saturation level (Δn � 0.5Δnsat). The ratio
of these parameters (Δnsat∕k) determines an initial
rate of RIC (slope of the photo-sensitometric curve
at D0 � 0).

To study the RIC versus dosage for different ther-
mal treatment durations, PTR glass similar to one
described earlier [13] was used. The samples with
thickness of 2 mm were prepared. These samples
were UV-exposed using a 4 mW He–Cd laser at
325 nm. The procedure of exposure was similar to
that described in [14] (Fig. 1). A stripe with Gaussian
distribution of dosage and maximum dosage about
0.9 J∕cm2 was recorded in each sample by scanning
the laser beam over the sample’s surface. Dosage was
controlled with the scanning speed. This maximum
dosage was chosen because it provides induced re-
fractive index change close to saturation. The sam-
ples were then developed at 510°C for different
durations from 15 to 240 min and the dependence
of the RIC on dosage of UV-exposure was measured
in each sample (Fig. 2) using a liquid-cell shearing
interferometer [14]. One can see that this depend-
ence is a curve with saturation typical for photoin-
duced processes. Maximum observed RIC was
about 10−3 (1000 ppm). Each curve was fitted using
the Eq. (1) and the parameters Δnsat and k were ex-
tracted. Dependence of these parameters on thermal
treatment duration is shown in Fig. 3. Δnsat in-
creases from 250 to 1100 ppm (maximum RIC that
could be achieved in PTR glass), while k decreases
from 0.82 down to 0.02 J∕cm2 (steeper and steeper
photosensitivity response).

3. Modeling of the Evolution of the Diffraction
Efficiency of a Reflecting Bragg Grating in PTR Glass

We used the curves in Fig. 3 measured by interferom-
etry to model the effect of the change of the photo-
sensitivity curve on diffraction efficiency of VBGs

Fig. 1. Procedure used for exposing PTR glass sample and characterizing the RIC kinetics.
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holographically recorded in PTR glass. We considered
that conventional holographic recording is used
for writing the RBGs. In this case, two completely
collimated monochromatic recording beams are over-
lapped in the volume of the photosensitive material
to produce a stationary wave with sine modulation of
its intensity and a periodΛ. As a first approximation,
let us neglect attenuation of the recording radiation
in a photosensitive medium. For PTR glass exposed
to UV radiation at 325 nm, this approximation is
correct up to thickness of the samples not exceeding
several millimeters, which is the most common case
for practical VBGs. In this case, the distribution of
dosage (D) along the z direction (perpendicular to
the bisector of the two recording beams) is given by

D � D0

�
1� sin

�
2πz
Λ

��
; (2)

where D0 is the incoherent sum of dosages of both
recording beams. Combining Eqs. (1) and (2), the
resulting spatial distribution of the refractive index
(n�z�) is given by

n�z� � n0 �
ΔnsatD0

h
1� sin

�
2πz
Λ
�i

k�D0

h
1� sin

�
2πz
Λ
�i ; (3)

where n0 is the average refractive index of PTR glass
exposed to a periodical UV pattern. Figure 4 shows
modeling of spatial profiles of refractive index for the
same RIC but for three different ratios between
k and D0: linear dependence of RIC versus dosage
(k∕D0 ≫ 1) and for two levels of exposure when pho-
tosensitivity curve becomes nonlinear (k∕D0 � 0.6
and k∕D0 � 0.2). One can see that, compared to an
ideal sinusoidal profile, a distortion of the refractive
index profile appears when RIC exceeds a half satu-
ration level.

To model the effect of the RIC spatial profile on
VBG diffraction efficiency, the decomposition of a
complex refractive index profile into very thin layers
of constant refractive index was produced.We decom-
posed each period of the RIM into 20 layers having a
constant refractive index equal to the average refrac-
tive index within this thickness. Based on the param-
eters used for the simulation (VBG centered at
633 nm recorded in a glass with a refractive index
of ∼1.5), the typical thickness of each layer was
∼10 nm. Increasing the number of individual layers
for decomposing a single period did not result in any
noticeable change of the final diffraction efficiency
curves. To produce the modeling of the spectral
dependence of the diffraction efficiency of the pro-
duced VBGs, we applied the classical formula of thin
film theory on each thin layer. This procedure con-
sists in calculating the normalized admittance (Ŷi)
on the incident side of the i� 1 layers using the equa-
tion [15]

Ŷi �
Ŷi�1 cos�βi�1� � jni�1 sin�βi�1�

cos�βi�1� � j Ŷi�1
ni�1

sin�βN�1�
; (4)

where Ŷi�1 is the normalized admittance of the
medium (or multilayer/grating) on the emergent side
of the layer i� 1 of refractive index equal to ni�1 and
phase thickness βi�1. Iterating this equation from the
exiting medium until reaching the incident medium
(with refractive index n0) allows for obtaining the
normalized admittance of the whole RBG (ŶN). It
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Fig. 2. RIC versus dosage of UV-exposure for different thermal
treatment durations.
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Fig. 3. Dependence of parameters of the hyperbolic function in
Eq. (1) on thermal treatment duration.
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Fig. 4. Spatial profile of refractive index along the bisector of
recording beams (distance from the front surface of the exposed
sample) for different ratios of half saturation dosage and total
applied dosage k∕D0. 1, k∕D0 ≫ 1; 2, k∕D0 � 0.6; 3, k∕D0 � 0.2.
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is important to note that the normalized admittance
(Ŷi) is a complex number equivalent to the refractive
index at the boundary i∕i� 1 of the whole assembly
(from 0 to i, i.e., from the substrate to the layer i) that
takes into account all the phase at propagation in
each individual layer and the refraction/reflection
effects at each boundary. Moreover, Ŷ0 equals the
refractive index of the substrate, i.e., the average re-
fractive index of PTR glass. The reflection coefficient
(ρ̂) (for an electric field) of the RBG can then be cal-
culated using the equation [15]

ρ̂ � n0 − ŶN

n0 � ŶN

: (5)

Diffraction efficiency of a VBG is finally calculated as
the squared module of the reflection coefficient. Thus
the diffraction efficiency spectra of a reflecting VBG
with a resonant wavelength of 633 nm and thickness
of 2 mm, which was aligned at normal incidence,
were calculated for each RIC taken from the photo-
sensitivity curves presented in Figs. 2 and 3 for a
dosage of 0.6 J∕cm2. Diffraction efficiency of a reflect-
ing VBG at the resonant wavelength (λ0) is a reflec-
tion coefficient of this Bragg mirror (R). Parameters
such as transmission of a reflecting VBG (T), which is
complementary to a reflection coefficient (T � 1 − R)
and actually represents diffraction losses, was used
to characterize the gratings. Dependence of trans-
mission on the thermal treatment duration is de-
picted in Fig. 5. For comparison, transmission of
sinusoidal VBGs with identical RIC is calculated
with Kogelnik coupled wave theory [7,9]

R�t; λ� � th2

�
πδn
λ0

t
�
; (6)

where δn � 0.5Δn is the RIM, the maximum devia-
tion of the local refractive index from average value
in an exposed area of PTR glass. With this modeling,
we analyzed the evolution of the diffraction efficiency
of a VBG in the process of thermal treatment

procedure, i.e., during the increase of the RIC and
the appearance of a larger and larger saturation ef-
fect. One can see that the longer the development
time (smaller the k in Fig. 3), the larger the differ-
ence between the modeled diffraction efficiency and
the one predicted by the Kogelnik theory for sinusoi-
dal gratings. Moreover, it is seen that while increas-
ing the thermal treatment duration increases RIC
(Fig. 2), the associated decrease of the k coefficient
(Fig. 3) results in approaching the saturation level,
increasing distortions of refractive index spatial
profile (Fig. 4), and corresponding increasing diffrac-
tion losses (decreasing the diffraction efficiency)
shown in curve 2 (Fig. 5). Such an effect has a very
strong impact on residual transmission of VBGs
with extremely high diffraction efficiency. While the
Kogelnik theory predicts for a sinusoidal VBG in a
PTR glass with thickness of 2 mm that optical den-
sity at resonant wavelength can reach a value of 4
(transmission T � 0.0001), distortions of a refractive
index spatial profile would restrict optical density at
the level of 2 (T � 0.01). This effect can be seen in the
following manner. A perfect VBG is composed with
only one sine RIM with a period Λ. Any deviation
from linearity of the RIC change on dosage results
in the appearance of new harmonics of the RIM of
the VBG, with periodΛ∕k (k being an integer). These
harmonics then decrease the contribution of the
fundamental period to the diffraction at the Bragg
wavelength λ0�� Λ∕2n0 � 633 nm�.

In order to better illustrate the effect of the pho-
tosensitivity curve on the diffraction efficiency of
reflecting VBGs and quantify this effect independ-
ently on thickness, the sinusoidal refractive index
spatial modulation that would be required to obtain
the calculated diffraction efficiency in an undistorted
VBG was calculated (Fig. 6). One can see that the
dependence of effective RIM corresponding to an un-
distorted VBG on RIM for a real VBG has maximum.
This means that further increase of RIM causes a
decrease of the diffraction efficiency of a VBG. An-
other method to calculate the data of the Fig. 6 would
consist in decomposing each RIM into Fourier series.
The coefficient of the fundamental would then give
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Fig. 5. Dependence of transmission (diffraction losses) at normal
incidence of a 2 mm thick reflecting VBG at 633 nm as a function of
thermal treatment duration. Spatial profile of refractive index is
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the equivalent RIC for an undistorted VBG (vertical
axis of Fig. 6) and the coefficients of the other term of
the series would give the equivalent RIC for an un-
distorted VBG for each of the produced harmonics.

4. Conclusion

In conclusion, the dependence of the RIC versus
dosage of UV-exposure in PTR glass for different
thermal treatment durations was modeled with hy-
perbolic functions. Using those models, a spatial pro-
file of refractive index in VBG is found, and it is
shown that the distortions of the refractive index pro-
file deteriorate the diffraction efficiency. Conditions
for high efficiency VBGs’ recording require an opti-
mization between the dosage of exposure and the
grating and the thermal treatment duration.
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