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1
METHODS FOR MANUFACTURING
VOLUME BRAGG GRATING ELEMENTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims benefitunder 35 U.S.C. § 119(e) of
provisional U.S. patent application 60/506,409, filed on Sep.
26, 2003, the disclosure of which is incorporated herein by
reference.

FIELD OF THE INVENTION

The invention is related generally to volume Bragg grating
elements for fiber optic devices, spectroscopic devices, lasers
and other light sources, military and space applications and
any other optical devices. More particularly, the invention
provides methods for manufacturing volume Bragg grating
elements that are suitable for use in such optical devices.

BACKGROUND OF THE INVENTION

The manufacturing of reflective VBG filters for a wide
variety of wavelengths critically depends on the ability to
record these filters holographically using a fixed recording
wavelength A, that is shorter than the operation wavelength
A, of the filter. Accordingly, a method of “side-writing” a
VBG filter was developed for photorefractive lithium niobate.
Such a method is described in U.S. Pat. No. 5,491,570, for
example.

This method has a number of drawbacks, such as, for
example, the limited usable wavelength range (i.e.,
Aop>n*A,..), complexity of sample preparation (e.g., the
necessity to polish at least two orthogonal faces of the
sample), and the inability to tune the operating wavelength in
a wide range (i.e., greater than approximately 40 nm). Fur-
ther, the method of “side-writing” has a fundamental limit on
the clear aperture of the filter recorded in this way. This is due
to the fact that the recording beams of light are necessarily
absorbed in the material in order to create the required photo-
induced changes of the refractive index and, as a result, the
penetration depth of the recorded grating is limited by the
material absorption. For this reason, the clear aperture of
reflective VBG filters recorded in this way is typically no
more than approximately 4-6 mm, depending on the proper-
ties of the material and the particular specification on the
uniformity of the filter.

It would be desirable, therefore, if systems and methods
were available for manufacturing VBG filters with increased
clear aperture, increased center wavelength tuning range and
improved efficiency of fabrication.

SUMMARY OF THE INVENTION

The invention described herein provides a method of
injecting recording light into a recording medium through the
same surface as either the input or output surface of the filter
(hereafter called operating surfaces of the filter). Two beams
of recording light, which typically have a wavelength sub-
stantially shorter than the operating wavelength of the filter,
are made to intersect inside the medium at an angle 8, , such
that:
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where A, and 6, are the operating wavelength and the dif-
fraction angle of the filter inside the medium, respectively, n,,,
and n,,. are the refractive indices of the material at the oper-
ating and recording wavelengths, respectively.

As the recording wavelength is typically substantially
shorter than the operating wavelength (e.g., A,,=1064 nm,
Mee=325 nm), it is typically impossible to inject the light at
the recording wavelength into the medium at such angles
directly through the operating surface of the filter due to the
total internal reflection (i.e., n,  *sin(n/2-0,,.)>1 for these

conditions).
BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B depict recording with a prism via total
internal reflection (TIR) on the outside surface of the sample.

FIG. 2 depicts recording with a prism using a reflective
surface attached to the outside surface of the sample.

FIG. 3 depicts recording with a prism using an auxiliary
optical flat attached to the outside surface of the sample.

FIG. 4 depicts recording with a prism pair.

FIGS. 5A and 5B depict recording of a filter with a flat top
and its spectral response function.

FIG. 5C depicts forming a continuous optical path from
two filters.

FIG. 5D shows a spectral response function.

FIGS. 6A and 6B depict recording a filter with a location-
dependent grating period.

FIG. 7 depicts another embodiment for recording a VBG
with spatially varying period.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIGS. 1A and 1B depict an example embodiment of a
method according to the invention for recording a reflective
volume Bragg grating (“VBG”) structure by recording with a
prism 104 via total internal reflection (TIR) on the outside
surface 102A of a sample 102. In accordance with the inven-
tion, a VBG structure could be an element, wafer, filter, etc.,
without limitation.

Light 106 at the recording wavelength enters the prism 104,
which may be made out of a transparent material. The sample
of the recording medium 102 may be attached to one side
104B of the prism 104 so that a continuous path is formed
from the inside of the prism 104 into the recording medium
102 without going into air.

The light 106 encounters total internal reflection (TIR) on
the outside surface 102A of the sample of the recording
medium 102, upon which the incident wave 106 interferes
with the reflected wave 108, creating a standing wave pattern
inside the recording medium 102. The planes of the Bragg
grating recorded as a result are parallel to the outside surface
102A of the recording medium 102.

Rotating the prism/sample assembly changes the incident
angle 6,,., which changes the angle of reflection 6, between
the incident wave 106 and the reflected wave 108 of the
recording light inside the recording medium 102. This, in
turn, leads to a change in the period of the Bragg grating.



US 7,391,703 B2

3

Therefore, continuous tuning of the Bragg grating may be
achieved via continuous rotation of the prism/sample assem-
bly.

Thus, an embodiment of a method according to the inven-
tion for recording a reflective VBG filter may include provid-
ing a sample 102 of an optical recording medium. The sample
102 may be a wafer, for example, and may include one or
more flat surfaces 102A, 102B. At least one of the surfaces
102A may have an optical quality polish.

A prism 104 may be made out of a material that is trans-
parent at the desired recording wavelength, and has an index
of refraction that is approximately equal to that of the record-
ing medium 102. The prism 104 may be prepared such that at
least two of'its sides 104 A, 104B are flat. At least one of those
sides 104 A, may have an optical quality polish. One of the
sides 102B of the recording medium 102 may be brought into
contact with one of the flat sides 104B of the prism 104, so
that the polished side 102A of the sample (wafer) 102 is
facing away from the prism 104. Thus, a continuous optical
path may be achieved from the inside of the prism 104 into the
inside of the sample 102 through the flat interface (102B/
104B) without going into the air. Examples include, but are
not limited to, using index-matching fluid at the sample/prism
interface or achieving direct optical contacting between the
two surfaces 102B, 104B.

Light 106 at the recording wavelength may be injected
through the polished side 104A of the prism 104. The light
106 will propagate through the volume of the prism 104, and
through the prism/sample interface 104B/102B without suf-
fering a total internal reflection. The incident light 106 will
continue to propagate all the way to the outside surface 102A
of the sample 102. The incident angle 0, may be set so that
the condition of Equation (1) is met inside the recording
medium sample 102. The angle 0,,. may be measured
between the wavevector of the incident recording light 106
and the outside surface 102A of the sample 102. Once this
condition is met, a total internal reflection (TIR) will occur at
the outside surface 102A of the sample 102, provided

A o> i Whereh, 1s approximately given by the following
formula:
o Aop @
™ cos(aresin(l /nrec))”
wheren,,_is the index of refraction of recording medium 102.

According to Equation (2), if A, =325 nm and n,,=1.52,
then A, =432 nm.

Light 106 incident onto the sample 102 of the recording
medium and light 108 reflected via the total internal reflection
(TIR) on the outside surface 102A of the sample 102 create a
standing wave pattern inside the material 102. This pattern
will be imprinted in the photosensitive material 102, eventu-
ally leading to the formation of a Bragg grating at A,,,. The
planes of this standing wave will be parallel to the surface
102A of the sample 102 on which the TIR has occurred. The
standing wave pattern created via the TIR may have a maxi-
mum at the reflecting surface 102A.

It should be understood that, if the back surface 102A of the
sample 102 has a curvature, then the recorded VBG structure
will have a period that varies depending on location within the
sample 102. This effect can be used deliberately for recording
VBG structures with continuously varying period with a
required dependence of the latter on the position along the
surface 102A of the sample 102.
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FIG. 2 depicts recording with a prism 204 using a reflective
surface 205A attached to the outside surface 202A of the
sample 202. Light 206 at the recording wavelength enters the
prism 204, which may be made of a transparent material. The
sample 202 of the recording medium is attached to one side
204B of the prism 204 so that a continuous path is formed
from the inside of the prism 204 into the recording medium
202 without going into air. A material 205 having a reflective
surface 205 A is attached to the other side 202 A of the sample
202 so that a continuous path is formed from the inside of the
sample 202 onto the reflective surface 205A without going
into air. The material 205 may be a mirror, for example. The
incident light 206 is reflected from the reflecting surface
205A, upon which the incident wave 206 interferes with the
reflected wave 208, creating a standing wave pattern inside
the recording medium 202. Rotating the prism/sample assem-
bly changes the incident angle 0,,., which changes the angle
of reflection 0,,, between the incident wave 206 and the
reflected wave 208 of the recording light inside the recording
medium 202. This, in turn, leads to a change in the period of
the Bragg grating. Therefore, continuous tuning of the Bragg
grating period is achieved via continuous rotation of the
prism/sample assembly.

Thus, another embodiment of a method according to the
invention for recording a reflective VBG filter may include
bringing a flat reflective surface 205A, such as a mirror, into
direct contact with the outside surface 202A of the sample
202. Thus, a continuous optical path may be formed from the
inside of the sample 202 onto the reflective surface 205A
through the interface without going into the air. This condi-
tion may be achieved by a variety of methods, including, but
not limited to, the use of an index-matching fluid at the
interface. Light 206 at the desired recording wavelength may
be injected through the polished side 204 A of the prism 204.
The light 206 will propagate through the volume of the prism
204, through the prism/sample interface (204B, 202B) with-
out suffering a total internal reflection, and to the reflecting
surface 205 A in contact with the outside surface 202A of the
sample 202.

The incident angle 0, may be set so that the condition of
Equation (1) is met inside the recording medium sample 202.
The angle 0, may be measured between the wavevector of
the incident recording light 206 and the reflective surface
205A. Upon completing these steps, the incident recording
beam 206 will be reflected at the reflecting surface 205A. The
reflected wave 208 will create a standing wave pattern via
interference with the incident wave 206. This pattern will be
imprinted in the photosensitive material 202, eventually lead-
ing to the formation of a Bragg grating at%., .. In this case, A,
need not be limited by the condition of Equation (2).

It should be understood that, if the reflective surface 205A
has a curvature, then the recorded VBG structure will have a
period that varies depending on location. This effect can be
used deliberately for recording VBG structures with continu-
ously varying period with a required dependence of the latter
on the position along the surface of the sample 202.

FIG. 3 depicts recording with a prism 304 using an auxil-
iary optical flat 305 attached to the outside surface 302A of
the sample 302. Light 306 at the recording wavelength enters
the prism 304, which may be made out of a transparent
material. The sample 302 is attached to one side 304B of the
prism 304 so that a continuous path is formed from the inside
of the prism 304 into the recording medium 302 without
going into air. The auxiliary optical flat 305 is attached to the
other side 302A of the sample 302 so that a continuous path is
formed from the inside of the sample 302 into the inside of the
auxiliary optical flat 305 without going into air.















