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Abstract. Solutions to several problems in relief grating holographic fah.
rication are presented. (1) The requirements for high-spectral selectivity
and for a low stray light level are contradictory, but this problem can be
solved by a compromise in the recording arrangement. (2) A real-time
groove-depth control is proposed that ensures the fast and efiective de.
termination of the accurate exposing and developing conditions. (3} The
necessity of baking the photoresistive grating before its metalization is

clearly demonstrated by experiment.
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1 Introduction

A strong belief exists that holographic recording of relief
diffraction gratings is a high-tech process with predominant
advantages over the classical mechanical ruling. Indeed,
developing a ruling engine has always been considered (and
really is) a work of art. In comparison with almost two
centuries of pushing optomechanics through thick and thin
the history of holographic recording seems to be child’s
play—standard holographic equipment and a good quality
laser is all that's needed.'™

In reality, it is not so easy. What made gratings cheaper
and easily available was not their optical recording but rather
the recent techniques for replication.” Manufacturing of a
holographically recorded master of true spectrometric qual-
ity is achieved almost as rarely as a similar-ruled piece.
Most readers are likely to be acquainted with the advantages
of optical recording—-absence of ghosts, higher SNR, a
faster production process, etc. However, rarely is it pointed
out that a number of specific problems exist in optical re-
cording that can readily reduce these advantages to zero,
For example, a stray gleam of a laser beam by or through
some surface that is planned to be nonreflective, untrans-
parent, and holeless could result in ghosts as real as any
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diffraction order, because such gleams act as additional Hght
sources coherent to the main recording beams. Unfortu-
nately, such a negative experience usually lies outside the
scope of positive knowledge. Although, in our opinion, this
experience is much more uscful for technological devel-
opment than the common general advice. The situation is
quile similar to computer programming—"*‘debugging’’
(searching for mistakes and reasons for their appearance) is
a much more time- and patience-consuming process than
the programniing itself.

The aim of our paper is {o present some difficulties in
the technological chain of processes for holographic re-
cording of metalized relief diffraction gratings. Where pos-
sible we attempted to overcome these ditficulties. We devote
our attention to three main stages of optical recording:
(1) design of the recording setup, (2) real-time groove depth
measurements, and (3) reflection layer coating. Our main
criterion has always been the quality of the final product as
expressed in its diffraction efficiency. Of course, errors
could arise at every step of the process, starting from sub-
strate polishing and finishing with leaving footprints on the
grating surface. We mention the following case as an ex-
ample: simply covering the aluminum grating with a di-
electric layer to protect it from oxidizing and dirt can lead
unwittingly to the proper conditions for the appearance of
new strong anomalies, caused by guided mode excitation
in such a layer,>¢
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Fig. 1 Plane grating recording scheme using two spatially filtered,
but not collimated beams. 1—taser, 2—beam splitter, 3,4--mircors,
5,6--spatial filters, 7—graling blank. Dotted line—circle defined by
the points A, B, and C.

In what follows we try to distinguish between the infiu-
ence of the three previously mentioned steps, although their
improper realization has almost the same effect on grating
response-the diminishing of real efficiency in comparison
to the ideally predicted and expected value. For example,
violation of either the recording or aluminum deposition
conditions can reduce the measured efficiencies even for
optimally chosen groove depth, but through different phys-
ical mechanisms: an increase of the diffuse scattering (Sec. 2)
or of absorption (Sec. 4), respectively.

2 Recording Set Arrangement

It is 2 well-known fact that to produce high-quality plane
diffraction gratings by means of holographic recording two
[(1} spatially fitered and (2) collimated) coherent mono-
chromatic beams interfering under specified angles of in-
cidence are nceded in a photoresist layer that is sensitive to
the wavelength used. Unfortunately, neither of the above
requirements can be fulfilled precisely without a violation
of the other.

If we prefer to attack first parasitic stray light, we must
use spatially filtered recording beams without subsequent
collimation, i.e., the simplest scheme (Fig. 1). We can check
the scattering level, e.g., illuminating the grating by a nar-
row laser beam and examining the diffracted one. The cross
sections of the incident and of the diffracted beams are
shown in Figs. 2(a) and 2(b), respectively. The diffracted
beam [Fig. 2{b}] does not reach the camera to prevent the
film from overexposing; therefore, the location of the main
beam is indicated only by a black spot in the center and the
remainder of the image is the stray light halo. The scattering
is very low (=<1%) and is connected with the quality
(smoothness) of the photoresist grooves and of the cladding
aluminum layer.

The low stray light level of such a grating is, unfortu-
nately, combined with a slow change of the groove period
over the exposed area, which diminishes the resolving power:
‘The period change affects negatively the imaging properties
of a parallel beam: spectrograph containing such a grating.
The local period is determined by the angle ZACB in the
center and by ZAC’B at the periphery, where ZAC'B <
£ ACB caused by the beam divergence (Fig. 1. If the period
varies more than € = Ad/d, {(d, is the period in the center
of the grating and Ad is the maximum period variation),
relative spectral selectivity better than € = AN can hardly
be achieved with using the entire grating area. Such a defect
is clearly manifested when a sufficiently wide well-collimated
beam reaches the grating: After the diffraction, the beam

loses its collimation—its cross section is no longer a rect-
angle similar fo the grating blank itself. The cross section
is deformed into a trapezoid, shown in Fig. 3(a). Therefore,
if one tries to focus such a beam with a standard spherical
mirror or lens, one can never obtain a point; the real focal
spot [Fig. 3(b)] makes it impossible to use such grating in
a parallel beam spectral device. In summary, gratings re-
corded by filtered but divergent beams have low scattering,
but also low resolution.

If we prefer, on the other hand, to achieve high-spectral
resolution, we can record the grating using well-collimated
beams, produced by off-axis parabolic mirrors situated after
the spatial filkers (Fig. 4). In this case, the grooves are
strongly straight, parallel, and equidistant over the eatire
area. llluminating the grating with a wide-collimated beam,
a well-collimated diffracted beam is also obtained with a
cross section that exactly reproduces the blank form
{Fig. 3(c)}. As can be expected, focusing such a beam by
a concave mirror resulls in a small pointlike focal spot
[Fig. 3(d)], ensuring good spectral resolulion in a parallel
beam device.

Unfortunately, collimated beams no longer have the
properties of spatially filtered beams; therefore, light scat-
tering from the grating so recorded is greatly increased: A
narrow incident laser beam with a cross section depicted in
Fig. 2(a) is transformed after diffraction in a narrow central
beam surrounded by a relatively bright stray light conical
halo with a cross section shown in Fig. 2{c). This phenom-
enon can reduce diffraction efficiency (usually measured
with a small-area detector at the center of the narrow laser
beam) by 20 to 30%. The divergence angle of this cone is
determined by the ratio between the concave mirror diameter
and the distance between the mirror and grating. Each im-
perfection on the mirror surface acts as a microscopic scat-
tering center; the local intensity of the scattered light de-
creases as L.~ %, where L is the distance measured from the
mirror surface. Because of the absence of spatial filtering,
all of these secondary waves reach the grating blank and
are registered on the photoresistive layer together with the
two main collimated beams. In other words, because of
their scattering effect, the mirrors are holographically re-
corded in the grating layer and, therefore, their images arc
also holographically reproduced every time the grating is
illuminated. One can observe, e.g., in Fig, 2(c), the bright
peripheral arcs caused by the significant scattering from the
faces of the mirror blanks.

The contradiction between spectral resolution and stray
light level can be solved, e.g., by a compromise—a re-
cording scheme of the type shown in Fig. 4 can be used,
but with a larger distance L between the mirrors and grating
blank. Doubling the distance causes a stray-light reduction
of four times, as illustrated in Fig. 2(d). Such technigues,
of course, can be recommended only if a sufficiently large
holographic table is available. The resolving properties of
such an improved grating, i.e., its imaging characteristics
under parallel beam illuminafion and diffracted light focus-
ing, are the same as those previously shown in Figs. 3(c)
and 3(d).

3 Real-time Groove Depth Evaluation

The predominant case of holographic recording uses a com-
mon symmetric scheme, Without precautions, the profile of
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(a)

Fig, 2 Laser beam cross-section photographs: (a) incident beam:; (b), {c), and {d) show a stray light
halo around the diffracted beam. (b) very iow, {c) very high, and {d) properly minimized scattering. In
case (b) the grating is recorded with two fitered but not colimated beams, In cases (¢} and {d} the
grating is recorded with two collimated but thereafter not filtered beams. Camera position remains
fixed in all the cases.

ib)

{c) {d)
Fig. 3 Diffracted beamn cross-section photographs when a rectangular grating is illuminated by an
expanded collimated beam entirely covering its area; (&) and (c) without any optical treatment of the
diffracled beam and (b} and {d) after focusing the diffracted beam with a spherical mirrer or fens. (a)
and (b} the grating has been recorded by spatially filtered but not collimated beams and {c) and {d)
the grating has been recorded by collimated but not spatially filtered beams. Camera position remains
lixed in all the cases.
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Fig. 4 Plane grating recording scheme using two collimated but
thereafler not spatially filtered beams. Numbers are as in Fig. 1.

the grooves recorded typically has a quasi-sinusoidal form.”®

Taking into account that the period is inevitably fixed by
the primary choice of interference angle and recording wave-
Jength, the only parameter that determines the resulting grat-
ing characteristics (e.g., spectral efficiency) is the groove
depth. Groove shape is formed during the development of
the exposed photoresist and groove depth & depends on the
exposure time and intensity, developer concentration, tem-
perature, and developing time. These dependencies were
investigated thoroughly and, in general, a desired groove-
depth value could be obtained by a proper choice of de-
veloping time with other conditions fixed. However, in prac-
tice, deviations in the exposing and developing process from
the ideal often alter results unpredictably. A typical diffi-
culty is small differences between the intensities of the two
recording beams.

Usually the information about any such fault in the re-
cording process is obtained only at the end of the entire
technological chain—after aluminization of the grating. While
point defects and strong nonhomogeneity of the grating along
the blank can be easily observed before metal coating, rel-
atively precise determination of groove-depth correctness is
usually accomplished by measuring the final product prop-
erties (metallic grating efficiency). This final test is not too
useful for feedback correction of the exposure and devel-
oping processes. To obtain information about the groove-
depth values immediately after developing, washing, and
blank drying occurs is much more convenient. If we know
the theoretical efficiencies of the aluminum and of the pho-
toresist grating as a function of the groove depth at fixed
identical conditions (a sinusoidal groove shape is assumed
as a satisfactory approximation to the real one), we should
be able to control the groove depth not by measuring the
efficiency of the final metal grating, but by measuring that
of the photoresist grating. Such theoretical data can be cal-
culated with the help of any of the rigorous theoretical
methods.”

Theoretical groove-depth dependence of Oth and — lst
reflection order efficiencies for TM-polarized light are shown
in Figs. 5(a) and 5(b) for aluminum and dielectric grating
without scattering losses. The period is d = 0.5 pm, the
wavelength is A = 0.6328 pm, and the angle of incidence
corresponds to 2-deg angular deviation from the Littrow
mount. Our goal was to produce a dye-laser diffraction
grating with substantially high — Ist-order diffraction ef-
ficiency in TM polarization in the red spectral regio:m.")"2
According to Fig. 5(a), such an aluminized grating must
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Fig.5 Theoretical TM-diffraction efficiency of Oth and — istreflection
orders as a function of groove depth at a 0.6328-p.m wavelength and
for sinusoidal groove shape: (a) for an aluminum grating and (b) for
a photoresistive grating.

have a groove depth & = 180 nm (modulation 36%) and
will possess 0% Oth-order and 88% - Ist-order efficiency
at A = 0.6328 pm.

Aftter a proper preliminary choice of exposure intensity
and time, we identically recorded a few (four are usually
enough) photoresist-coated blanks. Three of them were rel-
atively small subsidiary samples. They were developed for
successively increasing time intervals. The efficiency was
measuted in reflection for each sample. (Note that it is not
convenient to use transmitted orders.) The proper devel-
oping time was determined by a simple linear interpolation
of dielectric efficiency data according to Fig. 5(b) instead
of Fig. 5(a). The desired groove depth corresponds to 4.1%
— Ist-order and 0.3% Oth-order efficiency of the photore-
sistive grating at A = 0.6328 pum as indicated with an arrow
in Fig. 5(b). Following this selection procedure, the main
(original) sample was developed. It is important to note here
that if the grating is to be used as a replication master, a
proper preliminary correction of the groove depth should be
introduced to compensate for the epoxy shrinkage during
curing. >

Of course, it is possible to work with a single blank using
multiple developing and measurement, but it becomes risk-
ier with surface defects or dirt on its photoresist surface.

We have produced two identically recorded original sam-
ples, I and I1, in this manner, differing only in the alumin-
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Fig. 6 Theoretical spectral efficiency behavior of aluminum coated
grating in Oth and — 1st TM reflection order (sinusoidal groove shape,
0.5-um period, 180-nm groove depth).- Dashed line—zeroth order,
continuous line—first order and dotted line—total efficiency.

ization technique. Their spectral behavior is presented and
discussed in detail in the next section.

4 Aluminum Grating Efficlency

The theoretical spectral TM-efficiency behavior of a dif-
fraction grating with sinusoidal-shaped grooves coated with
atuminum is shown in Fig. 6. Complete absence of scattered
tight loss is assumed here—we suppose that the metal layer
is ideally smooth, the recording beams are collimated, and
the off-axis mirrors are far enough from the grating blank.
A groove-depth value of 180 nm is chosen to provide max-
imum — 1st-order efficiency for TM-polarized light. Figures
7(a) and 7(b) present the experimental spectral results for
the two identically recorded and developed samples I and
il mentioned in the previous section. Measurements were
carried out using a set of lasers: He-Cd, Ar™, He-Ne, Ket,
and a dye laser.

Only one technological difference exists between grat-
ings I and II. The first sample I [Fig. 7(a)] was baked for
6 hat 120°C before metalization, whereas the second sample
II [Fig. 7(b)] was coated with aluminum immediately after
developing and dried at room temperature. Their signifi-
cantly different spectral behavior can be explained as fol-
lows: The unbaked photoresist layer exhales vapors of water
and of developer solvent during the coating process. These
vapors damage the aluminum layer. Therefore, the metal-
ized sample 1I has a slightly yellowish-brown color in re-
flection, easily understood in light of Fig. 7(b); sample II
exhibits a strong absorption in the blue region. It should be
pointed out again that both gratings I and 1I were made
under identical geometrical, exposure, and developing con-
ditions chosen according to Sec. 2, to minimize the scat-
tering losses. However, only the proper aluminization tech-
nigue applied on sample [ ensures the desired and predicted
high efficiency, as it can be proven by a simple comparison
between the total diffraction efficiency data presented in
Figs. 6, 7(a), and 7(b).

5 Conclusions

Some difficulties in the fabrication process of planar relief
holographic metalized gratings are presented, their origins
are discussed, and solutions to overcome them are proposed.
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Fig. 7 Experimental spectral behavior of Oth and — 1st TM reflection
order efficiencies (other data and line types are as in Fig. 6): {a) for
grating  (baked before metalization) and (b) for grating I (not baked
before metalization}.

The first problem is to find an experimental balance between
the requirements for high-spectral selectivity (i.e., ideally
straight and equidistant grooves, generated by two colli-
mated but, therefore, spatially unfiltered laser beams) and
for low stray light level (i.e., ideally smooth grooves, formed
by two spatially well-filtered but, therefore, uncollimated
laser beams). We suggest here to move the collimating
mirrors as far away as possible from the grating blank.

The second problem is how to contro} effectively the
groove depth (i.e., exposing and developing conditions) to
achieve its optimum value with a high degree of certainty.
Our solution consists of proper diffraction efficiency mea-
surements on the photoresistive grating before its metali-
zation. Such a procedure is much faster, more convenient
for feedback, and cheaper than measurements on the final
metalized sample.

The third problem is the quality of the aluminum coating.
We find here that a prebaking of the photoresistive grating
before metalization is essential to prevent the strong clad-
ding absorption in the blue spectral region.
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