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FORMATION OF PROFILED HOL OGRAPHIC DIFFRACTION
GRATINGSUSING PHYS COCHEMICAL INTERACTION IN
AsSerAg SYSTEM
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The method of blazed holographic diffraction gratings fabrication by transformation of an
original symmetric grating grooves into asymmetric ones using inclined vacuum deposition of
silver and additiona chemical etching have been developed. As photoresist material for
gratings recording light-sensitive cha cogenide glassy As;Se; layers were used. The shape of
grating grooves was determined with an atomic force microscope. Angular and spectrd dependencies
of the diffraction efficiency of the gratings were found, and ard aion between opticd festuresand the
grating surface pattern was analyzed.
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1. Introduction

Profiled (blazed) gratings make it possible to concentrae energy in a given spectrum range. Of
specid interest are profiled hdogrgphic gratings (PHGs), since they combine the advantages of ruled
gratings with those of conventiond (unprofiled) holographic gratings (CHGSs), namdy, high diffraction
effidency in a given spectrum range and low level of light scattering. There are two methods of blazed
grating production: recording of interference fringe fields in photoresist materials using specia
exposing techniques, or transformation of conventional holographic gratings with symmetrica
grooves into triangular groove grating by ion etching or another additional treatments [1].

The recent trend in CHG technology is the use of light-sensitive chdcogenide glassy
samiconductor (CGS) films [2-5]. Vacuum-evaporated layers of chal cogenide glasses (for example
AsSe;, As;S;, or As-S-Se compasition) have shown to be a good registering media for holographi c
relief pattern fabrication due to its high resolution, optical uniformity, sensitivity to the irradiation of
available lasers and absence of shrinkage under treatment. Due to light-induced structure
transformations, their solubility, particularly, in organic akaline solvents, changes. Based on this effect,
high-quality symmetric CHGs were obtai ned with spatial frequenciesin the range of 600 to 3600 mm’
! and diffraction efficiencies up to 80% in polarized light [2-5].

One of today's problem in this fidd is the transformation of symmetric CGS-based CHGs into
asymmetric ones. Publication [5] reports PHGs prepared by ion eching of symmetric CHGs formed on CGS
films. Theunique properties of CGS films alow for other, unusud, methods for transforming their surface
pattern. In [6, 7], we developed a method of fabricating blazed hologrgphic gratings. In this method,
symmetric grooves of an origind graing are made asymmetric by using additiond oblique monochromeatic
or polychromatic irradiation and chemical etching of theirradiated grating.

In this work, we made an attempt to fabri cate PHGs through interactions that take place when silver
layers are vacuum-deposited onto CGS films. Ag-CGS interaction begins duri ng deposition [8] and continues
a adifferent rate (depending on a specific Ag-CGS system) after the deposition process is terminated [9].
The metal penetrates into the semiconductor to form a meta-enriched (to severd tens of atomic
percent) phase. This phase differs in properties from both the metal and the semiconductor [10, 11].
Profiling was accomplished by transforming origind symmetric (unprofiled) gratings written on CGS films.
Here, wetook advantage of the fact that the etching sd ectivity for Ag-doped CGS filmsis much higher than the
phatoinduced sdedtivity.

In this work we used most sensitive As,Se; layers and amine-based negative etching solution.
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The rate of interaction between As,Se; and Ag is one of the highest among CGS-Me sydems:. intense
i nteraction proceeds both during and after deposition of the metal even a room temperature [9].

2. Experimental procedures

The original holographic gratings were produced as usually by recording of a stationary
interference fringe field onto As,Se; films (thickness of 800-1000 nm) deposited onto high-qudity polished
glass substrates by thermal vacuum evaporation. The interferential pattern was generated by a He-Ne
laser (waveength of 632.8 nm) using the holographic setup assembled by the wave-amplitude
division method. The spatid frequency of the gratings was 600 mm™ and radiant exposure was ~10"
Jo?. After exposure, the samples were chemically treated in an amine-based akaine solution to form a
relief pattern.

The next step was profiling. A thin (1-10 nm) Ag layer was deposited on the gratings at a catain
angle ¢ varying from 10° to 80° with respect to the normd to the grating. The grating was mounted in such a
way thet the flux of evaporated silver was directed normally to the grooves. Ag pendrates into the As,Se;
layer during and after deposition as a result of chemically and thermally stimulated diffusion to form a
metal-enriched semiconductor layer (reaction product). The etch rate of Ag-doped CGS films in
alkaine etchants is much lower than for undoped ones; therefore, in subseguent etching of the grating,
the former served as a protective mask. Unprotected regions of the As,Se; layer were éched off, and the
grating grooves became asymmetric. Profiling was performed in the same amine-based etchant, which
was used to pattern the original gratings.

To egtimate the profiling effect, we recorded angular and spectral dependencies of the absolute
diffraction efficiency n for the origina and transformed gratings in the first diffraction order (n is defined
as the ratio of the first-order diffraction intensity to the incident intensity). Prior to optica
measurements, the origina and profiled gratings were covered by a 100-nm-thick reflection duminum
film. Angular dependencdies (B is the angle of light incident) of n were measured using He-Ne laser
(B= 0°-80°). Spectra measurements were carried out using the setup close to the Littrow's
autocollimation scheme; the angle between the incident and diffracted beams was about 8°, and the
spectra range was 400-800 nm. Both the spectral and angular dependencies of n were measured for s-
and p-polarized light (E is perpendicular and pardld to grooves, respectivdy), aswell asfor unpolarized
light.

The surface pattern of the gratings was examined with a Dimension 3000 scanning probe
microscope (Digitd Instruments) inthe AFM tapping mode.

3. Results and discussion

The geometric and diffraction properties of the as-prepared and profiled gratings show that
the effect of profiling depends on many parameters: the groove profile of initid gratings (which, inits
turn, depends on severd parameters, as well), the angle of deposition and the amount of Ag deposited,
time of Ag-As,Se; interaction and additional etching. This allows us to assume that the properties of
PHGs thus obtai ned can be varied in widelimits. On the other hand, it becomes difficult to estimate the
relative contribution of the above factors to the PHG performance. In generd, they can be subdivided
into three groups: those associated with the CGS film (primarily its thickness and deposition rate), those
that govern the fabrication of the symmetric grating, and those closdy related to Ag-CGS interaction.

The first two have been much studied. Empiric experimental studies and numerical simulation
of gratings recording in CGS-based inorganic resists have been performed [2, 3], These experiments
and d so the simulation of surface patterning suggest that not only the depth but also the shape of the
pattern depends on the initial thickness of the layers, their properties, exposure conditions, etch time,
and etchant sdectivity. Holographic diffraction gratings with grooves of sinusoidal and cycloidal
shapes have been obtained.

We performed experiments with gratings that had sinusoidal grooves, which are the most
studied. Fig. 1 shows atypical AFM image of the original symmetric grating with a spatia frequency
of 600 mm™. The depth of the grooves is hy = 150 nm; hence, the modulation depth hy/d = 0.09 (the
period of the grating is 1667 nm). The mean angle of inclination of the facets (facet angle) is -10°, the
steepest being 15°. The spectral and angular dependencies of n of such gratings was symmetrical
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(within the accuracy of measurement: 2% for angular and 5% for spectral measurements) when they
wereirradiated from opposite directions perpendicular to the grooves.
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Fig. 1. Groove profilein theinitia symmetricholographic  Fig. 2. Groove profile in the grating transformed
grating. fromtheinitial grating shownin Fig. 1.

Fig. 2 shows the profile of a typicd asymmetric grating made from a symmetric one by
additional evaporation of aslver film of thickness{hagt = 3.6 nm (this value is averaged over the grating
areg) at 50° to the norma to the substrate surface, and subsequent etching. The groove depth in the
asymmetric grating is more than twicethat in theinitial one, 355 nm, and the modulation depth is hy/d O
0.21. The minimum is 469 nm away from the left peak and 1198 nm from the right one; that is, the
projection of the larger facet onto the substrate surface is nearly three-fourths of the grating period. The
smdler facet has a gradualy increasing stegpness with an average angle of 37° with respect to the
substrate. The larger facet can be divided into three parts: top (gently sloping), middie (nearly a
plateau), and bottom (the steepest portion). The ha ght of the gentle (top) portion somewhat exceeds
the groove haf-height; here, the averageinclinationis about 10°. Theinclination of the bottom portion is
close to the maximum steepness of the smaller facet. On average, the larger facet angle is about 16°
with respect to the substrate.

From a comparison between the groove shapes of theinitial and transformed gratings, it follows
that the front facets of grooves of the initial grating (Ag were deposited onto these facets) remain
practicaly intact after etching. This means that the reaction product nearly completdy protected the CGS
layer from dissol ution during profiling etching. The first (gentle) portion of the larger dope virtuadly copies
the profile of the initial sinusoidd grating. The back facets were affected by eching much more
noticeably. Here, small plateaus correspond to the partialy etched bottom part of the initid grating
relief.
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Fig. 3. Angular dependencies of the diffraction efficiency of the PHG for light polarized
parallel to the groove direction. Wavelength is 632.8 nm.
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The asymmetry of blazed grating is aso displayed in angular and spectral dependencies of
diffraction efficiency. For p polarization, the angular dependencies are plotted in Fig. 3. Here, curves 1
and 2 were obtained when light was incident on the larger and the smaller facet, respectivdy. For
normal incidence (3 = 0, symmetric arrangement of diffraction orders), the diffraction efficiencies
measured on the two facets differ by a factor of 8.5. This points to the considerable asymmetry of the
groove shgpe For the larger facet, the maximum efficiency was observed when the angle of incidence
was close to the mean facet angle. For the smaller one, two peaks appear: the angular position of one
of them (-50°) is close to the mean slope of this facet, while that of the ather (20°) coincides with the
position of the peak from the larger facet and is likely to be associated with rereflections of the light
incident on the larger facet. The share of total energy accounted for by conjugate diffraction ordersis
maximal a 20°; in other words, the maximum amount of light is reflected and rereflected at this angle

For s-palarization we d so obtained asymmetrical angular dependence but unlike p podlarization,
here distinct anomalies are observed. The anomaly at 3 = 15° is associated with the disappearance
(appearance) of the second order; while that at 38°, with the appearance (disappearance) of the
conjugate order. The anomalies are more pronounced for the reflection from the smaller facet possibly
because of the greater effect of the larger facet on the smdler than vice versa Thus, the angular
dependencies in the case of p polarization more adequately depict the groove shape.

Spectral dependencies of the diffraction efficiency for unpolarized light that were measured in
the autocollimation regime for the blazed grating (curve 1 correspond to the bigger facet illumination,
curve 2 — to that of the smdler facet), and for the symmetric grating (curve 3) are shown in Fig. 4.
Throughout the spectrd range (400-800 nm), the diffraction efficiency for thelarger facet exceedsthat for
the smaller one. For wavdengths of 620, 660, and 700 nm, these vdues differ by a factor of 5.7, 4.5, and
4.5, respectively. Also, the effidency for the larger facet exceeds that for the symmetric grating, except
for the short-wave part of theinterval.
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Fig. 4. Spectrd dependencies of the diffraction efficiency for unpolarized light.

Simple geometric simulaion of Ag deposition will adlow usto describe Ag-As,Se; interactionin
guartitative terms. Let the x axis be directed normally to the grooves and the y axis, normally to the
substrate (Fig. 5). The density of Ag deposited on therdief surface (and, hence, the thickness of the Ag
film) depends on the amount of the metal evaporated and the angle between the Ag flux and each
specific deposition area on the surface. Then, the thickness of the meta at a point x in the cross section
perpendicular to the grating relief isgiven by

hag(X) =KcosO(x), @
where K is a proportionadlity coefficient, which depends on the amount of Ag depasited, and A(X) is
the angle of incidence of the Ag flux on the groove surface at the point x.
We also have

o) =¢ - a(x) )
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where ¢ isthe angle of incidence of the Ag flux on the substrate that is reckoned from the normal to
the substrate and a (x) isthe grooveinclination to the flat surface of the substrate at the point x.

Equation (1) is valid if the sticking coefficient of the metal is independent of the angle of
incidence on the CGS film surface and on the amount of the metal deposited. The profile of theinitial
sinusoidal grating is described by the expression

h(x) = (ho/2)(1 + cos(2rdd)), ©)
where d isthe grating period and hy isthe height of the profile

Theinclination of this grating surface to the substrate surface is then expressed as

a(x) = arctan{[Thy/d][-sin(2rx/d)] }, 4

Fig. 5 illustrates the distribution of the Ag film thickness along the groove of the initial
grating. The thickness was calculated by formulas (1), (2), and (4). Comparing this distribution with
the distortions of the initial grating due to the metal deposition and subsequent etching, one can
conclude that etching is virtually absent for hag(x) > 3 nm. When hag(X) islessthan 3 nm, the etch rate
sharply grows. Since the Ag films (of thickness less than 10 nm) deposited on the noninteracting
substrate are disconti nuous (form islands), they could not serve as a protective mask during profiling etch-
ing. It appears that protection is provided by the top metal-doped CGS layer. The Ag thickness critical
for the formation of the mask is seen to be about 3 nm. Thisvalue is close to that obtained earlier upon
calculating the Ag amount incorporated into the As,Se; film when the metd is thermally evaporated on
this film [8]. The ech rate is maxima & the point one-fourth of the period away from the top of the
groove back facet, where the Ag thickness etimated is minimd, 2.3 nm.

Using measurements of the groove shapes of the initia and profiled gratings, an empiric
rdationship Ah(hag) can be derived, where Ah is the thickness of the As,Se; film dissolved during
etching and hag is the amount of the Ag deposit. As follows from correlation analysis data, this empiric
relationship isfairly accuratdy approximated by the sum of two exponentids:
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Fig. 5. Groove profile of thesnusoidd grating with hy = 150 nm and d = 1667 nm (Y, dashed line) and
the didribution of the Ag deposit aong this groove (hag sdid line). The average thick-ness of the
Aglayeris3.6 nm.

Ah(hag) = 204.93exp{ -( hag-2.412)/0.125}
+ 6151 expf{ -( hag - 2.412)/1.553}, )

With (5), we simulated the transformation of the initid symmetric gratings into asymmetric ones.
The initid grating was assumed to be sinusoidd with a modulation depth of hy/d = 0.09. Variable
parameters were angle of vacuum deposition of Ag and the thickness of the metd deposited. Fig. 6
shows the results of numericad modding for the angle of Ag deposition the same as for experimentd
grating onto Fig. 2, that is 50°. Variable parameter here is the average thi ckness of the Ag layer: curve 1 —
initial grating, curve 2 - the average thickness of deposited Ag is 4.18 nm, curve 3 —4.02 nm, curve 4 —
3.86 nm.
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Fig. 6. Groove profile of initid grating (curve 1) and blazed gratings (curves 2, 3 and 4) obtained
after Agdeposition and etching. Angle of deposition isequal 50°.

We can see that as the Ag film gets thinner and etching of the Ag-doped grating becomes sdective,
the initidly symmetric profile transforms into an asymmetric one because of a dight (-0.0ld) shift of its
maximum and a more consderable (-0.05d) shift of its minimum to the left of the initial grating grooves. The
modulation depth remains practicaly unchanged in this case, since the minimum and maximum lower
roughly equaly. With further decressing of Ag thickness, the groove shape can be approximated by an
asymmetric trgpezoid. The modul ation depth in such agrating is somewhat larger thanin theinitid symmetric
one. As Ag thickness continues to decrease, the groove shape becomes nearly triangular, the projections of the
groove facets on the x axis being about 0.7d for the larger and 0.3d for the smadler. For an extremely thin
Ag film, the larger facet has two dragtical ly differing dopes because of a sharp increase in the etch rate. The
maximum ratio of thefacet projectionsis~0.72d/0.28d in this case.

4. Conclusion

The simple method of PHGs fabrication by additiond treatment of initial gratings with
symmetrical grooves have been developed. The blaze angle in the PHGs depends on the modulation depth of
theinitid sinusoidd gratings and aso on the angle and the thickness of Ag deposition. The method enables
recording of grating with designated blaze angle by changing the origina grating formation parameters
and the additional trestment conditions. The maximum value of absolute diffraction efficiency of obtained
PHGs reached 60% for non-polarized light in the spectra range corresponded to ablaze angle.
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