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An innovative project has been implemented to develop a technique for manufacturing the holographic diffraction
gratings, which allows the engineers to produce high-quality diffractive elements with spatial frequencies from 600 to
3600 mm-" for spectral devices. The guidelines for the implementation of this method have been elaborated and the pilot
samples have been produced. The characteristics of pilot samples of holographic diffraction gratings manufactured under
this project have been established to meet the specifications and the government standard 3-6128-86.
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For many years, the holographic diffraction gra-
tings have been widely used as dispersing elements
in different spectral devices for physical, astro-
nomical, chemical, biological, and other studies
in various industries (metallurgy, food, chemical,
and engineering etc.), as well as for the purposes
of medicine and environmental protection. In ad-
dition, the diffraction gratings are used to enha-
nce the capacity of fiber-optic networks in inte-
grated optical devices and lasers with variable
frequencies. Unfortunately, neither diffraction grat-
ings nor spectral devices based on them have been
produced in Ukraine. However, there is an urgent
need for such devices, in particular, for those ap-
plied to biomedical research and analysis (espe-
cially, for diagnosing infectious diseases at early
stages), spectral analysis in the steel industry, en-
vironmental research and analysis, and so on.

The main objective of the project was to de-
velop an innovative technique for manufacturing
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holographic diffraction gratings in a wide range
of spatial frequencies using the vacuum photore-
sists based on layers of chalcogenide glasses. The-
se photoresists are developed and patented by the
V.Ye. Lashkarev Institute of Semiconductor Phy-
sics of NASU and have a number of unique char-
acteristics, including a resolution of 1 nm. As co-
mpared with existing analogues the above men-
tioned chalcogenide photoresist is characterized
by thermal stability (300 °C), no shrinkage effect
during post-exposure baking, good mechanical
strength and chemical resistance. Chalcogenide
photoresists can be applied with the help of ther-
mal deposition in vacuum both on the flat sub-
strates and on the products of complex shape.
Therefore, the photoresists are very promising for
recording the holographic diffraction elements,
including the diffraction gratings.

The development of processes for manufactur-
ing the holographic gratings includes the devel-
opment and installation of optical circuits, opti-
mization of vacuum deposition of chalcogenide
photoresist, exposure, post-exposure baking, and
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application of reflective and protective coatings.
To optimize the parameters and modes of these
processes, in addition to experimental studies, it
is necessary to theoretically calculate and numer-
ically simulate the formation of grating profile
which provide the required spectral distribution
of diffraction efficiency.

DEVELOPMENT OF EQUIPMENT
AND OPTICAL CIRCUITS FOR RECORDING
OF HOLOGRAPHIC GRATINGS AND OPTIMIZATION
OF CHALCOGENIDE PHOTORESIST
VACUUM APPLICATION

The interference pattern of holographic optical
elements, including diffraction gratings, can be
made only if the optical circuit is stable during
recording. To ensure the thermal and mechanical
stability the optical circuits were mounted in the
basement on antivibration concrete slabs weigh-
ing 1.5 tons, which, in their turn, were placed on
the massive foundations (having a mass of 40 tons)
isolated from the building foundation and insta-
lled on damping pads. The basement is equipped
with a ventilation system and meets all engineer-
ing requirements.

The optical circuit for holographic recording is
showed in Fig. 1. The record is as follows. The la-
ser beam using a spatial filter and a spherical mir-
ror is transformed into an expanded beam with a
flat wave front. Then a beam of light is directed to
the divider, which is divided into two parts, the
power at a ratio of about 1 : 1. Both parts of the
beam using flat mirrors are sent on a plate with
photoresist on the surface which is the result of
superposition of coherent light fronts formed by
the interference field.

Fig. 2 shows the optical circuit mounted on anti-
vibration slab in aroom with controlled temperature
and humidity. The circuit is based on an argon laser
LH-503 with an operating wavelength of 514.5 nm.
The laser spectral range and output power (1 W) are
optimal if inorganic photoresists based on chalco-
genide glasses are used as a recording medium.

The main method for chalcogenide photoresist
application is thermal evaporation in vacuum. It
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Fig. 1. Optical circuit for holographic recording: 7 — laser,

2 — gate, 3, 4, 5 — flat mirrors, 6 — spatial filter, 7 — spherical

mirror, 8§ — light beam divider, 9 — interference field, 70 —
photoresist layer, and 77 — substrate

is a known fact that their resist properties (type
of solubility, etch rate selectivity) depend not on-
ly on the composition of chalcogenide and etchant,
but also on the conditions of deposition (subst-
rate temperature and deposition rate of chalco-
genide film on it) [1—3]. In order to reproduce
the properties and characteristics of photoresist
layers the layers are apply under the following
conditions:
+ The chalcogenide is evaporated at a residual pre-
ssure in the vacuum chamber of at least 103 Pa;
+ The substrate temperature during the deposi-
tion of chalcogenide layer is equal to the ambi-
ent temperature;
+ The deposition rate ranges within 1—2 nm/s.
The layer thickness and rate of deposition were
controlled during the deposition by quartz thick-
ness meter (QTM-1) or by optical interferometry
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Fig. 2. Optical circuit for holographic recording mounted on
antivibration foundation

method. The measurement of absolute thickness
of deposited layers and control of their homoge-
neity were conducted using MIM-4 micro-inter-
ferometer, Talystep profile meter, and LEF-3M
ellipsometer. Equipment for applying the chalco-
genide photoresist on glass plates by evaporation
in vacuum has been designed and manufactured.

In order to optimize the deposition of chalco-
genides in vacuum the photoresist thickness dis-
tribution on the plate has been simulated with
the use of computer. Using the simulation results
and optimized modes of thermal evaporation the
chalcogenide photoresist layers having a thick-
ness from 200 to 600 nm have been deposited on
the plates for holographic recording with a work-
ing area of 50x50 mm, with inhomogeneity of
thickness less than 5%.

The thickness of chalcogenide photoresists was
optimized for recording the gratings with different
spatial frequencies allowing for the etchant selec-
tivity. To ensure good adhesion of the photoresist
film and to prevent multiple reflection of light
from the back surface of the substrate a chromium
layer having a thickness of 30—80 nm was depos-
ited before applying the chalcogenide layer.

The developed technological process includes
four elements: the vacuum (deposition of func-
tional layers), the holographic (recording of inter-
ference pattern), the chemical (washing and se-
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lective etching), and the optical (control of char-
acteristics) sections. In addition, the morphology
of the grating surface relief is controlled using an
atomic force microscope.

When implementing the project a plant for me-
asuring the spectral dependence and angular dis-
tribution of diffraction efficiency of holographic
gratings in the visible spectrum was designed and
produced. The diffraction efficiency n is defined
as ratio of light intensity I, diffracted in a given
order of diffraction to light intensity I, falling on
the structure, i.e. n = 100% I /1. The effective-
ness was measured for a configuration very simi-
lar to the Littrow configuration. The angle be-
tween the incident and the diffracted beams
ranged from 7 to 10°.

OPTIMIZATION OF EXPOSURE,
POST-EXPOSURE BAKING,
AND APPLICATION OF REFLECTIVE
AND PROTECTIVE COATINGS

An important step in the development of holo-
graphic recording technique is to optimize the con-
ditions of exposure and processing. During the
exposure the chalcogenide photoresists undergo
photo-induced structural transformations of light-
sensitive layer. As a result, the optical and chemi-
cal properties (dissolution rate in selective et-
chants) in the exposed areas change [1—4]. The
level of these transformations is determined by
light energy absorbed in local volume of chalco-
genide film. Therefore, a 3D intensity distribu-
tion of light field during interferential exposure
of such thin-film structure was calculated to cor-
rectly describe the process of exposure. The value
of exposure is defined as exposure intensity mul-
tiplied by exposure time. The energy absorbed at
a given point of photoresist layer is proportional
to the product of exposure at a given point by ab-
sorption coefficient. It determines the degree of
photo-induced transformations in the photore-
sist layer and, consequently, the change in its
solubility in selective etchants. In the case of ex-
posure to monochromatic radiation the absorp-
tion coefficient is constant, with the change in
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photoresist solubility depending on light inten-
sity distribution.

Thus, the rate of chalcogenide selective etch-
ing after interference exposure is determined ma-
inly by two factors: the distribution of light inten-
sity in the layer and the dependence of rate of
chalcogenide photoresist dissolution in etchant
on the exposure. This dependence for each photo-
resist is measured experimentally [5]. The ob-
tained experimental and theoretical dependences
(distribution of light intensity during exposure
of thin-film structure and dissolution rate of pho-
toresist) were used for numerical simulation of
forming a diffraction grating on chalcogenide
photoresist layers. The simulation is based on the
assumption that in the course of etching each
point of contour describing the profile of grating
relief structure shifts along the normal line to the
surface at a rate that is proportional to the rate of
etching, with the shape of contour and, conse-
quently, the directions of normal lines changing
continuously.

Using the described algorithm a software pack-
age has been developed for the numerical simula-
tion of chalcogenide photoresist selective etching
after interferential exposure, i.e. the formation of
holographic diffraction gratings. Using the nu-
merical simulation one can observe the formation
of relief and determine on which factors (expo-
sure, time of etching, selectivity) the obtained
grating parameters mainly depend.

These numerical calculations were carried out
for chalcogenide photoresists based on the follo-
wingglasscomposition: As, S ,As, Se,,As, S, Se, ,
As,S,Se,, and Ge,Se. .. The patterns obtained
were used for optimizing the technological pro-
cesses of manufacturing the holographic diffrac-
tion gratings based on chalcogenide photoresists
[6—13].

On the basis of computer simulation results
the composition of selective etchants was chosen
to obtain the necessary parameters of micro-relief
(during etching), exposure, and etching. Depen-
ding on the technological conditions of deposi-
tion (substrate temperature, deposition rate) and
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Fig. 3. Pilot samples of diffraction gratings

post-exposure baking (etchant compounding, tem-
perature of annealing of chalcogenide layer) the
resist chalcogenide layers can show both negative
and positive photo-induced changes in solubility.
When choosing the etchants for resist chalcoge-
nide layers the main criteria was sufficiently high
selectivity and good quality of etched surface. In
general, they are not interrelated, with their pri-
ority depending on specific practical application.
For example, when using a chalcogenide layer to
form a protective mask in optical micro-lithogra-
phy (production of microelectronic devices) the
etchant selectivity plays an important role inas-
much as it determines the thickness of resist layer
remaining on the substrate after etching. For la-
ser and holographic lithography (making of origi-
nal optical track record or marking structure of
holographic diffraction gratings, integrated op-
tics elements, etc.) the quality of resist layer sur-
face after etching is of paramount importance in-
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Fig. 4. AFM image of the profile shape of grooves of holographic gratings with periods: 1667 nm (a), 833 nm (b), 555 nm (c),
and 278 nm (d)
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asmuch as it defines the performance of products
(signal /noise and scattered light ratios).

In previous research of negative etching of re-
sist chalcogenide layers the solutions of inorganic
and organic reagents were used [2, 14, and 15].
Among the typical shortcomings of the former
there are low selectivity and heterogeneity of
etching and the presence of alkali metal ions in
them, as a result of which they cannot be used in
the manufacture of microelectronic devices. The
etchants based on organic reagents, including
ammonia and its derivatives (amines) are more
suitable. They give high selectivity and homoge-
neity of etching. To a large extent, the action of
these etchants is caused by organic solvent re-
agent which not only significantly affects the se-
lectivity, but also can lead to inversion of photo-
induced changes in the solubility of the same
chalcogenide. For example, for As, S layers the
solutions of dimethylamine in water and isopro-
pyl alcohol [16] are positive etchants, while the
solutions in dimethyl sulfoxide or benzonitrile
[17] are negative etchants. On the basis of study
of photo-induced changes in solubility of resist
layers of As, S, Se , where x = 0; 20; 30; 40, two-
component selective etchants of negative type ha-
ve been developed. For binary composition As, S
this etchant is ammonia hydroxide solution in di-
methylketon. For the layers of triple chalcogenide
structure As, S, Se, where x = 20; 30; 40, the
most suitable solutions are those containing eth-
ylenediamine and dimethylketon.

Within the framework of this project, the etchants
based on butylamine, propylamine, diethylamine,
dimethylamine, ethylenediamine and others have
been studied. The experiments have showed that
the best parameters (selectivity of 10—20, linear
dependence of relief height on exposure, homoge-
neity of treatment, etc.) are given by an etchant
based on ethylenediamine (NH,CH,CH,NH,) sol-
ved in dimethyl sulfoxide.

The optimal time of selective etching is chosen
experimentally allowing for the results of com-
puter simulation and the conditions for maximum
diffraction efficiency n. The dependence of n on
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time of treatment is a curve with maximum. This
is caused by the fact that the optimal selectivity
is not an absolute value and the ratio of dissolu-
tion rates of exposed and unexposed areas of XC
layer is 10-20. In the course of etching the value
of 1 was controlled by irradiating with non-pho-
toactive light of helium-neon laser (wavelength
of 632.5 nm). As the value of n reaches its maxi-
mum the etching of sample stops.

The optimum exposure value or time of expo-
sure to radiation at a constant intensity is also
chosen experimentally for specific parameters of
light-sensitive layers based on the conditions of
maximum diffraction efficiency n. The maximum
n is achieved with such exposure when in the ar-
eas corresponding to the maxima of interference
pattern the photo-structural transformations ap-
proach saturation. Insofar as the optical circuits
forming the interference pattern are not perfect
(the modulation of interference pattern through
the thickness of photoresist layer is not 100%) af-
ter reaching the saturation at the maxima the dif-
fraction efficiency decreases.

The reflective and protective coatings are also
applied using thermal deposition in vacuum. The
aluminum layers having a thickness of 50—150
nm are used as reflective coating depending on
the spatial frequency and depth of modulation of
the grating. In some cases, for the gratings oper-
ating in the infrared region, golden layers can be
used as reflective coating.

For the gratings working in wet or other ad-
verse environment the application of protective
coatings is required. Within this project a manu-
facturing process of vacuum deposition of SiO_
and SiO, as protective layers for holographic gra-
tings has been developed. These layers are trans-
parent within the working spectral range, water-
proof, and chemically stable. The application of
these layers by using thermal evaporation of
granular SiO or powdered SiO, in vacuum from
tantalum evaporators. When depositing SiO, as a
result of full oxidation with residual gases, a film
of SiO_, where x > 1, is obtained. The rate of de-
position is chosen so that the value of x is equal
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Fig. 5. Spectral distribution of diffraction efficiency of the

gratings with spatial frequencies of 1200 () and 3600 mm!

(b) formed on the As, Se,, film: curves 1 and 2 correspond to

the perpendicular and the parallel alignment of light wave

electric vector with respect to the grooves; curve 3 is for the
unpolarized light

to, at least, 1.5, which is necessary to ensure trans-
parency in the visible spectrum.

MANUFACTURE OF PILOT SAMPLES
AND STUDY OF THEIR CHARACTERISTICS

Using the developed and optimized manufac-
turing processes, pilot samples of holographic dif-
fraction gratings with spatial frequencies of 600,
1200, 1800, 3600 mm~" and working area of 50x

x50 mm? were made in accordance with the terms
of reference (see Fig. 3).

To study the profile shape of holographic grat-
ing grooves a Dimension 3000 Scanning Probe Mic-
roscope AFM by Digital Instruments was used.

Figs. 4 (a-d) show the images of cross sections
of pilot grating samples with spatial frequencies
specified in the terms of reference and ranging
from 600 to 3700 mm~'. The images were obtained
using the atomic force microscope. The samples
were prepared by sequential thermal evaporation
in vacuum at a pressure of 2x10-% Pa on the sub-
strates of adhesive Cr layer, as well as As, Se,, (a,
b), and Ge,Se.. (c, d) layers. The 10 mm thick
polished glass plates were used as substrates. The
layer thicknesses were controlled during deposi-
tion using a quartz thickness meter (QTM-1).
They were equal to 30 nm for Cr and 300-800 nm
(depending on the spatial frequency of the grat-
ing) for the photoresist.

Having been exposed to periodic light genera-
ted by a laser (LGN-503 with a wavelength of
476.5 nm) with spatial frequencies of 600—3600
mm~!, the samples were treated with a selective
etchant. This process lasted for 1.5-2 minutes at
a temperature of 22 °C. The resulting relief-phase
diffraction gratings were covered with a reflec-
tive layer of Al having a thickness of 50—80 nm
(the sample with a spatial frequency of 3600 mm™"
was covered with a 50 nm thick layer, while the
rest was covered with a layer of 80 nm).

Figure 4 shows that the shape of the groove pro-
files is close to a sine wave (or cycloid) depending
on spatial frequencies and modes of exposure and
treatment. The modulation depth (i.e. the ratio of
the groove depth to the grating period) is 0.2—0.3,
which is optimal for obtaining high diffraction ef-
ficiency and low level of scattered light.

The project also included the study of diffrac-
tion efficiency of pilot gratings. The angular n(¢)
(¢ is angle of beam incidence on the grating) and
the spectral (1) (A is beam’s wavelength) depen-
dence of diffraction efficiency of the obtained gra-
tings were measured for two directions (p and s)
of incident light polarization. The spectral mea-
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surements were performed for the first-order dif-
fraction within the range of 310-900 nm.

Figure 5 shows the spectra of diffraction effici-
ency of the gratings with spatial frequencies of 1200
(a) and 3600 mm™ (b) formed on the As, Se, film.
Curves 1 and 2 correspond to the perpendicular
and the parallel alignments of light wave electric
vector with respect to the grooves. As one can see
from the figure, the diffraction efficiency for the
polarized light reaches 80—85%, which indicates
a sufficient depth of the modulation. For the un-
polarized light it accounts for 40-60% in the
working area of the spectrum, which corresponds
to the terms of reference and GOST 3-6128-86.

The level of scattered light was measured for
the pilot samples of holographic diffraction grat-
ings. The study was performed using a helium-
neon laser (A = 632.8 nm); the circuit also includ-
ed a goniometer, a modulator, and a receiver unit
with an amplifier. For the samples studied the
scattered light level at an angular distance of 1°
from the laser beam was measured to range with-
in 2x10°5—4x107% which corresponded to the
TOR and GOST 3-6128-86.

The radiation strength of holographic gratings
was determined by measuring the laser power
density at which the sample was destroyed (visi-
ble traces of the laser beam were observed on the
surface of the grating). The optical circuit includ-
ed a single-mode solid laser with a Q-factor mod-
ulator, a dividing wedge, an optical wedge, a fo-
cusing lens and an IMO-2M energy meter. The
study was conducted at two wavelengths: 1.06
and 0.53 microns. As a result of the study, the ra-
dial strength of the samples was established to
range within 2-4 MW /cm?

The pilot samples were tested with respect to
the effect of high and low temperature and high
humidity. Neither visually noticeable defects nor
deterioration of spectral characteristics of pilot
holographic gratings were observed.

CONCLUSIONS

1. An optical circuit holographic recording has
been designed and assembled, which makes it pos-
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sible to obtain the samples with spatial frequen-
cies from 600 to 3600 mm™".

2. Using the theoretical and numerical simula-
tion and the experimental results the application
of photoresist chalcogenide layer, the interferen-
tial exposure, the selective etching, and the depo-
sition of reflective and protective coatings have
been optimized.

3. The main advantages of the developed tech-
nique as compared with the existing ones is that
it makes it possible to use the photoresists based
on germanium chalcogenides which are more en-
vironmental friendly as compared with the con-
ventional chalcogenide photoresists based on ar-
senic compounds. In addition, the diffraction gra-
tings can be manufactured on the annealed chal-
cogenide layers, which reduces the surface rough-
ness after selective etching.

4. On the basis of optimization results the gui-
delines for manufacturing the holographic diffrac-
tion gratings using inorganic chalcogenide pho-
toresists have been developed.

5. The pilot samples of holographic diffraction
gratings have been manufactured; their characte-
ristics, including the shape of groove profiles, the
spectral and angular dependences of diffraction
efficiency, the level of scattered light and radial
strength have been studied.

6. The characteristics of pilot samples of holo-
graphic diffraction gratings have been established
to meet the specifications and GOST 3-6128-86.
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Knwuoei crnoea: nudpakiiitii rpaTku, XaJabKOTEHiIHI
doropesuctu, crieKTpabHi MPUITAIH.

B.A. /lanvxo, U.3. Hndymmouil,
M.B. Jlyxamox, B.U. Munvxo, IL.E. Illenensigviil

WMuctuTyT GUNKK NOTyIPOBOIHUKOB
nM. B.E. Jlamkapesa HAH Yxpaunsbi, Kues

TEXHOJIOTUA ITPON3BOJACTBA
T'OJIOTPAMMHBIX JT1OPAKIIMMOHHDBIX
PEIIETOK HA OCHOBE HEOPTAHMYECKUX
BAKYYMHDBIX ®OTOPE3UCTOB

BblI10/1HEH MHHOBAIIMOHHBIH TIPOEKT 10 pa3zpaboTKe TeX-
HOJIOTHYECKOTO MeTo/ia (hOPMUPOBAHUST TOJIOTPAMMHBIX -
PAKI[MOHHBIX PENIeTOK, MO3BOJISIONINNA U3TOTABINBATH BbI-
COKOKAueCTBEHHbIE AU(PPaKIMOHHBIE 2JIEMEHTBI C TTPOCTPAH-
crBeHHbIMI YacToTtamu oT 600 10 3600 MM ! /17151 crieKTpasib-
HBIX TIPUOOPOB. PaspabGoTaHbl TEXHOJIOMMYECKIE UHCTPYKIINK
0 peayju3aliii 3TOTO MEeTO/[a M M3TOTOBJIEHBI SKCIIEPUMEH-
TaJbHblE 00Pa3Ibl. YCTAHOBJIEHO, YTO XapAKTEPUCTUKU U3-
TOTOBJIEHHBIX B paMKaX JaHHOTO IIPOEKTA IKCIIEPUMEHTAIIb-
HBIX 0Opa3IloB TOJOrPaMMHBIX AN(DPAKINOHHBIX PEIIETOK
COOTBETCTBYIOT TexHudeckomy 3azanuio u I'CT 3-6128-86.

Knwouesvie cnoea: nubpakiimoHHbIE PENIETKU, XaTbKO-
reHujiHbie GOTOPE3UCTBDI, CLIEKTPAJIbHbBIE TPUGOPBL.
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