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It is believed that photonic crystals will
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It is known that using the irreversible giant modification, it is possible to change
locally the refractive index of semiconductors. This work is concerned with the develop-
ment of the methods of photonic crystal formation basing on CdS, CdTe and GaAs
semiconductors. It was shown that complex refractive index of the CdS, CdTe and GaAs
semiconductor samples is changed significantly after their modification. For example, the
complex refractive index of CdS is changed from 2.75 + i2.8113 up to 1.9 + i0.035. The
real and imaginary parts of CdS refractive index are decreased by 0.85 and 2.7763,
respectively, while the absorption coefficient is decreased by 80 times. It is also shown
that the interface between modified and non-modified sample areas is submerged into the
sample depth (the distance from the surface being at least 11 pum). Thus, one- and two
dimensional photonic crystals for visible and ultraviolet ranges can be effectively obtained
using CdS, CdTe and GaAs semiconductor substrates by modifying thereof without com-
plex lithographic technology.

HsBecTHO, UTO C MOMOINBIO HEOOPATMMOMN TI'MIaHTCKON MOAM(PHUKAIUK MOYKHO JIOKAJILHO
U3MEHATh KOOMMUIIMEHT IIPEJOMJIEHHsS IIOJyIpPOBOAHMKOB. Hacrosmas pabora IIOCBAIIEHA
pa3paboTKe METOANKU (POPMHUPOBAHUSA CTPYKTYP (POTOHHBIX KPHCTAJIOB B IIOJYIPOBOLHUKO-
Beix Mmarepuanax CdS, CdTe u GaAs. B pabGore moxasaHo, 4TO KOMILIEKCHBIN ITOKa3aTesb
npejoMJieHUs B moayrnpoBogHukax cocraBoB CdAS, CdTe u GaAs mperepmeBaer 3HAUUTE Ib-
Hble U3MEHEHHUA II0CJe BhINIeYyNOMAHYTON Momuduranuu. Ouas CAS xommiaekcHbI Koaddu-
IAEeHT IIPeJOMJEeHUs H3MeHsieTcs oT BeanumHbl 2,75 + i2,8113 mo 1,9 + i0,035. IeiicTBu-
TeJIbHAS U MHHUMAs 4aCTH KOMILIEKCHOro Koaddunuenra npeaomiuenus CdS ymensmarrcs
"Ha 0,85 u 2,7763 coorBeTCTBEHHO, a KO3(M(PUIMEHT IIOIJIOIeHns yMeHbinaerca B 80 pas.
Tak:ke IIOKA3aHO, UTO I'PAHUIIA Pa3esa MeXIy MOAUMUIIMPOBAHHLEIM W HE MOIUMUIIMPOBAH-
HBIM y4YacTKAMM HAXOAUTCS II0J IOBEPXHOCTHbIO o0Opasma, Ha riayouHe He mexHee 11 MEKM.
C mpumMeHeHHEM TAaKOro cmocoba Mosum(pUKAIUMKM OITHYECKHX CBOMCTB HOJYIPOBOLHUKOB
MOXKHO H3TOTABJIHBATH OJHO- U ABYMEpPHbIE (POTOHHO-KPHUCTANINYECKNE CTPYKTYPHI IS BU-
IUMOTO U yJAbTPA(UOJETOBOr0 IHAIMA30HOB HA IIOJYIIPOBOTHHUKOBBIX IIOJIOKKAX COCTABOB
CdS, CdTe u GaAs 6Ges3 MCHOJIL30BaHUS CJOMKHBIX MHOTOCTYIIEHUATHIX JIUTOTpPa(UUecKux
TEeXHOJIOTH.

0.5, where n,,, and n,;,
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are refractive in-

find a wide application in information proc-
essing, storage, and transfer [1-5]. A pho-
tonic crystal (PC) is an optical medium
where periodically alternating areas with
different refractive indices (n,,,, — 7, >
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dices of the periodically alternating areas)
are formed. The refractive index change pe-
riod is comparable with the light wave-
length and is substantially larger than that
of the crystalline lattice one. If the refrac-
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tive index change period in a medium in
one-, two-, or three-dimensional structures
(1D-, 2D-, 3D-photonic structures) is compa-
rable with the electromagnetic wavelength,
then the light propagation differs from that
in an ordinary medium. That is why such
artificial media are referred to as photonic
crystals [1-5]. In PC, only light waves of
certain wavelengths can propagate, thus, al-
lowed and forbidden photon bands (zones)
exist in PC. Of most interest for semicon-
ductor optoelectronics are the PC active in
visible and ultraviolet spectral ranges. At
present, there are no preparation methods
of such PC.

Any technological methods suitable to
change locally refractive index of a medium
by a considerable value (at least by 0.5) can
be used for the PC preparation. It has been
shown by us before [6—8] that using the
irreversible giant modification (IGM), it is
possible to change locally the refractive
index of a semiconductor by 0.5-0.8. It fol-
lowed from our work [6] that using light, it
is possible to form local periodically alter-
nating areas differing considerably in re-
fractive index within the sample subsurface
layers. But in [6—8], the maximum depth of
the semiconductor sample modification by
IGM was not determined and thus the PC
formation possibility by IGM was not dem-
onstrated. It is obvious that the semicon-
ductor sample modification depth will de-
fine the PC thickness, and the refractive
index difference (or gradient in the transi-
tion layer) between modified and initial
areas will define its parameters. The aim of
this work is to study the movement dynam-
ics of the modified area boundary and the
modification depth of the CdS, CdTe and
GaAs semiconductor samples and to develop
the PC formation methods using IGM.

The periodic light interference pattern
(which was formed on the surface of a semi-
conductor sample as shown in Fig. 1) with
different periods (from 0.3 up to 10 um)
was used. Dynamics of the intensity change
of the reflected light into +1-st reflex from
the appearing periodic structure at wave-
length was used to determine the thickness
(depth) of the modified single crystal area
and values of its complex refractive index
at these depths. It was shown in experiment
that the dynamics of the diffraction effi-
ciency change in the forming gratings de-
pends on o (o being the angle between nor-
mal to the sample surface and the symmetry
line of the recording scheme).
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Fig. 1. 1, He-Cd laser with 0.4416 pm wave-
length; 2, 5, 6, dielectric mirrors; 3, lens; 4,
beamsplitter; 7, semiconductor sample; 8, cell
with bidistilled water; 9, photodiode; 10, re-
corder.

The diffraction efficiency evolution in
the gratings formed on CdS, CdTe and
GaAs samples at o =20° and o =0° is
shown in Fig. 2. Those are seen to be quali-
tatively different. In Fig. 2, the interfer-
ence maxima and minima are clearly seen.
For such interference, it is necessary that
interfering light fluxes (flux 1 and flux 2)
will be comparable in intensity and their
phase differences were divisible by 2n (max-
ima) or n/2 (minima). For certainty, we will
note the flux (beam) reflected from the sam-
ple surface as flux 1, and flux reflected
from the interface of modified and non-
modified areas as flux 2.

It was shown [7] that under IGM, long
quantum wires oriented perpendicular to
the sample surface are formed in the sample
subsurface area. These quantum wires are
formed from the charged defects of the
semiconductor sample. Quantum wires
formed in the sample matrix decrease con-
siderably its refractive index (by 0.5-0.8),
which results in a sharp leap of the refrac-
tive index at the interface between modified
and non-modified areas. Thus, the intensity
of the light reflected from this interface
(flux 2) is comparable to the light intensity
reflected from the sample surface (flux 1).
In Fig. 3, the sample modified locally only
in such places where maxima and minima of
the interference pattern are positioned is
shown schematically; shown is also the re-
fractive index distribution in the sample
cross-section. It is obvious that if the re-
fractive index difference between the non-
modified and modified areas exceeds 0.5
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Fig. 2. Dependences of grating diffraction efficiency at the first diffraction orders during their
recording in the surface region of semiconductors at angles a = 20° and o = 0° for CdS, CdTe and

GaAs samples (with 1.8 um grating period).

and the sample modification depth exceeds
5—-8 um, such artificial medium is a pho-
tonic one.

During the sample modification, the
quantum wires are gradually enlarged and
interface is submerged into the sample
depth. From crystal surface and from inter-
face are reflected, respectively, fluxes 1 and
2, which form +1-st reflex. Because the re-
fractive index and the thickness of the
modified area are changed during modifica-
tion, the phase and intensity of the flux 2
are changed. Due to interference of the 1
and 2 fluxes, maxima and minima appear in
the reflected light dependence (the +1-st re-
flex intensity). Values of the reflection coef-
ficient in minima and the number of such
minima enabled us to determine the thickness
as well the values of the complex refractive
indices of the modified sample areas.
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The phase difference & between fluxes 1
and 2 is 20 = 2:(2n/A)[hngcos(0)] + m + m.
Here A = 0.4416 pm is the laser radiation
wavelength in vacuum; £, thickness and ng,
refractive index of the modified area, re-
spectively; m, the phase shift of light re-
flected from interface between media with
refractive indices ny and n; (ny <nq). In
our case, angle 0 is small (cos(6) ~ 1), thus,
26 = 2(2n/L)-hng.

The reflection coefficient of the modified
medium is [9]:

R= (1)
" 1+ RyyRyz + 2(Ry9)' 2(Ry3)1/2 e2Bcos(25)

Here
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Fig. 3. Modified areas of sample (a). Refrac-
tive index profile in A—A cross-section (b).
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ny, refractive index of the sample non-modi-
fied area, o, the sample absorption coeffi-
cient. Interference effects are seen in the
reflection coefficient dependences of the
CdS, CdTe and GaAs single crystals at their
modification. An especially clear interfer-
ence is seen in the reflection coefficient de-
pendence of CdS single crystal. It is seen
from Fig. 2 that in minima, the reflection
coefficient values are essentially equal to
zero (in first maximum, R,,;, = 0.00373, in
second, third, fourth and fifth ones,
R,;, ~0.006). Thus, all reflection coeffi-
cient calculations were performed for CdS
single crystal. In minima, cos(28) = —1. The
reflection coefficients values of the in min-
ima are given by expression

_ Ryp + Byg - 2(B19)'2(Ryp)' /2 €2 (2)
T 1 4 RygRyg — 2(Ry9)"2(Reg)! 2 €28’

Using this expression, we have calculated
dependence of R,,;, on the refractive index
of modified area at different values of its
absorption coefficient (Fig. 4). It is seen
from Fig. 2 that in minima the reflection
coefficients reach 0.0047 and 0.009, respec-
tively, the imaginary parts of complex re-
fractive index being 0.035 and 0.07, respec-
tively. The absorption coefficients of the
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Fig. 4. Diffraction efficiency (%) vs real part of
the refractive index: a, em™ = 2 (1), 1 (2), 0 (3).

modified areas are 10¢ em™! and 2:10%¢ em™1,
respectively. The real parts of refractive
index in both cases are 1.9. This enables to
write the complex refractive index wvalues
for the modified CdS single crystal for the
wavelength 0.4416 pm for time moments
when reflection coefficient reaches first,
second, third, fourth and fifth minima,
respectively, as N;=1.9 +i0.035 and
No~NgxNy=Ng=1.9+i0.07. The com-
plex refractive index of the non-modified
CdS single crystal at the wavelength
0.4416 pm is N = 2.75 +i2.8113. Thus, it
is seen that at modification of the CdS sin-
gle crystal, the real and imaginary parts of
the complex refractive index are decreased
(by 0.85 and 2.7763, respectively). It is also
seen that due to modification, absorption
coefficient is decreased by 80 times.

The modified area thickness is A,;, =
206)/4nq9. Eighth minimum is achieved at
26 = 15n. We have h,,;, = 0.8715 pm. After
eight minima of the reflex intensity, it is
impossible to measure the modification
thickness by this method.

Measurements of the sample modification
depth using interferometry are limited to
the value of 0.8715 um, because due to the
refractive index decrease of the semiconduc-
tor sample surface areas, the reflected light
intensity is decreased and it is impossible to
record more than 7-8 minima. Thus, the
measurements of the larger modification
depths was carried out using a microscope.
It was also taken into account that the in-
tense light reflection of visible range from
interface is easy to record using a micro-
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scope. In these experiments, several samples
of CdS single crystals were modified at
various exposures. For the modification the
light interference pattern with 4 um period
was used. After modification, the interface
depth was measured, which has the same
period 4 um. It was established that the in-
terface depth was linearly increased with
the modification duration, and its position
was confidently registered up to the value
~11 pm.
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OnTHuyHi BJACTHMBOCTI KBAHTOBO-PO3MipHHUX CTPYKTYP
Ta JBOBUMiIpPHMX (DOTOHHUX KPHUCTAJIiB, BUTOTOBJIEHUX
Y HANiBOPOBITHMKOBHUX CcyOcTpaTtax 3a JOIOMOTOIO
HE3BOPOTHOI TiraHTCchKol Moaudikairii

O.M.Kamys, II.d.Onexcenxo, 0.0.Kamy3s, 0.0.Invin, O.B.Cmponcoruil

Bimomo, mio 3a mgomomMoroio He3BOPOTHOI riramTchpkoi MmMommdikaiiii MoKHA JOKAJIBLHO
smiHIOBaTu Koe(imienT sasomieHHsa HamiBonpoBimuukiB. Ils pobora mpucBsiueHa po3poOIri
MeTOAUKH (POPMYBAHHSA CTPYKTYP (POTOHHMX KPHCTAJIB y HAMIBIIPOBIIHMKOBUX MarTepiangax
CdS, CdTe i GaAs. IlokasaHo, [0 KOMILICKCHII MOKA3HUK 3aJOMJEHHA y HAIiBIPOBiZHM-
kax CdS, CdTe i GaAs smauHo smiHOEThCA IMmiciad Buiesraganoi mozudikamnii. Dua CdS
KOMILIeKCHU# Koe(illieHT s3ajloMJeHHs 3MiHIOeThcA Big Benumuwmuum 2,75 + i2,8113 mo 1,9 +
i0,035. Mificua Ta ysBHa YacTWUHU KOMILIeKCHOTO Koedimienra samomienus y CdS smenmry-
oThca BigmoBiguo Ha 0,85 i 2,7763, a KoedinmienT morauHanHA 3MeHIIyeThead y 80 pasis.
Takox nDoKasaHO, MO0 TPaAHUIA PO3XiNYy MiK Moau(ikoBaHMMH Ta HeMoAU(PiKOBaHUMU
IiTgaHKaMU 3HAXOAUTHCSA IIiJl IOBEepPXHEI0 3pasdKa, Ha raubuHi moualimenme 11 mxm. I3 3a-
CTOCYBaHHAM TaKoro crocoby wMopupikamnii onTHYHMX BJIACTUBOCTell HAIIiBIPOBITHUKIB
MOJKXHa BUTOTOBJIAATH OJHO- T& ABOBUMIipHiI (DOTOHHO-KPHUCTAJIIUHI CTPYKTYpPHU AJSA BUINMOIO
i yaeprpadioneroBoro giamasoHiB Ha HamiBOpoBizHMKOBHX cybGerparax 3i cmoayk CdS, CdTe
i GaAs 6e3 BUKOPHCTAHHA CKJIATHAX 0araToOCTyHiHUacTHUX JiTorpa()iuHMX TEeXHOJOTiH.
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