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Abstract. Theoretical calculations of the resonator modes optical characteristics of a
semiconductor surface-emitting laser with a resonator based on a two-dimensional pho-
tonic crystal with a square lattice were carried out in the paper. Photonic crystal provides
distributed feedback in plane of heterostructure layers and determines diffraction of radi-
ation to the surface of the laser structure. Qutput beam emitted in the direction normal
to the surface of such devices allows decreasing the beam divergence and increasing the
output optical power. However, an increase in radiation aperture also affects the mode
composition of the laser emission. The dependences of resonator modes optical losses and
beam divergence on cavity size were obtained. A suggestion of the optimal cavity length to
achieve single-mode operation with small output laser beam divergence angle was made.
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Annotamms. B naHHO# paboTe mpoBeleHbl TEOPETUUECKUE pacyeTbl ONTUUYECKUX Xa-
PaKTEPUCTHUK TTOJTYIIPOBOAHUKOBOTO MOBEPXHOCTHO-U3JIYYAIOLIETO Jla3epa C pe30HATOPOM
Ha OCHOBE IBYMEPHOro (hOTOHHOTO KpHcTalja KBaapaTHoi cumMeTpuu. DOTOHHBIN Kpu-
cTaji1 00ecreuyrBaeT pacipeeJIeHHYIO MOJOXUTEIbHYI0 00paTHYIO CBSI3b U AUGPaKIIMIO
MU3JIyYeHUs] B HaMpaBJIeHUM HOPMaJIM MOBEPXHOCTHU Jla3epHOTo uuna. BeiBom u3aydyeHus
4yepes3 MOBEPXHOCTD MO3BOJIIET YMEHBIIUTh PACXOAUMOCTD My4YKa BBIXOJIHOTO U3JIYYEHUS,
YBEJIMUCHUE ATePTypbl MPUBOAUT K YBEJIUYEHUIO BBIXOMHOW ONTUYECKOW MOIIHOCTH.
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OnHako, yBeJWYEHME Pa3MepOB pe30HATOpa TakKXke BIMSCT Ha MOJIOBBIM COCTaB U3ITY-
yeHKs. BbutM MoJydeHBl 3aBUCHMMOCTHM ONTMYECKMX MOTEPh PE30HATOPHBIX MO U pac-
XOAMMOCTHU Iy4Ka OT amepTypbl U3aydeHus. Bplin momoGpaHbl ONTUMAaIbHbBIE Pa3MEpPhI
pe3oHaTopa aJist o0ecrneuyeHust OAHOMOAOBOIO pexKrMa paboThl IIPU MajIOi PaCXOAUMOCTU
Iy4yKa BBIXOIHOTO M3JIy4eHUsI.

KmoueBbie ciioBa: GOTOHHBIN KPUCTAJUI, TTOBEPXHOCTHO-MU3TYYAIOIINNA Ja3ep, TOJy-
MMPOBOAHMKOBBIN J1a3ep, pe30HATOP, PACXOAMMOCTD ITyuyKa
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Introduction

Ridge semiconductor lasers have a highly asymmetric wide radiation pattern and multi-mode
operation [1], which complicates their application in optoelectronics since expensive collimating
optics are required. This problem can be solved by outputting radiation through the surface of
a laser device, which is implemented in vertical cavity surface-emitting lasers (VCSELs) [2].
However, VCSELs have a small aperture size due to the design features of the resonator, which
limits the high optical output power. Because of this, photonic crystal (PC) surface-emitting
lasers (SEL) are developed [3—6], which enabled single-mode high-power output laser emission
with symmetrical narrow beam.

Distributed feedback and diffraction to the direction normal to the surface of the device
are provided by forming two-dimensional (2D) PC in the heterostructure layers [7]. Optical
characteristics of such devices depend on sizes of the resonator, therefore it is important to study
this effect.

In this paper theoretical calculation of the mode composition of the resonator based on
square lattice 2D-PC has been made. PC is formed by air holes in the layer of heterostructure
GaAs/AlGaAs/InGaAs, emitting at a wavelength of 1005 nm. The analysis of dependences of
resonator modes optical losses and directional pattern on size of the radiation aperture are carried
out.

Materials and Methods

In this paper we studied the heterostructure GaAs/AlGaAs with 3 quantum wells InGaAs.
Generated in active layer emission is TE polarized, that is typical for InGaAs. Square lattice PC
is formed by air holes in the shape of a right isosceles triangle (RIT) in one of the heterostructure
layers (Fig. 1, a).
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Fig. 1. Schematic structure of SEL device with resonator based on square lattice PC (a);
typical photonic band structure for square lattice PC with RIT holes ()
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PC lattice constant A = 300 nm is chosen to satisfy the second-order Bragg’s condition, and
the holes, whose size is characterized by fill factor f=S_, /S ., have f 22.2%. Calculations
of photomc band structure for infinite size square lattice T’é shows that in second order I'-point
there are four band-edge modes [8]. We call these modes A, B, C, D (Fig. 1, b) in order of in-
creasing frequency.

In order to make the necessary calculations of the resonator’s optical characteristics, we
utilized coupled-wave model [9]. We will highlight peculiarities of this method: we consider TE
polarized wave, for which we have wave equation

VxVxE(F)=kii>(F)E(F) (1)

where 7i(7) is the complex refractive index, k; is the wavevector of the light in the vacuum. The
TE polarization field E(F)=(E, (¥), E (7),0) can be expanded in PC due to Bloch theorem:

E(2)= LE,,,(2)exp(~imBx~inBy), i =x,y, 2)

where m, n are integers, BO = 2m/A is the reciprocal lattice vector. The real part of the refractive
index can be expanded into a Fourier sum

n*(F)=ny(2)+ Y &, (2)exp(=imByx+inB,y), (3)
m#0,n#0
where Fourier coefficients are expressed as
1 . .
& =7 [] A (. y) exp(imB v+ in, y)ddy )
PC

and equal zero outside of the PC layer. Waves from expansion (2) can be classified based on
their wavenumber ~'m* +n’B, : basic waves (m*> + n*> = 1), radiative waves (m = 0, n = 0) and
high-order waves (m? + n> > 1). In the approximation of this model, is suggested that radiative
and high-order waves are stimulated by basic waves. The solution of the wave equation (1) for
basic waves is reduced to the problem

R) (R (&R ox
N S I R T .
+ = +
(S+ie) o |=C\ R [*1] ar 1oy | ©)
s,) |s,) |-os,/av

where d is the deviation of the wavevector from Bragg’s wavevector, o is the optical losses, R (X,
»), S(x, y), R (x »), S (x, y) — amplitudes of the basic waves propagating in the +x, —x, +y,

-y directions accordlngly, c=c,+C _+C,C,C ,C  — matrices, which correspond to
one-dimensional coupling, radlatlve and basic waves couplzmg, two- d1mens1ona1 optical cou-
pling accordingly. Problem (5) can be solved using staggered grid finite-difference method with
boundary conditions:

R.(0,y)=S.(L,y)=R,(x,0)=S5 (x,L) =0, (6)

where L is length of the square resonator (and, accordingly, the radiation apertures). Thereby we
obtain set of optical losses of the resonator modes and relative to them values of the basic waves’
amplitudes in the grid nodes. We can obtain radiation intensity distribution in near and far fields
of the specific mode by utilizing amplitudes of the basic waves [9].

Results and Discussion

In case of RIT holes, modes C and D have much higher threshold losses compared with
modes A and B [8], therefore we excluded them from further consideration. We calculated
intensity distribution in near and far fields for resonator modes A ,L73,A, (L = 200 pm,
Fig. 2) and BI,L‘?ZZ,B2 (L =200 pm, Fig. 3) at different cavity lengths. Fundamental modes A and
B, are characterized by the presence of a single maximum in the center (or close to the center)
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of the intensity distribution (Fig. 2, a, b, Fig. 3, a, b), the smallest beam divergence in their
group, and a symmetrical radiation pattern. In contrast, high-order modes have several intensity
maximums, which slightly deviate from the normal to the lasing surface (Fig. 2, c—h, Fig. 3, c—h),
that complicates the use of the device. Additionally, high-order modes electromagnetic fields

penetrate the boundaries more than fields of fundamental modes, which correspond to higher
parasitic losses.
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Fig. 2. Radiation intensities of group A resonator modes in near field for fundamental mode A, (a) and
high-order modes L (c), L (e), A, () and in far field for A, (b), L (d), L: (f), A, (h).
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Fig. 3. Radiation intensities of group B resonator modes in near field for fundamental mode B, (a) and

high-order modes L* (c), L7 (e), B, (g) and in far field for B, (b), L?* (d), L} (f), B, (h).
£=1222%, L =200 pm

Using the A| mode, we will show the typical changes in the distribution of the radiation inten-
sity of the modes with the change in the size of aperture. PC with holes in the shape of a RIT is
characterized by an asymmetry in the intensity envelopes relative to the plane y = L —x, which is
parallel to the triangle hypotenuse and perpendicular to the plane of the layer. This is especially
noticeable at small cavity sizes: at L =50 um (Fig. 4, a) electromagnetic wave penetrates strongly
into the boundaries x = 0 and y = 0 in comparison to x = L and y = L. This leads to reduction
in the symmetry of the intensity distribution in far field (Fig. 4, d). Increase of resonator length
leads to enhancing symmetry of intensity distribution in near and far field (Fig. 4, b, c, e, f),
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because of propagating in plane of PC layer wave manages to fully interact with PC holes, that
also provides improvement of resonator properties. Besides this, increase of the radiation aperture
leads to narrowing of the output beam in far field: at L = 50 um, full width at half maximum
FWHM = 1.33°, at L =200 pm, FWHM = 0.35°, at L = 400 um, FWHM = 0.17°. A similar
situation is observed for mode B,.
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Fig. 4. Radiation intensity distributions of mode A, in near field at L = 50 pm (@), L = 200 pm (b),
L =400 um (c¢) and in far field at L = 50 um (d), L = 200 pum (e), L = 400 pm (f)

However, increase of the cavity length leads to weakening of mode discrimination, which is
shown in the dependence of resonator modes optical losses on cavity length at Fig. 5, a. Thus,
mode selection has a value of 100 cm™!' at L = 50 pm, and 4 cm™! at L = 400 um. Meeting the
threshold generation condition for several modes will lead to a loss of single-mode operation,
and the generation of high-order modes will lead to a significant increase in the divergence of the
output beam (Fig. 5, b), as well as to loss of the beam pattern symmetry. It is also important to
note that a change of the lowest threshold mode (A, — B)) occurs at L = 140 pm.
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Conclusion

We have made theoretical calculations of dependences of radiation pattern on cavity length
for SEL with resonator based on square lattice PC. The results show that growth of the radiation
aperture leads to decrease of beam divergence angle, along with improvement of pattern
symmetry. However, this also provides weakening of mode composition selection, as a result,
single-mode operation is lost. Based on the results we can suggest optimal cavity length for
studied heterostructure, which saves single-mode operation, but provides small beam divergence,
specifically at L = 200 pm mode discrimination has large enough value of 14 cm™, and threshold
mode B, radiation has beam divergence angle of 0.35°.
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