IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 10, NO. 9, SEPTEMBER 1998 1205

First Demonstration of Highly Reflective and
Highly Polarization Selective Diffraction Gratings
(GIRO-Gratings) for Long-Wavelength VCSEL'’s

S. Goeman, S. Boons, B. Dhoedt, K. Vandeputte, K. Caekebeke, P. Van Daele, and R. Baets

Abstract—We present experimental results on surface relief 09 -~
gratings in GaAs and InP with high reflectivity (>85%) and po-
larization selectivity to normal incidence from the semiconductor
side. The potential for polarization stabilization with a reduced 07 o
mirror complexity for long-wavelength VCSEL's is discussed. 06 ———
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. INTRODUCTION 02 e
LTHOUGH short wavelength VCSEL'’s (850 and 980 ,, ... N S 05
nm) are commercially available, most of these devices 03 04 045 02 0%

still show unstable output polarization and transversal mul- depth (um)

timode behavior [1]. Several solutions have already beew. 1. TM reflectivity GaAs GIRO grating, filling factor 50%. Black region:
proposed to overcome these problems. Using AlAs oxidatidi reflectivity >90%, wavelength= 1.55 ym.
in the top distributed Bragg reflector (DBR) mirror offers. _ .
beside current confinement an improvement of transve/dgtailed study will be explained elsewhere [10]. A GIRO-
monomodal operation [2]. Concerning the polarization proffating is a linear surface grating between semiconductor and
lem, asymmetric etched post structures or growth on (3134 A plane wave is incident normal to the grating plane, from
substrates have been proposed [3]-[5]. This causes anisotrj}y Sémiconductor side. By choosing the grating period, only
of the gain, leading to pinning of the polarization. Also surfacd'€ Zeroth-order reflection exist in air and there are only two
relief gratings have been proposed [6], [7]. excited propagatlng_ op_tlcal modes in the _gratmg region. The
In this letter, we propose a surface relief structure not onfgroth-order mode is highly concentrated in the grating ridges
showing polarization selectivity but also a high reflectivitnd the second-order mode is highly concentrated in the air
for TM polarization. This property is of specific interesg2PS between the ridges. By choosing the proper grating depth,
to long-wavelength vertical-cavity surface-emitting laserde average_ﬁeld at the grating air interface comppsed of the_se
(VCSEL'’s) in view of the low refractive index contrast intW@ modes is almost zero and, therefore, no optical power is
these devices leading to rather complex mirror structur€QuPled to the zeroth order in transmission. At the same time,
(wafer fusion [8], metamorphic growth [9]) and associateti® t_wo optical modes interfere constru_cnvely at the grating
electrical and thermal problems. Using the approa(’q@mlconductor mterfgce thergby coupling almost all power
presented, it is possible to stabilise the polarization and @ the zeroth order in reflection and cancelling the higher
decrease the number of DBR pairs of the top VCSEL mirrdfifiraction orders (in practice, the-1,1 and—2,2 diffraction
possibly leading to a smaller electrical and thermal resistan@8der). Ultimately, this leads to the following approximate
In Section I, we will shortly discuss the grating designd€sign rules for such a grating:

Section Il describes the fabrication and shows measurement 0= /n2 — (\/A)2 Moy = Ty

results of GaAs and InP based Glant Reflectivity to Order © ! ’ N

(GIRO)-gratings. Section IV presents calculations showing A _ 2 d _ 3/2

that the fabricated GIRO-gratings on top of a reduced DBR Al =nd A VB2 4+ nk—n

stack will lead to complete polarization control. with n. o andn, » the effective indices of the zeroth- and the
Il. GRATING DESIGN second-grating mode, the vacuum wavelengtt the grating

, ) , . , . period, d the grating depthp; the semiconductor refractive
In this section, we will only briefly discuss the the workingjey n, the refractive index of air. We have found that these
principle and design rules of these “GIRO-gratings.” A MOrgesign rules only work for the TM polarization and not for
Manuscript received April 7, 1998; revised June 1, 1998. This work we{?e TE po_Ianzatlon. The reason for th!s 'S_ the different form
supported in part by the European ACTS024- VERTICAL Project and in pa@f the optical modes for the two polarizations.
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Uninversity of Ghent—IMEC, B-9000 Gent, Belgium. vavelength of 1.55:m, using a diffraction model based on
Publisher Item Identifier S 1041-1135(98)06299-5. rigorous coupled wave analysis [11], using the design rules
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TABLE |
GIRO-GRATING PARAMETERS, WAVELENGTH = 1.55 um
Material GaAs InP
w A A= _900 nm A =880 nm E\
m d =500 nm d =525 nm -5
n=350% n=50% %
=l
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Fig. 3. TM and TE reflectivity of InP GIRO grating and comparison with
theory for the wavelengths of 1480-1560 nm.

18 = ..‘- | TABLE 1l
1 .i i'-'- i SEM PARAMETERS AND FITTED PARAMETERS
. . FOR THE GaAsSAND InP GIRO-GRATIN
SEM parameters fitted parameters
GaAs period = 900 nm period = 900 nm
GIRO-grating depth= 450-480 nm depth = 465 nm
Fig. 2. SEM picture of an InP GIRO grating. filling factor:40-45 % | filling factor: 45%
InP period = 880 nm period = 880 nm
as a starting point. Fig. 1 shows theoretical results for the  GIRO-grating | depth = 580-600 nm | depth = 580 nm
TM reflectivity of a GaAs grating over a large period and filling factor: 50 % filling factor: 50%

depth range for a grating filling factor of 50%. These results
show a large region of high TM reflectivity>00%). In this
region, the TE reflectiviy is between 0% and 40%. In view dhcidence. The sample is rotated so that that the incident beam
this large area it is feasible to fabricate highly TM reflectivés normal to the grating interface and the reflected power of
and highly polarization selective gratings. Further calculatiotie grating interface is measured. This results in the following
have shown it is also possible to achieve GIRO behavior ftglation:
other filling factors, although, the optimum performance is for RS Py,
filling factors close to 50%. In order to account for possible Ry = P
errors in grating period, depth and filling factor, the parameters v om
of the gratings we choose to fabricate are different from thwith F,;, the reflected power measured from the polished
optimum parameters. The grating parameters are summariagérface, Py, the reflected power from the grating interface,
in Table I. Ry the Fresnel reflection coefficient undef @nd 7y the
Fresnel transmission coefficient undedegrees incidence. We
[ll. FABRICATION AND EXPERIMENTAL RESULTS assume these coefficients to Bg . = 0.295 s 1x = 0.698,

As proof of principle, we have first fabricated these grating8 +v = 0.295,7 v = 0.713 for GaAs(Ry g = 0.271,
for operation with a tuneable G@aser (9-11um) [12]. Inthis T tg = 0.722, Ryt = 0.271, T3 v = 0.737 for InP),
section, we will show experimental results of GaAs and In&ssuming a refractive index of undoped GaAs of 3.3737 (3.17
based GIRO-gratings for the wavelength region of 1.&. for InP) [13]. Using this equation, it is possible to determine
The gratings were fabricated in undoped GaAs and InP usitigg grating reflectivity for both polarizations and compare it
holographic exposure and Ti evaporation, to produce the etefth theoretical calculations.
mask, and subsequent reactive ion etching (SiGt GaAs Fig. 3 shows the measurement results (error bat-5%)
and CH/H; for InP). Fig. 2 shows a SEM picture of an InPand a comparison with theoretically calculated values for
GIRO-grating. The picture shows a well-defined grating witan InP GIRO-grating. The calculations agree well with the
vertical walls and a filling factor close to 50%. Since we haveeasurements (almost within the measurement error) and the
to evaluate the grating reflectivity from the substrate side, tigeating parameters used in the calculations agree well with the
samples were polished under a wedge angR® (8 avoid SEM parameters (Table Il). This grating shows a maximum
multiple beam interference. This allows us to measure tAé reflectivity of 85% for A = 1550 nm and polarization
reflectivity of the polished interface and the grating interfacselectivity of more than 60% over the entire wavelength
as seen from the substrate side, separately. The measurenmregien. Fig. 4 gives the measurement results and a comparison
were performed using a tuneable laser (1480-1560 nm). Twith theory for the GaAs GIRO grating. The polarization
light is coupled via optical fiber terminated with a gradienselectivity of this grating is more than 50% over the whole
index (GRIN) lens to obtain a collimated bundle. After passingavelength region and the maximum TM reflectivity is 85%
a polarizer and a beam splitter, the light is incident on tHer A = 1490 nm. As for the InP grating, the calculations agree
sample. The reflected light is measured with a detector. Tivell with the measurement (within the measurement error) and
sample is mounted in a rotational setup. First, the reflectadain, the grating parameters used in the calculations agree
power of the polished interface is measured under normaith the SEM parameters (Table II).
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Fig. 4. TM and TE reflectivity of GaAs GIRO grating.
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Fig. 5 shows that the reflectivity remains higher than 99.5%
for the different filling factors and grating depths. For all five
situations, the TE reflectivity is 0.5%—-2% smaller over the
complete wavelength region. The phase of the TM reflection
as a function of wavelength is comparable for all situations
and is approximately the same as for a pure DBR stack. This
means that the grating parameters do not influence the phase
much. So, accurate growth of the complete layer structure will
be more for determining the cavity resonance wavelength.

V. CONCLUSION

In this letter, we have described the design, fabrication and
experimental results of highly polarization selective and highly
TM reflective gratings in GaAs and InP. The experiments show
reflectivities of 85% and these results are in good agreement
with theoretical calculations. Furthermore we have indicated
the potential of these gratings for long wavelength VCSEL's;
in combination with a DBR stack, these gratings would lead to
a reduced number of DBR pairs and a remaining polarization
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Fig. 5. Reflectivity and phase for 5 different situations of filling factor and
grating depthff = 50%d = 490 nm,ff = 40%d = 490 nm,ft = 60%d =
490 nm,ftf = 50% d = 450 nm,ff = 50% d = 550 nm).

IV. COMBINATION OF GIRO-+ DBR
FOR Tor VCSEL MIRROR

The controlled fabrication of highly reflecting DBR mirrors [5]
is a key factor in VCSEL operation. Improvements in epitaxial
layer growth have made it possible to fabricate these DBR
mirrors. Technologically, the fabrication of grating structures’®
is not so well controlled. The main problems are the grating
filling factor and the grating depth. Although theoretically
the TM reflectivity of a GIRO-grating is high enough (and ["]
high polarization selectivity) in practise, we will still need
some additional DBR pairs to ensure that the reflectivity is
not too sensitive to the grating filling factor and the grating(@l
depth. Another problem we have not addressed, so far, is the
phase behavior of these GIRO-gratings. In this section, we
examine the sensitivity of the reflection and the phase of &I
top VCSEL mirror consisting of a GIRO grating on top of
a reduced DBR stack. Since the underlying DBR stack will
decrease the polarization selectivity we want to find out whEo]
the remaining polarization selectivity will be. Fig. 5 shows the
reflectivity and phase as a function of wavelength for a 13.5
pair AIAs—GaAs DBR stack, a GaAs phase matching layer @fl]
135 nm and the GaAs GIRO grating on top (peried900 2]
nm, depth= 490 nm). Five different situations are considereH
(constant depth 490 nm and filling factors 50%, 40%, and
60%; constant filling factor 50% and grating depth 450, 490,
500 nm). In these calculations, the thickness of the top Ga,ﬁg]
layer is constant (625 nm) as it would be in real situations.

(4]

selectivity in the order of 0.5%—2%.
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