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We use a rate equation model for VCSELs subject to optical feedback from an extremely
short external cavity (ESEC) and investigate the parametric dependence of their polar-
ization properties. We show strong periodic dependence of the polarization switching
(PS) currents on the ESEC length that becomes strongly asymmetric when increasing the
external mirror reflectivity. This asymmetry provides the possibility to prevent PS for any
injection current, constituting a new way of polarization stabilization in VCSELs.

Introduction

Vertical-cavity surface-emitting lasers (VCSEL) are a new generation of semiconductor
lasers that possesses many advantages over the edge emitting lasers (EEL) like circular
beam shape, low threshold currents and the possibility to be maid in two dimensional ar-
rays. However, VCSELs have the drawback of non stable polarization properties [1, 2].
Different mechanisms have been proposed to achieve polarization control and stabiliza-
tion like nonsymmetric shape [3], diffractive grating [4] and anisotropic strain [2]. In
this paper we investigate the effect of optical feedback (OF) from an extremely-short
external-cavity (ESEC) on the polarization properties of VCSELs, demonstrating a new
way to achieve polarization stabilization.
Often the semiconductor laser steady-state and dynamical characteristics, are described by
time-delayed rate equations that take into account a single roundtrip in the external cavity
(EC) (the well known Lang Kobayashi model [5]) or multiple roundtrips. For the case of
ESEC the time-delay in the EC is very small (of the order of0.01ps) and the feedback
optical field can be considered as instantaneous [6, 7, 8]. Therefore we can simulate our
real system (see fig.1(a)) as a simple VCSEL that has the same characteristics as the real
one except for the top mirror reflection coefficient (r2), which is replaced by an effective
reflection coefficientre f f that includes all the effects of the optical feedback (see fig.1(b)).
The effective amplitude reflection coefficients are constructed as summations of the initial
reflection of the top mirror of the VCSEL (r2) and all the reflections from the external
mirror after 1,2,3,4,... round trips in the external cavity [9]. Furthermore, we consider
the VCSEL working in a single transverse mode regime, i.e. we use the complex slowly
varying fields for the two linearly polarized (LP) states, and the effect of the feedback is
taken into account in the phenomenological rate equations trough the photon lifetimes of
the two LP modes, which depend on the module of the effective reflection coefficients [9].
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Figure 1:a) Schematic representation of the system formed by a VCSEL and an external
mirror placed in front of it at a distanceLext. The external mirror is placed at an angleθ
and with a transverse offsetδ respect to the normal to the VCSEL surface.r2 andr1 are
the amplitude reflection coefficients of the top and the bottom mirror of the VCSEL, and
r f is the reflection coefficient of the external mirror. b) Model of VCSEL in ESEC optical
feedback configuration, wherere f f includes all the effects of the optical feedback.

Numerical results

Taking typical parameters for a VCSEL, asτe= 1ns, gH(L) = 8(8.013) 10−8 µm2, dgH(L)/dJ=
−1(−2) 10−10 µm2 mA−1 andεs(c) = 2.5(5) 10−7 µm3 we numerically make a sweep of
the injected current for a fixed EC length and a sweep of the external cavity length for
a fixed current. The polarization resolved optical power emitted by the VCSEL in both
cases is represented in fig.2. The VCSEL switches from one LP mode to the orthogonal
one by increasing the injected current and by decreasing it, describing a bistable region.
Comparing figs.2(a) and 2(b) it can be appreciated that the currents at which the switches
take place and the widths of the bistable regions dramatically change by changing the EC
length. The noticeable superlinear dependence of the power with the current observed in
fig.2(a) is due to the feedback (at an EC length of18.9µm the photon lifetime increases
by increasing the wavelength of operation of the device).
On the other hand, if we fix the injection current and make a sweep of the EC length, we
observe a modulation of the total power emitted by the VCSEL with a period of half of
the wavelength of operation of the device (see figs.2(c) and (d)). During this modulation a
periodic switch from one LP mode to the other occurs as a consecuence of a change of the
sign of the net gain difference between the LP modes induced by the frequency splitting
between the VCSEL LP modes [9]. In one period of modulation two consecutive PS are
observed. The positions at which the two PS appear in each period are different if we
increase or decrease the EC length, enclosing a hysteresis region. By biasing the VCSEL
at two different currents (see figs.2(c) and 2(d)) one can appreciate that the position at
which the switches take place and the hysteresis widths of those switches strongly depend
on the injected current.
Fig.2 can be summarize in a map of the PS currents and the hysteresis region versus
the injected current and the EC length (see fig.3). In this way figs.2(a),(b),(c) and (d)
correspond respectively to cuts A, B, C and D in fig.3(b). As can be observed from fig.3
the PS currents are modulated with a period of half of the wavelength of operation of the
VCSEL due to the periodic change of the phase of the effective reflection coefficient [10].
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Figure 2:Polarization resolved output power as a function of the injected current and the
EC length for a VCSEL with OF from an ESEC. The EC length is fixed to (a) 19.11µm
and (b) 19.4µm, and the injected current is fixed to (c) J=0.6mA and (d) J=1.35mA. The
black (grey) line represents the low (high) frequency LP mode, while solid (dashed) lines
represent the two LP modes for increasing (decreasing) the EC length or the injected
current.

Fig.3 indicates that one is able to select the width of the bistable region and the position
of the PS currents in a huge range by changing the EC length within a subwavelength
range. The higher the reflectivity of the external mirror is the bigger is the amplitude
of modulation of the PS currents (see fig.3), leading to a disappearance of the PS for a
certain range of EC length within a period of modulation (see fig.3(c)). Therefore, the
polarization of the emitted light will not depend on the injected current at that range of
EC lengths, constituting a new way to achieve polarization stabilization in VCSELs.
However, the smaller the frequency splitting is, the smaller would be the amplitude of
modulation that can prevent achieving polarization stabilization. Fig.3(d) shows the min-
imum external reflection coefficient necessary to achieve polarization stabilization in a
practical VCSEL subject to optical feedback from an ESEC, versus the frequency split-
ting between the two LP modes, for three different EC lengths. As it could be expected,
the larger the frequency splitting is the lower external reflection coefficient is needed in
order to achieve polarization stabilization by selecting the EC length. Moreover, fig.3(d)
shows that by choosing the proper EC length and a high external reflection coefficient,
polarization stabilization is possible if the frequency splitting between the VCSEL LP
modes is bigger than 0.4GHz, i.e. practically always.
The authors acknowledge the support of the IAP Program of the Belgian government, as
well as FWO-Flanders, GOA and OZR of the VUB.
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Figure 3: Mapping of bistability of a VCSEL affected by feedback from an ESEC. Three different
zones are observed. In zone I(III) the VCSEL is stable and emits in its low(high) frequency mode.
The zone II represented in grey is placed in between zone I and III and correspond to the region
at which the VCSEL is bistable. Hereεs(c) = 2.5(5) 10−7 µm3, r2 = 0.9972and the reflectivity
of the external mirror (r f ) is set to: (a) 0.1 (b) 0.5 and (c) 0.7. (d) Minimum external reflection
coefficient necessary to achieve polarization stabilization in a practical VCSEL subject to optical
feedback from an ESEC, versus the frequency splitting between the LP modes, for three different
EC lengths.

References

[1] M. Regalado, S. Balle, J. San Miguel, A. Valle, L. Pesquera,Quantum Semiclass. Opt., 9,
713-736 (1997).

[2] K. Panajotov, J. Danckaert, G. Verschaffelt, M. Peeters, B. Nagler, J. Albert, B. Ryvkin, H.
Thienpont, I. Veretennicoff,Nanoscale Linear and Nonl. Optics, AIP Proc.560, 403, (2001).

[3] T. Yoshikawa, T. Kawakami, H. Saito, H. Kosaka, M. Kajita, K. Kurihara, Y. Sugimoto, and
K. Kasahara, IEEE Journal of Quantum Electronics, Vol.34, No. 6, June 1998.

[4] R. Michalzik, J. M. Ostermann, P. Debernardi, C. Jalics, A. Kroner, M. Feneberg and M.
Riedl, Photonics Europe, Strasbourg (2004), Proc. SPIE Vol.5453, pp. 182-196

[5] R. Lang and K. Kobayashi, IEEE J. Quantum Electron., vol.QE-16, pp. 347-355, (1980).
[6] IST-2000-26479 project Super Laser Array Memory, final report 2004.
[7] P. Karioja and D. Howe, Appl. Opt.35, pp. 404-416, (1996).
[8] K. Panajotov, M. Arizaleta, V. Gomez, K. Koltys, A. Tabaka, M. Sciamanna, I. Veretennicoff

and H. Thienpont, Photonic West, San Jose (2004), Proc. SPIE, Vol.5359, pp. 360-375.
[9] K. Panajotov, M. Arizaleta, M. Camarena, H. J. Unold, J. M. Ostermann, R. Michalzik and

H. Thienpont, Appl. Phys. Lett., Vol.84, No. 13, March 2004.
[10] M. Arizaleta, M. Camarena, H. J. Unold, J. M. Ostermann, R. Michalzik, H. Thienpont and

K. Panajotov, Photonics Europe, Strasbourg (2004), Proc. SPIE Vol.5453, p. 217-228.

Parametrical investigation of polarization and spectral properties of VCSELs
subject to optical feedback from an extremely short external cavity

158


