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Abstract: We suggest a new construction of spin-VCSEL with an embedded nematic liquid crystal
(LC) in a second cavity. We design such a coupled-cavity LC-VCSEL and develop a procedure
for calculating its LC-voltage dependent polarization resolved resonant longitudinal modes and
their quantum-well confinement factors. Using these characteristics, we are able to slightly modify
the spin-flip VCSEL model to include the voltage dependent birefringence and anisotropy. Then,
we show that such an LC-VCSEL can reach small signal modulation response with a 3 dB cut off
frequency of several hundreds of GHz.

Keywords: vertical-cavity surface-emitting lasers; spin-VCSELs; nematic liquid crystals; polarization;
electro-optic effect

1. Introduction

The spin-polarized vertical-cavity surface-emitting lasers (spin-VCSELs) have at-
tracted considerable interest recently because of the several advantages they promise
over conventional VCSELs [1–3]. The widely accepted model that describes polarization
dynamics of spin-VCSELs is the so-called Spin-Flip Model (SFM) due to San Miguel, Feng
and Moloney [4]. This model considers the section rules for the quantum well (QW) active
material: carriers from the conduction and heavy-hole valence band with different spin
projections recombine in two separate channels producing left and right circularly polarized
light. For typical VCSEL parameters, the left and right circularly polarized light phase lock
so that a linearly polarized light is emitted [4,5]. SFM predicts that the linear polarization
chosen at threshold may lose stability at higher injection currents causing the laser emission
to switch to the orthogonal linear polarization [5]. Indeed, such polarization switching
is often observed in conventional VCSELs, i.e., VCSELs with injection of non-polarized
carriers [6–8] (for a review see [9]). More complicated polarization dynamics, including
period doubling route to polarization chaos, have also been observed experimentally and
explained via the SFM [10]. Spin-VCSELs suggest injection of spin-polarized carriers, i.e., a
single recombination channel, emission of a circularly polarized light and, therefore, a 50%
reduction in threshold current. Indeed, threshold current reduction has been demonstrated
for both optically pumped VCSELs [11] and for spin-polarized electrical injection [12]. Fur-
thermore, spin-VCSELs avoid the inherent for conventional VCSEL polarization switching
and instabilities. Most importantly, spin-VCSELs with a large birefringence have been
recently shown to greatly increase the modulation bandwidth, reaching values as high as
200 Gbs [13]. In order to increase the VCSEL birefringence, the lasers were attached to a bent
beam [13], introducing in-plane anisotropic strain similarly to the previously demonstrated
bending of a VCSEL wafer utilizing a mechanically stressed laser holder [14]. Although
quite efficient and well controlled, anisotropic mechanical stress is not practical for com-
mercially producing spin-VCSELs and alternative ways for introducing high-birefringence
are desirable.
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On the other hand, liquid crystals (LCs) are widely used in photonics applications
because of their extraordinary strong electro-optical effect [15]. Wavelength tunability of
external-cavity semiconductor lasers has been demonstrated via intracavity Lyot-type LC
filter [16] and via LC-based tunable mirror [17]. LC cell has also been implemented in a
VCSEL feedback-loop [18]. LC embedded in a second cavity, coupled with the active VCSEL
cavity, has been shown to provide polarization control [19–21], emission of circularly polarized
light [22,23] and high contrast modulation [21,24]. Utilizing nematic LC for wavelength tuning
has also been considered both theoretically [25–28] and experimentally [29,30].

In this paper, we investigate the possibility of creating liquid-crystal VCSEL (LC-
VCSEL) capable of not only providing an extremely large birefringence but also an electrical
control of this birefringence. To this end, we first propose a VCSEL structure with an
embedded LC in a second cavity, calculate its modal characteristics and demonstrate
that the electro-optical tuning by reorientation of the LC molecules can provide efficient
spin-lasing with controllable birefringence.

2. VCSEL with a Liquid Crystal: Electro-Optical Birefringence Tuning
2.1. VCSEL with a Liquid Crystal: Schematic and Exemplary Structure

The intra-cavity LC-VCSEL system is schematically shown in Figure 1. An electrical
field is applied to the nematic LC layer along the direction of light emission (ELC ‖ Oz)
by means of the indium-tin oxide (ITO) electrodes deposited on the top side of the VCSEL
active chip (VCSEL middle Distributed Bragg Reflector (DBR) in Figure 1) and on the
bottom side of the top dielectric DBR [19,20]. The planar alignment of the nematic LC
molecules at the boundaries of the LC layer (the longer axis of the LC molecules oriented
along the Oy axis) is achieved by the two photo-alignment layers as depicted in Figure 1.
The electrical field ELC applied to the LC cell will turn the LC director (the averaged
direction of the longer axis of the LC molecules) at an angle θ(z), which depends on the
distance z to the anchoring boundary xOy [15].
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VCSEL bottom DBR

LC top DBR

LC alignment layer

LC alignment layer

E
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UVCL

Z

Y

X

O(z)
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dLC
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O
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Figure 1. VCSEL with a liquid crystal: an electric field is applied to the liquid crystal layer along
the direction of light emission (ELC ‖ Oz). Planar alignment of the LC molecules close to the LC
boundaries is along the Oy axis ensured by the two photo-alignment layers.

2.2. Electo-Optic Effect in the Liquid-Crystal Layer

First, we consider the LC cavity alone. As denoted schematically in Figure 1, the
orientation of the LC director (the angle θ) depends on the distance z to the anchoring
boundary xOy. In order to estimate this dependence, we apply the one-elastic-constant
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approximation [15] for the LC layer with hard boundary conditions with planar alignment,
i.e., θ(0) = θ(dLC) = π/2

K
d2θ

dz2 +
∆ε

4π
E2 sin θ cos θ = 0. (1)

Here, K is the elastic constant, E = ULC/dLC is the electric field applied to the LC layer
with ULC being the applied voltage, dLC is the LC layer thickness and ∆ε is the dielectric
anisotropy given by ∆ε = ε|| − ε⊥.

Figure 2a presents the distribution of the LC director orientation along an LC cell
with thickness dLC = 3.2 µm for different values of the applied voltage. When solving
the boundary value problem as defined by Equation (1), we used for concreteness the
parameter values for E7 liquid crystal, namely K = 3× 10−12N and ∆ε = 13.8 (see page
314 of ref. [15] and [31]).

Figure 2. Distribution along an LC cell (along the Oz axis) of (a) LC director angle θ and (b) LC
refractive index ny for light linearly polarized along the Oy direction. The thickness of the LC layer is
dLC = 2.15 µm. The voltage applied to the LC cell is: ULC = 0.48 V (red curves), ULC = 0.56 V (blue
curves) and ULC = 1 V (green curves). The parameter values for E7 liquid crystal used for solving
Equation (1) are K = 3× 10−12 N and ∆ε = 13.8.

In the nematic LC-VCSELs as depicted in Figure 1, the refractive indices for light trav-
elling along the Oz axis and linearly polarized along the Ox and Oy axes read, respectively:

nx = no,

ny =
none√

n2
osin2(θ(z)) + n2

e cos2(θ(z))
. (2)

Here, no and ne are the LC ordinary and extraordinary refractive indices. Equation (2)
shows that the electro-optically induced LC director reorientation θ(z) directly translates
in refractive index distribution for light linearly polarized in the Oy direction. Figure 2b
presents the distribution of the refractive index ny(z) along the LC cell for the same values
applied to the LC voltage ULC as the ones used for the calculation of the LC director
orientation in Figure 2a.

2.3. Modal Properties of Liquid-Crystal VCSEL System

The LC-VCSEL structure as schematically depicted in Figure 1 is generic and could
be utilized for lasers with different semiconductor material composition, providing lasing
at different wavelengths. Here, we consider for concreteness a GaAs quantum well (QW)
LC-VCSEL lasing around 850 nm. The semiconductor multilayer structure suggested in this
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paper and the LC parameters are listed in Table 1. For simplicity and easier reproducibility,
the spectral dependencies of the complex refractive indices of the different materials
comprising the LC-VCSEL are not taken into account; considering material dispersion does
not change the basic results of this study. As demonstrated in [19,25], the part of the optical
field residing in the LC cavity strongly depends on the thickness of the LC layer and the
presence and the strength of the middle VCSEL DBR. The strongest impact of the LC on the
LC-VCSEL properties is achieved when the middle DBR is completely omitted (c.f. [25–27]
for the optimization of wavelength tuning region of intracavity LC-VCSELs). In our case,
however, such an intracavity LC-VCSEL is very sensitive to LC voltage change. Therefore,
we chose to keep in this study a part of the VCSEL top DBR to serve as a middle DBR of the
LC-VCSELs and to provide both wide enough tuning range and good tuning sensitivity of
the LC-VCSEL birefringence.

Table 1. VCSEL and LC parameters.

VCSEL: Bottom/Middle DBR: 37.5/11.5 Pairs

Material Refr. Index Thickness (µm)

Al0.12Ga0.88 As 3.52− i10−4 0.0603
Al0.9Ga0.2 As 3.11− i10−4 0.0683

VCSEL λ cavity

Al0.3Ga0.7 As 3.4− i10−4 0.133
3GaAsQW 3.62 + i ∗ nQW

im 0.024
Al0.3Ga0.7 As 3.4− i10−4 0.133

LC and ITO

E7 no = 1.51 2.15
ne = 1.71

photoalignment layer 1.8− i0.03 0.01
ITO 1.76− i0.08 0.1

LC dielectric mirror NLC = 2.5 pairs

TiO2 2.49 0.0853
SiO2 1.53 0.1389

Our procedure for finding the longitudinal resonant wavelength of the LC-VCSEL
and the confinement factors in the active QW region and the LC layer is based on the
transfer matrix method. An implicit characteristic equation is obtained by imposing the
condition that there is no incoming field for the whole LC-VCSEL multilayer structure [32].
The complex implicit characteristic equation is then solved for two variables, namely the
resonant wavelength λres and the imaginary part of the quantum well refractive index
nim

QW [32]. Finally, the field distribution along the longitudinal z-direction of the LC-VCSEL
and, consequently, the confinement factors in the QW and LC regions are obtained. In
order to tackle the inhomogeneous distribution of the refractive index in the LC layer for
light linearly polarized along the Oy-direction as illustrated in Figure 2, we divide the LC
layer into a number of thin layers with uniform refractive index distribution.

Figure 3 presents the optical power distribution calculated in such a way for two
resonant modes of the LC-VCSEL for light linearly polarized along the Ox (Figure 3a)
and Oy (Figure 3b) directions and when the LC is biased by a voltage of ULC = 0.56 V.
In Figure 3a, the ordinary refractive index nx of the LC layer is not impacted by the LC
electro-optical effect and refractive index distribution nx(z) = const = no is uniform. As
can be seen, a significant part of the optical field resides in the LC cavity, which reduces the
part residing in the QW active region and, therefore, diminishes the QW confinement factor
(see also next section). For light polarized in the Oy direction, the LC director reorientation
caused by the applied voltage leads to nonuniform distribution of the LC refractive index
ny(z) along the LC cavity, slightly diminished from the 0-voltage value of ny(0V) = ne. For
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this case, the part of the optical field that resides in the LC cavity is significantly decreased,
which brings a higher QW confinement factor.

Figure 3. Optical power |E(z)|2 distribution along the Oz axis of the LC-VCSEL resonant modes
linearly polarized along the Ox (a) and along the Oy (b) direction. The voltage applied to the LC is
ULC = 0.56 V. The black curves represent the refractive index distribution along the LC-VCSEL for
the respective light polarizations.

2.4. Electro-Optical Tuning of the Birefringence of the LC-VCSEL System

When the voltage applied to the LC layer in the LC-VCSEL is changed, the refractive
index ny is changed and, consequently, the optical field distribution, the resonant wave-
length and the QW confinement factors are modified, too. This is illustrated in Figure 4
for the LC-VCSEL considered so far: Figure 4a represents the resonant wavelengths for
light polarized along Ox (red line) and along Oy (blue line) directions as a function of the
voltage ULC applied to the LC layer; Figure 4b is the same but expressed as frequency
splitting and Figure 4c shows the corresponding confinement factors in the active QW layer.
As can be seen, a change in the LC voltage of about 0.1 V changes the frequency splitting
from positive (about 200 GHz) to negative (about −800 GHz), i.e., a change as large as
1000 GHz. At the same time, the QW confinement factor for the y-polarized mode increases
about two times. We would like to stress that these electro-optically induced changes, i.e.,
the voltage sensitivity of the LC-VCSEL is a matter of LC-VCSEL design—it can be easily
controlled by altering the coupling between the VCSEL cavity containing the QWs and the
LC cavity. This can be done by either modifying the number of quarter-wavelength layers
in the middle DBR or the ratio of the optical thicknesses of the two cavities.

Next, we investigate the impact of the electro-optically induced frequency tuning of
the LC-VCSEL on its modulation characteristics.
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Figure 4. Dependences on the voltage ULC applied to the LC of: (a) Wavelengths of the LC-VCSEL
resonant longitudinal modes polarized along Ox (red lines) and along Oy (blue lines); (b) Differ-
ence between the frequencies of these resonant modes and (c) QW confinement factors of these
resonant modes.

3. Modulation Characteristics of LC-Spin-VCSEL: Electro-Optical Tuning

The Spin-Flip Model (SFM) describing spin-VCSELs reads [4]

dEx

dt
= κ(1 + iα)

(
NEx + inEy − Ex

)
− iγpEx − γaEx, (3)

dEy

dt
= κ(1 + iα)

(
NEy − inEx − Ey

)
+ iγpEy + γaEy, (4)

dN
dt

= γe(µ+ + µ−)− γe

[
N
(

1 + |Ex|2 +
∣∣Ey
∣∣2)]− iγen

(
EyE∗x − ExE∗y

)
, (5)

dn
dt

= γe(µ+ − µ−)− γsn− γen
(
|Ex|2 +

∣∣Ey
∣∣2)− iγeN

(
EyE∗x − ExE∗y

)
. (6)

The SFM is included here for the slowly varying electric field amplitudes Ex and Ey
of light linearly polarized in the x and y directions, respectively [5]. The carrier variables
N and n are related to, respectively, the total inversion between conduction and heavy-
hole valence bands and the difference in the carrier numbers of the two sublevels with
opposite spins [4]. Amplitude anisotropy is modelled through linear dichroism γa and
phase anisotropy is modelled by the linear birefringence γp [5]. The other internal VCSEL
parameters are defined as follows: κ is the optical field decay rate, γe is the decay rate of N,
γs is the spin-flip relaxation rate, α is the linewidth enhancement factor. Electrical and\or
optical spin dependent pumping is represented by µ+ and µ− terms corresponding to the
spin-up and spin-down carriers, respectively, i.e., µ = µ+ + µ− is the total injected carrier
density and P is the polarization degree of the injected carriers, namely

P =
µ+ − µ−
µ+ + µ−

. (7)

It is implicitly accepted in the SFM that the modal gains of the two linearly polarized
VCSEL modes are equal. As we have seen in the previous section, however, the longitudinal
confinement factors for the two orthogonally polarized fields can be significantly different
in the LC-VCSELs considered here. In order to take this into account, we consider the
normalization used in the SFM, namely E =

√
Gn/γẼ and N = Gn(Ñ − Ñtr)/(2κ) with

κ = 1/(2τp) with τp being the photon lifetime. Here, Ẽ, Ñ and Ñtr are the non-normalized
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electric field, carrier density and carrier density at transparency, and Gn is the coefficient
in the linear dependence of the gain on carrier density. We also consider the case of one
dominant polarization and no anisotropies and spin-flip effects, i.e., Ey = n = γp = γa = 0
and γs = ∞ leading to

dẼx

dt
=

1
2
(1 + iα)

[
Gn(Ñ − Ñtr)−

1
τp

]
Ẽx. (8)

Infinite spin-flip relaxation rate is the typical assumption when considering rate equa-
tions for semiconductor lasers (c.f. [33]) as normally it is much larger than the relaxation
rates of optical field and carriers. From Equation (8), the rate equation for the photon
density Nph,x = ExE∗x becomes

dNph,x

dt
=

[
Gn(Ñ − Ñtr)−

1
τp

]
Nph,x. (9)

Comparing this equation with the usual semiconductor rate equations as derived in,
e.g., [33]

dNph

dt
=

[
Γvggn(N − Ntr)−

1
τp

]
Nph (10)

and introducing an average Γ = (Γx + Γy)/2 and a relative difference δΓ = (Γx − Γy)/2 of
the confinement factors for the two linearly polarized fields, namely Γx,y = Γ(1± δΓ/Γ),
we obtain for the intensities of the orthogonally polarized modes

dNph,x,y

dt
=

[
Gn

(
1± δΓ

Γ

)
(Ñ − Ñtr)−

1
τp

]
Nph,x,y (11)

with Gn = Γvggn. Therefore, the SFM becomes slightly modified for the case of polarization
dependent confinement factors as in LC-VCSELs, namely

dEx

dt
= κ(1 + iα)

[
I+(NEx + inEy)− Ex

]
− iγpEx − γaEx, (12)

dEy

dt
= κ(1 + iα)

[
I−(NEy − inEx)− Ey

]
+ iγpEy + γaEy, (13)

dN
dt

= γeµ− γe

[
N
(

1 + |Ex|2 +
∣∣Ey
∣∣2)]− iγen

(
EyE∗x − ExE∗y

)
, (14)

dn
dt

= γePµ− γsn− γen
(
|Ex|2 +

∣∣Ey
∣∣2)− iγeN

(
EyE∗x − ExE∗y

)
, (15)

where we defined I± = 1± δΓ
Γ .

We perform the numerical simulations in the rest of the paper using this slightly
modified SFM, Equations (12)–(15). Applying the methodology outlined in the previous
Section 2, we first calculate the LC-VCSEL resonant wavelengths and QW confinement
factors of the longitudinal modes linearly polarized in the x and y directions for a given
voltage applied to the LC. Then, we solve the LC-VCSEL rate equations using the so-
calculated γp, I+ and I− and the following parameters for the VCSEL: κ = 300 ns−1, α = 3,
γe = 1 ns−1, γa = 0 ns−1 and for two values of the spin-flip relaxation rate: γs = 300 ns−1

and γs = 600 ns−1.
First, we consider the case of a small signal intensity modulation, i.e., P = 0 and

µ = µ0 ± ∆µ× sin(2π f t), (16)

where µ0 is a constant; ∆µ—the modulation amplitude; f —the modulation frequency.
Figure 5 shows the small signal modulation response for a total injection modulation ac-
cording to Equation (16) and for different values of injection current. The voltage applied to
the LC is fixed to ULC = 0.465 V, providing a phase anisotropy of γp = 468 ns−1. As typical
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for class B semiconductor lasers, the modulation bandwidth is limited by the relaxation
oscillation frequency, i.e., the frequency of periodic energy exchange between carrier and
photon reservoirs. The intensity modulation response depends on the confinement factor
and we observe an increase of several GHz for the position of its maximum when the con-
finement factor is increased via the LC voltage as shown in Figure 4c. Despite the increase
in the relaxation frequency with the injection current as evident in Figure 5, even for a
very strong injection of µ = 20 the small signal modulation bandwidth does not exceed
30 GHz (the relaxation frequency is about 17 GHz in this case). One way to overcome this
relaxation oscillation limitation of modulation bandwidth is by spin-injection modulation
as shown in [13].

0 5 10 15 20 25 30
Mod. frequency (GHz)

-15

-10
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M
od
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p
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se
 (

d
B
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Figure 5. Small signal modulation response for a total injection modulation according to Equation (16)
and for different bias injection levels: µ = 2—red line; µ = 4—magenta line; µ = 6—green line;
µ = 10—cyan line; µ = 14—blue line; and µ = 20—black line. The straight dotted line shows the level
of −3 dB.

Therefore, we consider as a second case LC-VCSEL polarization modulation accord-
ing to

P = P0 + ∆P× sin(2π f t), (17)

with P0 being a constant and ∆P being the modulation amplitude. Figure 6 shows the small
signal polarization modulation response, i.e., when only the spin injection is modulated
according to Equation (17) and for different voltages applied to the LC layer leading to
different LC-induced birefringence ranging from γp = 468 ns−1 downto γp = 7.5 ns−1

and then to γp = −1610 ns−1. Two cases are considered: γs = 300 ns−1 (Figure 6a) and
γs = 600 ns−1 (Figure 6b). Now, the peak in the modulation response is determined by the
birefringence of the LC-VCSEL, i.e., by the beating frequency between the x and y polar-
ization modes and the relaxation oscillation peak characteristic for intensity modulation
(c.f. Figure 5) is not visible as the total injection current µ is not modulated. The 3 dB cut
off frequency of small signal modulation can be therefore drastically increased, reaching
values as high as several hundred GHz. The modulation peak amplitudes for positive
birefringence (coloured curves) are higher than the ones for negative birefringence (black
curves) which we attribute to the fact that when changing the LC voltage, together with
the change in the frequency splitting between the two orthogonally polarized LC-VCSEL
modes, the confinement factor for the y-polarized mode is also changed. This directly
impacts the shape of the small signal modulation response. For example, for γp = 310 GHz
at ULC = 0.483 V, the confinement factor for the y-polarized mode is Γy = 0.0083, while
for γp = −306 GHz at ULC = 0.5 V the confinement factor is Γy = 0.01. For a very large
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birefringence, especially for the black curves in Figure 6a, the 3 dB cut off frequency is
limited by the pronounced dip between the zero-frequency response and the peak of the
modulation characteristics. It has been noted in [34] that this dip can be lifted for a higher
spin-flip relaxation rate. Indeed, the limitation due to the dip in the small signal modulation
response is avoided in Figure 6b calculated for γs = 600 ns−1 and a cut off frequency as
high as 400 GHz is achieved.

Figure 6. Small signal polarization modulation response for spin injection modulation of the LC-
VCSEL according to Equation (17) and for different LC-voltage: U = 0.493 V (γp = 7.5 GHz)—blue
color; U = 0.49 V (γp = 116 GHz)—cyan color; U = 0.487 V (γp = 211 GHz)—magenta color;
U = 0.483 V = (γp = 310 GHz)—green color; U = 0.477 V (γp = 404 GHz)—yellow color; U = 0.465
(γp = 468 GHz)—red color. The black color curves correspond to (from left to right) U = 0.506 V
(γp = −607 GHz), U = 0.51 V (γp = −811 GHz), U = 0.514 V = (γp = −1012 GHz), U = 0.519 V
(γp = −1253 GHz), U = 0.527 V (γp = −1610 GHz). The straight dotted lines show the level of
−3 dB. The spin-flip relaxation rate is (a) γs = 300 GHz and (b) γs = 600 GHz.

4. Conclusions

We suggest in this paper a VCSEL device with embedded nematic liquid crystal (LC)
second cavity. We design such an exemplary coupled-cavity LC-VCSEL and develop a pro-
cedure for calculating its LC-voltage dependent polarization resolved resonant longitudinal
modes and their QW confinement factors. Using these characteristics of the LC-VCSEL, we
are able to slightly modify the spin-flip VCSEL model to include the voltage dependent
birefringence and anisotropy due to the different QW confinement factors for the two
orthogonal linearly polarized LC-VCSEL modes. We show that the large electro-optical
effect in the LC makes it possible to introduce large voltage-controlled birefringence for the
whole LC-VCSEL device. Finally, we consider small signal polarization modulation, i.e.,
when only the carrier-spin injection is modulated while the total carrier injection is kept
constant, and demonstrate the small signal modulation response of the LC-VCSEL with a
3 dB cut off frequency of several hundreds of GHz.
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