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The dielectric tensor €(z, V') can be expressed using tilt angle ¥(z, V') calculated above as follows,

€(z,V) = €021(2, V) €x22(2,V) €x023(2,V)

[ €0o11(2, V)  €c012(2,V) 50013(2,V)]
| €031(2, V) €c032(2,V)  €co33(2, V)

€o00 0 0
= 0 €000 + €co0a cos? 111(2, V) €ooa COS ¢(z, V) sin ¢(Z, V)
0 €oacost®(z,V)sintg(z,V)  €coo + Ecoq Sin> ¥(z,V)

where €xoa (= €ove — €coo) is the dielectric anisotropy, and €sxe (= n2) and €0 (= n2) are dielectric constant of
NLC parallel and perpendicular to the director at optical frequency, respectively. TM-polarized light is defined
as H = (H;,0,0) and E = (0, E,, E,), and by assuming monochromatic light

Hi(y,zt,V) = R(z,V) explip(z, V)] expli(ko N (V)y — wit)], (6)

following equation can be obtained from Maxwell’s equations.

deoo33(z, V) dR(z, V)

)2 d’R(z,V)
dz dz

12 + k2€soo€ooe(€0033(2, V) = N(V))R(2,V) =0 (7)

+ €x033(2, V)

€x33(2z,V

where kg is a wavenumber in vacuum, w is frequency of guided light and N(V) is an effective refractive index,
which is defined using propagation constant 8(V) as N(V) = 8(V)/ko. This equation is second-order ordinary
differential equation and can be regarded as an eigenvalue problem with the effective refractive index N(V)
playing the role of the eigenvalue, and cannot be solved analytically. In order to solve this problem, we have
adopted shooting method employing N (V) as a parameter (Fig.4 (b)).24 By solving equation (7), effective
refractive index N (V') and optical field profile R(z, V) of the guided mode can be obtained.

exp[—koy/B(V)? — nZz] ,2<0

Hz(y, 2,8, V) = { R(z,V) ,0 < z < 2500nm (8)
()™ exp[—ko/B(V)? — n2(z — 2500)] ,z > 2500nm

As sample parameters of the numerical calculation, typical values of widely used cyanobiphenyl based NLC
mixture E7 (Merck) were used. Parameters used for numerical calculation are summerized in Table. 1.

Table 1. parameters used for the numerical calculation

Symbols Values
ordinary refractive index of NLC o 1.53
extraordinary refractive index of NLC Te 1.78
refractive index of PVA npva 1.52
Frank’s elastic constants (splay) K 1.1 x 10~ N
Frank’s elastic constants (bend) K33 1.7 x 107! N
dielectric constant of NLC (parallel to the director) €e 19.0
dielectric constant of NLC (perpendicular to the director) € 5.7
cell gap d 2.5 pm
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Figure 6. (a) Emission spectra of the dye-doped NLC waveguide upon holographic excitation at various applied voltages
(6= 65.0"). (b) Applied voltage dependence of lasing wavelength.

In order to explain these results, TE- and TM-guided modes should be treated separately.!* The reorientation
of NLC molecules upon the application of an electric field takes place in the incident plane of two excitation
beams, so that TE-guided mode feels n, of the NLC regardless of the applied voltage, and no change in lasing
wavelength of the peak 1 should be attributed to the TE-guided mode. On the other hand, the effective refractive
index n¢yy for the TM-guided mode increases gradually with the field-induced reorientation of the NLC molecules,
and the lasing wavelength associated with TM-guided mode should shift to longer wavelength. Consequently,
the red-shift of the lasing peak 2 might be attributed to the TM-guided mode. With the increase of the effective
refractive index n.yy, the effective thickness of the core layer also increases and higher order guided mode should
appear. The appearance of multi-mode emission in peak 2 upon application of more than about 1.0 V should
be explained in terms of this higher order guided mode. In order to analyze these results in detail, numerical
analysis of TM-guided mode was performed as followings.

3.2. Numerical analysis of TM-guided mode

As a first step, distribution of the tilt angle ¥/(z,V) of NLC molecules upon applied voltages was calculated.
Figure 7 (a) shows the calculated tilt angle of NLC molecules with various applied voltages (V = 1.00, 1.50,
2.00, 4.00, 6.00 V). Using these data ¥(z, V'), the TM-guided mode with applied voltages was calculated.

Figure 7 (b) shows the applied voltage dependence of the effective refractive index N(V') of the Oth (m =
0) ordered guided mode in the waveguide core layer. The wavelength of the guided light was set to be 600 nm.
It can be seen that the change of N(V') is steep just above the threshold applied voltage for the reorientation
of NLC molecules, and saturates when applied voltage is larger than about 2.0 V. Following discussions focus
mainly on the applied voltage range slightly above the threshold.

Figure 8 (a) shows the applied voltage dependence of N(V') in the waveguide core layer, which are for TM-
guided modes with monochromatic lights of A = 600 nm (circles) and A = 630 nm (triangles). When applied
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Figure 7. (a) Distribution of tilt angle of NLC molecules in the depth of the cell under various applied voltages (V =
1.00, 1.50, 2.00, 4.00 and 6.00 V). (b) Applied voltage dependence of effective refractive index of Oth ordered TM-guided
mode with the wavelength of A = 600 nm.
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Figure 8. (a) Applied voltage dependence of effective refractive index of from Oth to 4th ordered TM-guided mode with
the wavelength of A = 600 nm (circles) and A = 630 nm (triangles). (b) Applied voltage dependence of lasing wavelength
of from Oth to 4th ordered TM-guided mode.

voltage was increased, N (V') also increased and higher ordered guided modes appeared. As can be seen in Fig. 8
(a), if wavelength of the guided lights are different, N (V') are also different. Consequently, it can be considered
that for the calculation of lasing wavelength, different voltage dependence of N (V") should be used for each
wavelength. The calculation procedures of the applied voltage dependence of lasing wavelength are summarized

as follows.

1. Calculate voltage dependence of N(V') for each wavelength of the guided light same as in Fig. 8 (a).

2. From these results, pick up the applied voltages which agree with N(V') which satisfy the lasing condition
shown in equation (1) for each lasing wavelength. For example, in the case of A = 630 nm. ney for lasing
is estimated as 1.608 (assuming @ as 65.0° ) from equation (1) and applied voltage can be derived as V' =
1.119 V for Oth ordered guided mode from Fig. 8 (a).

3. Plot the lasing wavelength versus applied voltages.

Figure 8 (b) shows the calculated voltage dependence of lasing wavelength. It can be seen that when applied
voltage increased. lasing wavelength shifts toward longer wavelength. At high applied voltages. the lower ordered
guided mode deviates from tunable range of lasing (in this case, from 600 to 630 nm), and higher ordered guided
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Figure 9. Optical field profile of TM-guided mode without (a) and with applied voltages ((b) 1.00 V, (c) 1.10 V, (d)
1.20 V, (e) 1.30 V, (f) 1.40 V). Boundaries of the PVA clad layer (z < 0 and z > 2500 nm) and the NLC core layer
(0 < z < 2500 nm) are also shown in dotted lines. For the calculation, the wavelength of the guided light were set as
follows: (a) Am=0 = 600 nm, (b) Am=¢ = 609 nm, An=; = 601 nm, (¢) Am=0 = 627 nm, An=1 = 615 nm, Apr=2 = 604
nm, (d) Am=1 = 627 nm, Apn=2 = 613 nm, A=z = 602 nm, () A2 = 621 nm, Am=3 = 607 nm, (f) Apn=4 = 600 nm.

modes appear. As easily estimated from these results, more higher ordered guided modes should even appear
at more higher applied voltages. If all higher-ordered guided modes can contribute to lasing, experimentally
observed disappearance of lasing at high voltages cannot be explained. From this estimation, the efficiency of
the confinement of the guided light in the waveguide core layer is considered to play a crucial role for lasing. In
order to analyze this effect, optical field profiles of guided mode upon applied voltages were calculated.

Figure 9 shows the optical field profile of TM-guided mode without (a) and with applied voltages ((b) 1.00
V. {¢c) 1.10 V, (d) 1.20 V, (e) 1.30 V, (f) 1.40 V). Boundaries of the PVA clad layer (z < 0 and z > 2500 nm)
and the NLC core layer (0 < 2 < 2500 nm) are also shown in dotted lines. For the calculation, the wavelength
of the guided light were set as follows: (a) An=¢ = 600 nm, (b) An=¢ = 609 nm, Ap=1 = 601 nm, (¢) Ap=o =
627 nm, A1 = 615 nm, Ap—2 = 604 nm, (d) Apn=1 = 627 nm, Ap=2 = 613 nm, A\,—3 = 602 nm, (&) A\p=2
= 621 nm, Ap=3 = 607 nm, (f) Ajp=4 = 600 nm. These values were chosen in order to agree the values of
the calculated lasing wavelength shown in Fig.8 (b). Without or with a low applied voltages slightly above the
threshold applied voltage, optical fields are confined well in the waveguide core layer as shown in Figs.9 (a)-(e).
On the other hand, with high applied voltage (> 1.40 V), confinement of optical fields in the waveguide core
layer cannot be carried out effectively as shown in Fig.9 (f). As easily estimated from these results, although
more higher ordered guided modes should appear even at higher applied voltages from the result shown in Fig.8,
efficiency of confinement in the waveguide core layer will not be high. As a result, the reason why no lasing
was observed at higher applied voltages can be attributed to the low efficiency of confinement of higher ordered
guided modes.

3.3. Prospect for realization of single mode operation

For the device application, a single-mode operation is more desirable. For the realization of the single mode
operation, the waveguide should be designed to confine only the lowest (Oth) ordered guided mode effectively.
Since the number of guided-mode depends on the effective thickness of the core layer, possible approaches for
the realization of single-mode operation can be summarized as follows.
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Figure 10. Optical field profile of Oth ordered TM-guided mode without (a) and with applied voltages (b-f). Wavelength
of the guided light A = 600 nm. The distribution of the tilt angle (z) in depth are also shown in dotted lines for
reference.

1. Make an effective thickness of waveguide core layer thinner. This includes physical thickness itself, and low
index contrast between core and clad layers.

2. Utilize another configuration of LC cell, such as hybrid aligned nematic (HAN) cell,?5 7-cell,?® and so on.
Using these inhomogeneous director profiles, in which the core layer can be regarded as the graded index
waveguide, confine electromagnetic field in thin region (only middle part) in the cell effectively.

In order to estimate which approach is more significant for the single-mode lasing, optical field profiles of Oth
ordered TM-guided mode were analyzed. From this result, the importance of the second model (graded profile of
tilt angle) can be evaluated, because the distribution of the tilt angle of NLC upon high electric field application
in the cell we employed is similar to that of w-cell.

Figure 10 shows the numerically analyzed optical field profile of Oth ordered TM-guided mode without (a)
and with applied voltages (b-f). Wavelength of guided light A = 600 nm. The distribution of the tilt angle
¥(z,V) in depth are also shown in dotted lines for reference. With sufficiently high voltages, homeotropic region
of NLC grows larger at the center of the core layer and spread all over the core layer, and effective thickness
of the core layer glows thicker. This means that for the effective confinement of the guided mode, there is an
optimal range of applied voltage. From Fig.10, this optimal applied voltage seems to lie around ~ 1.5 V. As a
result, first approach, that is, to lower An (= ne — n,) or n. seem to be more important.-

3.4. single-mode operation of lasing

Based on these considerations, a lower-index NLC was used.?” As a NLC host. ZLI1132 (Merck) with n, and n,
of 1.63 and 1.50, respectively was used. The dielectric anisotropy of this NLC is also positive. The concentration
of the dye. DCM, was 0.6 wt.%. The cell gap was 2.2 pm.

Figure 11 (a) shows the emission spectra at various applied voltages. The excitation angle § was maintained
at 64.0°. At this angle, the laser action was observed at the longer wavelength edge of the photoluminescence
region of the doped dye (\ = 641.1 nm) with the application of 6.0 V. From 6.0 V. the applied voltage was
reduced gradually. Continuous blueshift of the lasing wavelength was observed. The lasing peak disappeared
below approximately 2.0 V. Because the guided mode can no longer be confined in such a low voltage, lasing
may not be observed. Figure 11 (b) shows the applied voltage dependence of the lasing wavelength. It can be
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Figure 11. (a) Emission spectra of the dye-doped NLC waveguide upon holographic excitation at various applied voltages
(¢ = 64.0°). (b) Applied voltage dependence of lasing wavelength (8 = 64.0°).

seen that the field-induced shift of the lasing wavelength is continuous, and particularly marked from 2.0 to 3.0
V. The total shift of the lasing wavelength is about 8.5 nm.

Although the single-mode operation of lasing was realized, a detailed mechanism is not clear at this stage.
Moreover, there are still problems that should be solved, namely, high operation voltage and narrow tunable
range of the lasing wavelength. For the design of a more efficient device structure, further optimization of these
parameters is required.

4. CONCLUSIONS

In conclusion, optically pumped DFB laser action was observed in the dye-doped NLC waveguide. The DFB laser
action was realized by the holographic excitation using the Lloyd mirror setup. Upon an applied electric field,
the wavelength of the laser emission was continuously tuned on the basis of the reorientation of NLC molecules.
TM-guided modes under applied voltages were analyzed numerically based on the waveguiding mode theory, and
the agreement with the experimental results was demonstrated. Moreover, single-mode operation of lasing was
also demonstrated. Our device seems to be more complicated than the cases employing the laser dye solution
as an active medium. The origin of this complication can be attributed to waveguide structure, inhomogeneous
distribution of tilt angle of NLC molecules 1(z, V') under applied voltages, anisotropy of refractive indices of
NLC molecules, and so on. Using these parameters effectively, various tunable lasers can be designed based on
the waveguiding mode theory.
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