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Abstract: In the context of the quest for the organic laser diode, we address a key challenge to
design and fabricate high-quality factor cavities compatible with electrical excitation of organic
semiconductors. More precisely, we present the design of DFB micro-cavities for integration in
organic laser diodes and their validation under optical pumping. To design high-quality factor mixed-
order DFB micro-cavities, we consider the half- and quarter-wavelength multilayered system and
use the optical waveguide analysis to quantify the effective indices of the high and low indices, and
the matrix transfer method to calculate the reflectances. Matrices of DFB micro-cavities made from
different doses and different grating periods were fabricated. We then identified those showing laser
emission under optical pumping as an indication of optimal matching of their resonance wavelength
with respect to the electroluminescence peak of the organic gain material. Potential applications of
organic laser diodes deal with light communication, spectroscopy, sensors, and other applications
where heterogenous integration is important.

Keywords: optoelectronics; photonic; OLED; DFB cavities; organic laser diode

1. Introduction

In the field of organic optoelectronics, several devices have been demonstrated, such
as the organic light-emitting diode (OLED) [1], organic photovoltaic (OPV) [2] and organic
photodetector (OPD) [3]. The only device yet to be demonstrated unambiguously is the
organic laser diode (OLD), which would constitute a disruptive alternative to conventional
laser diodes by signifying a credible and original low-tech organic photonic platform [4]. A
key challenge in organic optoelectronics is achieving electrically excited lasing with an organic
heterostructure. However, this has not yet been demonstrated due to factors such as the need
for high-quality cavity design and fabrication compatible with intense electrical excitation.

The quest for the organic laser diode is part of a scientific evolution that began with
liquid laser dyes in the 1960s and continues with optically pumped organic solid lasers. The
electrical excitation of organic semiconductors that are also laser gain media then becomes
the missing link in the history of organic lasers. Organic thin-film lasers are compact
sources that have great potential for numerous applications, such as spectroscopy, pollutant
detection, telecommunications, and sensors [1,5]. The library of organic semiconductors is
almost infinite and covers the entire visible spectrum, contrary to their inorganic counter-
parts which offer a limited number of bandgaps. Organic semiconductor physics is based
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on polarons and Frenkel excitons, whereas Wanier excitons hardly play a role compared
to the holes and electrons at the heart of the inorganic semiconductor physics. Compared
to conventional crystal semiconductors used in laser diodes, which require epitaxy under
ultra-high vacuum, organic semiconductors are amorphous, can be thermally evaporated
under a vacuum typically at 200 °C.

Thanks to the amorphous properties of OSCs, their heterogeneous integration into
the silicon CMOS circuit is very easy, at least compared to the epitaxial growth and lattice
mismatch problems of the GaN crystals on silicon [6,7]. Hence, their ability to emit coherent
light over a wide range of the visible spectrum, coupled with their simple and low-cost
manufacturing techniques (printing, roll-to-roll, self-assembly, and soft-lithography), make
them potential competitors to existing tunable visible sources. The most promising ap-
plications will be where heterogeneous integration will give them a technical advantage
over their inorganic counterparts. Consequently, the development of an organic laser diode
will pave the way for future advancements in simple and cost-effective laser technology,
enabling the realization of a monolithic optical platform with a lower carbon footprint
based on organic semiconductors. The differences between the different types of lasers are
summarized in Table 1.

Table 1. Comparison of the different laser technologies.

Conventional laser

Dye laser Organic solid-state laser Organic laser diode diode
Lo Amorphous thin film Amorphous thin film . g
Liquid state (Solid state) (Solid state) Crystalline thin film
Optically pumped Optically pumped Electrical excitation Electrical excitation
Easy heterogenous
integration including on .
Relatively eas silicon thanks to the itzszical:ilct)ie(;ireot%)e?aigze
y easy amorphous state & .

No heterogeneous heterogenous mismatch

integration

integration thanks to the
amorphous state

Environmentally
friendly fabrication
process—Short
fabrication time
Fabrication steps ~30

Often toxic materials
Long fabrication time
Fabrication steps ~300

Macroscopic device

Microscopic device

Microscopic device

Frenkel excitons
(binding energy ~1 eV,
radius 1 nm) [8]

Frenkel excitons
(binding energy ~1 eV,
radius 1 nm) [8]

Polarons and Frenkel
excitons (binding energy
~1 eV, radius 1 nm) [8]

Wanier excitons
Irrelevant at room
temperature

The demonstration of the OLD requires the integration of a high-quality factor micro-
cavity into an organic hetero-structure sandwiched between electrodes. From the literature,
the cavity type offering the lowest laser threshold under optical pumping is the mixed-order
distributed feedback (DFB) [9-13].

In 2019, promising indications have been reported by the Adachi group with a device
implementing a DFB mixed-order cavity and using a bicarbazole dye named BsB-Cz [14].
Confirmation by other groups is still pending. The results obtained remain under debate
because of the surprisingly low laser threshold (0.5 kA /cm?) due to the absence of any
mention of the cavity quality factor and the incomplete rationalization of the low triplet
absorption of the BsB-Cz dye. These illustrate the remaining efforts to demonstrate the
OLD in a reproducible manner [15]. Another question remains: How is the resonance
frequency of the cavity matched accurately with the peak of electroluminescence of the
gain material, despite uncertainties on the indices and the limiting resolution of the DFB
micro-cavity fabrication method?

In the current study, we present the design of the DFB micro-cavities and its validation
under optical pumping.



Photonics 2023, 10, 670

30f23

2. Laser Cavity Design

The consensus in the literature to obtain an OLD is to combine an OLED with a
mixed-order DFB micro-cavity. This type of cavity consists of three sections: two first-
order gratings separated by a second-order grating, in which the first-order gratings act as
mirrors providing the confinement of light, and the second-order grating allows for the
out-coupling of the light perpendicularly to the cavity [9].

Our method to integrate the micro-cavity into the OLED is to pattern the DFB grating
directly with low-index insulating lines on top of the transparent and conductive anodes.

Such a distributed feedback micro-cavity is schematized in Figure 1a. The first-order
sections consist of the periodical alternation of M low-index 7, quarter-wavelength lines of
width A; = ﬁ spaced by Ay = ﬁ, where 1} and np are the effective refractive index of
the different stacks shown in Figure 1b (stack 1) and Figure 1c (stack 2), respectively.

(a) |

First Order Second Order First Order

11111

S Ogemw Light Output
Si0: (&, 1z)
ITO (&, ) o
Glass substrate (n.) Glass substrate (n)
(b) (c)
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Si0- Mirror  Mirror Si0:
Nl EEEN M1 M2 o Il NN .
o Imo
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(e) A A

A 21 2AL
s gl =B w9 BEEEEEE

|SiO:
il E B E B BN B B S EEEE®BNE®N
Mirror M1 Defect second order Mirror M1
Glass substrate

Figure 1. Mixed-order DFB cavity: (a) DFB structure with periodic SiO, layer as both insulating
and low-index material, (b) Detail of the type 1 section with the SiO, layer resulting in low effective
index nL, (c) Detail of the type 2 section without the SiO; layer resulting in a high effective index nL,
(d) DFB mirrors and multilayered waveguide, (e) Detailed structure of a DFB cavity with mirrors and defects.

Stack 1 consists of a glass substrate covered with a transparent and conductive anode
(Indium Tin Oxide: ITO) with refractive index n1 and thickness ¢, an insulating layer (SiO;)
with refractive index n; and thickness ¢, and ends with an organic layer with refractive
index n3 and thickness t3. The superstrate is air with refractive index #g. Stack 2 consists of
the same glass substrate covered with ITO (n1, t1) and ends with the organic layers (13, t3).
The superstrate is air. Depending on the thicknesses t1, t, and t3, the effective indices ny
and n;, may vary. The second-order section consists of periodical alternation of D low-index
ny, half-wavelength lines of width 2A} spaced by 2A .
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The geometry of the device is fully defined with the set {¢1, t2, t3, Ay, A, M and
D}. The scientific approach to define these parameters is divided into four parts. Firstly,
the ITO and organic layers thicknesses (t; and t3) are defined using the optimization of
the confinement factor as a first criterium (Section 2.1.1). Secondly, the SiO, thickness ()
is defined using the enhancement of the effective index contrast A,.rf = ng —np as a
criterium necessary to maximize the micro-cavity quality factors (Section 2.1.2). Once t1, tp
and t3 are defined, the effective indices are fixed and can be used to calculate the quarter
wavelength line widths Ay and Ay, as presented in Section 2.2.1. Finally, M is chosen so as
to target a quality factor above 1000. This approach is presented in Section 2.2.2.

2.1. Optical Waveguide

The first optimization criterium concerns the confinement factor I, i.e., the fraction
of the optical field within the organic layer, while the second optimization criterium deals
with the optimal effective index contrast A, ¢s (Equation (1))

Ape f = 1H —NnL @

They are calculated using a 1-D mode solver for optical dielectric multi-layer slab
waveguides [16].

This applet solves the Helmholtz equation and calculates the effective indices of
guided modes and the corresponding optical fields from which the confinement factor
I' and the index contrast A, s are calculated for the different TE and TM modes.

2.1.1. Confinement Factor

The confinement factor I is investigated first as a function of 1 the ITO layer thickness
and second as a function of t3 the organic layer thicknesses.

To identify the optimal thickness of the ITO layer, we focus on the first TE mode (TE),
disregarding the TM mode. Figure 2 shows the confinement factor I' as a function of ¢; for
a fixed typical OLED organic layer thickness f3 = 125 nm. A clear maximum is observed
atI' = 0.31 for 50 nm < #; < 55 nm. Such ITO thicknesses are much thinner than what is
usually considered for conventional OLEDs; commercially available glass substrates covered
with 5 Q)/sqand 15 Q3/sq ITO layers correspond to 140 nm and 340 nm ITO layer thicknesses.

Figure 3 presents from left to right I', the confinement factor as a function of t3 the
organic layer thickness for different TE and TM modes and for three different ITO layer
thicknesses, t; = 50 nm, the optimal value identified in the previous study, {; = 140 nm,
and t; = 340 nm, the commercially available ITO layers. For large values of ¢3 several
modes arise: from left to right, TE modes appear in green, black, and red, while TM modes
appear in magenta, cyan, and blue. The different mode orders TXy, TX;, TX;, TX;3 are
plotted in solid lines, dashed lines, dotted lines, and dash-dotted lines, respectively.

In the 50 nm thick ITO layer case, the TE; and TM modes coexist up to an organic layer
thickness t3 = 400 nm, where the TE; appears. TM;, TE,, and TM, appear at t3 = 450 nm,
t3 = 750 nm, t3 = 800 nm, respectively. In this 50 nm case, the design is more favorable,
with an organic layer thickness below 400 nm, as this will limit the number of modes. For
this thickness, the confinement factors reach I' = 0.8 for TEy and I' = 0.83 for TM,.

A similar reasoning applied to the 140 nm thick ITO layer case leads to confine-
ment factors I' = 0.40 for TEy and I' = 0.49 for TMj for an organic layer thickness
t3 = 275 nm, defined by the emergence of the TE; mode. Note that for the same organic
layer thickness t3 = 400 nm the confinement factors are I' = 0.47 and 0.56 for TEy and TM,
modes, respectively, which is much lower than what was estimated in the 50 nm ITO layer
thickness case.

For the 340 nm thick ITO layer case, the TE; (TM;) coexists with TEy (TMy) even
without the organic layer (t3 = 0nm). Obviously, this is because with an ITO layer
thickness of 340 nm, TE; (TM;) already coexists with TEy (TMy). The confinement factors
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saturate at I' = 0.12 and 0.16 for the TEy and TMy modes, respectively, which is much lower
than what was estimated in the previous cases.

Confinement factor (I') vs Anode thickness (ITO)
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Figure 2. Confinement factor as function of the ITO thickness.
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Figure 3. Confinement factor in organic layer vs organic thickness for ITO thickness for different
TE and TM modes; 340 nm (red (TE) and blue ™), 140 nm (black (TE) and ¢™(TM)), and 50 nm (green

(TE) and magenta (TM)).
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The comparison between the three cases in Figure 3 shows a trend where the con-
finement factor curves decrease with respect to each other when the ITO layer thickness
increases. More precisely, the TEy and TMy curves are located above the TE; and TM;
curves. The latter are above the TE; and TM; curves. Lasing conditions are therefore more
favorable for the TEy and TMy. The trend still stands at a constant organic layer thickness,
because the increase in the ITO thickness leads to a decrease in the confinement factor
and eventually to an increase in the modes number (TE and TM). On the other hand, the
increase in the thickness of the organic layers enhances the confinement factor.

Next, we would like to study more realistic organic layer thicknesses, knowing that a
typical OLED thickness is f; = 100 nm, and that the half-wavelength thickness at A = 600 nm
and n = 1.7 is 125 nm [17]. Note that an organic heterostructure filling a half-wavelength
micro-cavity is thicker than a standard OLED, which is expected to strongly reduce the current
density due to the low carrier mobility of the organic films [18]. However, a 125 nm thick
undoped OLED was reported by Coens with a current density above 1000 mA /cm? in DC
regime [17]. This is an indication that despite a slightly larger OLED thickness, electrical
performance will not suffer. The thickness of 200 nm has been reported by Adachi’s group,
with a doped (PIN) heterostructure type with enhanced mobility, thus offering better electrical
performance than undoped OLEDs [14].

Table 2 presents the confinement factor for different cases with three different ITO thicknesses
(t1 = 50 nm, 140 nm and 340 nm ) and three organic thicknesses (3 = 200 nm, 125 nm and 100 nm),
as presented previously.

Table 2. Summary of the values for the different cases.

ITO Thickness Organic Thickness r
t; (nm) t3 (nm) TE, T™, TE; ™,
200 0.565 0.487 - -
50 125 0.385 0.19 - -
100 0.306 0.088 - -
200 0.339 0.38 - -
140 125 0.247 0.226 - -
100 0.207 0.166 - -
200 0.097 0.106 0.367 0.334
340 125 0.073 0.065 0.231 0.163
100 0.061 0.049 0.183 0.107

In the 50 nm case, with a thickness of {3 = 200 nm, the I" values of the TE; and TM,
modes are as large as 0.56 and 0.49. For t3 = 125 nm, the I' values of the TE; and TM,
modes are as large as 0.39 and 0.19. With a thickness of organic layer t3 = 100 nm, the I’
value of TEy is as large as 0.31, while that of TMj is only 0.08. For these cases, the only
existing modes are TEy and TMy. Moreover, the TE( confinement factor is much larger than
that of the TMy, favoring the TE, for lasing.

In the t; = 140 nm case, the I' values of the TEy and TMy modes are 0.34, 0.25, 0.21
and 0.38, 0.22, 0.17 for t3 = 200 nm, t3 = 125 nm and #3 = 100 nm, respectively.

In the t; = 340 nm case, with an organic layer thickness of t3 = 200 nm, the I values
of the TEjy and TM modes are 0.09 and 0.10. Here, the TE; and TM; coexist with values of
0.37 and 0.33, respectively, for 3 = 200 nm. In such a situation, it is very likely that TE;
and TM; will reach the condition for lasing before TEy and TMj do. With a thickness of
t3 = 125 nm, the I' of TEy and TMj are 0.07 and 0.06, respectively, while those of TE; and
TM; are 0.23 and 0.16, respectively. For t3 = 100 nm organic layer thickness, the I' values
of TEy and TM are 0.06 and 0.04, respectively, while those of TE; and TM; are 0.18 and
0.11, respectively.
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As a preliminary conclusion, for the three cases of ITO thicknesses, the highest con-
finement factor I is obtained with organic layer thickness t3 = 200 nm. The optimum
confinement factor I' = 0.56 is obtained for the combination (#; = 50 nm and ¢3 = 200 nm).
As an undoped 200 nm thick organic hetero-structure may suffer from electrical perfor-
mances far from the state of the art, a second optimum to be considered is with the
combination (f{{ = 50 nm, t; = 125nm): ' = 0.38. In this case, the confinement factor
difference between the TEj and the TM modes is expected to favor the TE; more clearly
than with the first optimum.

2.1.2. Effective Index Contrasts

The effective index contrast A,;.¢y is the difference between the high effective index
np, corresponding to the stack shown in Figure 1c, and the low effective index nj, for the

stack, presented in Figure 1b (Ane ff=ng—n L).
In general, the effective index n,¢; is defined as the propagation constant f in the
waveguide divided by the free space propagation constant k:

P

Meff = (2)
where k¥ = 27” is the vacuum wavenumber associated with the specified vacuum wave-
length A. 71, is not just a material property but depends on the geometry of the waveguide,
e.g., the thickness of the waveguide. The effective index contrast is one of the key pa-
rameters that defines the quality factor of the laser cavity. Indeed, a lower effective index
contrast causes a lower mirror reflectivity and thus a smaller quality factor; consequently, it
decreases the amplification rate, thereby enhancing the laser threshold. The goal of this
study is to identify the optimum waveguide geometry which offers the highest effective
index contrast A ¢¢. It is evaluated as a function of the SiO; layer thickness ¢, for the nine
combinations of t; and t3.

Figure 4 presents the effective index contrast A,.¢ as a function of the SiO; layer
thickness t, plotted with a logarithmic scale for three ITO layer thicknesses, ; = 50 nm
(green), 140 nm (blue), and 340 nm (red), and for three organic layer thicknesses, t3 = 100 nm
(solid line), 125 nm (dashed line), and 200 nm (dotted line). The trends seen in the different
curves is an increase in the effective index contrast A, ¢s from zero to higher values up to
0.07, when t; is increased and # is decreased.

For the t; = 50 nm case, the highest index contrast A,.rf = 0.071 is obtained with
t3 = 200 nm. For t; = 300 nm, t, = 100 nm, and f, = 50 nm (these are achievable SiO,
thicknesses to be obtained with an HSQ photoresist), the index contrasts are A,.rf = 0.061,
Apefr = 0.035, and Ay = 0.021, respectively. For the ¢; = 140 nm case, the highest index
contrast Ay.ry = 0.057 is obtained with {3 = 200 nm and f; = 300 nm. For f, = 100 nm
and f; = 50 nm, the index contrasts are larger than for the t; = 50 nm case and given by
Dper = 0.042, and Ao = 0.027, respectively. For the t; = 340 nm case, the highest index
contrast Ay, rr = 0.016 is obtained with f3 = 200 nm and, f, = 300 nm.

Table 3 summarizes the values of effective index contrast A.¢¢ for nine different
combinations given by:

Three ITO layer thicknesses t1: 340 nm, 140 nm, and 50 nm.

Three organic layer thicknesses t3: 100 nm, 125 nm, and 200 nm.

Three SiO, layer thicknesses t; (300 nm, 100 nm, and 50 nm). This choice is based on
the capacity of the fabrication.
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Figure 4. Effective index contrast vs. SiO; layer thickness for ITO thickness; 340 nm (Red), 140 nm
(blue) and 50 nm (green) and organic thickness; 100 nm (continued line), 125 nm (discontinued line),
and 200 nm (point line).

Table 3. Effective index contrast.

: S Bueff
ITOtrll"l(I;:l()ness OI‘gan;; ;fll;t;kness $i0, Thickness , (nm)
50 100 300
100 0.0107 0.017 0.029
50 125 0.016 0.026 0.045
200 0.021 0.035 0.061
100 0.016 0.024 0.031
140 125 0.021 0.031 0.040
200 0.027 0.041 0.057
100 0.006 0.008 0.009
340 125 0.007 0.009 0.011
200 0.009 0.012 0.014

The highest effective index contrast A, ff = 0.061 is obtained with t; = 50 nm, t, = 300 nm,
and t3 = 200 nm, which we will consider to be the optimum case in what follows.

As a conclusion, we highlight three design rules: firstly, higher effective index contrasts
are achieved with thinner ITO thickness ¢;. Among the available options, the 340 nm case
should be disregarded due to its low effective index contrast, while the 50 nm thickness is
preferable because it provides one of the highest effective index contrasts. Secondly, as the
thickness of the SiO; layer (f,) increases, the effective index contrast also increases.

In Table 3, the “50 nm” column exhibits the lowest effective index contrast, and thus
the corresponding cases can be disregarded. Finally, an increase in the thickness of the
organic layer (f3) results in a higher index contrast. However, the optimal thickness of
the organic layer will depend on the emission wavelength. As stated previously, the most
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efficient emission is obtained with a half-wavelength optically thick OLED stack. Moreover,
the emitting layer is to be located at the anti-nodes of a transversal standing wave in order
to maximize the coupling of organic emitting dipoles with the optical field so as to increase
the light emission [19]. In the case where a standard t; = 140 nm ITO is used with a
standard 3 = 100 nm organic stack and with ¢, = 300nm, the index contrast is 0.031 and
the low effective index is n;, = 1.638. At A = 625 nm, the quarter wavelength is 156 nm,
and the geometrical thickness of 95 nm is not far from ¢3.

2.2. Micro-Cavity: Reflectance Study

We aim to identify the optimal geometry maximizing the quality factor.

The Matrix transfer method is used to calculate the reflectance, considering the DFB
cavity is a periodic stack (grating) with an alternation of high index ny and low index np,
materials. Each layer of the stack is considered infinitely extended in the x and y directions
while the incident light propagates in the z direction, as indicated in Figure 5.

Figure 5. Light propagation in a DFB cavity.

The targeted DFB laser cavity apriori consists of a left mirror (Mirror 1) and a right
mirror (Mirror 2) surrounding a defect zone. In conventional lasers, the gain medium is
located in between the mirrors (defect zone), whereas in our case, the gain medium is
distributed along the structure as part of the high-index layers (orange in Figure 5).

The study is split into two parts: as the first step, we consider a single mirror and
investigate how the reflectance evolves with the number N of pairs and for different cases
of effective index contrasts. In the second step, we introduce defects in between mirrors.
Then we attempt to maximize the quality factor.

2.2.1. Single DFB Mirror

In this first step, we consider a single mirror made of N pairs of quarter wavelength (A/4)
layers of high index (np) and low index (np), with the central wavelength
A¢ = 605 nm corresponding to the peak wavelength of the DCM. (Similar reasoning would
apply to other wavelengths and materials.) Each mirror starts and ends with high index layers
and thus is made of N pairs and a single high-index layer, as shown in Figure 6. We neglect the
absorption; thus, each layer is characterized by a purely real index. In the absence of absorption,
the reflectance R and the transmittance T are linked by the trivial relationship R + T = 1, as
shown in Figure 7. T and R have been calculated with N = 100 pairs (plus a high-index layer)
for the higher index contrasts listed in Table 3, to which we added A, = 0.25, corresponding
to the index difference between the bulk organic material # = 1.7 and that of the SiO,, with
n = 1.45.
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Figure 6. Detailed structure of a DFB cavity with mirrors and defects.
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Figure 7. Reflectance and transmittance (inset) calculated for N = 100 pairs (+1 high index layer)
and for the different index contrasts listed in Table 3: (black) offers the largest forbidden bandgap.
R and T calculated for t1 = 50 nm and 2 = 300 nm (green), R and T calculated for {1 = 140 nm and
2 = 300 nm (blue). R and T calculated for t1 = 340 nm and {2 = 300 nm (red). These for {3 = 200 nm.

The various reflectances presented in Figure 7 exhibit band-pass properties with
the largest values of the reflection in wavelength ranges AA centered on A, = 605 nm.
Transmittances (inset in Figure 7) exhibit notch-filter properties with the same bandwidth
AA. In some cases, the bandwidth AA is the one-dimensional equivalent of the forbidden
bandgap of photonic crystals.
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In Figure 7, the width AA of the forbidden bandgaps can be compared for the different
index contrasts:

e Ry(A) is the reflectance of the DFB mirror calculated with the large-index contrast
Apefr = 0.25 (black solid line). The reflectance is close to unity from 589 nm to 654 nm,
resulting in a full-width at half-maximum (FWHM) bandwidth of AA; = 65 nm.

e Ry(A) is the reflectance calculated with the index contrast A,,.rs = 0.061, correspond-
ing to the optimum value listed in Table 3 (#; = 50 nm, ¢, = 300 nm and ¢3 = 200 nm)
plotted in green. The calculated FWHM bandwidth is AA; = 18 nm.

e  For the index contrast Ay, sy = 0.057 (blue), the FWHM bandwidth is AA3 = 15 nm.

e  For the index contrast A,,.rf = 0.014, T and R are plotted in red in Figure 7. For this
value, and in the case where N = 100, the FWHM bandwidths of the reflectance can
be calculated but the corresponding peak values hardly exceed 0.6, which indicates
that no forbidden bandgap exists.

A trend can be identified: the width of the transmittance becomes narrower when
the index contrast is reduced. This is similar to what is observed with two-dimensional
photonic crystals, with the forbidden bandgap depending on the index contrast.

Note that the forbidden bandgap AA, = 18 nm, corresponding to the maximum
calculated in Table 3, is about 4 times narrower than the FWHM of the electroluminescence
spectra of the dopant, which is about 80 nm [20]. The laser cavity will therefore be efficient
only in a small spectral range of the laser gain spectrum, and spontaneous and stimulated
emission will very likely occur simultaneously.

We investigate the effect of the number of pairs N on the width AA of the reflectance
windows from which we will estimate the forbidden bandgap. The number of pairs is
varied from N = 2 (+1 layer) to 210 pairs (+1 layer), and for each number N of pairs the
reflectance is calculated for A;,rr = 0.25 and for the four different index-contrast values
listed in the last column of Table 3. The width in wavelength of the windows for which
the reflectance is at its maximum can be estimated at half maximum, giving a range AA
from which the forbidden bandgap can be estimated. The result is plotted in Figure 8. The
different width AA of the reflectance windows calculated as a function of N for the four
better index contrasts of each thickness of ITO are presented in the left axis (orange lines),
while the maximum of the reflectance windows corresponds the right axis at the top of
Figure 8 top (blue lines). The amplitudes of the reflectance calculated for A,,rr = 0.061,
Dpefr = 0.057, and A,prr = 0.25 exceed 0.95 for N > 100, whereas for the lower-index
contrast Ay, = 0.014 the amplitudes of the reflectance do not exceed 0.95 even for pair
numbers N as large as 200. At the bottom of Figure 8, the width AA is plotted for the
cases R > 0.95 as an estimation of the forbidden bandgap. It shows a small decrease
in the width AA of the forbidden bandgap with the number N of pairs. With the “bulk”
index contrast A;rr = 0.25, the forbidden bandgap converges to AA; = 65 nm when
N >100. For A,rr = 0.061, the forbidden bandgap is 18 nm and 16 nm for N = 80 and
200 pairs, respectively.
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Figure 8. Width FWHM of the reflectance windows as a function of the number N of pairs of layers.
(top) Width of the reflectance windows calculated for four index contrasts (left axis) and the peak
wavelength of the reflectance windows for the same index contrasts (right axis). (bottom) Values of
the FWHM of the reflectance windows as a function of the number N of pairs for peak reflectance
above 0.95.

2.2.2. Cavities Consisting of DFB Mirrors and Defects in between

As a second step, we investigate DFB cavities designed with the following rules:

Cavities are made of a left and a right mirror with a defect in between them.

Mirrors are made of N pairs of quarter-wavelength (A /4) layers alternating between high-
index (np) and low-index (1), where A is the central wavelength under consideration.
Each mirror starts and ends with high-index layers (np), and thus is made of 2N + 1
layers. This is particularly important when the number N of pairs is small (<10).

The defect is made of high index (ny) and low index (1), with a total optical thick-
ness that is an odd number of half wavelengths such that after one round-trip the
accumulated phase is a multiple of the wavelength, resulting in constructive inter-
ference. Because each mirror starts and ends with high-index layers, the defect must
start and end with a low-index layer (n1). It is composed of M pairs of alternating
half-wavelength thick high-index (ny) and low-index (1) layers. The total optical
thickness equals 2M + 1. This constitutes a second-order grating “DFB2”. As men-
tioned before, the role of the second-order grating is to provide a partial outcoupling
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of light in the direction perpendicular to the plane of the grating at the resonance
wavelength. This offers the possibility to measure the light intensity of the device
more easily.

The resonances are centered at the central wavelength A, = 605 nm, with AA the
full-width at half-maximum (FWHM). This is an indication that they are suitable as laser
cavities centered on the maximum DCM electroluminescence.

Note that with the above-described defect, the FWHM reflectance window (forbidden
bandgap) is enlarged (see the dotted black curve in Figure 9). For example, with N = 50 pairs
and M = 5 for the second-order grating defect, AA = 90 nm, which represents an increase
of 50% compared to the reference spectrum extracted from Figure 7. The reference spectrum
is plotted again with a black solid line in Figure 9. This enhancement of the FWHM of the
forbidden bandgap is advantageous for a reduction of the spontaneous emission components
of the spectra with respect to that of the stimulated emission, potentially allowing for a less
noisy detection of the stimulated emission components.

Reflectance in intnsity (R()\))
T s ~ T

0.9 - |—Reflectance of mirror (DFB1)
_Reflectance of p-cavity
(DFB1-DFB2-DFB1)
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Figure 9. Reflectance of a single mirror (DFB1) (black solid line) and two mirrors (DFB1) surrounding
defects (DFB2) (thin black-dashed line).
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2.2.3. Quality Factor of DFB Cavities

The quality factor of the passive (empty) cavity can be calculated from JA the full-
width at half-maximum (FWHM) of the resonance:

Ac
Q= ﬂ (3)

For example, with the left and right mirrors made of N = 50 pairs plus one ny layer,
and a second-order grating with M = 5 exhibits a FWHM resonance A = 1.6 nm, resulting
in a quality factor of Q = 387 (see Figure 9).

To compare the different configurations and identify the most relevant one, we com-
pare the quality factors Q of the different index contrasts in Figure 10. Using the matrix
transfer method, we compute the transmittance while varying the pair number N between
1 and 200, with the pairs of the defect is fixed to M = 2 (5 layers), and we calculate the
FWHM resonance linewidth. The quality factor is plotted with a logarithmic scale as a
function of the pairs N in each mirror.

Quality factor Q as a function of the grating line number N
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Figure 10. Quality factors of the different types of cavities with different types of defects a function
of the number of grating lines in the mirrors.

First of all, it is to be noted that the quality factors increase with N. The slope in
the logarithmic scale appears linear, meaning an exponential increase in Q. This slope
is different for the different index contrasts (A, = 0.25, black, A,, = 0.061, green,
Apesr = 0.057, blue, Aorp = 0.014, red). The better the index contrast, the larger the slope
of the quality factor is.
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With these simulations performed without absorption, the quality factors in excess
of 1000 are obtained with N > 51 (N > 65, and N > 87, respectively) for A,.rr = 0.061,
green (A;.rr = 0.057, blue and A,,.rs = 0.014, red, respectively). For A,.rr = 0.061 (green),
quality factors Q > 3000 and Q > 5000 are obtained with N > 66 and N > 72. For
Dpesr = 0.057 (blue), quality factors Q > 3000 and Q > 5000 are obtained with N > 73
and N > 81. Quality factors Q > 1,000,000 can be obtained with N > 141 and N > 157,
respectively, for A, = 0.061 (green) and A, ¢¢ = 0.057 (blue). The quality factor barely
exceeds Q = 1000 for N = 200 in the less favorable case, with A;,rr = 0.014.

The optimum geometrical and optical parameters of the micro-cavity are summarized
in Table 4.

Table 4. Optimum geometrical and optical parameters of the device.

Best Optimum Optimum

ITO thickness #; (nm) 50 140
Organic thickness t3 (nm) 200 200
SiO, thickness t; (nm) 300 300
I11 (nm) 98 92
l1g (nm) 102 95

N 200 pairs + 1 200 pairs + 1

M 10 pairs + 1 10 pairs + 1

These results were obtained without taking into account the absorption of ITO and
of 5iO;. Moreover, the absorption of the organic semiconductors is not taken into account
in the calculation of the reflectance. This leads to an overestimation of the quality factor
compared to the reality. In order to achieve the same quality factor as the real case, it is
necessary to take a larger number of periods, N, than calculated. Note that the transfer
matrix method does not take into account the diffraction perpendicular to the plane of the
grating and as such also overestimates the quality factor.

3. Fabrication

The fabrication of the cavity is based on e-beam lithography. To pattern the micro-
cavity, we use the HSQ as a negative electro-sensitive resist. A 300 nm thick layer of this
resist is coated on a glass sample, which is already coated with 140 nm or 340 nm of the ITO
layer. After the insulation with the SEM (Raith Pioneer), a development step is necessary to
reveal the structure of the micro-cavity.

Samples

On a glass sample coated with 140 nm of ITO, 30 patterns have been e-beam lithographed in
a 300 nm thick HSQ electron-sensitive resist. The 30 motifs are divided into 5 rows and 6 columns
corresponding to 5 different geometries and 6 different doses, as shown in Figure 11. Each pattern,
repeated every 500 um horizontally and 400 pum vertically, consists of three sections: the first and
third sections are made of parallel lines with width /1;,varying between 107 and 121 nm, and
spaced by I, varying between 91 nm and 103 nm; the second section is made of 10 parallel lines
with a nominal width of l; = 2 I;; and 11 spacings with a nominal width of [,y = 2 l;. The
length of Section 2 of the cavity varies between 3.5 and 5.6 um.
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Figure 11. Sample: matrix of micro-cavity with different doses observed by optical microscope (top),
example of micro-cavity observed by SEM (bottom).

Five couples (l1y, 11;), defining five different geometries, are used, as indicated in
Table 5. The nominal resonance wavelength of the quarter-wavelength grating reads

ABragg = 2(nyliy +nrhip) (4)

with much uncertainty about the effective indices ny and ny. Because of this uncertainty,
the bulk refractive indices are used in a first approach. The nominal resonance wavelengths
are given in the first column of Table 5.

From Iy and [, the dimension of the spacing and the line widths, the nominal Bragg
wavelength is calculated according to (4) and using the bulk refractive indices ny = 1.7
and np = 1.45, resulting in 622 nm < A0, < 682 nm.

Six different doses are introduced to investigate the potential impact on the geometry
and thus on the effective resonance wavelength. This is an indirect way of varying Iy with
respect to I1, because when the dose is increased, the width of the HSQ lines increases at
the cost of the decrease in the spacing. This is due to electron diffusion.

The laser gain medium evaporated on the patterns consists of 200 nm of Alg3 doped
with 2% DCM2. For this concentration, the maximum spontaneous emission is obtained
at 607 nm.
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Table 5. Nominal dimensions of micro-cavity lines and spacing.

nggéﬁglt}?iiuggg I (nm) I3; (nm) Ly (nm) Iy; (nm) ]:)illﬁteh ((j):vsif;t(iﬁ:; )2
(nm)
622 91 107 183 214 4.085
642 94 111 189 221 4.150
662 97 114 195 228 4.300
682 100 118 201 235 4.421
702 103 121 206 242 4.523

4. Validation: Laser Properties of DFB Patterns under Optical Pumping

This section is devoted to the characterization and analysis of micro-cavities filled with
an organic laser gain medium under optical pumping. To check that the DFB patterns offer
the expected properties of a laser cavity, the samples prepared according to the fabrication
process are submitted to optical pumping. Among the properties expected from patterns
that constitute laser micro-cavities, the two most important are the following: Firstly,
the matching of the micro-cavity resonance with the maximum of the organic material
photoluminescence, and, secondly, a high-quality factor ideally above Q ~ 1000 to achieve
threshold current densities in the kA /cm? range.

4.1. Experimental Setup

We pump the emitting layer, deposited on the DFB grating, with a tripled Nd-Yag
laser (A = 355 nm) with a pulse duration of 12 ns via a x40 microscope objective, resulting
in a spot size estimated at 100 pm in diameter. The spot of detection is 10 pm in diameter,
spatially separated from the pumping spot and tangent to that. The collected light is
sent to a spectrometer (Ocean Optics 2000+ with 0.2 nm resolution and analyzed in the
wavelength range [344.79 nm-1036.61 nm|). Another spectrometer (Ocean Insight Flame)
offers a resolution of 0.05 nm with a wavelength range of 578.91 nm to 688.66 nm. The
energy of the pump is varied with a half-wavelength plate followed by a linear polarizer,
and the spectrum is acquired by integrating for over 10 s. The maximum of the spectrum is
used to quantify the output light.

4.2. Experimental Results

Figure 12 shows the output light intensities for different energy densities of the pump
in log-log scale. The curve exhibits an “S” shape typical of laser behaviors. In A (blue
dot) and B (red dot), the spectra shown in blue and red in the inset (b) exhibit a FWHM
line width (6A) of 61 nm and 57 nm, respectively. In C (green dot), with a pump energy of
125 pJ /cm?, the spectrum shows a peak enhancement with a linewidth reduction to 47 nm.
Above this pump energy value, the light output increases more rapidly, indicating that the
threshold value for lasing was exceeded. In D (cyan dot) for 167 pJ/ cm?, E (magenta dot)
for 269 1J/cm?, and F (orange dot) for 477 pJ /cm?, the spectra measured with the 0.2 nm
resolution spectrometer shown in the inset (c) narrow further down to 1.1 nm, 1.3 nm,
and 1.7 nm, respectively. With the 0.05 nm resolution spectrometer, not only the FWHM
are measured respectively down to 0.38 nm, 0.46 nm, and 0.73 nm, but several peaks also
appear, indicating a multimode emission, as displayed in Figure 12 (inset (d)). The small
increase in the linewidth above the threshold is thus explained by the multimode emission,
as in Fabry-Perot lasers and contrary to DFB lasers.
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Figure 12. S curve behavior of micro-cavity: (a) the sample, (b) spectrum in A (blue line), in B
(red line) and in C (green line), (c) spectrum in D, E and F points (cyan, magenta, and orange lines,
respectively), (d) zoom of the inset (c).

The origin of these multiple modes can be found either in the different TE and TM
modes allowed by the 140 nm thick ITO planar waveguide and/or in the multiple re-
flections from adjacent cavities. The free spectral range (FSR) of AA ~ 0.25 4 0.05 nm
gives a first indication about this origin. The cavity length corresponding to this FSR is
e = A% /(2n,AN) ~ 500 pm, with Ay = 627 nm, the central wavelength, and n, = 1.6,
the average refractive index of the cavity medium. This indicates that the FSR probably
corresponds to the spacing between two adjacent cavities as in the inset (a).

In the case of 140 nm thick ITO, 200 nm thick organic layers, and 300 nm of HSQ, the
system provides only two modes (TEy and TMj) as shown in Table 2, whereas five peaks
are visible in the inset (d) of Figure 12. This indicates that the multimode emission does not
find its origin in the waveguide modes.

The FWHM of the different peaks are estimated at 0.12 nm and 0.13 nm for the
cyan spectra (167u]J/ cm?), 0.17nm and 0.14 nm for the magenta spectra (269u]J/ cm?), and
0.17 nm for the yellow spectra (477u]/cm?). Under lasing operation, the ratio (A/6A) is
different from the cold-cavity quality factor but still gives an estimation in the range of
3687 to 5226, as presented in Table 6.
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Table 6. Ratios of the different peaks.

Resonance Wavelength

Pump Energy (uJ/cm?) FWHM J, (nm)

AR (nm) Qwurm = ER
627.2 0.12 5226
167 1 /cm? (Cyan)

627.5 0.13 4826

627.0 0.17 3688
269 1J/cm? (Magenta)

627.2 0.14 4480
477 J /em? (Yellow) 626.9 0.17 3687

It is expected that the observed resonance wavelength deviates from the nominal
resonance wavelength because of three types of uncertainties:

the effective indices that depend on the effective thickness of the different layers;

the width of the grating lines that depends on the geometry design and the dose;
the electroluminescence peak of the organic material that varies with the effective
concentration of the dopant in the matrix [21]

To investigate the effects of the different parameters, we fabricated the matrix shown
in Figure 11 with different geometries and different doses to quantify how the emission
wavelengths change in the different cases. Figure 13 presents in different colors the dif-
ferent spectra for the different cavities (see the upper-right inset) framed with the same
color, under an optical pump excitation of 211 uJ/cm?. Only four cavity geometries allow
for laser emission, as shown by the magenta (case 1), green (case 2), blue (case 3), and
red (case 4) spectra. These correspond to patterns with nominal Bragg wavelengths of
662 nm (I}, =114 nm,/y; = 97 nm) and 682 nm (/; = 118 nm, /gy = 100 nm) and doses of
600 uC/cm?, 700 uC/cm?, and 800 pC/cm?,

<10 Spectra of several structures excited with an energy equal to 211pJ
5
1 I I I I R J—
— without structure >
A, =622nm(A=198nm) ] 300 400 500 600 700 800
™ e ' 91,107 i
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Figure 13. Spectra of the light coupled by the second order grating (b) of different structures framed
in colors (a).
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The observed laser wavelengths are 624.1 nm, 625.5 nm, and 643.5 nm, corresponding
to the relative deviations of 5.7%, 5.4%, and 5.6% with respect to the nominal wavelengths
(Table 7). The observed peak wavelength is systematically smaller than the nominal
wavelength, indicating that the refractive index is likely overestimated. Note that from
line to line, the relative uncertainties of the linewidth calculated from Table 7 (respectively,
cases 1-4) are £2%, 2.8%, 2.6%, and 3.7%, respectively, which are less than the relative
deviations of the Bragg wavelength, confirming the overestimation of the index.

Table 7. Wavelength detuning between the nominal Bragg wavelength and emission.

Nominal Width of SiO; Line I, Width of Spacing Iy Observed Peak
Wavelength Dose (nm) (nm) Wavelength Ag
ABragg (nm) (kClem?) Lmin Iimax Tmin THmax (nm)
Without cavity 607
622 103 90 97 615
642 105 109 92 613.6
600 (case 1) 115 93 101 624.1 (lasing)
662 700 (case 2) 119 91 102 626.5 (lasing)
700 (case 3) 116 129 95 102 643.5 (lasing)
082 800 (case 4) 138 160 60 90 643.5 (lasing)

5. Conclusions

In the context of an organic laser diode, we have presented a study on the design of a
mixed-order DFB cavity, which was validated experimentally. The main challenge of this
study was to have the resonance of the cavity attuned to the electroluminescence spectrum
of the gain material to optimize the laser conditions.

The mixed-order DFB cavity considered consists of three sections: two first-order
gratings separated by a grating of second order. The first-order gratings play the role
of mirrors, confining the light within the structure, whereas the second-order grating
enables the light to be emitted perpendicular to the cavity and detected. DFB mirrors are
made of gratings with quarter-wavelength lines of low-effective index (1) lines alternated
with high-effective index (np) spacing. The index np is the effective index of the OLED
stack made of ITO covered with organic layers, whereas 7} is the effective index of the
ITO/S5iOy /Organic stack.

The proposed design method has four steps. It takes into account the effective index
in the calculation of the resonance by combining the optical waveguide analysis and the
transfer-matrix formalism. The findings of this study provide valuable insights into the
conception of cavities.

In the first step, conducted with the optical waveguide analysis, we identified the conditions
of the ITO layer thickness to maximize the confinement factor I'. We concluded that with an ITO
layer as thin as t; = 50 nm (respectively 140 nm) and an organic layer as thick as t3 = 200 nm,
the confinement factor is at its maximum at I' = 0.565 (respectively 0.339).

In the second step, conducted through optical-waveguide analysis, the index contrast
is maximized by identifying the optimal SiO, and organic layer thicknesses that maximize
the index contrast. With an ITO thickness of 50 nm (140 nm respectively), the optimal
structure consists of a 200 nm thick organic layer and a 300 nm thick SiO; layer. The
resulting effective index contrast A,.rf = 0.061 (Arf = 0.075 respectively) is much
smaller than when the bulk indices are used (A;,.sf = 0.25). On the basis of the optimal
effective indices, the width of the high-effective index lines is A; = 95 nm, and the width
of the low-effective index spacing is A, = 99 nm.

In the third step, also conducted using the transfer-matrix formalism, the width of
the mirror reflectance (forbidden bandgap) is maximized so as to cover the largest part
of the electroluminescence spectrum of the chosen organic material. This study predicts
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that with the better effective index contrast (A, sy = 0.061), the mirror offers a AA =20 nm
FWHM reflectance.

In the fourth step, the conditions of the number of grating periods to maximize the
quality factors are identified. To achieve quality factors above 3000, at least N > 66 periods
of the grating are necessary. When taking into account the absorption, an optimal micro-
cavity consists of a first-order DFB mirror made with N = 80 periods separated by a
second-order DFB grating made of M (<10) periods plus one ending line.

Before integrating the cavity into an OLED and investigating a full device, we fabri-
cated and validated different DFB micro-cavities by investigating their ability to achieve
lasing under optical pumping. On a glass substrate covered with 300 nm of SiO; and
140 nm of ITO, we patterned a matrix of different DFB cavities via e-beam lithography.
These matrices are made with three sections of mixed-order DFB cavities with different
grating periods and different e-beam doses. Once patterned, the cavities are covered with
the organic gain medium made of 200 nm of Alq3 doped at 2% with DCM. The cavities
are then optically pumped with a 355 nm laser, and their light emissions are measured
for different pump intensities. Lasing was observed for a limited number of DFB-cavity
geometries and doses, notably, those made with I1; = 112 nm, I;;; = 96 nm and a dose of
700 uC/cm? resulting in an emission of Agx = 627 nm and a laser threshold of 125.4 1 /cm?.

These results give credence to the notion that an organic laser diode can be achieved
through the integration of this cavity with an organic heterostructure and electrical excita-
tion. The proposed method paves the way for further improvement in the cavity design to
reduce laser thresholds. Furthermore, we observed that there is a systematic deviation of
the observed resonance wavelength from the nominal Bragg wavelength. The 5% averaged
deviation cannot be attributed solely to geometric uncertainties induced by the fabrication,
but also to the uncertainties in the refractive index—which highlight the necessity for DFB
cavity design—and to the consideration of the calculated effective indices rather than the
bulk indices.

As a perspective, we will study a mixed-order cavity structured with a 50 nm thick
ITO layer, a 300 nm thick SiO; layer, and a 200 nm thick organic layer, offering a larger
confinement factor and a larger index contrast.

To bring the technology to maturity, we envisioned a five-step roadmap, the first being
partially completed: The first step deals with intense electrical excitation at the level of
tens of kA /cm? to reach the laser threshold. This step has been reached under nanosecond-
pulsed electrical excitation [22]. The second step deals with the design and the fabrication
of high-quality factor cavities compatible with thin-film organic semiconductors, which
is the subject of the current work. The third step is to identify among the many organic
semiconductors laser gain media those offering the optimal net gain, that is, the optimum
gain minus loss. This step was partially addressed by the publication of a calculation
criterion for re-absorption allowing for the comparison of materials between them [23].
This criterion has yet to be used to compare materials, however. It is very likely that other
sources of material losses, such as triplet absorption, have to be better understood. The
fourth step deals with the design of material strategies to manage losses, including triplet
losses such that CW operation of the laser is possible. The fifth step deals with study of the
reliability of the organic laser diodes, including photobleaching.
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