We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



1

Angular-Resolved Optical Characteristics and
Threshold Gain Analysis of GaN-Based 2-D
Photonics Crystal Surface Emitting Lasers

Shih-Wei Chen!?, Tien-Chang Lu!, Ting-Chun Liu?,
Peng-Hsiang Weng!, Hao-Chung Kuo! and Shing-Chung Wang!
IDepartment of Photonic and Institute of Electro-Optical Engineering
National Chiao Tung University, Hsinchu

2Green Enerqy & Environment Research Labs

Industrial Technology Research Institute, Hsinchu
Taiwan, R.O.C.

1. Introduction

Photonic crystal (PhC) surface emitting lasers (PCSELs) utilizing Bragg diffraction
mechanism have considerable amounts of publication during the past few years!234. Such
PhC lasers have many excellent advantages to attract the attention especially in controlling
the specific lasing modes such as longitudinal and transverse modes, lasing phenomenon
over the large area, and narrow divergence beam. Therefore, we fabricated the GaN-based
PCSELs devices with AIN/GaN distributed Bragg reflectors (DBR) and analyzed the PhC
laser characteristics caused by the surrounding PhC nanostructure. However, there were
many theoretical methods calculating the photonic band diagrams and the distribution of
electric or magnetic field of the PhC nanostructure in the past few years, such as 2-D plane
wave expansion method (PWEM)?25, finite difference time domain (FDTD)é7, transfer matrix
method, and multiple scattering method (MSM), etc. Many different advantages and
limitations occur while using these methods. Therefore, in our case, we applied the MSM
and PWEM to calculate the PhC threshold gain and photonic band diagram by using our
PCSEL device structure.

In this chapter, the fabrication process of PhC lasers will be introduced in section 2. They
can be divided into two parts, the epitaxial growth and the device fabrication. Section 3
will show the the foudamental mode characteristics of PhC laser, such as laser threshold
pumping power, far-field pattern, MSM theoretical calculation methods, and divergence
angles. Section 4, in the Bragg diffraction mechanism, each PhC band-edge mode is
calculated and exhibits other type of wave coupling mechanism. Section 5, the photinc
band diagrams of foundamental and high order lasing modes can be observed by the
angular-resolved p-PL (AR p-PL) system. Comparing with the theoretical calculation
resulted by PWEM and the experiment results of photonic band diagrams measured by
AR p-PL, they can be well matched and show the novel PhC characteristics. Besides, the
fundamental and high order PhC lasing modes would be calculated in this section.
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4 Photonic Crystals — Innovative Systems, Lasers and Waveguides

2. Fabrication processes

Here, the fabrication processes are composed of two parts. One is the epitaxial growth on
sapphire substrates by metal organic chemical vapour deposition (MOCVD), including a 29-
pair distributed Bragg reflectors (DBR), a p-GaN layer, multi-quantum wells, a n-GaN, and
a un-doped GaN layer, etc. Another one is to fabricate the PhC nanostructure on the
epitaxial wafers by the E-beam lithography system and inductive coupled plasma reactive
ion etching (ICP-RIE) system. Finally, the GaN-based photonic crystal surface emitting laser
(PCSEL) devices with AIN/GaN DBR are performed.

2.1 Growth of nitride-based reflectors and micro-cavity

The detail growth process and experiment parameters of the micro-cavity and nitride-based
DBR on sapphire substrates by metal organic chemical vapor deposition (MOCVD) are
described as follows:

First, the substrate was thermally cleaned in the hydrogen ambient for 5 min at 1100 °C.
And then, a 30 nm-thick GaN nucleation layer was grown at 500°C. The growth temperature
was raised up to 1100 °C for the growth of a 2 pm-thick GaN buffer layer. The subsequent
epitaxial structure consisted of a 29-pair of quarter-wave AIN/GaN DBR grown at 1100 °C,
a 7-lamda cavity (A = 410 nm) which includes a 860 nm-thick Si-doped n-GaN layer, 10 pairs
Ing2GapsN/GaN (2.5 nm/12.5 nm) MQWs, a 24 nm-thick AlGaN layer as the electron
blocking layer, a 110 nm-thick Mg-doped p-GaN layer, and a 2 nm-thick p* InGaN layer as
the contact layer. The AIN/GaN super-lattices (SL) inserted in the stacks of 29-pair
AIN/GaN layers are fabricated because they can release the strain during the growth of
AIN/GaN DBR and further improve interface and raise reflectivity of the DBR. Besides, the
AIN/GaN DBR can play the role of the low refractive index layer to confine the optical field
in the active region in the whole structure. And then, the AlGaN electron blocking layer was
served to reduce the electron overflow to the p-GaN layer. The reflectivity spectrum of the
AIN/GaN DBR is shown in Fig. 1. It shows the highest reflectivity of the DBR is about 99%
at 416 nm. The stop-band of the DBR is as wide as about 25 nm. Fig. 2. is (a) the OM and (b)
cross-sectional TEM images of the as-grown micro-cavity sample.
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Fig. 1. The reflectivity spectrum of the AIN/GaN
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Fig. 2. (a) OM and (b) cross-sectional TEM images of the as-grown micro-cavity sample.

2.2 The fabrication process of photonic crystal surface emitting lasers (PCSELS)

The PhC nanostructure was fabricated on the epitaxial wafers by the following process steps
as shown in Fig. 3. In the beginning, the hard mask SiN, 200 nm was deposited on as-grown
samples by PECVD. Then, PMMA layer (150 nm) was spun by spinner and exposed by
using E-beam writer to form a soft mask. The pattern on the soft mask was transferred to
SiNy film to form the hard mask by using ICP-RIE (Oxford Plasmalab system 100), and then,
the PMMA layer was removed by dipping ACE. The pattern on hard mask was transferred
to GaN by using ICP-RIE (SAMCO RIE-101PH) to form the PhC layer. In order to remove
the hard mask, the sample is dipped in BOE. Finally, the PCSEL devices have been
fabricated as shown in Fig. 4. Fig. 5. shows the plane-view (a) and the cross section (b) of
SEM images of our PCSELs. Although the hole profiles of PhC nanostructure etched
through the MQWs region are not perfect due to the lateral plasma etching by ICP-RIE
shown in Fig. 5(b), the PhC nanostrustructure near the sample surface which has smooth
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6

etching profile show the largest coupling effects of the light field in the MQW region of
about 100nm thickness. Therefore the diffraction profiles of PhC nanostructure still can be
observed in the following experiment. Besides, the minimun hole diameter and maximum

depth of the PhC nanostructure are about 40nm and 1 ¢z m, respectively.

(a) As-grown sample (b) SiN, film (OPMMA () E-beam lithography
- = L. e o
(€) Mask transfer (D) Removing PMMA (g} ICP dry etching
AT AR A
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Fig. 3. PCSEL fabrication flowcharts: (a) as-grown sample structure, (b) deposit SiNx film by
PECVD, (c) spin on PMMA, (d)E-beam lithography, (e) PhC patter transfer to SiNy layer, (f)
remove PMMA by Acetone, and (g) PhC patterns transfer to GaN layer.

. _'p-tvpe GaN (200nm)

o InGaN/GaN MQWs
" n-type GaN (560nm)

— Sapplure

Fig. 4. The GaN-based PCSEL devices with AIN/GaN DBRs
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Fig. 5. SEM images of PCSELs: (a) plane view. (b) cross-section view.

3. Optical measurement system and the foundatment mode of PhC laser

Section 3.1, the angular-resolved p-PL (AR p-PL) system will be introduced, including the
pumping lasers, light paths, and so on. Then, using the AR p-PL system, the characteristics
of foundament mode PhC laser would be shown in Section 3.2 and 3.3, such as threshold
characteristics and far field patterns, etc. Furthermore, by adopting the multiply scattering
method (MSM), the threshold gains of foundamental modes PhC lasers can be calculated in
Section 3.4.

3.1 Angular-resolved p-PL (AR p-PL)

This section would intorduce the angular-resolved p-PL (AR p-PL) system which is
designed for multiple applications. As shown in Fig. 6, it can observe two optical
pump sources, including a frequency tripled Nd:YVO4 355 nm pulsed laser with a pulse
width of ~0.5ns at a repetition rate of 1KHz and 325 nm He-Cd continuous wavelength
(CW) laser; two optical pump incidence paths, two collecting PL method and two way to
collect sample surface image are as well observed. The samples are pumped by the laser
beam with an incident angle from 0 degree to 60 degrees normally from the sample.
The laser spot size is about 50 pm in diameter covering the whole PhCs pattern area.
The PL spectrum of the samples can be collected by a 15 X objective len and coupled into
a spectrometer with a charge-coupled device (Jobin-Yvon iHR320 Spectrometer) or a
fiber with a 600 pm core. The resolution is about 0.07 nm for the spectrometer. Fig. 6.
shows the setup of the AR p-PL system. The GaN-based PCSELs were placed in a
cryogenics controlled chamber to perform PL experiment at low temperature. The
temperature of the chamber can be controlled from room temperature (300 K) down to 77
K via the liquid nitrogen.
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Fig. 6. The angular-resolved p-PL (AR p-PL) system

3.2 Threshold characteristics of fundamental mode of PhC lasers

In the optical pumped experiments of PCSEL devices, the lasing action was clearly observed
in several devices with different lasing wavelength ranging from 395 nm to 425 nm. Fig. 7
shows the output emission intensity versed the pumping energy density with the PhC
lattice constant of about 254nm. In the figure, the clear threshold pumping energy shows at
the threshold pumping energy density of 2.8 mJ/cm?, and a peak power density of 5.6
MW /cm?2. When the laser pumping energy exceeds the threshold energy, the laser output
intensity increases abruptly and linearly with the pumping energy. Fig. 8 shows the
excitation energy dependent emission spectrums of 0.8 Ew, 1 Ew, 1.2 Es, and 1.3 Eg. These
spectrums clearly show the transition behavior from spontaneous emission to stimulated
emission. Furthermore, above the threshold, only one dominant peak wavelength of 419.7
nm with a linewidth of 0.19 nm can be observed.

3.3 Far field patterns (FFP) of PhC fundamental mode lasers

The lasing area of the GaN-based 2-D PCSEL, obtained by a CCD camera, is relatively large
and covers near the whole area of PhC pattern with only one dominant lasing wavelength as
shown in Fig. 9. It's interesting to note that the threshold power density of GaN-based 2-D
PCSEL is in the same or even better order than the threshold of the GaN-based VCSEL we
have demonstrated recently$. Unlike the small emission spots observed in the GaN-based
VCSELs, the large-area emission in 2-D PCSEL has great potential in applications and
requires high power output operation.

www.intechopen.com



Angular-Resolved Optical Characteristics and Threshold
Gain Analysis of GaN-Based 2-D Photonics Crystal Surface Emitting Lasers

8
»

= /’
[
> 6} ,‘/'
o
- y
84 e
= ’
*U:) ,’
c 2 4
) Yy
= ,
= 2

[§] A==t . .

2 3 4 5

Pumping energy density(md/cm?)

Fig. 7. Laser intensity as a function of pumping energy density

50§
~419.7nm
40k FWHM~0.19nm
:,\ —t] | —
c 1.3Eih
= 30F
2
8 1.2E,
> 20~
=
(%2}
9 10 ~
E=
0= —— - — —
414 417 420 423
Wavelength(nm)

Fig. 8. The lasing spectrums under different pumping energy densities

Fig. 9. The lasing CCD image is at 1.3 Eth and the dash circle is the PhC nanostructure
region of about 50pm
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The far-field patterns (FFP) of the laser were detected by an angular-resolved optical
pumped system as shown in Fig. 10. In this figure, the lasing far field profiles with different
distances from the sample surface were measured. When we increased the measurement
distance from the sample surface, the lasing spot sprits of four points with two axes, I-M
and I'-K directions, indicated that the lasing has strong direction and energy concentration
properties in real space. Then, we re-plotted the lasing spot sizes as a function of the
measurement distance as shown in Fig. 11. In the figure, it shows the divergence angle of
PCSEL determined by the distance of two lasing spot axes of about 5.6 degrees. It is smaller
than edge emitting laser (~100~200) and VCSEL(8Y).

-
-

Increase the measurement distance from the sample surface

Fig. 10. The far field pattern with different distance from the sample surface collected by
objective lens

Radius (cm)

-0.5 0.0 0.5 1.0 1.5 2.0
Distance(mm)

Fig. 11. The divergence angle between the two axes.

3.4 Threshold gain analysis by multiple scattering method (MSM)
This section would introduce the multiple scattering method (MSM) shown below:

The simulation structure is composed of finite two-dimensional PhCs nanostructure with
triangular-lattice patterns and parallel cylinders placed in a uniform GaN-based material.
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The complex dielectric constant is the light amplification in GaN-based material shown as
follows:

2C\[8G N

8backgound( ) SGaN(m)_ZTuka (1)
where ecan represents the dielectric constant varied with frequency of light and k,”
represents the amplitude gain coefficient of the material. A point source transmitted
monochromatic waves are placed at the original point. The total system matrix can be
obtained as below?:

riAl - z Z G;JAJ

] 1 ]ill——oo (2)

The A,/ and T,/ are matrixes representing expansion coefficients of scattering waves and
incident waves, respectively. Here, according to main dipole oscillation in the GaN active
region, only the transverse electric (TE) mode polarization (polarization direction
perpendicular to the cylinder axis) is considered!0. Eq. (2) could be simplified to an eigen
value problem: MA=T. If the value of vector A / T is divergent, the laser oscillation
condition would be achieved. Therefore, det(M)=0 is the complex determinant equation
which is used to search for a pair of variables of threshold amplitude gain k.,” and
normalized frequency from k =»/c in Eq. (1).
(b)
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Fig. 12. (a) Photonic band diagram of a PhC triangular lattice with TE mode polarization
calculated by PWEM near the first I band edges showing four different modes; (b)
Normalized frequencies of lasing modes calculated by MSM for different PhC shells

(N values).

According to PWEM, the first I' band edge of photonic band diagram with the PhC
triangular lattice and TE mode polarization are calculated as shown in Fig. 12(a). We can
find four different band edges causing four resonant modes (A - D) since modes B and D
are doubly degenerate. In Fig. 12(b), the normalized frequencies of lasing modes is
calculated for different PhC shells (N values) by MSM., where the parameter N is
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12 Photonic Crystals — Innovative Systems, Lasers and Waveguides

represented as the number of cylinder layers in the I'-M direction. The dashed lines of Fig.
12 represent different resonant modes of A, B, C and D at the I band edge. It can be
observed that the resonant mode frequencies calculated by MSM will approach to band
edge frequencies calculated by PWEM when the shell number increases. Therefore, we
could obtain more accurate results when the layer number goes beyond 20. Because of the
shapes of photonic band diagrams, the blue-shifted or red-shifted trends of normalized
frequencies are increased with the shell numbers in Fig. 12(b).
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Fig. 13. Threshold amplitude gain of four modes as a function of the hole filling factor. The
inset shows the lasing mode at I" point in the PhC plane using Bragg diffraction scheme?0.

Fig. 13 shows the threshold amplitude gain of modes A-D as a function of the hole filling
factor calculated by MSM. The confinement factor and effective refractive index are 0.865
and 2.482 for guided modes in the calculation, respectively. Hence, real parts of ecan and
€Hole are 7.487 and 3.065 for the GaN material and PhC air holes!112, In the figure, the mode
A and B have the lowest threshold gain for hole filling factors of about 35% and 30%;
besides, mode C and D have the lowest threshold gain for hole filling factors of about 10%
and 15%. This result shows that the proper hole filling factor can control the PhC mode
selection.

4. Bragg diffraction mechanism

According to Bragg diffraction theory, the first order Bragg diffraction with 2-D PhC
triangular lattice will be introduced in Section 4.1. The high order diffraction mechanism
will be shown in Section 4.2 together with K2 and M3 PhC modes.

4.1 First order Bragg diffraction in 2-D PhC triangular lattice®**

Fig. 14(a) shows a photonic band diagram with PhC triangular lattice. Among the points
(A), (B), (C), (D), (E), and (F) in band diagram, each of them presents different lasing modes,
including I'l, K2, M1, I'2, K2, and M2, which can control the light propagated in different
lasing wavelength and band-edge region. A schematic diagram of the PhC nanostructure in
reciprocal space transferred from real space are shown in Fig. 14(b). The parameter of a is
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the PhC lattice constant. The KI and K2 are the Bragg vectors with the same magnitude,
| K| =211/ ap. Considering the TE modes in the 2-D PhC nanostructure, the diffracted light
wave from the PhC structure must satisfy the Bragg’s law and energy conservation:

kd = kl +q1K1 +q2K2, ql,z = O, il, i2, (3)

04 = 0; (4)

where k; is a xy-plane wave vector of diffracted light wave; k; is a xy-plane wave vector of
incident light wave; 1,2 is order of coupling; w, is the frequency of diffracted light wave, and
w; is the frequency of incident light wave. Eq. (3) represents the momentum conservation,
and Eq. (4) represents the energy conservation. When both equations are satisfied, the lasing
behavior would be observed.
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Fig. 14. (a) The band diagram of PhC with triangular lattice; (b) The schematic diagram of
PhC with triangular lattice in reciprocal space.

In the calculation, the PhC band-edge lasing behavior would occur at specific points on the
Brillouin-zone boundary, including I’, M, and K which would split and cross. At these PhC
lasing band-edge modes, waves propagating in different directions would be coupled and
increase the density of state (DOS). Each of these band-edge modes exhibits different types
of wave coupling routes. For example, only the coupling at point (C) involves two waves,
propagating in the forward and backward directions as shown in Fig. 15(c). In different
structures, all of them show similar coupling mechanism but different lasing behaviors.
However, they can be divided into six equivalent I-M directions. It means that the cavity
can exist independently in three different directions to form three independent lasers. Point
(B) has an unique coupling characteristic as shown in Fig. 15(b). It forms the triangular
shape resonance cavity propagating in three different directions while comparing with the
conventional DFB lasers. On the other hand, the point (B) can also be six I'-K directions in
the structure shown two different lasing cavities in different I'-K directions coexisted
independently. In Fig. 15(a) point (A), the coupling waves in in-plane contain six directions
of 0°, 60°, 120°, -60°, -120°, and 180°. According to the first order Bragg diffraction theory,
the coupled light can emit perpendicular from the sample surface as shown in Fig. 16.
Therefore, the PhC devices can function as surface emitting lasers.
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14 Photonic Crystals — Innovative Systems, Lasers and Waveguides

Fig. 15. Wave vector diagram at points (A), (B), (C) in Fig. 13(a); k; and ks indicate the
incident and diffracted light wave.

|
|

k,=k+K, y

Fig. 16. The wave vector diagram at point (A) in vertical direction.
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4.2 High order Bragg diffraction in 2-D PhC with triangular lattice

At point (E) which satisfies the Bragg’s law, Fig. 17(a) and (b) show the in-plane and vertical
diffraction of the light wave diffracted in three I'-K directions to three K’ points. In the
wave-vector diagram of one K’ point, the light wave is diffracted to an angle tilted 30°
normally from the sample surface as shown in Fig. 17(b). Therefore, the lasing behavior of
K2 mode would emit at this specific angle of about 30°.

At point (F), Fig. 18(a) and (b) represented the in-plane and vertical diffraction that the light
wave is diffracted in two different I'-M directions and reaches to three M" points. Fig. 18(b)
shows the wave-vector diagram of one M’ point where the light wave is diffracted into three
independent angles tilted of about 19.47°, 35.26°, and 61.87° normally from the sample
surface.

(a) (b)

Fig. 17. Wave vector diagram of (a) in-plane and (b) vertical direction at point (E) (or K2
mode); k; and k; indicate incident and diffracted light wave.

(0)

Fig. 18. Wave vector diagram of (a) in-plane and (b) vertical direction at point (F) (or M3
mode); ki and k; indicate incident and diffracted light wave.
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5. Angular-resolved optical characteristics at different band-edge modes

Section 5.1 shows the transformation method from angular-resolved measurement data to
the AR p-PL diagrams. In Section 5.2, the AR p-PL diagrams and the divergence angles of
I'1l, K2, and M3 modes are introduced.

5.1 Data normalization

After measurements by the angular-resolved measurement system, we transformed the AR
p-PL spectrums to obtain the guided modes dispersion relation (reduced frequency u=A/\g
as y-axis versus in-plane wave vector, k//, as x-axis) by the relation k,,= ko*sinf. In addition,
each wavelength, Ip; (0), is normalized relatively to its integrated intensity!4. The normalized
AR p-PL diagram reveals the clear dispersion relation of guided modes and detaily figures
out the relative excitation and out-coupling efficiency.

5.2 AR p-PL diagram

Pumped by the YVO4 pulse laser and the He-Cd CW laser, the measured dispersion
diagrams at I'l mode are observed as shown in Fig. 19. Around I'l mode, the dash lines
represent the simulated photonic band diagram by PWEM. The stimulated emission of the
lasing phenomenon from the devices provided by the PhC in-plane resonance routes can be
observed by a YVO4 pulse laser in Fig. 19(a). The PhC laser shows the vertical emission near
the normal direction from the sample surface. However, the diffracted lines in this figure
cannot be observed clearly because of high intensity of laser peaks. Thus, the diffracted
emissions are measured by a He-Cd CW laser with a lower pumping intensity from the
PCSEL devices. Therefore, the diffracted pattern can be observed more clearly in the
measured dispersion diagram shown in Fig. 19(b). In this figure, the transverse upward
curving lines derived from the Fabry-Perot effect provided by the device structure and
modulated by the interference of the DBR layers. The electric field propagating in the PhC
structure could be described as a Bloch mode: E(r) = 2G Egxexp [i(ky + G)*r] to explain the
observed diffraction patterns caused by a PhC nanostructure, where Eg is the electric field
component corresponding to harmonic reciprocal lattice vector G, and ky is the in-plane
wave vector of the Bloch mode. The reciprocal lattice in K space is a 2-D PhC triangular
lattice rotated by 30° with respect to the direct lattice in real space. The reciprocal lattice
vectors can be written as: G = 1K1+ 2K2, where g; and g are integers, and K1 and K2 are the
two reciprocal lattice basis vectors. Harmonics of the Bloch mode are extracted if their in-
plane wave vectors are within the light cone: |ky+ G| < ko, where k is defined as 2m1/a.

In Fig. 19(b), there are several groups with different slopes of diffraction lines in the
dispersion diagram. Different dispersion modes of the diffraction lines with different slopes
can be well matched to calculated photonic band diagrams shown as dashed lines by
PWEM. The parallel diffraction lines with the same slope represent different guide modes in
the in-plane direction. By comparing the Fig. 19(a) with Fig. 19(b), the lasing actually occurs
at the third guided mode near the I'l band edge.

In Fig. 20, the measured AR p-PL diagrams of another PCSEL device with different
PhC structure near the K2 modes along the I'-K direction are measured. By using YVO4
pulse laser pumping, Fig. 20(a) reveals the lasing peaks in the AR p-PL diagram. Besides, the
AR p-PL diagram is shown in Fig. 20(b) pumped by a CW He-Cd laser. In the figure, the
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Fig. 19. The measured AR p-PL diagram near the I'l mode ((a) pumped by YVO4 pulse laser;
(b) pumped by He-Cd laser), the dash lines represent the calculated photonic band diagram.
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Fig. 20. The measured AR p-PL diagram near the K2 mode ((a) pumped by YVO4 pulse
laser; (b) pumped by He-Cd laser). The dash lines represent the calculated photonic band
diagrams.
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diffracted lines can be observed and well matched to the calculated 2-D TE-like photonic
band diagram, by using parameters of r/a = 0.285, a = 210 nm, n, = 2.560, n, = 2.343, and
negr = 2.498 for calculation shown as the dash lines in Fig. 20. In addition, the experiment
results show the lasing beam emission angle of about 29 degree off from the normal along
the I-K direction, which is exactly matched to the estimated value of about 30 degree
derived in the previous section. Furthermore, we measured another PCSEL devices
exhibited characteristics of M3 band edge mode along the I'M direction. The measured
dispersion diagrams pumped by a YVO4 pulse laser and a He-Cd CW laser are shown in
Fig. 21(a) and (b), respectively. The lasing peaks can be clearly seen in Fig. 21(a). The
diffracted patterns can be observed in Fig. 21(b) and well matched by using parameters of
r/a=0.204, a = 230 nm, np = 2.617, n, = 1.767, and n.s = 2.498. Shown as the dash lines in Fig.
21, the emission angle of lasing beam was about 59.5 degree off from the normal along the I'-
K direction, which was also quite matched to one of the estimated values of about 61.87
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degree derived in the previous section. The reason that only one emission angle was
obtained could be due to the fact that we only measured the AR p-PL diagram along one I’-
M direction.
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Fig. 21. The measured AR p-PL diagram near the M3 mode ((a) pumped by YVO4 pulse laser;
(b) pumped by He-Cd laser). The dash lines represent the calculated photonic band diagrams.

Each of PhC band-edge modes exhibited specific emission angle by different type of wave
coupling mechanism in Fig. 19(a), Fig. 20(a), and Fig. 21(a). Finally, Fig. 22 shows the
divergence angles of I'l, K2, and M3 band-edge modes on the normal plane from the sample
surface. The lasing emission angles are about 0°, 29°, and 59.5°, and the divergence angles of
laser beams are about 1.2°, 2.5°, and 2.2° for (I'1, K2, and M3) band edge modes, respectively.
Due to the alignment difficulties in the AR p-PL system, the measured emission angles
might have some offset values of about 1° to 2°.
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Fig. 22. The emission angles and divergence angles of I'l, K2, and M3 band-edge modes on
the normal plane from the sample surface.
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6. Conclusion

In the chapter, the optical pumped of GaN-based 2-D photonic crystal surface emitting
lasers (PCSELs) with AIN/GaN distributed Bragg reflectors (DBR) are fabricated and
measured. The laser has a 29-pair bottom DBR which plays the role of a low refractive index
layer to enhance the coupling between photonic crystal (PhC) nanostructure and electrical
field in the whole cavity. Therefore, the lasing action can be achieved in the optical pumping
system. Each of these laser devices emits only one dominant wavelength between 395 nm
and 425 nm.That normalized frequency of PhC lasing wavelength can be well matched to
these three band-edge frequencies (I'l, K2, M3) indicated that the lasing action can only
occur at specific band-edges. In the angular-resolved p-PL (AR p-PL) system, the diffracted
lines in the AR p-PL diagrams of PCSEL devices can be further matched to the calculated 2-
D TE-like photonic band diagram calculated by PWEM. These three band-edge frequencies
(I'1, K2, M3) have different emission angles in the normal direction of about 0°, 29°, and 59.5°
and are further confirmed by the Bragg theory. The divergence angles of the (I'l, K2, M3)
modes are about 1.2°, 2.5°, and 2.2°. Moreover, according to multiple scattering method
(MSM), the resonant mode frequencies will approach to band edge frequencies compared
with plane wave expansion method (PWEM). In addition, the threshold gain of four resonant
modes varies with the filling factor. This result shows that the proper hole filling factor can control the
PhC mode selection. Finally, all of these calculation and experiment results indicate that GaN-
based PCSELs could be a highly potential optoelectronic device for lasers in the next
generation.
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