Far-field of GaN film-transferred green
light-emitting diodes with two-dimensional
photonic crystals

Chun-Feng Lai', Jim-Yong Chi”, Hao-Chung Kuo"", Hsi-Hsuan Yen', Chia-En Lee,
Chia-Hsin Chao’, Han-Tsung Hsueh’ and Wen-Yung Yeh®

! Department of Photonics and Institute of Electro-Optical Engineering, National Chiao-Tung University,
Hsinchu 300, Taiwan, R.O.C.
*Institute of Optoelectronic Engineering, National Dong-Hua University, Hualien 97401, Taiwan, R.O.C.
? Electronics and Opto-electronics Research Laboratories, Industrial Technology Research Institute, Hsinchu
310, Taiwan, R.O.C.
" Corresponding author: chij@mail.ndhu.edu.tw, hckuo @ faculty.nctu.edu.tw

Abstract: Far-field distributions of GaN-based photonic crystal (PhC)
film-transferred light-emitting diodes (FT-LEDs) were investigated. The
thickness of the device is about 840 nm. The emission wavelength is
around 520 nm. The PhC region is a square lattice with a/4 around 0.5.
Angular-resolved measurements in the I'-X and I'-M directions were
made in the polarized-resolved manner. Guided mode extraction
behavior in agreement with the two-dimensional free-photon band
calculation was observed. In addition, the pseudo-TM behavior for the
non-collinearly coupled modes was observed. The azimuthal-mapping of
the angular-resolved spectra revealed the evolution of the collinearly and
the non-collinearly coupled modes. Furthermore, the light enhancement
of ~2.7x and the collimation angle about 102.3° were achieved.
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1. Introduction

To switch on light-emitting diode (LED) applications in the next-generation projector
displays and automobile headlights, further improvements of the light extraction efficiency
and the emission patterns are required [1]. Approaches based on the photonic crystal (PhC)
have attracted attention for improved light extraction from GaN LEDs [2-3] and for
controlling the collimating and polarization properties of the extracted lights [4-6].
However, a large portion of the generated light can still be trapped within the GaN and
sapphire layers in the form of guided modes due to the total internal reflection (TIR). Thus,
the approach to reduce the number of guided modes in the waveguide by reducing the LED
thickness is of interest such as FT-LEDs. The GaN-based FT-LED combined with PhC has
been reported for the blue wavelength range [7-9]. Recently, an AllnGaP thin-film LED
combined with PhC and a distributed Bragg reflector (DBR) reflector was reported for
enhancing light extraction efficiency and temperature stability in the red wavelength range

[10]. In the present work, a GaN-based PhC FT-LEDs emitting the green (A = 520 nm)

color has been fabricated and studied. Angular-resolved electroluminescence (EL) spectra
was measured in the polarized-resolved manner and compared with the band structure
calculation. The far-field angular distribution for different wavelength has also been
mapped by rotating the sample to reveal the guided modes evolution in the azimuthal plane.
The polarization properties of these green FT-LEDs are also examined since the light
extracted with the PhC is generally polarized. Such a polarization property may make the
PhC extracted light source to have different reflection properties from the conventional
illumination sources.

2. Experimental

The green GaN LED wafers were grown by metal organic chemical vapor deposition
(MOCVD) onto c-face (0001) 2 in. diameter sapphire substrates. The LED structure
consists of a 30-nm-thick GaN nucleation layer, a 4-pm-thick un-doped GaN buffer layer, a
3-pm-thick Si-doped n-GaN layer, a 180 nm InGaN/GaN multiple quantum well (MQW)
active region with 10 periods of 3/15 nm well/ barrier width (dominant wavelength A = 520
nm ), a 20-nm-thick Mg-doped p-AlGaN electron blocking layer, a 370 nm thick Mg-doped
p-GaN contact layer. After growth, that epitaxial film was transferred to Si wafer carrier
and the sapphire substrate was removed with the laser lift-off technique. The wafer
processing of GaN FT-LEDs associated PhC was the same as in Ref. 11. The resulting
structure was then thinned down by chemical-mechanical polishing (CMP) to obtain the

#107988 - $15.00 USD  Received 2 Mar 2009; revised 4 May 2009; accepted 5 May 2009; published 11 May 2009
(C) 2009 OSA 25 May 2009/ Vol. 17, No. 11/ OPTICS EXPRESS 8796



“4;” effective cavity with thickness ~840 nm. Then the residue was removed with an
oxygen reactive ion etch (RIE); this process was found not to affect the current spreading
over n-GaN layer. The PhC with a square lattice of circular holes was then defined by
holography lithography. Holes were etched into the top n-GaN surface using inductively
coupled plasma (ICP) dry etching to a depth + = 50 nm. Figure 1(a) shows the
film-transferred GaN PhC LED structure cross-section of the transmission electron
microscopy (TEM) image. The lattice constant, a, and holes diameter, d, of PhC are 280
and 180 nm, respectively. Inset in Fig. 1(a) depicts the square lattice PhC structure of the
scanning electron microscopy (SEM) image. Finally, a patterned Ti/Al/Ti/Au
(100/200/100/2000 nm) electrode was deposited on n-GaN as the n-type contact layer and
Cr/Au (30/2000 nm) metal was deposited on the backside of the Si substrate. No attempt to
optimize the current spreading by pad design was made for the present work. Also a thin
etching depth was used due to the currently non-optimized processing condition.

After fabrication, the dies were mounted on transistor outline (TO) packages. No
expoxy encapsulation was applied over the die. In addition, the intensity-current-voltage
(L-I1-V) characteristics were measured using an integration sphere with Si photodiode. The
turn on voltage was about 2.6 V. The light output power of the GaN-based PhC FT-LED at
a driving current of 350 mA shows output power enhancement by 170% (2.7x), when
compared to the GaN-based FT-LED without PhC, as shown in Fig. 2(a). The external
quantum efficiency (EQE) of GaN-based FT-LED with PhC and without PhC at a driving
current of 350 mA was 5.57% and 2%, respectively, as shown in Fig. 2(b). The measured
EQE was low due to the non-optimized chip processes and designs including pad design
which may suffer current crowding at high current, chip surface treatment which may cause
high series resistance, etc.. However, at low current, the light emission from the chip was
uniform across the chip area as shown in Fig. 1 (b). These data are similar to that reported
for the AllInGaP system except that the present work uses a metal reflector rather that a
DBR structures [10].

The angular-resolved electroluminescence (EL) measurement was performed to study
the far-field distribution. A motorized rotation stage was used to collect light as a function
of the zenith angle with a linear analyzing polarizer, an aperture (1 mm in diameter), and an
optical fiber. The collected light is dispersed by a spectrometer and analyzed by a cooled
CCD detector array (1024 X 256 pixels). A continuous current of 20 mA injected into the
TO mounted device at room temperature. The polarized spectra were then taken with the
polarizer oriented in s and p directions. The light emission spectra were taken for every
zenithal angle with 0.2 degree resolution from -90 to +90 degree. The angular-resolved
were then taken by rotation in the azimuthal plane to study the evolution of the observed
spectra features.
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Fig. 1. (a) TEM micrograph of a GaN PhC FT-LED structure with the etch depth = 50 nm

and GaN cavity thickness 7 = 840 nm; the inset shown the SEM micrograph of the square

lattice PhC with average value of the lattice constant @ = 280 nm and the diameter of air

holes d = 180 nm patterned with the holographic lithography; (b) the optical micrograph
showing the green light distribution across the die operated at low injection current 5 mA ;

(c) vertical effective refractive index profile of the characterized the GaN PhC FT-LED.
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Fig. 2. (a) Light output power-current-voltage (L-I-V) curve and (b) external quantum
efficiency characteristics of GaN-based FT-LED with PhC and without PhC.

3. Results and Discussion

The angular-resolved measurement results under electrical current injection are shown in
Fig. 3. These spectra are displayed on a wavelength vs. angle plot with the color of the
pixels representing the intensity of the spectra according to the color-coded scale bar shown
in Fig. 3. The measured angular-resolved spectra (without polarizer) are shown in Fig. 3(a)
and 3(b) with light collected along the I'-X and I'-M directions. The mirror symmetry of the
pattern is the consequence of the isotropic nature for the light emissions with EL emission
and the crystal symmetry. The sharp lines are due to the extraction of the wave guided

#107988 - $15.00 USD  Received 2 Mar 2009; revised 4 May 2009; accepted 5 May 2009; published 11 May 2009
(C) 2009 OSA 25 May 2009/ Vol. 17, No. 11/ OPTICS EXPRESS 8798



modes propagating in the GaN waveguides formed with the GaN epitaxial layers between
the metal electrode at the bottom and air on top. Figure 3(a) and 3(b) also show that, for
each direction of propagation, there are two families of lines with different slopes
superimposed with each other. These two families of lines are identified to be the collinear
or non-collinear coupling with the reciprocal vectors and are labeled as the A-type and
B-type modes, respectively [2, 12]. All of these A-type and B-type modes can be accurately
accounted for by the coupling of the reciprocal lattice vectors in the I'-M and I'-X directions
with every individual mode that is confined in the slab waveguide. In order to study these
modes more clearly, the spectra shown in Fig. 3(a) and 3(b) are transformed to the guided
mode dispersion curves as shown in Fig. 3(c) [2]. The image shows the normalized
dispersion curves for each mode lines in the I'-X and I"-M directions.
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Fig. 3. Angular-resolved spectra taken along (a) I'-X and (b) I'-M direction without the
polarizer. (c) Shows the multimode dispersion curves determined from the data shown in
(a) and (b) and compared with the 2D band diagram calculated in the free photon limit with
the average index ng,ny = 2.52 shown as dashed lines. The “0” and “x” marks correspond to
the calculated A-type and B-type modes from the 7.4 s of the multimode propagating in the
slab waveguide with the refractive index profile shown in Fig.1(c). Only five of the eight
modes are shown. The inset in (c) is the complete free photon band structure with the region

(all = 0.5~0.56) studied in the present work surrounded by the box shown.

To study the observed mode lines, the guided mode distribution was calculated in a
slab waveguide with the vertical effective refractive index profile show in Fig. 1(c) with the
index for the metal mirror n = 0.05+2.5i. Since the emitted light from the MQW is
predominantly TE polarized in the waveguide plane [13], only TE modes are analyzed.
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Eight guided TE modes with effective refractive index distribution n,; = [2.506, 2.436,
2.342,2.207,2.022,1.769, 1.437, and 1.005] are obtained. These modes are then used to fit
the observing mode lines in Fig. 3(c). The first five of the eight modes are clearly visible
and can be fitted with the corresponding effective indices as blue circles and red crosses for
A-type and B-type modes respectively. Good fit with the measured mode lines within
experimental accuracy is evident. The two-dimensional (2D) free photon band structure
with the average index ng,y = 2.52 was also calculated and is shown in the inset of Fig. 3(c).
The corresponding region for the present measurements is shown in the box. The dash lines
plotted the bands in Fig. 3(c) that appeared in the boxed region of the inset. It can be seen
that the measured data are in complete agreement considering the accuracy of the material
constants used in the calculation. This agreement with the free photon bands indicates that
the present etch depth of the holes is “shallow”, consistent with the observation that
“anticrossing” of the bands is absent in the present sample [7]. The rest of the high order
modes become weak and less visible indicating a high absorption for the high order modes
due to the possible presence of the highly absorbing interfacial layer [14-15]. Another
observation is that the intensity of the mode lines with a positive slope emanating from the
I'; are more numerous and stronger than the negative ones emanating from I', points (see
the labeling in inset of Fig. 3(c)). There are five modes that are clearly visible pointing up
ward from the I" point while there are only two in the downward direction. This happens
both to the A and B modes. The reason for this behavior is most likely due to the coupling
strength of the waveguide modes to reciprocal lattice vectors. The coupling strength has a

cubic-dependence on the magnitude of the reciprocal lattice wave vectors [16]. Since the
negatively sloped mode lines are coupled with the Gry while the positive ones are coupled
to the Grx which is 1/v2 that of Gry, hence, a weaker intensity. Only three weaker intensity

lines are visible in the present conditions. This behavior in intensity will be another factor
to influence the far field distribution and needs to be considered in the design of the PhC
LED. In addition to the angular distribution, the polarization of the output light from the
film-transferred PhC LEDs is also investigated.
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Fig. 4. The polarization angular resolved spectra taken in the (a) I'-X and (b) I'-M directions
with the polarizer kept at the TE (left) and TM (right) orientations. Electric field
distribution for (c) singly and (d) double degenerate modes at I" point. Arrows indicate the
electric field vectors in the plane.
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In the extraction process, the PhC lattice will also influence the polarization of the
emitted light. To study these effects, the polarizations of the out-coupled A-type and B-type
modes are examined through a polarizer to observe the polarization of the emitted light.
Figure 4 shows the angular-resolved spectra in the two directions (a) I'-X and (b) I'-M with
the axis of the polarizer oriented parallel (TE) and perpendicular (TM) to the incident
plane, respectively. It can be seen that in the I'-X directions (Fig. 4(a)), the A-type modes
are only visible in the TE polarization indicating a strong TE polarization with little TM
components, while the B-type modes have both the TE and TM components and are visible
in both the TE and TM polarization. These results indicate a larger (smaller) polarization
ratio (TE/TM) for the A-type modes (B-type modes) than the B-type modes (A-type
modes). Similar conclusion, but with a smaller polarization ratio [5], can be made with the
modes in the I'-M direction by an examination of Fig. 4(b). It is seen that the out-coupling
of the B-modes is more intense than the A-modes in this direction as explained above by
the coupling strength to the respective reciprocal wavevectors. Nevertheless, the A-mode is
more visible in the TE orientation than in TM orientation, even though smaller TE/TM ratio
is calculated for this direction [6]. While for the B-modes, the mode lines appeared in both
the TE and TM polarization as shown in Fig. 4(b). This property of the B-type mode lines is
consistent with the pseudo-TM nature of the B-modes. Due to the symmetry of the I'-X and
I'-M axes, the corresponding non-collinearly coupled B-modes are two-fold degenerate and
can hybridize into pseudo-TE and pseudo-TM modes [17], hence a strong TM component
appeared with the B-mode coupling even though the primary EL light generated from the
MQW is TE polarized. The TE and TM modes for the present B-modes are degenerate and
can be checked by the overlapping of the B-type mode lines in TE and TM orientations in
Fig. 4(a) and 4(b). These doubly degenerate bands are reduced to the symmetric and
antisymmetric coupled states results in the E field running perpendicular and parallel to the
propagation directions and forms the TE and TM polarization states [18]. For the I'-X
directions there are two bands resulted from coupling with the four Grx wavevectors. One
of the Grx wavevector is collinear with the I'-X direction and while the other is lying
perpendicular to the I'-X direction to provide non-collinear coupling with the modes
propagating in the I'-X direction. The non-collinear coupling forms the two degenerate
states while the collinearly coupled band is signally degenerate. Since the Bragg diffraction
preserves the polarization, the emitted light from the singly degenerate band will have
strong s-polarization. The doubly degenerate bands however will then possess a mixed s-
and p-polarization. This can be revealed more clearly by looking at the calculated field
distribution of the bands that E-field distributions of Bloch modes were calculated by 2D
plane-wave expansion (PWE) method such as the same in Ref. 18, as shown in Fig. 4(c)
and 4(d). As can be seen that the distribution is for the collinearlly coupled bands shows
strongly parallel field distribution while the non-collinearly coupled bands posses a mixed
field distribution pattern, hence a mixed state of polarization.

To examine the azimuthal anisotropy of the far-field distribution, the angular-resolved
spectra of the out-coupled modes were measured as a function of the azimuthal angles (6)
with the sample rotated around the axis perpendicular to the wafer surface with 1 degree
resolution. These spectra were then displayed on a wavelength vs. angle plot with the color
of the pixels representing the intensity of the spectra according to the color-coded scale bar
shown in Fig. 5. The angular-resolved spectra of different azimuthal angles show the
evolution of the extraction of the collinearly and non-collinearly coupled guided modes.
The intensity data at a fixed wavelength were taken from each spectrum for each azimuthal
angle and plotted on the polar plot as different color of the pixels according to the colored
scale bar shown. The radial length corresponding the magnitude of the in-plane component
ky. This plot corresponds to the far-field distribution at a fixed wavelength around the
vertical axis. Figure 7 is the plot for the present sample at the different frequency a/A.
Figure 7(d) shows the circle and cross labels correspond to the “A” and “B” modes,
respectively. The arcs are the contours of the resultant wavevectors after coupling to the
reciprocal lattice wavevectors [19]. Figure 6(a) illustrates the formation of the contours for
coupling respectively to Gry reciprocal wavevectors. As the sample rotates around the
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vertical axis from the I'-X direction, the alignment of the propagation direction to the Grx
wavevector is changing from collinear to non-collinear. The resultant wavevector is tracing
out an arc with the radius of curvature equals to the waveguide circle inside the air cone.
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Fig. 5. (Media 1) Angular-resolved EL spectrum of the GaN PhC FT-LEDs measures along
the (a) I'-X direction (6 = 0 degree), (b) @ = 10 degree, (c) € = 20 degree, (d) 6 = 30 degree,
(e) 0 = 40 degree and (f) I'-M direction (6 = 45 degree).

Different waveguide mode with different effective index will trace out an arc with the
radius corresponding to the respective waveguide circle as shown in Fig. 6(a). The five arcs
correspond to the five modes that shown in Fig. 7(d). Similarly, the coupling with the Gy
wavevector is shown in Fig. 6(b) with the two modes corresponding to that appear in Fig.
7(d). As explained above, the coupling to Gry is weaker since it is longer than Gryx. Thus, it
can be seen that the collinearly coupled A-type modes for the I'-X direction turn into the
non-collinearly B-type modes in the I'-M directions as the sample is rotated by 774 and vise
versa for the modes in the I'-M directions. Since the A-type modes are TE polarized and
B-type modes are TE and TM polarized [6], it is expected that polarization along the arcs
will be varying from that of the A-type to that of the B-type modes. This complicated
polarization distribution of the extracted light will have implication when PhC LED is used
as the light source, since they depends on the reflective properties light. Knowledge of the
polarization distribution due to PhC is therefore indispensable.
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Fig. 6. Azimuthal scan of the light extracted distribution. Part (a) and (b) illustrate the
formation of the contours corresponding to the coupling of different n,; of the multimodes

to the reciprocal wavevectors (a) Grx and (b) Gru. The blue dash and blue solid circles
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indicate the waveguide circle with radius n.k, and the light cone, respectively. The gray
square is the reduced Brillouin zone boundary.
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Fig. 7. (Media 2) The maps are the intensity of the extracted light at the different
wavelength around the azimuthal direction with 1 degree resolution. The data are taken
from O to 45 degree then unfolded to fill the full circle. The wavelength was kept at a
constant corresponding to (a) a/A = 0.509, (b) a/A = 0.518, (c) a/2 = 0.528, and (d) a/A =
0.538, respectively. The radius of the plot is the magnitude of the in-plane component.

The wavelength-integrated far-field pattern from the GaN PhC FT-LED is shown in
Fig. 8(a) which reveals the PhC diffraction patterns with four-fold symmetry due to square
lattice. The detailed radiation patterns also show a stronger enhancement around the
vertical direction. The angular distribution radiation patterns of the light output from the
GaN PhC FT-LEDs and the GaN FT-LEDs without PhC have been measured at a driving
current of 350 mA, as shown in Fig. 8(b). At 50% intensity of each device, it can be seen
that the GaN PhC FT-LEDs show higher extraction efficiency with a collimation angle
102.3° and 116.4° in the I'-X and I'-M direction of respectively. The measured far-field
pattern of the GaN FT-LED without PhC is nearly Lambertian. Furthermore the far-field
emission pattern, normalized with the peak intensity, remains unchanged when current is
varied from 20 to 500 mA. This invariance of the far-field pattern indicates the temperature
stability of the device since the junction temperature of the device can vary significantly
over this current range (>100°C). Such stability is expected from the material properties of
the GaN systems and the PhC structure.
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Fig. 8. (a) Top-view 3D far-field pattern of the GaN PhC FT-LED with the square lattice. (b)
Angular distribution radiation pattern of the GaN PhC FT-LED with I'-X and I'-M
direction.

4. Conclusions

In conclusion, angular-resolved EL measurement revealed strong guided modes extraction
based on the Bragg’s diffraction via PhC effect in the GaN PhC FT-LEDs. Both A and
B-type modes are identified and their dispersions are found to be in agreement for the free
photon band structure indicating the shallow holes etching in the present sample. In
addition, the azimuthal-mapping at fixed wavelength shows the evolution of the collinear
and non-collinear modes. The pseudo-TM behavior for the non-collinearly coupled modes
was observed. Furthermore, the light enhancement of ~2.7x and the collimation angle
about 102.3° from GaN PhC FT-LED were achieved. The present results indicate that the
PhC enhanced FT-LED will have complicated polarization distribution which will have
implication for the use of these LEDs as the light sources.
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