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Optical and polarization properties

of nonpolar InGaN-based light-

emitting diodes grown on
micro-rod templates

J. Bai®», L.Jiu, N. Poyiatzis, P.Fletcher, Y.Gong & T.Wang

. We have demonstrated non-polam-plane InGaN multiple-quantum-well (MQW) light-emitting diodes
. (LEDs)on sapphlre achieved by overgrowmg on a micro-rod template with substantlally improved
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© with the underlying micro-rod patterns. Electroluminescence measurements exhibit a negligible blue-
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: independent of injection current, while the energy separation between m-polarized and c-polarized
. lights increases with the injection current for both emissions.

- llI-nitride semiconductors grown along nonpolar orientations have attracted extensive inteesstiin years,

: due to a few unique properties in comparison with their c-plane polarterparts, especially for InGaN-based

. emitters. One major advantage of nonpolar InGaN emitters is absence of polarization-induced elecloiegeld a

: the growth direction, which exist implane InGaN emitters. e large internal eld results in the well-known

© gquantum-con ned Stark e ect (QCSE) and reduced overlagmihelectron and hole wavefunctions, thus{ead

© ing to reduced quantum e ciency®. A few approaches are employed to improve the overlap by engineering the
. guantum well active layers, including introducing indium in the bartierstep-function like indium content in

. the welf. When nonradiative recombination is suppressed properly through the growth on bulk Gahttesbst

© and special design, high quantum e ciencies (~80%) can be achieveglfore InGaN light emitting diodes
 (LEDs}. Nevertheless, one of the most promising solutions to fundamentally solve the issumsgropolar

: GaN. More importantly, nonpolar InGaN emitters exhibit another major advantage which curremteqries

. lack, their polarized light source, which results from the valence band splétiagated by anisotropic biaxial

: stres$®. is will play an important role in manufacturing backlighting in terms of improving power consump

* tion and compactne&sas current approach is to insert a polarizer and thus up to 30% optical power is wasted.

So far, high performance nonpolar InGaN emitters are basically grown on expensive GaN substrates nor

. mally with very small sizes of 100 mn#19LL |t is therefore highly expected to achieve high quality nonpolar

© GaN on industry-matched substrates, such as sapphire or silicon. However, the nonpolar GaN wivettly g

- on either sapphire or silicon have a high density of defects, with a dislocation density of #howédrtd a

. stacking fault density of above®/tin'?3. Patterned sapphire approach is employed to the growthnepalar

:© GaN, leading to improvement in crystal qudfitye main di culty remains in etching a speci ¢ grooved sap

: phire where facets with an accurate inclination angle are strictly required for the growth of desirablarnonpol
: GaN, simultaneously avoiding a corrugated surface morphology with micro‘fabédesover, epitaxial lateral

. overgrowth approaches have been also extended to the nonpolar GaN growth on planar$&hpivineally

: employing stripe-patterned templates. However, it is usually di cult to achieve an atlymétalurface on such

* astripe-patterned template due to the intrinsically anisotropic in-plane growth taséng an array of hexagonal

Prfroefe— 0 Zf o -Tec fot ZE LB ShSEME LT RAf Yo —"TT-ASHI¥TZTE
CoSotied TUEeltefde t foef "Et—Fe—e ¥ ffFITefZY S @AMIfrrfSIAILTAS . a—

SCIENTIFIREPORTY

(2019) 9:9778——"+4 T'<4' "% WVAWVY~ szwW{s~&vweaz|yzya®V 1


https://doi.org/10.1038/s41598-019-46343-0
http://orcid.org/0000-0002-6953-4698
mailto:j.bai@sheffield.ac.uk

www.nature.com/scientificreports/

n-contact

Figure 1 (a) Cross-section TEM image of the overgrasplane GaN on a micro-rod template, taken around
[1-100] zone-axis withg  11-22 . (b) SEM image of a micro-rod GaN templat.§chematic of tha-plane
InGaN/GaN MQW LED.

SiO, patterns, high qualits-plane GaN have been achieved on sapphire substrates. Up to date, output powers of
a few mini Watts at 20 mA have been reported for nonpolarNhidzDs grown on sapphire, though they are still
much lower compared teplane polar LED%?.

Our group has achieved high quality nonpolar (11-20) GaN Ims by using an overgrowth approach on reg
ularly arrayed (11-20) GaN micro-rods eplanesapphiré®. e X-ray rocking curves demonstrate the line
widths are 270 arcsec along tigirection and 380 arcsec along thedirection, which is the best report so far.

e dislocation density in the overgrown GaN is dramatically decreased by two orders in comparthdhevi
as-grown (11-20) GaN, as shown by transmission electron microscopy observatibfajFig. this work, we
demonstrate nonpolar InGaN/GaN multiple quantum well (MQW) LEDs grown on such high qualitylaonpo
GaN templates. Optical and polarization properties are investigated by photoluminescence (Ptyl®anfo
and polarized electroluminescence (EL) measurements.

Methodology
A standard nonpolar GaN layer is rst grown oplane sapphire by a standard metal organic chemical vapour
deposition using our high temperature AIN bu er technol&giext, the nonpolar GaN template is fabricated
into regularly arrayed micro-rods using photolithography and dry-etching processe$((Fjgln the phote
mask, both the diameter and spacing of micro-rods are designed to Ine. Z& make sure an easier coales
cence for the overgrowth, the micro-rods are formed deliberately to be larger thandiBng the processing
by adjusting the exposure time. e heights of micro-rods is abouml e micro-rod template then under
goes ultra-violet assisted photo-enhanced chemical etching processes (details refdy forneifag a mush
room con guration. e specially designed patterning can compensate for the intrinsically aaggotin-plane
growth rate of nonpolar GaRl Consequently, the overgrowth on the template can achieve not only substantially
improved crystal quality, but also an atomically at surface as result of a quick coalescence.

Following the growth of high quality overgrown nonpolar GaN with a ltyekness of 3m, a simple LED
structure is grown. e structure includes a In n-type GaN layer, three periods of InGaN/GaN MQWs with
3 nm thick well and 10 nm thick barrier, and 150mype GaN layer. e indium composition in the wells is
about 12%. As shown in Fig(c), lateral LEDs with a mesa area of 0.2mare fabricated by photolithography
and dry etching. TranspareRttype contact was formed by depositing 100 nm ITO which was annealed in air. Ti/
Al/Ti/Au alloys were deposited astype contact. Finally, Ti/Au was depositeghdgpe and n-type electrodes.
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Figure 2 PL Emission spectra of the nonpolar InGaN/GaN MQW LED at room temperature.
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Figure 3 A wavelength map of confocal Ri), @nd a microscope photb) for the nonpolar LED. e
intensity maps of confocal PL with 418 nthgnd 448 nmd) emission for the nonpolar LED.

Results and Discussion

Standard photoluminescence (PL) measurement is performed at room teumpeising a 375 nm diode laser to
excite the nonpolar LED sample, with the luminescence dispersed by a 0.55 m monochromator adldogietect
charge-coupled device (CCD). e laser power is 29 mW with a spot diameter of 0.1 mm, leading to an excitation
power density of 369 W/ci e spectrum of the nonpolar LED sample is shown in Fi¢g). It shows that the
emission is dominated by a peak at 418 nm, with another weak emission appearing on the longer wavelength sid
at 448 nm. In order to investigate the origin of the double emission peaks &dnG#N/GaN MQWSs, confocal

PL measurements are carried out using a 375 nm laser source with a WiTec confocal microscopy and an optice
microscope system, where the laser beam has been focused into a diameter of 200 nm witifoarpexaitabf

0.3mW. e emission is collected into a Horiba CCD, through a 300 nm grating. Fafajshows a typical wave

length mapping within an area of I 10 m. e scale bar shows the PL wavelength ranging from 418.8 nm

to 445.9nm. e color pattern in Fig3(a)indicates an emission wavelength distribution. Please note that such a
color pattern formed is similar to the micro-rod pattern photo taken in3tm. Comparing with the micro-rod

pattern in Fig3(b), it is found the dark regions in the map marked by dashed circles correspond to the areas just
above micro-rods, while the bright regions correspond to the areas between the micro-rod gaps. Farttiermo

7 m 7 mintensity maps, which focus around one micro-rod, are taken using a lter of&8d of 448 nm.

In the map corresponding to the 418 nm emission @), the intensity is generally high across the map, except
that a few positions around the micro-rod are dark, marked by 1, 2, 3 and 4. In contrast, these positioes show th
largest intensities in the map corresponding to the 448 nm emissioB((H)glt indicates that the indium distri

bution in the InGaN/GaN MQWs is related to the micro-rod patterned template for the GaN overgrowth, though
a detailed investigation on the mechanism of indium composition variation is in progress. It is wortmimgntio
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Figure 4 (a) EL spectra measured at di erent injection currents, @)d.-1-V characteristic of the non-
polar LED. ¢) EQE of the LED as a function of current from 5 mA to 100 mA. A c-plane LED (dashed line) is

measured as a reference.

that the dual emission of our nonpolar LEDs is an advantage in achieving nonpolar white LEDs as aheesult of t
multiple colour emissions.

Electroluminescence (EL) measurements are performed on bare-chip devices at room temperature in a cw
mode with a Keithley 2400 source meter at a microscope station. F{gusbows the EL spectra under-dif
ferent injection currents. At low currents, only the emission with the longer wavelength is observed. e main
emission with the shorter wavelength appears at higher currents, and the intensity increases witegeof
the injection current. At 100 mA current, the emission with the shorter wavelength becomes dominant over the
spectrum. When the driving current is low, recombination hasensbances of taking place at the QW energy
band with a lower energy. At higher driving currents when the lower energy band is lled, excitdnsistzse
into the QW energy band with a higher energy. It is irtgoairto note, the wavelength of the main emission shi s
only about 1.6 nm with increasing the current from 10 mA to 100 mA. It indicates suppression of piezoelectric

eld-induced QCSE in the nonpolar InGaN LED, and that the piezoelectric eld is nearly eliminated in the non
polar LED. Moreover, the output powers are measured on the bonded bare-chip LEDs in a cw modeC8sing a L
100 characterization system equipped with an integragihgre and a CCD APRAR spectrometer. e output
power-current-voltage (L-1-V) characteristic is displayed in &), showing good electrical property of the
non-polar LED. e light power increases lineally with increasing the current without any satorsgiwlency
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Figure 5 EL spectra witk-polarization andn-polarization at 5 mA, 30 mA and 100 mA. e thin black lines
show the Gaussian curve ttings to determine the emission energies.

with an output power of 1.3 mW at 20 mA. Furthermore, the external quantum e ciency (EQE) has been calcu
lated as a function of current as well, as shown iMEgy.In order to compare the e ciency performances of

the nonpolar LED ta-plane LEDs, the EQE of a fabricated lolptane LED grown on sapphire is also displayed

by one dashed line in Figyc) as a reference. It shows that the EQE of-filane LED has a maximum value of

3.9% at a very low current (~6 mA), and then quickly decreases tillt119%raA. In contrast, a er reaching a
maximum of 2.6% at 23 mA, the EQE of the nonpolar LED shows a very slow decrease with further increasing the
current. In detail, the EQEs at 100 mA drop down to 82% and 63% of their maxima for the nonpolar LED and the
c-plane LED, respectively. Note that both the c-plane LED and the nonpolar LED are gropphae géth an
identical simple LED structure. Although the EQEs ofcthiane LED at low currents are higher in comparison

with the nonpolar LED, the nonpolar LED demonstrates a much more stable e ciency with the chémge o
current and maintains higher EQE values at high currents. It indicates that the e ciency-droop of InGaN LEDs
can be improved through growth and fabrication of nonpolar ones.

As we know, due to anisotropic strain, original valence loddnonpolar InGaN/GaN QW system is bro
keninto the |[X , |Y , and |Z sub-bands, among which the |tate and the |Y state have the smallest and
largest electron energies, respectii?élye transition from conduction band to the |Y state results in the
light with polarization parallel witin-direction (perpendicular te-direction), whereas the transition involving
the |Z state leads to the higher energy light with polarization parallekwiittection. To assess the polariza
tion properties of the non-polar LED, polarized EL speateameasured from the top surface of the LED by
rotating a polarizer positioned between the device and a spectréiBefore the experiments, thglane
LEDs have been proven to have negligible polarization characteristics, as a result of cardénation and
calibration of intrinsic polarization of the measurement system. Figsinews the spectra aloagolarization
andm-polarization (with polarization parallel with tleedirection andm-direction, respectively), measured at
di erent injection currents of 5 mA, 30 mA, and 100 mA. Generally, the EL intensitiemvgtharization are
larger than those witb-polarization. Importantly, for the spectra at 30 mA with two emission peaks observed
clearly, the di erence between the intensities ofrthgolarized light and the-polarized light is larger for the
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Figure & Polarization ratios for the 418 nm (peak 1) and 448 nm (peak 2) emissions at 5mA, 30 mA and
100 mA.

low-energy peak in comparison with the high-energy peak. It suggests the lgw-peak is more polarized
than the high-energy peak. It is attributed to the largesaropic in-plane strain induced by higher indium
composition, resulting in a larger energy separation betwee# tharjd )y  states and a higher polarization
ratio. Figure6 shows normalized integrated intensities of nonpolar LEDs as a function of polarization angle.
Due to the double emissions, the intensities are integrated across di erent energy ranges for the main emissior
(peak 1) and the low-energy emission (peak 2), respectively. Polarizationisati®ned aslf, 1)/(1, 1),
wherel ,, andl, represent the integrated EL intensities parallel tortla@dc directions, respectivefy At 30 mA
current, is 0.34 and 0.49 for peakl and peak 2, respectively, which con rms that higher indium composition
leads to larger polarization degree. evalues obtained are comparable with other reports for nonpolar blue
LEDg426-28 Actual polarization degrees for the nonpolar LED should be larger than the values obtainese b
no special processing, such as using a confocal microscope or black absorber applied to bottom and side surfac
of device% were performed in our measurements to reduce light scattering which seveng$sthe polariza
tion. Furthermore, it is found that the polarization ratios for both emissions are nearly indepehigection
current. When the light intensity is integrated across the whole energy rangeatbe of the double emission
is found to decrease with increasing the current, due to that the intensitgfrtite two emissions with di erent
values is current dependent.

e photon-energy di erence E between the emission spectra associated with the two polarizations can be

used to assess the energy di erence between thand |Y state®. As shown in Fig, the energy di erence
E changes with the injection current. At 5 mAE is not apparent (~4 meV) for peak 2 (the low-energy-emis

sion), though a noticeable tail appears on the high-energy sidesbtterized emission through normalized
EL spectra. For the spectra at 30 mA and 100 mA with two emission peaks, the peak energies are determine
by Gaussian curve ttings drawn by thin black lines. e energy diece E at 30 mA are about 18 meV and
12 meV for peak 1 and peak 2, respectively. At 100 niedf peak 1 and peak 2 are 28 meV and 16 meV, respec
tively. It means that E increases with the driving current for both emissions, which is consisténothir
reports onm-plane InGaN MQW LED%?2, It was explained by the anti-crossingsf Jand ¥ subbands, or
crystal momentum conservation. However, according to the calculatimre is no band mixing farplane
InGaN/GaN QWs along the wave vedkdirection. It is more likely related to that conservation of the crystal
momentum is required when the recombination occurs. Because the e ective masy¥ ofdtwd is larger than
that of theZ state, electron transitions to thé | state with large wave vecté@rare thence restrained in order
for obeying the crystal momentum conservation. With increasing the current Wwheratriers are lling the
states with largdy, a faster increase in the transition energy toZhedtate occurs compared to the | state,
hence resulting in largerE values at increased currents.
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Conclusions

In summary, nonpolaa-plane InGaN MQW LEDs have been achieved on high quality GaN grown on micro-rod
templates. A double emission is observed for the nonpolar LED, which is found to be related toytimg overl
micro-rod template. e e ect of piezoelectric eld on optical properties is not observed in the powesrdismt

EL measurements. e e ciency droop is greatly improved compared-fgane InGaN LEDs. e polarization
ratios for both emissions are nearly independent of the driving current, with a larger polarizatienfdetire
emission with higher indium composition. e energy separation Wweenm-polarized and>-polarized lights
increases with the current for both emissions.
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