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Transient responses of lll-nitride photonic-cryst&C) ultraviolet (UV) light-emitting diodes
(LEDs) were measured by picosecond time-resolved electroluminescogice spectroscopy.
Triangular arrays of PCs with different diameters/periodicities were fabricated on 333 nm UV LEDs
for enhancing light extraction efficiency using electron-beam lithography and inductively
coupled-plasma dry etching. With the incorporation of PCs on LEDs, the EL decay time constant
decreases systematically with the increase of the etched sidewall area indicating the strong effect of
the surface recombination. The surface recombination velocities qmifyjee epitaxial surface and

on the sidewall of etched holes on LEDs were determined to bex18cm/s and 1.48

X 10° cm/s, respectively. The angular distribution of light emission from LEDs with PCs shows
slight narrowing in far-field pattern. Because of the increased transient response along with
enhanced light extraction, the incorporation of PCs in UV LEDs provide an effective method to
control the modulation speed of UV LEDs, which could be very useful for many applications. ©
2004 American Institute of Physid®Ol: 10.1063/1.1786372

IlI-nitride blue/ultraviolet (UV) light emitting diodes toelectronic materials. Our results from picosecond time-
(LEDs) are useful for many applications including solid-stateresolved EL spectroscopy on UV PC-LEDs reported in this
lighting, compact chemical and biological detection, medicalletter not only reveal a significant increase in the modulation
research, and health care. In addition to such diverse applspeed of LEDs with PC formation, but also establish time
cations, high intensity and high speed UV-LEDs could alsoresolved EL as an effective tool to determine the surface
be used as transceivers for covert non-line-of-s{gHtOS) recombination velocity of the nitride materials and struc-
optical communications. Different schemes such as reducinfures. Moreover, we have also observed a slight narrowing of
the size of LEDs t(;u-LEDs1 and heavily doping the LEDs the far-field emission pattern in PC-LEDs.
to reduce the minority carrier lifetimé$ave been reported The lll-nitride UV LEDs structure used were grown by
to enhance the operation speed of LEDs, However, suchetalorganic chemical vapor depositiofMOCVD) on
schemes generally reduce the total output power of theapphire substrates. The metalorganic sources used were
LEDS. trimethylgallium for Ga, trimethylaluminum for Al, trimeth-

Periodic hole arrays are typically etched in a semiconylindium for In, and ammonia for nitrogen. For Mg
ductor to create 2D PCs that forbid certain electromagnetiand Si doping, bis-cyclopentadienyl-magnesium and,SiH
radiation in the lateral direction creating so called “photonicwere transported into the reactor chamber during growth.
band gaps{PBGS in the plane. 2D PCs enhances the light The active region for the LEDs was an
output from LEDs by extracting lateral guided modes of IightA|0_11|no_Oﬁaolsd\|/A|0.2|n0.03c;q,_77N double quantum wells
in the vertical direction. We have obtained a 20-fold en-(DQW). Hexagonal mesa LEDs of side length 12t was
hancement of light extraction by PCs using optical pumpingabricated as described previoudlfhe PCs with triangular
in the nitride material at 475 nthRecently, we also re- |attice patterns of circular holes with diameters100 nm to
ported optical power enhancement under current injection by=200 nm and periodicitiea=300 nm toa=600 nm were
a factor OI 5245 for 333 nm UV LEDs, as a result of the PCfabricated using e|ectr0n_bem_beam ||thography and in-
formation.”” In this letter, we report the picosecond time- ductively coupled plasma dry etching. AFM image reveals
resolved EL studies of the LEDs with 2D PCs having differ- that the depth of the etched holes was around 190 nm indi-
ent lattice constants and hole sizes. We also measured th@ting that the holes were etched through into the active
angular distribution of light emission from UV-LEDs with |yers,
and without PCs. . . _ The time-resolved EL setup was a slight modification of

The incorporation of two-dimensionalD) photonic  the time-resolved photoluminescence PL sEtamd has an
crystals (PC9 on lll-nitride LEDs has been shown to not qyera|l system response of about 30'ps.
only significantly enhance the light output of the LEDS, Figure Xa) shows a typical EL spectrum of the 333 nm
but also improve the modulation speed of the LEDs. Theyy LED. The inset of Fig. {a) shows the SEM image of a
increase in the modulation speed of LEDs is primarily due teyagonal mesa UV LED with triangular lattice holes etched
enhanced surface _recombination. Photoluminesc&fice, o the mesa to form 2D PCs. Due to the lower magnification
cathodoluminescence, and time-resolved terahertz of the SEM image, only the interference effect due to PC
spectroscopy are some of the established methods emsormation is visible. A higher magnification SEM image of
ployed to measure the surface recombination velocity of 0pfhe same PC-LED is shown in Fig(a@. The LEDs were
driven by the pulse generator with a pulse height of 30 V,
¥Electronic mail: jiang@phys.ksu.edu width of 0.4 ns and repetition rate of 1 MHz. No change was
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A (nm) =200 nm and without PCs are shown in Fig(h). The EL
300 350 400 450 500 rises fast with a 90 ps time constant for both LEDs. For the
@) [33'3 nm  T=300K LED without PCs, the EL initially decays faster with a time
4 . o w L constantr; =373 ps followed by a slower decay component
= S L “5' with a time constant=597 ps, whereas the EL of the LED
< ¥ ‘ i 1 with PCs(a=600 nm,d=200 nm) decays with a faster time
5] constantr; =214 ps followed by a slower time constar
~600 ps.
11 We believe that the faster decay component in LEDs
without PCs is dominated by the surface recombination on
2: (b) <,=373ps T=300K ] the p-type surface. With the incorporation of PC on LEDs,
0] —®— System response ] the time constant of the faster decay componeni de-
5 14 L ihout PCs creases systematically with the increase of etched sidewall
< :§: 4 2=600 nm d=200 nm] area of holes, which indicates that;) is controlled by the
= -4lf surface recombination of the carriers on the etched sidewalls.
E -g: The proximity between the two decay time constants of the
71 slower decay components,(=597 ps for LEDs without
-8 PCs and ther,(~600 pg for LEDs with PCs, indicates that
-1 0 1 2 3 4 600 ps is the carrier recombination lifetime in the QWSs. The
Time (ns) surface recombination primarily occurs near the junction

' _ ' depletion region, i.e., QW regiéﬁ and limits the carrier
FIG. 1. (a) Typical EL spectrum of the 333 nm UV LEDs. the inset is the I'lfetime 8 The EL decay rate of LEDs k/can be expressed
l .

SEM image of LED showing PCs on hexagonal mesa. Hexagonal p-conta ’ . .
layer is at the center of mesa and n-contact layer with a pad surrounds taS the sum of the carrier recombination rate in QWs and the

LED mesa;(b) transient response of the LEDs with P@Gs=600 nm and surface recombination rate:
d=200 nm and without PCs at the spectral peak wavelerigth333 nm).
The time-resolved EL setup has the system respor3@ ps. 1 1 1 1)

T TQW Ts
noticed in the peak position and the linewidth of the EL \where roy is carrier decay lifetime in QWs ang is recom-
spectrum due to PCs formation, indicating that the Spontangsinavion’jifetime either on the-type surface or on the side-
ous emission spectrum is not significantly altered by the for—Wa" surface of the etched holes of PC-LEDs. For the LED
mation of PCs. The time-resolved EL intensities at the peak .t PCs, using the measured valuesgf,=600 ps and
wavelength(x =333 nm of LEDs with PCs(a=600 nm.d 7=373 ps, Eq(2) yields a surface recombination lifetime of
7s=985 ps on thep-type surface of the LED. Since; de-
Bl g Gy pends upon the area of the surface, a more general parameter,
surface recombination velocity, is used to describe the re-
combination on the surfaces. Considering uniformly distrib-
F uted charges over the entire p-type region, the surface recom-
g' =y "& ‘ bination velocity on thep-type surface is given bp=t/r,
/ ’ where(t=0.17 um is the thickness op-type layer. Withrg
it 8 =985 ps, the general surface recombination velo&itfor
\ @ p-type GaN surface is thus 1.%3L0* cm/s.
' ey ‘ To evaluate the surface recombination of carriers on the
— etched walls, we consider the geometry of PCs. Figuag 2
@) shows a SEM image of PC&=300 nm andd=100 nm)
along with the schematic to calculate the etched sidewall
Fited with, ' ' perimeter per unit are®=2xd/3a%. Since the depth of the
hole is the same for all the PC LEDs, R also represents the
sidewall area per unit volume. The LED without PCs has the
value ofR=0. As the product of S and excess charge density

gives the surface recombination rate per unit area, a simple
manipulation yields 174,=SR. With this substitution, Eq1)

10

becomes
- 1 1
Tow=600ps S=1.48x10° cm/s -=—+SR (2
0 T T T T T TQW
0 1 2 3 4 5 .
(b) R (110°nm) The faster component of the EL decay réi¢r) is plotted

againstR in Fig. 2b) Different R values are obtained from
FIG. 2. (a) SEM image of PCga=300 nm, andi=100 nm along with the | EDs with PCs of different parameters afandd. 1/7 in-
schematic to calculate the etched sidewall perimeter per unit &ea, creases ”near'y witlR and can be fitted with the E) very

=2md/\3a2. The dotted parallelogram is the unit area and the curved line ) . _
at the four corners are etched perimetésthe EL decay ratél/r) plotted SWe"_ The fit prowdes the value oB=1.48x10° cm/s and

againstR. A linear fit of the data yields sidewall surface recombination Tow=600 ps. Since the surface recombinaﬂon mainly domi-
velocity Sand carrier recombination lifetime,,, in QWs of LED. nates the early part of the decay curve in the LEDs, the decay

Downloaded 30 Mar 2011 to 129.118.237.235. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



2106 Appl. Phys. Lett., Vol. 85, No. 11, 13 September 2004 Shakya, Lin, and Jiang

rate r,, at later times after which most of the excess carriers
have diffused away from the surface, represents the carrier

m  Without PCs

e i O With PCs
decay lifetime in QWSs. The values @f=7q,, for LEDs with =600 nm. d=200 nm
and without PCs further support our conclusion that the mea- %

sured decay time constan is the carrier decay lifetime in

QWs, 1oy. The value ofrg,y measured here for quaternary ] !

QW UV LED is longer than the previously reported value of (O et

214 ps for InGaN QW blue LED. This result is consistent

with a previous observation that the PL decay lifetime in

AliInGaN quaternary alloys is longer than that in InGaN ter-

nary alloys* The surface recombination veloci§has been

previously measured for the “as grown” undoped GaN with

S=5x10* cm/s* and AlGaN withS=2.8x 10* cm/s! Our 180

measured o5=1.73x 10* cm/s for P-type GaN surface is

comparable to those reported values. FIG. 3. (a) Far-field angular distribution of light emission from UV-LEDs
The surface recombination velocity on the “as grown” with PCs(a=600 nm, andi=200 nm) and without PCs.

epitaxial layer is different than that of the etched sidewalls.

Etched sidewall has about an order higher valueSods  high absorption at deep UV wavelengttis<300 nm).

compared to that of the epitaxial surface. ValuesSef8.5 In summary, we have performed the time-resolvgt)

X10° cm/s for epitaxial GaAs (Ref. 10 and S=6 studies of UV-LEDs with and without PCs.The surface re-

X 10° cm/s for sidewalls of dry-etched GaAs wires at room combination velocities as well as the carrier decay lifetime of

temperaturgalso indicate that sidewall recombination domi- the LEDs have been obtained. The EL decay time constant

nates in the etched or processed structures. Beside the etathanges systematically with the etched sidewall area of the

induced damages, which are thought to be responsible for theCs holes. The carrier recombination IifetimﬁN of LED is

increase inS on the etched surfacesidewall has exposed measured to 600 ps. The surface recombination vel&oity

junction with QW, which increaseS Nevertheless, the value the etched sidewall of the nitride LED is found to be 1.48

of Sis more than one order of magnitude smaller in nitridex 10° cm/s, which is about an order of magnitude higher

microstructures compared to GaAs based microstructureghan the value ofS (1.73x 10* cm/9 for the epitaxial sur-

This feature makes lll-nitrides attractive for the fabricationface of p—GaN. In addition to the enhanced extraction of

of photonic structures with reduced dimensions. The internaight from the LEDs, incorporation of PCs can be used to

quantum efficiency of the LED with PCs is expected to de-control and enhance the modulation speed of the LEDs. A

crease slightly due to enhanced surface recombinatioslight narrowing of the far field emission pattern was ob-

whereas more light will be extracted from LEDs due to PCserved in PC-LEDS.

formation. Enhancement due to light extraction generally

dominates the effect of surface recombination. The authors would like to acknowledge support by
The LEDs with higher surface recombination can begrants from DARPA, ARO, DOE, and NSF.
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