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AlGaN-based ultraviolet light-emitting diodes grown on AIN epilayers
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AlGaN-based deep-ultraviolet light-emitting diofleED) structures, which radiate light at 305 and

290 nm, have been grown on sapphire substrates using an AIN epilayer template. The fabricated
devices have a circular geometry to enhance current spreading and light extraction. Circular UV
LEDs of different sizes have been characterized. It was found that smaller disk LEDs had higher
saturation optical power densities but lower optical powers than the larger devices. This trade-off
between power and power density is a result of a compromise between electrical and thermal
resistance, as well as the current crowding effedtich is due to the low electrical conductivity of

high aluminum composition- andp-AlGaN layerg. Disk UV LEDs should thus have a moderate
size to best utilize both total optical power and power density. For 0.85<r@85 mm
interdigitated LEDs, a saturation optical power of 2.9 ni}A8 mW) at 305 nm(290 nm was also
obtained under dc operation. ZD04 American Institute of Physid®OIl: 10.1063/1.1819506

In recent years, there has been a great effort to developause of the known benefits of using AIN epilayer as a tem-
AlGaN-based compact ultraviolet light-emitting diodes plate for nitride devices and its excellent UV transparency
(LEDs) with a wavelength(\) below 360 nm for applica- down to 200 nm, the insertion of AIN epilayer as a template
tions such as solid-state lighting and biochemical agent defor UV LED structures becomes a natural choice. By using
tection. For deep-UV emission witih <340 nm, the an AIN epilayer as the template for the growth of the
quantum-well(QW) structure based LED requires an active n-AlGaN layer, it was found that the overall quality, includ-
layer with Al composition higher than 20%. Inevitably, the ing crystalline quality, surface morphology, photolumines-
alloy composition for thg andn cladding should be more cence(PL) intensity, and the conductivity of the-AlGaN
than that of the active layer. The high Al composition intro- epilayer exhibited a remarkable improvement compared to
duces not only dislocations, but also leads to pporand  n-AlGaN epilayers grown directly on the low-temperature
n-type conductivity in the cladding layers, which limits cur- AIN buffer layer** The high quality AIN epilayer acted as a
rent injection® Achieving p-AlGaN with high Al composi-  dislocation filter for the growth of subsequent device
tion by Mg doping is a challenging issue. Different material layers'*?
structures have been utilized to improve the material quality The UV LED structure was deposited on the basal plane
and the UV LED power level:® Concerns have arisen be- sapphire substrate by MOCVD. A high quality AIN epilayer
cause of current crowding and inhomogeneous driving in thevith a thickness of about m was grown as the epitaxial
standard 30Qum X 300 um square geometry lateral LEBs. template for the subsequent device layers. On the AIN epil-
The lateral structure and the poor conductivity of thendp  ayer, a 1.5um Si-dopedn-AlyGa /N was grown as the
cladding layers lead to current crowding and the inhomogen-type contact layer. Following is the active region
neous effect® which can significantly limit the output opti- consisting of a three-period MNGay N (2.5 nm/
cal power density. Aly Gay N (3.0 nm or Alg GaggN (2.5 nm/

In this letter, we report on the fabrication and character-al, .G N (3.0 nm multiple QWs for 305 or 290 nm
ization of deep-UV LEDs grown on sapphire substrate using EDs. Since it is difficult to achieve a reasonable hole den-
an AIN epilayer template. The benefits of inserting an AlNsjty in an AlGaN alloy with high Al composition, a
epitaxial layer as a template for the growth of subsequenp.Al, Ga, ;N layer (10 nm was employed as an electron
[ll-nitride device sguctures have been demonstrated in sewy|ocking layer to effectively block the electron overflow,
eral experiments.'' It was previously shown that GaN ep- thereby enhance the electron—hole radiative combination in
ilayers grown on AlN/sapphire templates comprise a loweihe Qws. The use of this electron blocking layer has been
dislocation density compared with the GaN grown directlypreviously demonstrated in UV LEDs by several grotips.
on sapphire using low-temperature GaN buifeit was re-  The structure was then completed with a 60 A Mg-doped
cently demonstrated that InGaN LEDs grown on the AIN/p Al Ga) N and 150 nm heavily doped
sapphire template exhibited a higher output power and a be;_a| ,Ga, N as thep contact layer. In the circular LED, the
ter thermal stability compared to the conventional LEDp contact is in the middle and the contact encircles the
grown on sapphire using a low-temperature GaN buffeimesa disk. The fabrication started from the deposition of
layer. This is due to the reduced threading dislocation densityjj; Ay transparent layer and the mesa etching to expose the
in the gctlv%zlayer and higher thermal conductivity of the_a|; Ga, N, followed by Ti/Al metal deposition for the
AIN epilayer: . _.contact and Ni/Au fomp contact with rapid thermal anneal-

Rec;en.tly, our group has establlshed growth cqnd|t|onsmg at 650 °C for 2 min. LEDs with different mesa disk sizes
for achieving high quality AIN epilayers on sapﬁ)gures by were then diced into single devices, flip-chip bonded with Au
metalorganic chemical vapor depositigMOCVD).™ Be-  pymps onto ceramic AIN submount, and finally mounted on
TO headers. A calibrated UV integrating optical sphere was
¥Electronic mail: jiang@phys.ksu.edu used to measure the light output power from the sapphire
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A (nm) FIG. 2. |-V characteristics of the circular 305 nm UV LEDs with different
mesa disk diameter. The inset lists the forward voltagég: at 20 mA.

FIG. 1. (Color) EL spectrum of a 305 nm UV LED under 40 mA dc driving

current. The inset shows the optical microscope image&a)dhe fabricated the dc ch teristi f ootical outout
LEDs with circular geometry, an¢b) light emission from sapphire side of compares the dc characteristics or optical output power ver-

the flip-chip bonded LED. sus current(L—I) and power density versus current of
305 nm LEDs. In general, it can be derived from Figa)3

) ) o that at a low driving curren(<20 mA), the light output is
side since the submount side is nontransparent. Comparegilar, with no significant dependence on the disk size. With
with the usual square geometry, circular geometry with jncreased input current, the thermal effect becomes important
contact encircles the-type mesa disk is an option to over- ang the light output gradually saturates. Under the same driv-
come the current crowding phenomenon. Circular LEDs withing current, the smaller disk with a smaller bonding area to
different disk sizes were fabricated to study the size depenhe submount has a larger thermal resistance and a larger
dence. _ thermal intensity; therefore, it has a lower saturation optical
~ The electroluminescend&L) spectrum of a representa- power output. On the other hand, when the disk size is larger
tive LED under 40 mA dc driving is shown in Fig. 1, along than 210um, the output power again becomes almost inde-
with microscope images of the fabricated circular LED ge-pendent of the disk size, which is attributed to the current
ometry and sapphire-side light emission from the flip-chipcrowding phenomenon. At a high level of current driving, the
bonded LED. The emission has a 305 nm peak with a fullarge resistance of the-Al, Ga, , layer causes the current

width at half-maximum of 25 nm. The intensity of the often- gistribution to become more and more inhomogeneous and
observed long-wavelength emission from 350 to 400 nm

has been dramatically reduced. During the structure optimi-

zation, each layer was etched off sequentially and then PL 1.2] —o—d=310pm’ '

measurements were taken. It was found that the long- —_ +gf§$gum %

wavelength emission is caused mainly by electron recombi- =< id;woﬂ: -

nation in thep cladding layer with deep-level impuriti%’s5 §, 0.8- I

associated most likely with cation vacanct&<® By incor- -

porating an electron blocking layer, the injected electrons can

be more effectively confined in the active region, diminish- 0.4

ing the long-wavelength emission. Another observed contri- (@)

bution to the pure emission spectrum comes from the high 0.0

quality AIN template and the subsequent low defect struc- ‘E '8 ' ' °

ture, especially reduction of other recombination channels in o 7

the n cladding layer. = e (b)
The mesa disk sizédiameterd) can influence the UV = 6 Vat

LED performance, including the turn-on voltage, differential ‘% 4 O/O

resistance, output power, and power density, etc. [Fhé S | < */*/*—*

characteristics of LEDs with different disk sizes for 305 nm (] g V/V/V/VL

LEDs are compared in Fig. 2, and the inset lists forward ) 2 S */*'v/v/ij/DA,:‘g,:_‘_u——c

voltage Vg at 20 mA. As the disk diameteat increases from g JO Ao

85 to 310um, V¢ decreases from 13.4 to 12.0V as a re- o 00 20 40 60 80 100

sult of larger area and lower series resistance. Bothvthe
values and the turn-on voltagé€s8 V) are relatively high,

which is a result of the use of relatively high aluminum FIG. 3. (a) Optical power output vs current aighl) optical power density vs

concentratior{60%) in then andp cladding layers and con-  ¢yrrent of the circular 305 nm UV LEDs with different mesa disk diameters

sequently lower qualityn and p ohmic contacts. Figure 3 under dc driving, measured in a calibrated UV integrated optical sphere.
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2.9] ‘ ‘ ' ' ] better choice than the large ones. As previously discussed,
25 (@)305nmUVLED | * | the limitation of the small-disk LED to achieve a higher
) . power results from a larger thermal resistance, caused by the
2.0+ . 1 small size of Au bumps under the and p contacts. For a
S 1.6 e i given disk size, although the maximumcontact and the
E 45 " related Au bump size have been determined, there is no limi-
- . tation onn contact and the underneath bump size. With an
0.8+ enlargedn contact and the bump, thermal dissipation of the
0.4 & ] small-disk LED should be improved to achieve a higher out-
00 +850 pm> put optical power.
0 50 100 150 200 250 In summary, AlGaN-based 305 and 290 nm UV-LEDs
I (mA) structures have been grown on sapphire substrates using AIN
epilayer templates. The performance of LEDs with different
2.0 , ' , . , ‘ disk sizes is compared. The high performance disk LED has
(b) 290 nm UV LED . a moderate size o250 um due to a trade-off between the
1.6- - _ maximum optical power and power densftyhich is neces-
. sary because of the thermal effect and the current crowding
S 1.2 . § problem. The high resistivity o andp cladding layers not
£ . 1290 nm only increasesVg, but also causes the current spreading
- 0.8 oo ‘ 1 problem for the lateral structure LED. For flip-chip bonded
%9_4 I devices, theg metal contact may be designed to have a simi-
04 - k . lar size as the mesg—n junction area to eliminate the
4 L R TRy ey influence of the highly resistamt cladding layer on current
2 ——————— spreading. To relieve the influence of theladding layer on
0 50 100 150 200 250 300 350 large-sized devices and to increase the total optical output
I (mA) power, then contact should be introduced into the mesa area

i - to keep the mesa dimension in the limitation of current
FIG. 4. Optical output power vs current characteristics of 0.85 mm ' . .
X 0.85 mm interdigitated UV LEDs under a dc driving f@ 305 nm and SPfead'”G_J dlstancg. Based_ on our !’eSUItSv .We believe that
(b) 290 nm devices, measured in a calibrated UV integrated optical spherdligh quality AIN epilayers will be particularly important and

The inset in(a) shows the optical microscope image of a fabricated inter- yseful as a template for the growth of UV emitters operating
digitated UV LED and(b) shows the EL spectrum of a 290 nm UV LED. below 300 nm.
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