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ABSTRACT

Deep UV LEDs emitting at on 280 nm with powers as high as 1 mW at 20 mA have been reported recently. These
devices have mesa size of 100 pum x 100 pm to avoid current crowding due to the high Al-composition of the Al,Ga; N
buffer layers. Small mesa size results in pump current density of 200 A/cm? for a device current of 20 mA. Small area of
p-contact also leads to higher operating voltage and higher thermal impedance for the flip-chip packaged device. These

factors limit the device lifetime for 50 % power reduction to only a few hundred hours.

From temperature and bias dependent power degradation measurements we found the output power to decay with
two characteristic time constants indicating two degradation mechanisms. The faster time constant is bias dependent and
temperature independent. The slower time constant varies exponentially with junction temperature having the activation
energy of 0.27 eV at 200 A/cm® pump current density. For the devices with high thermal impedance this degradation

mechanism controls the long term power degradation.

To increase the device area for better reliability we used the interconnected micro-pixel device design with 10x10
array of 22 um in diameter pixels. This design allowed for the four-fold increase of the junction area and thereby led to
improved reliability performance with the operation life-time for 50 % power reduction of about 1000 hours. In this
paper we will present the details of the reliability measurements and use the experimental results to determine possible

degradation mechanisms.
1. INTRODUCTION

At present several research groups are developing deep ultraviolet (UV) light emission diodes (LEDs)'”. The
motivation behind this research is their enormous application potential in bio-medicine, environmental protection, and
public health. In addition to being environmentally friendly, LED-based solid state deep UV sources provide significant
advantages in size, operation voltage, and spectral control over their conventional counterparts — namely, the mercury
vapor lamps. Fabrication of III-N deep UV LEDs using conventional approaches leads to several major problems.
Transparency at the operation wavelengths severely limits the choices of substrates to either sapphire or AIN. In either
case one has to resort to heteroepitaxy to deposit the device structures. Deep UV LEDs require active and buffer

epilayers of Al,Ga;,N with alloy compositions well over 30%. High Al mole fraction in these layers results in low
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doping efficiency, cracking, and slow growth rates both for the n- and the p-type layers of the device structures. In
addition, a heteroepitaxy of AIN and AlGaN layers on mismatched sapphire substrate creates sufficiently high density of
threading dislocations, which strongly reduces the efficiency of radiative recombination in the active layer. Finally, use
of Mg-doped AlGaN layers with high Al mole fraction as p-electron blocking and p-cladding layers leads to low doping
efficiency because of high acceptor ionization energy. All these issues inevitably affect the output power and reliability
performance of AlGaN-based deep UV LEDs.

In this paper we will discuss approaches such as the use of migration enhanced epitaxy and short period superlattices
to overcome the above problems and to fabricate deep UV LED devices emitting at 280 nm with record wall plug
efficiency. We will also present results of our studies of device reliability performance and discuss factors affecting the
LED reliability. It is shown that such important parameters as junction temperature and pump current density strongly
affect long-term LED performance, which can be greatly improved by proper device design and packaging approaches.

We will also discuss the development of interconnected micro-pixel array devices and their reliability performance.
2. DEEP UV LED DEVICE STRUCTURE

The layer structure of 280 nm emission AlGaN multiple quantum well (MQW) deep UV LED is shown in Fig. 1.
This structure has been described in our previous reports®’ and then adopted by many research groups.>®® The device
epilayer structure was deposited over basal plane sapphire substrates using a combination of metal-organic chemical
vapour deposition (MOCVD) and migration enhanced MOCVD (MEMOCVD) techniques. First we used a MEMOCVD
process for deposition of the high quality AIN buffer layer."’ This procedure significantly reduces the screw dislocation
density and improves the overall structural quality of the layer. This was followed by an AIN/Al,Ga; (N nested
superlattice (SL) structure to manage strain in the subsequent AlGaN layers which were grown by conventional MOCVD
technique.'""' This allows the growth of crack-free n*-Al,Ga, N (0.55>x>0.65) cladding layers with thicknesses well in
excess of 3um. The MQW active region was deposited on top of the AlGaN cladding layer. It typically consisted of three
to five 30-40 A thick AlGaN quantum wells separated with 60-100 A thick AlGaN barriers. The MQW active region was
capped with Mg doped AlGaN electron block layer followed with p-AlGaN cladding and p-GaN contact layers. The Al
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Figure 1. Schematic of deep UV LED on sapphire substrate.
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mole fraction in quantum wells was adjusted from ~ 35 to ~ 58% to tune the LED emission wavelength from 300 nm to
250 nm."” Simultaneously the Al compositions of AlGaN barrier layers and n'- and p-AlGaN cladding layers were also
adjusted to preserve the carrier confinement in quantum wells, proper injection conditions and the optical transparency of
the cladding layers. The growth pressure was 50 Torr and temperature was 1000-1100 °C. Trimethyl aluminium (TMA),
trimethyl gallium (TMG), and NH; were used as precursors. SiH, and Cp,-Mg were used as the n- and the p-type

dopants. The p-dopants were activated using a 30 min 800°C annealing.

It was shown recently that the insertion of SLs between high-quality AIN and n-AlGaN avoids cracking by
modifying the stain properties of the epilayer structure and thus significantly improves the electrical properties of
n-AlGaN." As shown by cross-section transmission electron microscopy (TEM) and high resolution x-ray diffraction
(HRXRD), the AlGaN well material itself in the AIN/AlGaN SL was composed of an Al,Ga,N/AlyGa;.,N short-period
superlattice (SPSL), with the periodicity of 15.5 A (= six monolayer). This phenomenon, which arises from MEMOCVD
approach, is believed to be crucial for maintaining coherent growth of the large-period AIN/AlGaN SL for strain/defect
management. TEM results, which were recently observed from n'-AlGaN with a 40-period SL, showed that the screw
type dislocation density in n*-AlssGag4sN is reduced down to ~7x10’ cm™, whereas the edge type dislocation density
was ~3x10° cm™. These facts indicate that SL may play a crucial role in a pronounced reduction of screw-type
dislocations and/or other defects (such as point defects) and thus significantly improve overall quality of n-cladding
AlGaN layers. These results agree well with the measurements of the Hall mobility of n-Aljs5Gag 45N, which showed the
increase of the carrier mobility from 50-70 c¢m’/V's in n-AlGaN with 5-period SL insertion to 120-130 cm*/V's in
n-AlGaN layers with 40-period SL.

After growth wafers were processed with the standard steps, including photolithography, dry etching, and metal
evaporation. Mesa structures were formed using chlorine-plasma reactive ion etching. E-beam deposited Ti/Al/Ti/Au
n-type ohmic contact metals were annealed in flowing forming gas at 850-950 °C, depending on the n-AlGaN
Al-composition. Pd/Ni/Au metals were typically used for p-contact metallization (annealed at approximately 500 °C).
After processing devices were flip-chip packaged onto ceramic submounts to improve heat dissipation and light

extraction.'>!®

3. EXPERIMENT

The unpackaged AlGaN-based 280 nm LEDs exhibited an optical output power of 0.35-4 mW at 20 mA dc with an
external quantum efficiency of about 0.4-45 %. The output power increased to about 1-1.3 mW at 20 mA after flip chip
packaging. Other characteristics were described in our pervious reports.”'” Square geometry devices and interconnected
micro-pixel LED have been used for this study. For reliability measurements we used both packaged and unpackaged
LED devices to separate the degradation of the LED structure and that of bonding interfaces and solder. For unpackaged
devices the output power and the emission spectrum were measured from the sapphire substrate side placing the sample
on either a calibrated photodetector or optical fiber bundle attached to a TRIAX-550 spectrometer with UV enhanced
CCD detector. For packaged devices the output power was measured in an International Light integrating sphere with a
calibrated photodetector. For reliability tests the relative optical power was monitored as a function of time under

constant current conditions. Devices were typically stressed at 20 mA dc current, which translated into relatively high
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current density of 200 A/cm” for a 100 um x 100 um square geometry LEDs. In order to separate the contribution of
self-heating into device degradation, pulsed measurements were also carried out using 1 us long current pulses with 5%
duty cycle were employed to provide quasi steady-state pumping conditions with minimized device self-heating. After
removal of the contact metal, monochromatic CL images at 280 nm were obtained for fresh device and stressed device at
10 kV using a Gatan MonoCL monochromator attached to a JEOL 5900 LV SEM, which was also used for electron
beams induced current (EBIC) measurements. Morphology of the top surface of p-GaN contact layer was also
characterized using Veeco Dimension Illa AFM. The uniformity of the electroluminescence (EL) over the device area

was monitored by Hamamatsu C8000 UV enhanced CCD camera and Mitutoyo deep UV microscope.
4. RESULTS

4.1. Catastrophic and gradual power degradation.

It was found that deep UV LEDs in general exhibit both catastrophic and gradual output power degradation under dc
bias. The catastrophic degradation was found to be mostly caused by the rough surface morphology of the p-GaN contact
layer. AFM scan of the 100 pm x 100 pum emission area showed island morphology with average feature size of about
20 um, RMS surface roughness of 7.34 nm and peak-to-peak depth of about 20 nm. The origin of these islands was
attributed to the formation of V-defects in n-AlGaN layers due to the gas phase pre-reaction followed by the overgrowth
of these defects with p-AlGaN and p-GaN layers."® The open cores of these V-defects work as leakage paths as
confirmed by the EBIC measurements. As a result of the long-term stressing the high current density, localized in
vicinity of these defects, leads to local overheating followed by the alloying of the p-metal as confirmed by LED EL
intensity distribution and CCD images taken after the catastrophic LED degradation from the flip-chipped device
through the sapphire substrate. The propagation of this alloyed region damages the active layer leading to local electric
shorting of the p-n junction (as seen from the change of I-V curve) and hence a catastrophic reduction of the LED output

power.

(b)

shorting spot

Figure 2. EL intensity (a) and optical CCD imaged of LED.

By optimizing the growth conditions we improved the smoothness of the p-GaN surface morphology and thereby
greatly reduced the catastrophic degradation such that the majority of LEDs exhibit only gradual degradation. During the
gradual power degradation the emission intensity (output power) reduces uniformly over the area of p-contact. Fig. 3

shows the CL images taken at 280 nm (LED emission wavelength) from unstressed and stressed LEDs. Top p-contact
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Figure 3. CL images of fresh (a) and stressed (b) devices which showed gradual power degradation during stress

metal was removed to remove possible distortion of CL signal by the metal. As seen from Fig. 3, the emission intensity
strongly reduced only in the area under the contact since the lateral sheet resistance of thin p-AlGaN/p-GaN layers is

very high and virtually no current spreading occurs within p-layers.

4.2, Bias and temperature dependent power degradation.

From the comparison of the optical power decay with time under dc and pulse constant current stress it was found
that the degradation rate varies noticeably with the junction (heatsink) temperature at the same pump current value. On
the other hand, when self-heating is minimized the output power still reduces and the degradation rate changes with
pump current. We believe that two characteristic time constants discernible in the power degradation behavior are
primarily associated with the junction temperature and the pump current (injection). However, 20 h continuous pulsed
current stress for 5% duty cycle was normalized to only 1 h dc stressing time. To extend the power decay the aging tests

were performed under dc current stress at different ambient temperatures. The output power varied as:
P(t) = By exp(=f1) + Iy exp(=fyt). M

where P," were fitting parameters (n = 1,2) and S, and /5 were bias dependent and temperature dependent decay rates,
respectively. In Fig. 4 we include the Arrhenius plots of £, and £, for aging tests at 20 mA (200 A/cm?).

As seen, temperature dependent degradation rate £, exhibited the activation behavior as:
B, =P, exp(—=E, /kT)) 2)

where [y, E,, k and T, are a constant, activation energy of degradation, Boltzmann’s constant and the device junction
temperature, respectively. Note that the device junction temperature was calculated taking into account the heatsink
temperature and the device self-heating under dc bias. From the data of Fig. 3 the activation energy E, of 0.27 eV and
decay parameter £3, of 97.5 h™' were found. Thus the value of decay rate 3 of 5.93x10™ h™' can be estimated for an
unpackaged device biased at 20 mA dc at room temperature. The value of parameter S, which did not show clear

temperature dependence, was determined to be about 0.44 h™.
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Figure 4. Arrhenius plot of power decay parameters £; and £, vs. inverse junction temperature.

Similar measurements were also carried out at 10 mA (100 A/cm?) and the values of E, of 0.23 eV and and 5, of
7.4 h!' were obtained, resulting in the value of £, of 1.31x10~ h™' at room temperature. Similarly, the decay rate 5, was
estimated to be 0.65 h™. As seen, the value of E, is not very sensitive to the current, whereas the parameter £3, increases
at higher currents corresponding to a reduction of the decay time and, thus, to faster output power degradation. This data
also suggests that the long term output power degradation of our deep UV LEDs is related to the junction temperature

and can be improved by minimizing the device self-heating during the dc operation.

4.3. Voltage degradation.
Along with the reduction of the LED output power an increase of operating voltage (under constant current

conditions) was observed. In Fig. 5 we include typical output power and voltage degradation of deep UV LED at 20 mA
dc pump current. As seen, the operating voltage increases with time almost linearly. From the comparison of I-V curves
of the deep UV LED devices before and after degradation it was found that the increase of the operating voltage

corresponds to the change of differential resistance but not to buildup of the turn-on voltage.
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Figure 5. Degradation of the output power and operating voltage of deep UV LED under constant current conditions.
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4.4 Reliability of packaged deep UV LED.

It was shown above that the activation energy of degradation has weak dependence of the current density. However,
parameter [ strongly decreases with the reduction of the current density thereby increasing the LED operation lifetime.
It was also shown that the reduction of the LED thermal impedance and lowering the junction temperature will strongly
impact the decay time. To confirm these assertions we also performed aging studies on micro-pixel 280 nm emission
deep UV LEDs. Pixels with diameter as small as 22 um were interconnected into a 10 x 10 array resulting in active area
of about 200 um x 200 um. Fabrication details and results of characterization of interconnected micro-pixel array deep
UV LEDs can be found elsewhere.'”"” Based on reliability studies described above the performance of micro-pixel
devices is expected to improve due to the following factors: 1) lower current density (at 20mA) due to larger device area;
i) lower operating voltage due to a lower series resistance; iii) lower junction temperature due to both (i) and (ii). For
this study devices were flip-chip mounted onto TO-66 headers for thermal management. At 20 mA dc pump current the
10 x 10 micro-pixel design LED showed the operating voltage to be 0.7 V lower than that for 200 pm x 200 um square
device and 1.2 V lower than that for standard 100 pm x 100 pum square device. As follows from the stress data presented
in Fig. 6, the increase of the junction area led to improved reliability performance of micro-pixel LED with the projected

operation life-time for 50% power reduction in excess of 1000 hours.
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Figure 6. Power degradation of packaged deep UV LED at 20 mA dc and 25 °C heatsink temperature.

5. DISCUSSION

Reduction of the output power of deep UV LED is caused by the reduction of the carrier concentration in MQW
region. In turn, this may be due to either increase of nonradiative recombination (through appearance of additional
nonradiative defects) or reduction of the number of injected into the active region (due to enhanced carrier overflow or a
formation of leakage paths). In Fig. 7 we include the L-I characteristics of packaged 280 nm deep UV LED before and
after stress. At high pump current the output power varies linearly with current (L ~ /) indicating the radiative
recombination to be a dominating process. At low current the L-1 characteristic is superlinear (L ~ /™), which reflects the
contribution of nonradiative recombination into overall recombination generation/recombination balance.”**' Higher
value of m in superlinear regime indicates higher input of nonradiative recombination. As seen from Fig. 7, the value of

m increased from 1.58 to 1.63 after long term stressing, indicating the slight increase of the density of nonradiative
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recombination centers during the stress. This process is typically associated with the formation of dark spot or dark line

defects due to dislocation multiplication and/or impurity diffusion.”>*
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Figure 7. L-I characteristics of deep UV LED before and after stress.

To study the details of the voltage degradation we measured small signal impedance of LED before and after stress
at different dc bias levels.**** The frequency dependence of the LED impedance shows two distinct poles corresponding
to the equivalent circuit consisting of a resistor and two RC circuits connected in series. The resistor corresponds to the
contribution of Ohmic contacts and resistive paths along the n-AlGaN layer. The first RC circuit is attributed to the space
charge region of our LED structure and its characteristic time corresponds to the differential carrier lifetime 7, in the
active region.”* As shown in Fig. 8, bias dependent differential carrier lifetime was found to strongly depend on dc bias
current reducing from 6.6 ns at 1 mA to 610 ps at 20 mA dc before the device was subjected to long term stress. After
stress the values of the 7 reduced in the whole range of bias current changing from 5 ns at 1 mA to 470 ps at 20 mA dc.
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Figure 8. Differential carrier lifetime extracted from small signal LED impedance measurements.
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We believe that the second RC circuit corresponds to either AlIGaN/GaN heterojunction or to the surface depletion of the
p-layers of our LED structure. Much longer (30 ns to 4 ns) values of characteristic time constants possibly indicate
carrier trapping. As seen from Fig. 8, the values of this time constant do not change appreciably after the LED stress
showing no degradation of p-contact layers. From the analysis of the impedance data the value of the series resistance
was found to reduce slightly after the long term stress but the equivalent resistance of the active region increased
strongly after degradation corresponding to the increase of the operating voltage shown before. The data of Fig. 8 shows
that during the long term stress major changes in carrier generation/recombination balance take place in the active region

but not in emitter and contact layers.

6. CONCLUSIONS

In conclusion, the AlGaN based 280nm UV LEDs revealed two degradation modes: catastrophic failure and gradual
degradation. Nonuniform morphology of top p-layers is shown to cause local alloying between metal and semiconductor
resulting in local shorting and catastrophic failure. Gradual power degradation is shown to be uniform over the device
active area. Gradual power decay revealed two time constants, which were current density and temperature dependent.
For the temperature dependent part, the activation energies of degradation were determined to be 0.27 eV under a pump
current density of 200 A/cm”. Analysis of the L-I characteristics and small signal impedance confirm the power

degradation to be linked to the increase of nonradiative recombination defects after degradation.
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