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ABSTRACT

The temperature distribution in InGaN-MQW light emitting diodes was examined
during operation with spatially resolved micro-Raman and micro-Electroluminescence
measurements. The experimental results were compared to finite element simulations. A
good agreement between the different experimental and calculated data is found.
Maximum operation temperatures up to 140 °C at a moderate forward currents of 30 mA
are revealed by all three independent methods. Influences of substrate thickness, different
substrates, and even bond-wires are shown.

INTRODUCTION

Generation of heat by ohmic losses limits performance and lifetime of light-
emitting diodes (LEDs). Due to the high bandgap voltages GaN-based devices are subject
of especially severe ohmic heating. Increased temperature reduces quantum efficiency
and enhances diffusion of impurities (e.g. dopands, contact metals) as well as migration
of dislocations [1].

UV-emitting InGaN-MQW LEDs, grown by low pressure MOVPE on sapphire
substrates, are investigated regarding their junction temperature at different injection
currents. Temperature distributions are determined by E2 phonon scattering (Raman),
spatially resolved µ-EL, and finite element simulations. Influences of substrate
thickness (sapphire) and material (sapphire/SiC) on device temperatures are studied.

EXPERIMENTAL

Our UV-LEDs show narrow single peak emission at about 410 nm. A buffer layer
of 2 µm undoped GaN is followed by 1 µm Si-doped GaN. The active region consists of
a 4 x InGaN/GaN (1.5 nm/5.5 nm) quantum well structure followed by a Mg-doped
Al0.08Ga0.92N electron barrier and 300 nm p-GaN cladding layer. In the Mg-doped GaN
we have free carrier concentrations of p=2-3 x 1017 cm-3 in the Si-doped GaN of n=5 x
1018 cm-3. A circular mesa is structured by chemically assisted ion beam etching.
Contacts consist of an evaporated Ni/Au metallization with an inner circular area as p-
contact and a surrounding n-contact. These devices have series resistances of
approximately 30 Ω. For measurements they are diced into pieces with a size of some
800 µm x 1800 µm and mounted on teflon or metal heat sinks.

Operation of these LEDs on a temperature controlled heat sink displays
impressively the problems aligned with temperature creation: Output power decreases
exponentially with increased heat sink temperature (Figure. 1), since the internal quantum
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Figure 1: Temperature dependence of output power showing the almost exponential
decrease of light output with increased temperature.

efficiency is depending almost exponentially on temperature according to equation (1)
approximated for higher temperatures.
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with iEiNpnii ,,,,,τη  being the internal quantum efficiency, the lifetime, hole and

electron concentration, concentrations and energies of radiative and non-radiative
recombination mechanisms. The indices t and r account for trap and radiative related
transitions.

The temperature of a LED can be derived from the emission spectrum with a fit
using several fitting parameters [2], it is also possible to exploit only the short
wavelength slope near the maximum of the EL spectrum for temperature determination
according to reference [3].

Full fits on µ-EL spectra are applied to get a spatially resolved picture of the
temperature distribution. The backside emission of a LED was therefore spectrally and
spatially mapped through the sapphire substrate. Figure 2 shows the integral EL intensity
and wavelength distribution of a LED driven with a current density of 91 A/cm². The
elevated current density beneath the p-contact is reflected by an increased temperature. A
heat drain effect by the bondwire can be seen in a reduced redshift. Details are published
in [4].

Temperature determination with Raman measurements makes use of the phonon
shift. From the relative shift of the GaN E2-phonon frequency of a LED under operational
current with respect to the frequency at zero current, the temperature of the device can be
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Figure 2. Temperature distribution derived at different points from µ-EL (current density
j=320 A/cm²), the redshift beneath the p-contact is due to increased temperature
resulting from higher current density, the reduced redshift beneath the bond wire is due
to heat drain effect. For an extended discussion of measuring method and results cf. [4]

computed. A detailed description of this measurement method is given in reference [5]. A
spot diameter of 0.7 µm permits high spatial resolution.

Results of Raman measurements are depicted in Figure 3 in comparison with data
obtained from high energy slope fits of EL spectra. In good agreement, both methods
reveal temperatures of about 415 K already at moderate currents of 30 mA.

Figure 3. Temperature of LEDs under operation, LEDs mounted on teflon heat sink.
Comparison of temperatures derived from EL and Raman measurements. In good
agreement, both methods yield temperatures as high as 415 K even at moderate currents
of 30 mA.
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SIMULATION

The finite element calculations for temperature distributions in LEDs are done
using ANSYS, a well established commercial simulation program which is widely used
for simulations of mechanical and electrical problems. Its capabilities include a combined
thermal-electrical solver employing all linear effects and non-linear thermal transport
properties. The simulations include the material parameters of GaN, InGaN, AlGaN,
Al2O3, SiC and Ni/Au as contact materials. Temperature dependence of thermal
conductivity, carrier concentration (particularly thermally depending Mg acceptor
ionization), carrier mobility, and contribution to thermal conductivity from free carriers
have been incorporated into the model. To account for our particular problem the
geometry and electrical IV-characteristics of the LEDs are included. There are no fitting
parameters within the simulation. Besides the mentioned material and device parameters
the only input is the backside temperature serving as a boundary condition. This
temperature has been measured with a thermal probe. The solver than returns a 3-
dimensional distribution (with radial symmetry) of electrical and thermal profiles present
in the LEDs under various injection conditions as well as in dependence of the boundary
conditions, i.e. thermal contact and properties of the base to which the LEDs are
mounted. Figure 4 shows a cross section of such a simulated temperature distribution.
Surface temperatures drawn of simulations were compared to Raman data (Figure 5). A
refined simulation is improved by implementing heat drain by bond wires. A good match
of both methods could be obtained.

Figure 4. Cross section of  temperature distribution in a LED under operational current
of 63 mA mounted on metal heat sink obtained with finite element calculation. The
elevated temperature beneath the p-contact is clearly visible.
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Figure 5. Comparison of spatially resolved temperature profiles obtained from Raman
measurements and finite element calculations. Operation conditions as in Figure 4. The
data show good agreement of both methods. The impact of a bond-wire on device
temperature is demonstrated.

Considering the good agreement between simulation and experiment, we used ANSYS to
calculate the influence of substrate thickness and material on temperatures in LEDs.
Results are compiled in Figure 6. The simulations show strong impacts both of substrate
thickness and material. Especially the improved heat transport through SiC substrates is
clearly visible.

Figure 6. Device simulations with varied substrate thickness or material show the impact
of the thermal conductivity of the substrate. Advantages of SiC are demonstrated.
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CONCLUSIONS

Using Raman and EL measurements together with finite element calculations we
obtained a coherent picture on temperature distribution in InGaN-MQW LEDs. The
different approaches reveal good agreement both in absolute temperature and in spatial
distribution. The operating current causes significant heating limiting the output power
and lifetime of devices. Even for moderate currents our devices show strong heating.
Most heat is generated beneath the p-contact. Temperature drain effects of bond wires
can be detected and simulated. The good agreement of simulation and experiment allows
the employment of simulation as a versatile tool for further improvement of devices.
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