HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 031907(2005

Junction and carrier temperature measurements in deep-ultraviolet
light-emitting diodes using three different methods
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The junction temperature of AlGaN ultraviolet light-emitting diodes emitting at 295 nm is measured
by using the temperature coefficients of the diode forward voltage and emission peak energy. The
high-energy slope of the spectrum is explored to measure the carrier temperature. A linear relation
between junction temperature and current is found. Analysis of the experimental methods reveals
that the diode-forward voltage is the most accufaf ° C). A theoretical model for the dependence

of the diode forward voltagéV) on junction temperatur€T;) is developed that takes into account

the temperature dependence of the energy gap. A thermal resistance of 87.6 K/W is obtained with
the device mounted with thermal paste on a heat sinkR005 American Institute of Physics
[DOI: 10.1063/1.1849838

I1I-V nitride semiconductors have a direct band gap andion band and valence band edge, and the band gap energy,
thus are very suitable solid-state ultraviolddV) light all of which depend on the junction temperature. Substituting
sources. Such UV sources have a wide variety of applicathe temperature dependencies of these quantitissg u
tions, including UV-induced fluorescence, spectrofluometrys<T-32 for phonon scatteringD T2 and Nc and Ny
sanitation, communications, photo-catalytic processes, high T®?) into Eq. (1) and executing the derivative yields
resolution optics, lighting, and displays. Double heterostruc-

ture GalnN/AIGaN UV light-emitting diode§.EDs) emit- avi _eVi—E + 1dgy _ ﬂ( )
ting at 371 nm with external quantum efficiency of 7.5% and dT eT edT e

output powers of 5 mW have been demonstrdtéd. the
deep UV, devices emitting 1.3 mW at 290 nm were recentlyden
demonstrated by Sandia National Laboratofi€&ecent im-
provements in high-power UV emitters include epitaxial
lift-off > and a micro-pixel design to reduce parasitic
resistance$> The junction temperature is a critical param-
eter and affects internal efficiency, maximum output power
and reliability. Several groups have reported measuremen
of the junction temperature of laser diodes using micro
Raman spectroscoﬁythermal resistancé photothermal re-
flectance microscopyelectroluminescencéand photolumin

escence’ A noncontact method based on the emission oNa
peak ratio has been demonstrated for a white dichromatic eVi-Ey~ kT'”( ) 3)

1 NcNy

LED source*

In this letter, three methods are employed to measure theurthermore, the band gap energy can be expressdg, as
junction and carrier temperature of AIGaN UV LEDs emit- =Eq—aT?/(B+T) wherea andg are the Varshni parameters.

This equation gives the fundamental temperature depen-
ce of the forward voltage and includes the temperature
dependence of the energy gap which in prior work had been
neglected® The first, second, and third summand on the
right-hand side of the equation is due to the temperature
dependence of the intrinsic carrier concentration, band gap
energy, and the effective densities of staltgsand Ny, re-
Espectively. LEDs are typically operated at forward voltages
“close to the built-in voltage, i.eV;=V,;. For nondegenerate
doping concentrations, we can thus write

ting at 295 nm. Substituting Eq.(3) into Eq. (2) and using the Varshni
From the well-known Shockley e§foR parameters yields
ation, for a forward voltag&/;>kT/e, we obtain av K (NDNA> aT(T+28) 3K “
dT e \NcN eT+B)?2 e
0Vi _ d [ neakT, (3 @ oo W S
dT ~ dT e /] This equation is a very useful expression for the temperature

_ _ . . . coefficient of the forward voltage. For GaN diodes, the cal-
whereJs is the saturation current densitye, is the diode-  culated d/;/dT=-1.76 mV/K is in good agreement with the
ideality fgctor, and the other symbols have their Usua|experimental value of =2.3 mV/ k2
meaningl. The saturation current density depends on the dif- " 14 diode forward voltage is used to assess the tempera-

fusion constants of electrons and holes, the lifetimes of elecg, e of ap—n junction by first conducting a calibration mea-
trons and holes, the effective density of states at the condugy,rement and subsequently the junction-temperature mea-

surement. In the calibration, a pulsed forward current drives
@Electronic mail: efschubert@rpi.edu the LED which is located in the temperature-controlled
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o FIG. 2. (a) Experimental forward voltage an@) peak position vs oven
FIG. 1. (a) Current-voltage curve ar®) emission spectra under pulsed and temperature for different pulsed injection currents. The dashed line is a
dc condition for AlGaN deep UV LED. linear fit to the experimental data.

ambient of an oven. A small duty cycle of 0.1% ensures that .
the junction temperature is equal to the ambient temperature. Figure Xa) shows thel -V curve of the LED sample for .
The pulsed forward voltage and current of the device ar@U/Sed and dc current. The forward voltage at 20 mA s
measured with an oscilloscope at different ambient tempered:24 V- The reverse breakdown voltage of the diode is
tures. The calibration measurement thus establishes the refa3-1 V- The electroluminescence spectrum displays a nar-
tion betweenV; andT;. row, clean Ilne_ Wl_th full width at half maximum of 11.6 nm.

In the same calibration measurement, the emission peak€ LED emission spectra for a forward current lof
energy is recorded which allows one to deduce the junctiorr 20 MA under dc and pulsed condition are shown in Fig.
temperature from the shift of the peak energy with temperal(P). The peak emission wavelength is 294.6 nm. A low-
ture. The high-energy slope of emission spectrum for a nonintensity below-band-gap transition is found at the long-
degenerate semiconductor follows the proportionality Wavelength part of the electroluminescence spectrum. It has
xexp(—-E/kT).* Thus, the high-energy slope allows one to Peen showhthat the intensity of the below-band-gap transi-
deduce the carrier temperature as a function of current. tion decreases with increasing injection current, consistent

To demonstrate the viability of the methods, the junctionWith deep-level transitions.
temperature of AlGaN UV LEDs emitting at 295 nm is During the calibration measurement, the pulsed current
determined® A 2 X 5 array of 0.3 mmx 0.3 mm UV LEDs is is increased from 10 to 50 mA in 10 mA increments. The
mounted in a TO-257 package. The device contains thregheasured forward-voltage-versus-oven-temperature relation
finger-interdigitatecb and n electrodes to improve the cur- is shown in Fig. 23). The dashed lines are linear fits to the
rent spreading. The substrate-emitting LER&@re grown by ~ experimental data. Figure(ld shows the measured peak-
metalorganic vapor phase epitaxy ofplane sapphire sub- position-versus-oven-temperature calibration results. From
strates using a 2200 A AIN buffer followed by a Fig. 2@), the experimental temperature coefficient is
0.4-um-thick undoped AJ ,6Ga, 5N base layer. Next, a ten- dV;/dT=-5.8 mV/K. ForNpA=Np= 106 cm3, the value cal-
period superlattice with 100 A AIN barriers and 100 A culated from Eq(4) is —2.04 mV/K, which is smaller than
Al 6dGa 4\ Wells was grown followed by a thick, 0.8sm  the experimental coefficient. The difference between the the-
Si-doped, n-type Aly.GasN current spreading layer. oretical and experimental coefficients is attributed to a higher
N-type Aly1dGaysN current spreading layers have typical doping activation in the confinement regions at elevated tem-
mobilities of ~55 cn?/V's and carrier concentrations of peratures. Higher doping activation increases the conductiv-
~2.5x 10" cm3. A multiple quantum-well active region ity of the confinement regions thereby decreasifg
was grown consisting of 3 periods of 20 A AGa, ¢N Figure 3 shows the junction temperature versus the dc
wells and 50 A Si-doped Al,Ga N barriers. The struc- forward current by using diode forward voltage and emission
ture was completed with a 100 A Mg-doped AiGa, 4N peak shift. BothT;-vs -I; curves shown in the figure are

layer, followed by a 200 Ap-GaN contact layer. approximately linear. Linear fits of these curves are shown in
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FIG. 3. Junction temperature as a fun(_:tion qf dc forward c_urrent for an DC forward current /f (mA)
AlGaN deep UV LED. Also shown is a linear fit for the experimental data
(dashed ling

FIG. 4. Junction temperature as a function of dc forward current for an

. . . . AlGaN deep UV LED for different packaging conditions. Also shown is a
the same diagram. The junction temperature obtained by, .., fit forpthe experimental da(a,gshed%mg

measuring diode forward voltage is most sensitive and its
z)iclur:a% ';Esits"gitf%to be +3 °C. The junction temperaturfve\{ard current is found. The exper?mental results indicate that
'I'he junction température determined from the emissio diode forward-voltage method is the most accurate one
e +3 °C) and can be used for a wide range of electronic and
peak energy shift is less accurate than the forward-voltag T . . . .
method due to the spectral width of the emission spectra. It igptoelectronlqamunctlon devices. The junciion temperature

commonly accepted that the accuracy of the peak energf®5e5 0 GF T B TR INREOR BUTEE B S0 B TIE
value is about 10% of the emission linewidth. If the error bar P P

caused by the uncertainty in peak positia24 °C) and the coefficient of forward voltage is attributed to the temperature

error bar of the forward-voltage measureméss °C) are coefficient of the confinement regions whose resistivity de-

taken int t the first t thod . q creases with increasing temperature due to a higher doping
aken into account, the Trst two methods are In good agre€ .y ation. The thermal resistance of the sample mounted on
ment, as shown in Fig. 3.

The temperature measured by using high energy slop% heat sink with thermal paste is 87.6 K/W.
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