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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 accurates±3 °Cd. A theoretical model for the dependence
of the diode forward voltagesVfd on junction temperaturesTjd 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 sink. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1849838g

III–V nitride semiconductors have a direct band gap and
thus are very suitable solid-state ultravioletsUVd light
sources. Such UV sources have a wide variety of applica-
tions, including UV-induced fluorescence, spectrofluometry,
sanitation, communications, photo-catalytic processes, high
resolution optics, lighting, and displays. Double heterostruc-
ture GaInN/AlGaN UV light-emitting diodessLEDsd emit-
ting at 371 nm with external quantum efficiency of 7.5% and
output powers of 5 mW have been demonstrated.1 In the
deep UV, devices emitting 1.3 mW at 290 nm were recently
demonstrated by Sandia National Laboratories.2 Recent im-
provements in high-power UV emitters include epitaxial
lift-off 3 and a micro-pixel design to reduce parasitic
resistances.4,5 The junction temperature is a critical param-
eter and affects internal efficiency, maximum output power,
and reliability. Several groups have reported measurements
of the junction temperature of laser diodes using micro-
Raman spectroscopy,6 thermal resistance,7 photothermal re-
flectance microscopy,8 electroluminescence,9 and photolumin

escence.10 A noncontact method based on the emission
peak ratio has been demonstrated for a white dichromatic
LED source.11

In this letter, three methods are employed to measure the
junction and carrier temperature of AlGaN UV LEDs emit-
ting at 295 nm.

From the well-known Shockley equERROR

ation, for a forward voltageVf @kT/e, we obtain
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whereJs is the saturation current density,nideal is the diode-
ideality factor, and the other symbols have their usual
meaning.12 The saturation current density depends on the dif-
fusion constants of electrons and holes, the lifetimes of elec-
trons and holes, the effective density of states at the conduc-

tion band and valence band edge, and the band gap energy,
all of which depend on the junction temperature. Substituting
the temperature dependencies of these quantitiessusing m
~T−3/2 for phonon scattering,D~T−1/2, and NC and NV
~T3/2d into Eq. s1d and executing the derivative yields
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This equation gives the fundamental temperature depen-
dence of the forward voltage and includes the temperature
dependence of the energy gap which in prior work had been
neglected.13 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 statesNC and NV, re-
spectively. LEDs are typically operated at forward voltages
close to the built-in voltage, i.e.,Vf <Vbi. For nondegenerate
doping concentrations, we can thus write

eVf − Eg < kT lnSNDNA

NCNV
D . s3d

Furthermore, the band gap energy can be expressed asEg
=E0−aT2/ sb+Td wherea andb are the Varshni parameters.
Substituting Eq.s3d into Eq. s2d and using the Varshni
parameters yields
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This equation is a very useful expression for the temperature
coefficient of the forward voltage. For GaN diodes, the cal-
culated dVf /dT=−1.76 mV/K is in good agreement with the
experimental value of −2.3 mV/K.12

The diode forward voltage is used to assess the tempera-
ture of ap–n junction by first conducting a calibration mea-
surement and subsequently the junction-temperature mea-
surement. In the calibration, a pulsed forward current drives
the LED which is located in the temperature-controlledadElectronic mail: efschubert@rpi.edu
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ambient of an oven. A small duty cycle of 0.1% ensures that
the junction temperature is equal to the ambient temperature.
The pulsed forward voltage and current of the device are
measured with an oscilloscope at different ambient tempera-
tures. The calibration measurement thus establishes the rela-
tion betweenVf andTj.

In the same calibration measurement, the emission peak
energy is recorded which allows one to deduce the junction
temperature from the shift of the peak energy with tempera-
ture. The high-energy slope of emission spectrum for a non-
degenerate semiconductor follows the proportionalityI
~exps−E/kTd.14 Thus, the high-energy slope allows one to
deduce the carrier temperature as a function of current.

To demonstrate the viability of the methods, the junction
temperature of AlGaN UV LEDs emitting at 295 nm is
determined.2 A 235 array of 0.3 mm30.3 mm UV LEDs is
mounted in a TO-257 package. The device contains three-
finger-interdigitatedp and n electrodes to improve the cur-
rent spreading. The substrate-emitting LEDs2 were grown by
metalorganic vapor phase epitaxy onc-plane sapphire sub-
strates using a 2200 Å AlN buffer followed by a
0.4-mm-thick undoped Al0.48Ga0.52N base layer. Next, a ten-
period superlattice with 100 Å AlN barriers and 100 Å
Al0.60Ga0.40N wells was grown followed by a thick, 0.85mm
Si-doped, n-type Al0.48Ga0.52N current spreading layer.
N-type Al0.48Ga0.52N current spreading layers have typical
mobilities of ,55 cm2/V s and carrier concentrations of
,2.531018 cm−3. A multiple quantum-well active region
was grown consisting of 3 periods of 20 Å Al0.36Ga0.64N
wells and 50 Å Si-doped Al0.48Ga0.52N barriers. The struc-
ture was completed with a 100 Å Mg-doped Al0.60Ga0.40N
layer, followed by a 200 Åp-GaN contact layer.

Figure 1sad shows theI –V curve of the LED sample for
pulsed and dc current. The forward voltage at 20 mA is
6.24 V. The reverse breakdown voltage of the diode is
13.1 V. The electroluminescence spectrum displays a nar-
row, clean line with full width at half maximum of 11.6 nm.
The LED emission spectra for a forward current ofI f
=20 mA under dc and pulsed condition are shown in Fig.
1sbd. The peak emission wavelength is 294.6 nm. A low-
intensity below-band-gap transition is found at the long-
wavelength part of the electroluminescence spectrum. It has
been shown2 that the intensity of the below-band-gap transi-
tion decreases with increasing injection current, consistent
with deep-level transitions.

During the calibration measurement, the pulsed current
is increased from 10 to 50 mA in 10 mA increments. The
measured forward-voltage-versus-oven-temperature relation
is shown in Fig. 2sad. The dashed lines are linear fits to the
experimental data. Figure 2sbd shows the measured peak-
position-versus-oven-temperature calibration results. From
Fig. 2sad, the experimental temperature coefficient is
dVf /dT=−5.8 mV/K. ForNA=ND=1016 cm−3, the value cal-
culated from Eq.s4d is −2.04 mV/K, which is smaller than
the experimental coefficient. The difference between the the-
oretical and experimental coefficients is attributed to a higher
doping activation in the confinement regions at elevated tem-
peratures. Higher doping activation increases the conductiv-
ity of the confinement regions thereby decreasingVf.

Figure 3 shows the junction temperature versus the dc
forward current by using diode forward voltage and emission
peak shift. BothTj-vs -I f curves shown in the figure are
approximately linear. Linear fits of these curves are shown in

FIG. 1. sad Current–voltage curve andsbd emission spectra under pulsed and
dc condition for AlGaN deep UV LED.

FIG. 2. sad Experimental forward voltage andsbd peak position vs oven
temperature for different pulsed injection currents. The dashed line is a
linear fit to the experimental data.
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the same diagram. The junction temperature obtained by
measuring diode forward voltage is most sensitive and its
accuracy is estimated to be ±3 °C. The junction temperature
for I f =20 mA is 54 °C.

The junction temperature determined from the emission
peak energy shift is less accurate than the forward-voltage
method due to the spectral width of the emission spectra. It is
commonly accepted that the accuracy of the peak energy
value is about 10% of the emission linewidth. If the error bar
caused by the uncertainty in peak positions±24 °Cd and the
error bar of the forward-voltage measurements±3 °Cd are
taken into account, the first two methods are in good agree-
ment, as shown in Fig. 3.

The temperature measured by using high energy slope
method is thecarrier temperature, which is higher than the
lattice temperature at the junction. The high carrier tempera-
ture sfrom the top curve in Fig. 3d may be due to a high
forward voltage and high-energy injection of carriers into
the active region. The forward voltage increases from
5.2 to 7.7 V when the forward current increases from
10 to 50 mA, which is somewhat higher than the expected
forward voltage. The broadening of the emission spectra due
to unavoidable alloy composition fluctuationssalloy broad-
eningd in the AlGaN active region can increase the linewidth;
decrease the high-energy slope, thereby increasing the appar-
ent carrier temperature.

In order to reduce the thermal resistance of the sample,
several experiments were conducted with different heat
sinks. Three different curves are shown in Fig. 4 along with
their thermal resistivities. The top curve corresponds to the
packaged device, the middle curve corresponds to the device
screwed on a large heat sink, and the bottom curve corre-
sponds to the packaged device mounted with a good thermal
contact on the heat sink. The thermal contact is established
with a thermal paste from Commonwealth Scientific Corpo-
ration as used for microelectronics applications. The range of
the junction temperature is between 43 and 87 °C when the
dc forward current increases from 10 to 50 mA. The thermal
resistance is as low as 87.6 K/W.

In conclusion, the junction and carrier temperatures for
AlGaN UV LEDs are measured using three methods. A lin-
ear relation between the junction temperature and the for-

ward current is found. The experimental results indicate that
diode forward-voltage method is the most accurate one
s±3 °Cd and can be used for a wide range of electronic and
optoelectronicpn-junction devices. The junction temperature
increases to 87 °C for the injection current of 50 mA. The
difference in the theoretical and experimental temperature
coefficient of forward voltage is attributed to the temperature
coefficient of the confinement regions whose resistivity de-
creases with increasing temperature due to a higher doping
activation. The thermal resistance of the sample mounted on
a heat sink with thermal paste is 87.6 K/W.
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FIG. 3. Junction temperature as a function of dc forward current for an
AlGaN deep UV LED. Also shown is a linear fit for the experimental data
sdashed lined.

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
linear fit for the experimental datasdashed lined.
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