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The junction temperature and thermal resistance of AlGaN and GalnN ultraviolet (UV) light-emitting diodes (LEDs) emitting
at 295 and 375 nm, respectively, are measured using the temperature coefficient of diode-forward voltage. An analysis of the
experimental method reveals that the diode-forward voltage has a high accuracy of £3°C. A comprehensive theoretical model
for the dependence of diode-forward voltage (V;) on junction temperature (7;) is developed taking into account the
temperature dependence of the energy gap and the temperature coefficient of diode resistance. The difference between the
junction voltage temperature coefficient (dV;/dT) and the forward voltage temperature coefficient (dV;/dT) is shown to be
caused by diode series resistance. The data indicate that the n-type neutral regions are the dominant resistive element in deep-
UV devices. A linear relationship between junction temperature and current is found. Junction temperature is also measured
by the emission-peak-shift method. The high-energy slope of the spectrum is explored in the measurement of carrier

temperature. [DOI: 10.1143/JJAP.44.7260]
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1. Introduction

III-V nitride semiconductors have a direct band gap and
are thus very suitable for solid-state ultraviolet (UV) light
sources. Such UV sources have a wide variety of applica-
tions, including those in UV-induced fluorescence, lighting,
displays, photocatalytic processes, and high-resolution op-
tics. Double-heterostructure GalnN/AlIGaN UV light-emit-
ting diodes (LEDs) emitting at 371 nm with an external
quantum efficiency of 7.5% and an output power of 5mW
have been demonstrated.” For deep-UV LEDs (1 < 320
nm), major goals are a short peak wavelength, a high
efficiency, and a high output power. So far, AlGaN deep-UV
LEDs with mW output power have been demonstrated.>? It
was found, however, that the shorter the emission wave-
length, the lower the device efficiency, indicating that
junction heating problems are serious in deep-UV LEDs.
Junction temperature is a critical parameter that affects
internal quantum efficiency, external efficiency, maximum
output power, and reliability. Hence, it is very important to
accurately evaluate the junction temperature and thermal
resistance of UV devices. Several groups have reported the
measurement of the junction temperature of LEDs and laser
diodes using micro-Raman spectroscopy,” threshold volt-
age,” thermal resistance,” photothermal reflectance micros-
copy (PRM),” electroluminescence (EL),® photolumines-
cence (PL),” a noncontact method'” and by using a nematic
liquid crystal with infrared (IR) laser illumination.') How-
ever, Raman spectroscopy needs a sophisticated experimen-
tal setup and has a limited accuracy; the threshold-voltage
method and PRM are not applicable to LEDs; EL and PL
methods are also limited in accuracy; the noncontact
method'? uses the emission peak ratio of a dichromatic
LED and thus can not be used for monochromatic LEDs.

In this study, diode-forward voltage is employed in the
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measurement of the junction temperature of UV LEDs with
a high accuracy. A comprehensive analysis of the method
and its application to UV LEDs are presented. The model
takes into account the temperature coefficient of diode series
resistance. The n-type neutral layer resistance is the
dominant resistive factor in deep-UV LEDs. A linear
relationship between junction temperature and current is
found. Junction temperature is also measured by the
emission-peak-shift method. The high-energy slope of the
spectrum is explored in the measurement of the carrier
temperature.

2. Theoretical Model of dV;/dT

In order to derive the relationship between the forward
voltage (V¢) of a diode and junction temperature, we start
with the modified Shockley equation that includes a
resistance term

J=J il 1
=J|exp| ——= ) -
! P NidealkT
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=J|exp| ————8M8M8—) — 1],
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where J; is the saturation current density, V; is the junction
voltage, A is the area of the cross section of the device, Ry
is the diode series resistance, and njqe, 1S the diode
ideality factor. The saturation current density, Js, can be

expressed as
J D, n? N D, n} @
= e _ —_——,
s Th ND Tp NA

where D, and D, are the diffusion constants of electrons and
holes, and 7, and 7, are the minority carrier lifetimes of
electrons and holes, respectively. Both the diffusion con-
stants and lifetimes are temperature-dependent. For phonon
scattering, the diffusion constants decrease with temperature
according to T~/ dependence. The carrier lifetimes can
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Fig. 1. (a) Schematic dependence of In |/| on junction voltage V; at low, medium and high temperatures. (b) IV of thermally activated
series resistance. (¢) Temperature dependence of forward voltage of resistive diode.

decrease (nonradiative recombination) or increase (radiative
recombination) with temperature.

The intrinsic carrier concentration n;, which depends
exponentially on temperature, is given by

NcN Ee )
i = exp| — —— ).

n ciVv eXp 2k

where N¢ and Ny are the effective densities of states at the
conduction band and valence band edge, respectively. The
conduction-band effective density of states is given by

3/2
7) M, x T2, 4)

where my, is the density-of-state effective mass for electrons.
M, is the number of equivalent minima in the conduction
band. For the valence-band density of states, Nc and mg. are
replaced by Ny and myy, respectively, and M, = 1.

Figure 1(a) shows the dependence of In|J| on junction
voltage V; at different junction temperatures. An inspection
of Fig. 1(a) shows that, at a constant current density,
junction voltage decreases with increasing temperature.
Figures 1(b) and 1(c) show the effect of series resistance.
An inspection of voltage changes at the same current in
Figs. 1(a) and 1(c), shows that series resistance increases the
temperature coefficient of forward voltage. Thus, for UV
LEDs, which typically have a large series resistance, the
temperature coefficient of resistance must be taken into
account.

For V; > kT /e, eq. (1) can be approximated by

eVi — eAJfRS)

5
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Solving eq. (5) for the forward voltage yields
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S
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e
In AlGaN deep-UV LEDs, series resistance is formed by
either the p-type or the n-type neutral region. Let us
arbitrarily assume that the dominant contribution is due to
the p-type GaN layer. Then Ry can be written as
L 1 L

Ry=p—= —. 7
s=P7 erop A (7

Generally, u, is proportional to 75,'? where $ has a typical
value of —1/2 for phonon scattering. The carrier concen-
tration p can be expressed as'®

1 12 E.
P (g NDNC) CXP<— 2]: ), (8)

where g is the ground-state degeneracy (g = 2 for donors
and g =4 for acceptors in GaN) and E, is the acceptor
activation energy. The derivative of forward voltage with
respect to junction temperature for current / can then be
written as

dvi  av, dR,
— =+ AL
dr ~ dr dr

©))

d ThigeakT (7 dR,

= & | M () |+ A
ar| e 7l a7

We first consider the first term on the right-hand side of the
equation. By substituting eqs. (3) and (4) into the first term,
the temperature dependences of n;, Eq, Nc, and Ny are taken
into account. Executing the derivatives on the right-hand
side of eq. (9) yields

dvj_evj—EngldEg 3k
dT ~  eT e dT ’

This equation gives the fundamental temperature depend-
ence of junction voltage. The first summand on the right-
hand side of the equation is due to the temperature
dependence of intrinsic carrier concentration. The second
summand is due to the temperature dependence of band-gap
energy. Note that the second summand was not included in
earlier derivations.'® The contributions of this new term are
about 24% for GaN, 29% for GaAs, and 15% for Si. The
third summand, 3k/e, is due to the temperature dependence
of N¢ and Ny. The inclusion of the temperature dependences
of diffusion constants and lifetimes would only yield a minor
contribution to the temperature coefficient (< 5% by
calculation) and we therefore neglect these contributions.
Light-emitting diodes are typically operated with their
junction voltage close to the built-in voltage, i.e., V; & V.
For nondegenerate doping concentrations, we can write

NpN NN
evj—Egkaln< > A)—len( < )

(10)
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Furthermore, band-gap energy can be expressed as E, =
Ey —aT?/(B+ T), where o and B are the Varshni param-
eters. For GaN," «=0.77meV/K? and B=600K.
Substituting eq. (11) and Varshni parameters into eq. (10)
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Fig. 2. (a) Current—voltage curve and (b) emission spectra under pulsed

and DC conditions for AlGaN deep-UV LED.

yields

7~ (12)
dT e NcNvy e(T+ p)
This equation is a very useful expression for the temperature
coefficient of junction voltage. Note that this expression is a
lower limit for the magnitude of dV;/dT, because the
Jjunction voltage is less than the built-in voltage in all
practical cases. For GaN with Np = Ny =2 X 10'°cm—3,
one obtains dV;/dT = —1.76 mV /K. For a Si p-n junction
with the same doping concentration, one obtains dV;/dT =
—1.74mV/K, which is in good agreement with that obtained
by Millman and Halkias.'¥

The derivative of series resistance with respect to junction
temperature can be written as

dRy, L d 1 . 1Ea+25kTR

dT  AdT \ew,p) 2 kT2 7
The decrease in resistivity in the p-type GaN layer with
increasing junction temperature was confirmed in a recent

report.'® Substituting egs. (10) and (13) into eq. (9), we
obtain
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Hence, dopant activation energy can be written as

1dE, 3k dV;

e dT e dar

E, — 2kT? <evj —E,
eT
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Since the experimental temperature coefficient of forward
voltage is obtained by measurement, the theoretical temper-
ature coefficient of junction voltage can be calculated by
eq. (12) and the series resistance Ry can be measured,
activation energy can be deduced from experimental data
using eq. (15).

Although a good understanding of the temperature
dependence of V; has now been achieved, it is, due to a
number of uncertainties, imperative that a calibration
measurement of V; as a function of T be performed. Thus,
the forward-voltage method consists of two series of
measurements, a calibration measurement and the actual
junction-temperature measurement. In the calibration meas-
urement, a pulsed forward current (with duty cycle 0.1%)
drives the LED sample located in a temperature-controlled
oven. The very small duty cycle ensures that the junction
temperature is equal to the ambient temperature. An
oscilloscope is used to measure the forward voltage Vi of
the LED sample at different oven temperatures. The
calibration measurement unequivocally establishes the rela-
tionship between forward voltage and junction temperature.

In the same calibration measurement, the emission peak
energy is recorded, which allows one to deduce junction
temperature from the shift of peak energy with temperature.
The high-energy slope of the emission spectrum for a
nondegenerate semiconductor follows the proportionality'”

hv
Iocexp —k7 N
c

where T, is the carrier temperature. From eq. (16), we can
get

(16)

Inl = const. — . (17)
kT,
The derivative of In7 with respect to v can be expressed as
din/ 1
=——. (18)
dhv kT,

Thus, the high-energy slope allows one to deduce the
carrier temperature as a function of current.

3. Experimental Results and Discussion

To demonstrate the viability of the method, the junction
temperatures of AlGaN deep-UV LEDs (Sandia National
Labs., with a peak wavelength of 295nm) and GalnN UV
LEDs (Nichia Corp., with a peak wavelength of 375nm)
were determined. The 295nm device is a 2 x 5 array of
0.3 x 0.3mm? UV LEDs mounted in a TO-257 package.
The device contains three-finger-interdigitated p and n
electrodes to improve the current spreading. The multiple
quantum-well active region of the LEDs consists of three
periods of 20A AlgsGageuN wells and 50 A Si-doped
Alg 4sGag 5o N barriers.” Figure 2(a) shows the /-V curve of
the AlIGaN/GaN LED sample under the pulsed current and
DC conditions. The forward voltage at 20 mA is 6.24 V. The
reverse breakdown voltage of the diode is 13.1V. The
electroluminescence spectrum displays a narrow, clean line
with full-width at half-maximum (FWHM) of 11.6nm



Jpn. J. Appl. Phys., Vol. 44, No. 10 (2005)

Y. XI et al. 7263

- -o— -v- —4- —— - —— - Pulsed current
10 20 30 40 50 60 70 80 a0 100 mA 0.1% duty cycle
=39} GalnN UV LED E 380 | GalnN UV LED
<. | 1 5 0 -
=~ 37t . §378 - -
[0) - 1 < - .
(o))
8 35+ 1 £ 376 .
© [ ] © N i
> o
©33rf 1 © 374 .
® >
s I 1 g ) )
£ 31 1 % 372 (b) ;
20 40 60 80 100 120 iy 20 40 60 80 100 120

Oven temperature To (°C)

Fig. 3.
UV LEDs.
8-0 T T T T T
- l,=50 mA
> 7.5F .
~ Y—
V\v =
<~ ol \'\va 40 mA_
o /=30 mA
g 6.5¢ ! 1
= —
S 60 e [ =20mA]
© °
g s5r_ -
5 — =10 mA
£ soll@ ] OmA]
20 40 60 80 100 120
Oven temperature T_ (°C)
Fig. 4.

AlGaN deep-UV LEDs.

corresponding to 6.36 k7. The LED emission spectra for a
forward current of /y = 20 mA under DC and pulsed current
conditions are shown in Fig. 2(b). The peak emission
wavelength is 294.6nm. A low-intensity below-band-gap
transition is found at the long-wavelength part of the
electroluminescence spectrum. It has been shown?® that the
intensity of the below-bandgap transition decreases with
increasing injection current, consistent with the behavior of
deep-level transitions.

For the 375nm device, the pulsed current is increased,
during the calibration measurement, from 10 to 110 mA in
10mA increments. The measured forward-voltage-versus-
junction-temperature relationship is shown in Fig. 3(a).
Figure 3(b) shows the measured peak-position-versus-
oven-temperature calibration results. From Fig. 3(a), the
temperature coefficient of forward voltage at low currents is
—2.3mV/K, slightly larger in magnitude than the theoretical
result of —1.76 mK/V. For the 295 nm device, during the
calibration measurement, the pulsed current is increased
from 10 to 50mA in 10mA increments. The measured
forward-voltage-versus-oven-temperature relationship s

Oven temperature To (°C)

(a) Experimental forward voltage and (b) peak position versus oven temperature for different pulsed injection currents in GalnN
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(a) Experimental forward voltage and (b) peak position versus oven temperature for different pulsed injection currents in

shown in Fig. 4(a). Figure 4(b) shows the measured
peak-position-versus-oven-temperature calibration results.
From Fig. 4(a), the experimental temperature coefficient is
dV;/dT = —5.8mV/K. For Ny = Np = 10'®cm—3, the val-
ue calculated from eq. (12) is —2.04 mV /K, which is smaller
(in magnitude) than the experimental coefficient. The differ-
ence between the theoretical and experimental coefficients is
attributed to the resistive contributions of the neutral regions
that exhibit a higher doping activation at elevated temper-
atures. A higher doping activation increases the conductivity
of the neutral regions, thereby decreasing V;.

Employing the experimental data discussed above,
activation energy can be evaluated using eq. (15). In our
GaN case, Ry~ 5%, I =20mA, dV;/dT = —2.3mV/K,
and dV;/dT = —1.7mV /K. If we set § = —1/2, E, is equal
to 120meV. For the AlGaN LEDs investigated here, Ry &
482, I =20mA, dV;/dT = —=5.8mV/K, dV;/dT = —2.04
mV/K, and E, is equal to 100 meV. These values are in very
good agreement with the Si donor activation energy that has
been reported to be 86meV in AlysoGagsoN.'"® This
suggests that the n-type resistance is the dominant contrib-
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utor to the series resistance in AlGaN UV LEDs. The Mg
acceptor activation energy is about 200 meV in GaN and
even higher in AlGaN, i.e., much higher than the value
extracted in our experiments.

Figure 5 shows junction temperature versus DC forward
current determined using diode-forward voltage for GalnN
UV LEDs. DC and pulsed voltages are also shown in the
same figure. The difference between DC and pulsed voltages
is due to the heating of the device under DC injection
conditions. Figure 6 shows junction temperature, DC and
pulsed voltages versus the forward current for AlIGaN deep-
UV LEDs. Junction temperature versus DC forward current
for GaInN UV LEDs determined using the emission peak
shift method is shown in Fig. 7. For comparison, the
forward-voltage result is also shown in the same figure.
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Fig. 7. Junction temperature versus DC current for GaInN UV LEDs.
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Junction temperature versus DC current for AlGaN deep-UV

Both T;-vs-I; curves shown in the figures are approximately
linear. The linear fits of these curves are shown in the same
diagram. A linear relationship between junction temperature
and forward current has also been found for laser diodes.!”
In Fig. 7, as the DC forward current increases from 10 to
110 mA, the junction temperature obtained by measuring
diode-forward voltage increases from 23 to 126°C. Figure 8
shows junction temperature versus the DC forward current
determined using diode-forward voltage and emission peak
shift for AlIGaN deep-UV LEDs. In Fig. 8, the junction
temperatures range between 43 and 87°C when the DC
forward current increases from 10 to 50 mA. The junction
temperature obtained by measuring diode-forward voltage is
the most sensitive and its accuracy is estimated to be +3°C.

Junction temperature determined from the emission peak
energy shift is less accurate than that determined by the
forward-voltage method due to the broad spectral width of
the emission spectra. It is commonly accepted that the
accuracy of peak energy is about 10% of the emission
linewidth. If the error bar caused by the uncertainty in peak
position (£24°C for AlGaN, +10°C for GalnN) and the
error bar of the forward-voltage measurement (+3°C) are
taken into account, the first two methods are in good
agreement. The temperature measured by the high-energy
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slope method is the carrier temperature, which is higher
than the lattice temperature at the junction. The high carrier
temperature is likely caused by the injection of carriers from
the high-energy barriers into the quantum wells. Further-
more, the broadening of the emission spectra due to
unavoidable alloy composition fluctuations (alloy broad-
ening) in the AlGaN and GalnN active regions can increase
the linewidth, decrease the high-energy slope, and thereby
increase apparent carrier temperature.

In order to reduce the thermal resistance of the AlGaN
sample, several experiments were conducted with different
heat sinks. Three different curves are shown in Fig. 9 along
with their thermal resistances. The top curve corresponds to
the packaged device, the middle curve corresponds to the
device screwed onto a heat sink (a large heat sink with fins)
and the bottom curve corresponds to the packaged device
mounted on the heat sink with thermal paste. Common-
wealth Scientific thermal paste, as used in microelectronics
applications, was employed. The thermal resistance is
87.6 K/W for the device mounted on the heat sink with
thermal paste.

Figure 10 shows junction temperature as a function of
diode power, I;V;. An inspection of the figure reveals that
this dependence is also approximately linear. From the
slopes of the fitted curves, the thermal resistances of
342.2K/W for the 375nm device and 87.6 K/W for the
295 nm device are obtained.

Next, we explain the linear relationship between junction
temperature and DC forward current. According to thermo-
dynamics, heat transfers from a high-temperature object to a
low-temperature object if they come into contact. It is well
known that the conduction rate P.,nq (heat energy transferred
per unit time) is proportional to the temperature difference
between the two objects

AT & Peopg. (19)

Under steady-state conditions, diode electric input power
is (i) converted to light, (ii) consumed by unavoidable
nonradiative recombination, and (iii) consumed by series
resistance. Heat will be generated due to nonradiative
recombination and series resistance. Thus, the electrical
power P has two parts: P, converted to light and Py,

$ 120}(a) >
— F /-/ 1
=" 10oHGalnN UV LED - -
g r xpeak = 375 nm ’/,v.’, 1
© 80r B e 1
(O] r /‘1 i

Q_ 4

60| s .

s | -

S  40r . . .
2 L Thermal resistance

g ool." 3422 K/W i
% ’

0 005 01 015 02 025 03
Input power P (W)

P~ 75 h T H T H T H T H T H T H T
O //

— 70} (b) /' .
= 5[ |[AGaNUVLED| .~ ]
g i lpeak =295 an//

-é 60 /// -
8_ 55 _ /, 4
s S

-.GC_'? 50 i /"., 1
2 45l 7 Thermal resistance | |
c [ 87.6 K/ W

S 40—

0.05 0.1 0.150.2 0.25 0.3 0.35 0.4
Input power P (W)

Fig. 10. Junction temperature versus diode power for two LEDs. Also
shown is a linear fit for experimental data (dashed line).

dissipated power, converted to heat. In the steady state,
dissipated power is equal to conduction rate. The total power
is thus given by

P = Pyq+ Py = I;Vy = I;(V; + ItRy). (20)
Py can be expressed as
Py = nl(Vy — I;Ry), (21

where 7 is the external quantum efficiency. 7 is typically
only 3—4% for deep UV LEDs. Using egs. (20) and (21), we
can obtain

Pi=Pena=P—Pi =1 —nLVs +nl}R,. (22)

Since I; is less than 120mA, and n < 1, Tllszs can be
neglected. Substituting eq. (22) into eq. (19) yields

AT = TJ — Ta X Ifo, (23)

where T, is the ambient temperature. Because the changes in
Vi with current are much smaller than Vi (i.e., AV < Vp),
eq. (23) indicates that junction temperature depends linearly
on forward current. This is indeed found in our experiments,
as shown in Fig. 10.

4. Conclusions

The junction temperature and thermal resistance of
AlGaN and GalnN UV LEDs emitting at 295 and 375 nm,
respectively, were measured using the temperature coeffi-
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cient of diode-forward voltage. The analysis of the exper-
imental method revealed that the measurement using diode-
forward voltage has a high accuracy of +3°C. A compre-
hensive theoretical model for the dependence of diode-
forward voltage (V;) on junction temperature (7;) was
developed, taking into account the temperature dependence
of the energy gap and the temperature coefficient of diode
resistance. The difference between the junction voltage
temperature coefficient (dVj/dT) and the forward voltage
temperature coefficient (dVy/dT) was presented and ex-
plained. For the 295 nm device, the dopant activation energy
extracted from the measurement was 100 meV, which is in
good agreement with the activation energy of n-type
AlgsGagsN. This indicates that the n-type neutral regions
are the dominant resistive elements in deep-UV devices. A
linear relationship between junction temperature and current
was found. Junction temperature was also measured by the
emission peak shift method. The high-energy slope of the
spectrum was used in the measurement of carrier temper-
ature. The thermal resistance of the AIGaN sample mounted
on a heat sink with thermal paste was 87.6 K/W.
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