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We investigate the current and temperature dependence of GaN-based high power blue

light-emitting diodes and identify a set of temperature sensitive optical parameters (TSOPs) that

can provide a real-time solution for determining the junction temperature (Tj). The relationships

among Tj, forward current and TSOPs, “center of mass” wavelength, and, in particular, full width

at half maximum (FWHM) have been studied, and the relevant mathematic models have been

developed. The analysis indicates that using FWHM may yield higher accuracy than using other

parameters as TSOPs. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4718612]

In the past decade, a great deal of work has been

devoted to improving properties and reliability of GaN-

based light-emitting diodes (LEDs).1,2 The junction tempera-

ture (Tj) is an important device parameter that affects the

performance, and it is directly related to the forward driving

current (If). However, Tj usually cannot be directly measured

under the operating condition. Therefore, an indirect mea-

surement, relying on the dependence of one or more physical

properties of the LED on Tj, is often adopted for the real-

time monitoring of Tj. We show in Fig. 1 the typical depend-

ence of the emission spectrum on Tj and If for a GaN based

blue LED. With increasing Tj, the spectrum shows red-shift

and broadening, whereas with increasing If the spectrum,

instead, shows blue-shift and broadening. Although the

detailed mechanisms of these phenomena are rather com-

plex, the red-shift can be primarily attributed to the band gap

reduction with increasing temperature3 and the blue-shift

mainly to carrier screening effect as a result of increased

injection current that weakens the piezoelectric field and

thus the quantum confined Stark effect (QCSE).4 The If

induced line width broadening is the combined effect of the

screening to the piezoelectric field and band-filling. The for-

mer causes line width reduction, but the latter leads to line

broadening.4,5 The Tj induced line width broadening is sim-

ply due to the thermal broadening effect.6

In this letter, we investigated the Tj and If dependences

of the LED emission spectrum, and, based on the under-

standing of the above mentioned physical mechanisms, pro-

posed a solution for the Tj real-time detection on GaN-based

high power blue LEDs. The “center of mass” wavelength

(kc) and full width at half maximum (FWHM) of the spec-

trum are chosen as the temperature sensitive optical parame-

ters (TSOPs). kc is defined as

kc ¼
 X780 nm

k¼380 nm

kGðkÞ
!, X780 nm

k¼380 nm

k

 !
; (1)

where GðkÞ is spectral distribution. A model combining the

Tj, TSOPs, and If is therefore established. Using this model,

the real-time Tj of the LED under operating condition can be

easily obtained by means of capturing the spectrum data.

The measurements can be performed without changing or in-

terrupting the voltage or If. Alternative methods have been

proposed by Vaitonis7 and Bechou.8 They instead used the

slope in a narrow spectral region of the high energy tail of

the emission spectrum to determine the Tj for both AlGaInP

and InGaN LEDs. The identification of the appropriate spec-

tral range for this fitting is some extent subjective, and thus

might affect greatly the accuracy.

As discussed above, the spectrum is affected by both If

and Tj. Therefore, a function can be established to describe

this relationship.

r ¼ f ðTj; If Þ; (2)

where r is one of the TSOPs of the LED: for instance, kc or

FWHM. The reason for choosing kc instead of the peak

wavelength is that the former is determined from the whole

spectrum rather than a single maximum point. It will be

more immune to the noise in the low signal-to-noise ratio

(SNR) cases compared to the peak wavelength.

The only way to extract the Tj from Eq. (2) is to find its

function form. As discussed in the following sections, the

TSOP-Tj relationship (at constant If) is linear, whereas the

TSOP-If (at constant Tj) is exponential. Hence, it is better to

determine initially the TSOP-Tj relationship, as revealed in

Fig. 3. The slope k of the TSOPs vs Tj is nearly independent

of If, which leads to

@r=@Tj ¼ k: (3)

Integrating both sides, Eq. (3) leads to

r ¼ kTj þ CðIf Þ: (4)

Since r is a function of the If, the parameter C in Eq. (4)

should also be If-dependent. In order to find the value of k
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and the explicit expression of CðIf Þ, we performed a two-

step experiments as described below. The samples under this

study are GaN-based 1 W blue LEDs with multiple quantum

wells structures grown by metal organic chemical vapor dep-

osition, manufactured by Cree Corp.

Step one: changing Tj, measuring r, and calculating k
with a series of If. The Tj was controlled by adjusting the

heat sink temperature. Under a given If, even the heat sink

temperature varies; the change in the junction-to-case tem-

perature difference is insignificant. Therefore, the partial dif-

ferential of r with respect to Tj can be replaced by that to Tc

(case temperature): @r=@Tj ¼ @r=@ðTc þ DTjcÞ ¼ @r=@Tc

¼ k. The emission spectra were taken in the range of 380-

780 nm. The If range was 150-850 mA with a 100 mA incre-

ment, and the temperature range of heat sink was 298–338 K

with a 10 K increment.

Step two: obtaining the expression of CðIf Þ in Eq. (4).

The Tj was kept at T0 under a series of If from 150 to 850 mA

with a 100 mA increment. Because of the strong self-heating

effect,9 the If increase causes the surging of Tj. We measured

the DTjc(t) transient response under several If using a thermal

transient tester (T3ster, Micred Corp.), as shown in Fig. 2(a),

and made a DTjc-If plot, which is illustrated in Fig. 2(b). The

accuracy of the tester is 60.1 K. DTjc is the junction-to-case

temperature difference under each If. Thus, Tj can be main-

tained constant while varying the If by turning down heat

sink temperature Tc by the corresponding DTjc from T0

according to Fig. 2(b). Specifically, we choose T0¼ 308 K in

this experiment.

In the step one, linear regression is used to calculate the

TSOP-Tj slopes for spectrums corresponding to different Tj

with the same If. The results are illustrated in Fig. 3. Table I

lists the 8 slopes of kc and FWHM as well as corresponding

R-squares. All the R-squares are higher than 0.99, indicating

both kc and FWHM having a linear dependence on Tj. Since

the slopes in all 8 currents are almost equal (8% maximum

difference), the k value can be considered as current-

independent, which indicates that temperature induced band-

filling effect is barely affected by different injection current

FIG. 1. (a) The temperature dependent

red-shift when If was set at 350 mA, and

heat sink temperature was varied from

288 to 338 K. (b) The If dependent blue-

shift with the Tj set to 308 K.

FIG. 2. (a) The DTjc transient responses

on each If on heat sink temperature set to

308 K. (b) The DTjc-If relationship.

FIG. 3. The temperature dependent relationship of (a) kc and (b) FWHM on

series If from 150 to 850 mA.
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levels. In the following analyses, the slope of 350 mA is cho-

sen. In the step two, the results are illustrated on Fig. 4,

which indicates that the If increase leads to the monotoni-

cally decrease of kc with monotonically increase of FWHM.

The slope become smaller when If is increased, revealing

that the band-filling effect tends to be saturated with increas-

ing If. The analytic expression of Eq. (5) is determined by

curve fitting between r and If.

rjTj¼T0
¼ kT0 þ CðIf Þ: (5)

One-stage exponential function has enough accuracy (R-

square> 0.99) to fit the data for both of the TSOPs (the

curve on Fig. 4)

rjTj¼T0
¼ fIðT0; If Þ ¼ r0 þ r1expðIf=I0Þ; (6)

where r0, r1, and I0 are obtained from the least-square fit-

ting, shown in Table II, as well as the R-Square values.

Merging Eqs. (4)–(6), we obtain the expression of C(If). The

expression for r can be described as follows:

r ¼ kðTj � T0Þ þ r0 þ r1expðIf =I0Þ: (7)

Rearranging Eq. (7), we have the final expression for Tj

Tj ¼ ½r� r0 � r1expðIf=I0Þ�=k þ T0: (8)

Equation (8) can be used to test or monitor the Tj by substitut-

ing the TSOP (r), If, and T0. Furthermore, if the spectrum can

be measured at real time, the real-time Tj monitoring can be

determined. In the future, the degradation effect10,11 should be

taken into account to improve the long-term accuracy.

The Tj tested by the two TSOPs and forward-voltage

method,12 respectively, are listed in Table III for comparison.

Under the same driving condition measured by forward-

voltage method, those junction temperatures T0i are used as

references. The standard deviations (SDs) are given as follows:

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1

ðTi � T0iÞ2
.

N

vuut ; (9)

where N is the total number of times of measurements and Ti

is the Tj measured by TSOP. In Table III, for certain cur-

rents, the error is larger in the kc model. Because of the

larger R-square in the FWHM-If fitting, the SD of FWHM

(0.48 K) is much lower than that of kc (0.99 K), revealing

that FWHM as TSOP has a higher accuracy than kc.

In conclusion, we have investigated the temperature de-

pendence of the emission spectrum in the GaN-based high

power blue LED and extracted two TSOPs: kc and FWHM.

We have found that on the case of GaN blue LED, the

temperature-induced effect always shows a linear dependence

TABLE I. The slope and R-squares of the TSOP-temperature linear relationships on each forward current.

If (mA) 150 250 350 450 550 650 750 850

Slope (10�2 nm/K) kc 3.181 3.181 3.292 3.295 3.321 3.356 3.400 3.434

FWHM 5.332 5.256 5.299 5.240 5.292 5.316 5.316 5.323

R-square (10�1) kc 9.970 9.960 9.993 9.992 9.991 9.992 9.991 9.992

FWHM 9.979 9.966 9.990 9.991 9.989 9.998 9.996 9.993

FIG. 4. The If dependent relationship of

(a) kc and (b) FWHM on the Tj set

308 K.

TABLE II. Parameters and R-squares in the TSOP-If relationships.

TSOPs r0 (nm) r1 (nm) I0 (mA) R-square (10�1)

kc 450.15 6.58 �458.43 9.989

FWHM 22.75 �5.30 �537.27 9.995

TABLE III. Measuring results among two TSOPs model and forward-voltage method.

If (mA) 150 250 350 450 550 650 750 850 SD (K)

Measured Tj (K)

Forward-voltage 314.6 316.1 317.9 319.8 322.1 324.6 327.2 330.1 N/A

kc 315.8 314.4 316.9 320.1 322.8 325.3 327.3 328.8 0.99

FWHM 315.0 317.0 317.6 319.9 321.8 324.1 326.9 330.6 0.48
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on Tj, whereas the current-induced effect shows an exponen-

tial dependence on If. A model has been developed to describe

the dependence of Tj on kc and FWHM. The merit of this

method is that a TSOP, rather than an electrical parameter,

can be employed to the Tj measurement. Compared with the

conventional forward-voltage method that inevitably interfer-

ences the working condition, the method proposed here is

non-contact and does not affect the device operation.
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