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Abstract

Junction temperature (T}) is a key parameter that directly governs the optical performance
and operational reliability of light-emitting diodes (LEDs), which have become indispen-
sable in modern illumination and display systems. Accurate real-time 7; monitoring is
critical for ensuring device longevity and consistent light output. Although the forward
voltage method (FVM) remains the industry benchmark, its practical implementation is
hindered by the need for costly high-speed switching modules and ultra-low-current cal-
ibration sources, restricting its deployment in real-time and cost-sensitive scenarios. To
overcome these limitations, we introduce and experimentally validate a non-contact opti-
cal method for T; determination that leverages the normalized integral width (NIW) of
the LED emission spectrum as a temperature-sensitive spectral parameter. The underly-
ing principle is that spectral broadening —arising from enhanced carrier thermal excita-
tion and temperature-induced bandgap shrinkage —exhibits a robust and quantifiable lin-
ear correlation with T;. Both theoretical analysis and experimental data confirm that this
mechanism underpins the excellent linear correlation between NIW and T; observed
across a wide range of LED types, including monochromatic (red, green, blue) and phos-
phor-converted white LEDs. A rigorous theoretical analysis establishes the mathematical
framework linking NIW to T;. Experimentally, a measurement system centered on a mod-
ified commercial spectrometer was constructed. Extensive testing on a diverse array of
power LEDs consistently demonstrates an excellent linear correlation (R2>0.998) between
NIW and T; under normal drive conditions (e.g., typical operating currents). A compar-

Academic Editor: Nunzio Cennamo

Received: 25 May 2026 ative analysis against the benchmark FVM, conducted using a Mentor Graphics T3Ster
Revised: 28 June 2026

Accepted: 13 July 2026
Published: 15 July 2026

system, demonstrates that the proposed method achieves comparable measurement ac-
curacy, with a maximum deviation of merely 2.1 °C, while substantially reducing system
cost and complexity. Validation across diverse LED types confirmed excellent linearity
and high repeatability. A comparative analysis with established optical methods (e.g.,
peak wavelength, blue-white ratio, Raman thermography) further underscores the ad-
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Consequently, the NIW method presents a practical solution for real-time, non-intrusive
thermal monitoring, well-suited for industrial LED production and quality control.

Keywords: LED; junction temperature; non-contact measurement; normalized spectral
integral width (NIW); spectral analysis; thermal management; forward voltage method
(FVM)

1. Introduction

Solid-state lighting based on light-emitting diodes (LEDs) has undergone rapid de-
velopment over the past two decades, fundamentally reshaping the illumination industry.
The superior energy efficiency, extended operational lifetime, and environmental friend-
liness of LEDs have positioned them as the preferred solution for general lighting, display
backlighting, and specialized applications, progressively displacing conventional incan-
descent and fluorescent technologies [1,2].

As LED devices continue to scale toward higher power densities and greater minia-
turization, thermal dissipation has emerged as a primary constraint on device perfor-
mance and reliability [3,4]. Approximately 70% of the input power is dissipated as heat
within the tiny PN junction, leading to a significant temperature rise during normal oper-
ation. This localized heating elevates the junction temperature (T}), which in turn degrades
multiple performance metrics—including luminous efficacy, peak wavelength stability,
and color temperature consistency —while also accelerating degradation mechanisms that
reduce the operational lifetime [5-7]. Consequently, T; constitutes a fundamental metric
that governs both LED efficiency and thermal behavior. These temperature-dependent ef-
fects underscore the critical need for accurate, rapid, and non-invasive T; measurement
techniques [8].

Despite extensive research efforts, existing T; measurement techniques face inherent
limitations [5,9]. The forward voltage method (FVM), while offering high accuracy, relies
on sophisticated and costly instrumentation—including high-speed switching modules
and precision low-current sources—which restricts its applicability in real-time or cost-
limited settings [10-12]. Among non-contact alternatives, the peak wavelength method
exploits the temperature-dependent redshift of the electroluminescence peak, but its util-
ity is constrained by weak temperature sensitivity (typically 0.05-0.1 nm/°C for GaN-
based devices) and its restriction to narrow-band monochromatic LEDs [13]. The blue-
white ratio method is specifically designed for phosphor-converted white LEDs, but it
requires separation of the blue and yellow components and is invalid for monochromatic
devices [14,15]. Raman spectroscopy and thermoreflectance imaging offer high spatial res-
olution but have limited accuracy, are expensive, and are impractical for online monitor-
ing [16].

To overcome these limitations, we introduce and experimentally validate a non-con-
tact spectral-based method for T; determination that leverages the normalized integral
width (NIW) of the LED emission spectrum as a temperature-sensitive spectral parameter.
The proposed NIW-based method offers three key advantages: (i) it utilizes a spectral pa-
rameter that is inherently more robust against noise compared to single-point metrics
such as peak wavelength, and is applicable across both monochromatic and white LEDs;
(ii) it streamlines calibration by employing the normal operating current, thereby elimi-
nating the need for ultra-low-current sources and high-speed switching hardware; and
(iii) it is implementable as a complete sensor system using a cost-effective modified com-
mercial spectrometer.

https://doi.org/10.3390/s26144495



Sensors 2026, 26, 4495

3 of 17

2. Theory

The emission spectrum of an LED is governed by the electroluminescence process
occurring within the semiconductor active region. Unlike incandescent sources, LED
emission is spectrally narrow and contains negligible infrared or ultraviolet components.
The dissipated electrical energy is primarily converted into visible light and heat. Due to
factors like quantum wells and phosphor materials, non-radiative recombination during
light emission generates significant heat accumulated at the PN junction, causing T; to
rise. High Tj, in turn, it intensifies non-radiative thermal activation of electron-hole pairs.
The number of non-radiative recombination defects also increases with rising Tj, leading
to reduced light output and a further temperature increase [17].

In GaN-based LEDs—the dominant material system for visible-spectrum emission—
the bandgap energy (E,) exhibits a strong temperature dependence, decreasing monoton-
ically with increasing temperature. This behavior is quantitatively described by the
Varshni relation [Equation (1)], which captures the effect of lattice expansion and electron-
phonon interactions on the band structure.

Ey(T) = E,(0) - 1 M

where a@ and f are material-specific constants, and E;(0) is the bandgap at 0 K. The

corresponding emission wavelength 4 is:

_ ke
T Eg(m) ()

where h is Planck’s constant and ¢ is the speed of light.

The spectral broadening of LED emission with increasing T; originates from three
physically distinct but interconnected mechanisms: bandgap renormalization (shifting the
peak position), carrier thermal excitation (expanding the energy distribution of occupied
states), and energy band broadening and splitting (increasing the intrinsic width of the
band structure). While the first mechanism primarily affects the peak wavelength, the lat-
ter two are the dominant contributors to the increase in spectral integral width, which is
the basis of the NIW method.

First, bandgap renormalization describes the temperature-induced narrowing of the
semiconductor bandgap. As described by the Varshni relation in Equation (1), the
bandgap energy E, decreases with rising temperature, causing the emission peak to red-
shift [4,10].

Second, carrier thermal excitation is the primary mechanism contributing to spectral
broadening. According to the Boltzmann distribution, the occupation probability of carri-
ers at energy E above the band edge follows f(E) < exp(—E/kpT), where kjp is the
Boltzmann constant. As T; increases, the thermal tail of the carrier distribution extends
further into the bandgap, causing carriers to occupy a wider range of energy states. Con-
sequently, electron-hole recombination occurs across a broader energy spectrum, directly
increasing the spectral width and thus the NIW value.

Third, energy band broadening and splitting further enhance the spectral width. With
rising T;, enhanced electron-phonon scattering broadens the energy bands themselves,
and intensified collective motion of electrons leads to more pronounced sub-band split-
ting. Consequently, a broader range of states near the conduction band minimum (E;) and
valence band maximum (E,,) contributes to light emission, directly increasing the overall
spectral width, which is captured by the NIW.

In summary, among the three temperature-dependent mechanisms, carrier thermal
excitation and energy band broadening and splitting are the dominant processes that di-
rectly broaden the emission spectrum and, consequently, increase the normalized integral
width. The NIW method, by integrating over the full spectral power distribution (380-780
nm), inherently captures these broadening effects, forming the physical foundation for its
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application in junction temperature measurement. In contrast, single-point spectral pa-
rameters such as peak wavelength cannot fully capture these combined effects. This com-
prehensive sensitivity to full-spectrum broadening, as illustrated in Figure 1 below, is the
key advantage of the NIW method over conventional spectral parameters.

It should be noted that while the microscopic mechanisms underlying spectral broad-
ening —such as bandgap renormalization and carrier thermal excitation —may vary across
different LED structures (e.g., single junction, double heterojunction, or multi-quantum-
wells), the NIW method operates at the macroscopic device level. The junction tempera-
ture T; is a well-defined macroscopic parameter representing the average temperature of
the PN junction region, and the spectral broadening measured by NIW consistently cor-
relates with T; regardless of the specific internal structure. This is confirmed by our ex-
perimental results across multiple LED types with different structures.

conduction

Electron energy

o

E,.E, —E,

Hole energy

ES

Figure 1. Schematic illustration of temperature-induced spectral broadening in LED emission, aris-

Valence band

ing from bandgap renormalization, carrier thermal excitation, and energy band broadening and

splitting. These three mechanisms are collectively captured by the normalized integral width (NIW).

3. Measurement Principle

The emission spectrum of an LED is sensitive to both the drive current and the junc-
tion temperature. As T; varies, the spectral profile undergoes systematic changes, includ-
ing broadening and peak shifting. To quantify the spectral broadening effect, we define a
dimensionless metric—the normalized integral width (NIW)—which measures the
spread of the emission spectrum. Mathematically, NIW is uniformly defined as the inte-
gral width between the two valley points (local minima) adjacent to the dominant emis-
sion peak, normalized by the peak intensity:

v

A
fmz P(A)dA

NIW = 3)
Ppeak

where P(1) is the normalized spectral intensity distribution, P is the normalized
peak intensity of the dominant emission band, and the integration limits 4,; and 4,, are
adaptively determined by the two valley points adjacent to the dominant peak.

The determination of the integration interval depends on the LED type: (i) For mon-
ochromatic LEDs (red, green, blue), the spectrum consists of a single isolated emission
band. The two valley points are well-defined at the baseline boundaries of the spectrum.
For practical implementation, the integration limits are set to 4,; = 380 nm and 2,, =
780 nm, which consistently encompass the entire emission band across different mono-
chromatic LEDs. (ii) For YAG-type phosphor-converted white LEDs, the emission spec-
trum comprises a blue peak from the InGaN chip and a broad yellow emission band from
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the YAG:Ce? phosphor. In this work, the NIW is computed exclusively on the blue emis-
sion peak, with the integration window (4,1, 4,;) adaptively defined by the two valley
points surrounding the blue peak: one on the short-wavelength side of the blue peak, and
the other at the local minimum between the blue peak and the yellow phosphor band.
This adaptive definition ensures two essential properties: (1) the NIW consistently cap-
tures the temperature-induced broadening of the blue chip emission without being influ-
enced by the phosphor-related yellow component, which is excluded from the NIW cal-
culation for white LEDs; and (2) the integration window automatically tracks any temper-
ature- or aging-induced shifts in the blue peak, rather than relying on a fixed wavelength
window.
The variation of NIW with junction temperature can be expressed as:

NIW = £ (T, 1) @)

where the function f describes the temperature-dependent spectral response of the LED,
which is characterized by the NIW-T; coefficient. This coefficient varies with operating
current (I). Under a fixed operating current I, the relationship between NIW and T; can
be linearized as:

NIW = k - AT, + NIW, (5)

where AT; = T; — T, T; denoting the junction temperature under the target normal drive
conditions, T, reference the junction temperature (both at the same drive current); NIW,
and NIW are the corresponding NIW values at T, and T}, respectively. The coefficient k
(in %/°C) represents the sensitivity of NIW to T}, and is established through experimental
calibration. Thus, once k,T,, and the NIW; are determined, T; under arbitrary operating
conditions can be determined from the measured NIW using Equation (6).
T, = NIW kNIWO 4T, ©)
Unlike conventional spectral metrics such as the full width at half maximum
(FWHM)—which rely on a single data point—the NIW offers superior robustness against
random noise by utilizing the entire profile of the dominant emission peak. This property
makes NIW particularly advantageous in industrial environments where measurement
noise is prevalent.

4. Experiment
4.1. Test Samples

To ensure broad applicability of the measurement method, commercial power LEDs
of four different emission colors (red, green, blue, and phosphor-converted white) were
acquired from standard production lots. Prior to thermal characterization, a thin and uni-
form layer of thermal grease was applied to the base plates of each LED to minimize ther-
mal contact resistance [13].

4.2. Experimental Setup

The junction temperature measurement system based on normalized integral width
consists of:

1. An ATA-500 spectrometer (EVERFINE Corporation, Hangzhou, China; spectral
range 380-780 nm, resolution 0.5 nm, wavelength accuracy +0.2 nm, integration time
adjustable from 1 ms to 9 ms, signal-to-noise ratio 1000:1 at full signal)

2. A constant temperature chamber (CL-200, EVERFINE Corporation, Hangzhou,
China; stability +0.1 °C)

3. An integrating sphere (EVERFINE Corporation, Hangzhou, China ;50 cm diameter,
BaSOs-coated inner wall, 2 cm port for optical fiber);
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4. A high-precision constant current source (Keithley 2450, Keithley Instruments,
Cleveland, OH, USA; accuracy +0.02%)
5. A set of mounting fixtures and a light-tight sealed enclosure to eliminate ambient
light.
A fiber-optic probe was coupled to the spectrometer input, with its detection end
positioned at the integrating sphere’s sampling port to capture the LED emission. The
setup is illustrated in Figure 2.

Integrating sphere

ATA
spectrometer

Constant
current source

Thermostatic
chamber

Figure 2. Experimental setup for NIW-based junction temperature measurement.

The raw spectral data acquired from the spectrometer are first background-sub-
tracted using a dark spectrum measured with the LED off. The resulting spectrum is then
normalized to its peak intensity. Subsequently, the NIW is numerically integrated over
the integration window defined in Section 3—i.e., between the two valley points adjacent
to the dominant emission peak—using the trapezoidal rule.

4.3. Measurement Procedure

Throughout this study, the normal operating current refers to the rated drive current
of the LED under test (e.g., 350 mA for the 1 W power LEDs used here), which is signifi-
cantly higher than the ultra-low calibration current (typically <1 mA) employed in the
FVM. The NIW method performs calibration directly at this normal operating current,
thereby eliminating the need for current switching between calibration and measurement
modes.

The procedure comprised three stages: data acquisition, calibration, and junction
temperature measurement.

(1) Data Acquisition:

a. The LED (with thermal grease) was firmly attached to the temperature probe

inside the chamber to ensure good thermal contact.

b. The chamber was set to an initial temperature T;. The system was stabilized for
about 30 min to achieve thermal equilibrium among the substrate, chip, and
chamber.

c¢.  The LED was driven at its normal operating current (e.g., the rated current spec-
ified by the manufacturer). The modified measurement system was triggered to
rapidly acquire the emission spectrum, and the normalized integral width
NIW; was computed.

d. The chamber temperature was increased in equal temperature increments. Step
(c) was repeated at each temperature setpoint to obtain the corresponding inte-
gral width NIW;.

(2) Calibration:

A key distinction of the NIW method relative to the FVM is that calibration is per-

formed at the normal operating current (e.g., the rated current), rather than at a very low
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current. This eliminates the need for ultra-low-current sources and associated calibration
procedures. While self-heating does occur under the normal drive current, the junction
temperature rise remains effectively constant for a given current within the short duration
(milliseconds) of spectral acquisition. To minimize any residual self-heating effects, the
room-temperature state is adopted as the reference condition, with T, and NIW, denot-
ing the reference temperature and corresponding NIW value, respectively.

The reference state is established at room temperature, denoted by T, and the cor-
responding NIW,. The differences in NIW and NIW; under other different conditions,
item by item as follows:

ANIW = NIW,; — NIW, 7)

AT =T, —T, (8)
A linear fit is then performed to obtain the calibration function:
ANIW = k- AT ©)
A plotof ANIW versus AT is generated, and linear regression yields the calibration
function given in Equation (9).
(3) Measurement:
The measurement phase aims to determine the junction temperature of interest Tj,
under the target operating conditions, following the steps below:
The goal is to determine the actual operating junction temperature T, under any
normal working condition. The steps are:
a. Record the emission spectrum under the target operating conditions and calculate
the NIW value.

b. Determine the NIW change relative to the reference: ANIW = NIW -NIWa.
c.  Compute the junction temperature using the calibration function:

ANIW

Ty =T, + (10)

5. Results and Discussion
5.1. Experimental Results
5.1.1. Monochromatic LEDs

The normalized spectral intensity distributions of each monochromatic LED were
measured at a series of temperature setpoints with equal increments. The NIW was calcu-
lated according to the definition in Section 3, with the integration window determined by
the valley points adjacent to the dominant emission peak (for monochromatic LEDs, the
two valley points correspond to the baseline boundaries of the spectrum). The results are
summarized in Table 1.

Table 1. NIW vs. T} for monochromatic LEDs.

T; (°O) R-LED NIW (%) G-LED NIW (%) B-LED NIW (%)
10 19.5290 38.2099 26.6465
15 19.8320 38.5118 26.9635
20 20.1676 38.8921 27.2552
25 20.4418 39.2066 27.5873
30 20.7607 39.5725 27.9280
35 21.1142 39.9177 28.2283
40 21.4319 40.3615 28.5808
45 21.7484 40.7274 28.9505

https://doi.org/10.3390/s26144495
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NIW/%

NIW =0.0624T, + 18.917

R?=0.9996

(A) RLED

50 22.0529 41.0772 29.2357
55 22.3738 41.4352 29.6107
60 22.6749 41.8732 29.9015
65 23.0257 42.2661 30.4038
75 23.5649 43.0607 31.0861
80 23.8832 43.4719 31.4192
85 24.1625 43.9426 31.7544
The NIWs are plotted against junction temperature in Figure 3.
W% NIW = 0.0764T; + 37.321 NIY‘U% NIW= 00689T+ nan
R= 03988 : R=0.9989 .+
o T/T 33215 w % @ n w T/T 0 @ ] TJ/ T
(B) GLED (C) BLED

Figure 3. NIW versus junction temperature for monochromatic LEDs (A) Red; (B) Green; (C) Blue.

The NIW exhibits an excellent linear correlation with T; for all three monochromatic

LEDs under normal operating current. Linear regression of the calibration data yields the

following functions:
e  Red LED: NIW =0.0624 T; +18.917, R?=0.9996
e Green LED: NIW =0.0764 T; +37.321, R2=0.9988
e Blue LED: NIW =0.0689 T; +25.872, R?2=0.9989

All R? values exceed 0.99, confirming excellent linearity. To minimize potential bias
from self-heating at the normal operating current and minor chamber temperature fluc-
tuations, room temperature was adopted as the reference state. The corresponding rela-
tive integral widths ANIW are presented in Table 2.

Table 2. ANIW of Monochromatic LEDs vs. Temperature at 350 mA (Reference: 25 °C).

T; (°C) R-LED ANIW (%) G-LED ANIW (%) B-LED ANIW (%)
10 -0.9127 —0.9966 —0.9408
15 —0.609 —-0.694 -0.623
20 -0.2741 —0.3144 -0.3321
25 0.0000 0.0000 0.0000
30 0.3189 0.3659 0.3189
35 0.6724 0.7111 0.6724
40 0.9901 1.1549 0.9901
45 1.3066 1.5208 1.3066
50 1.6111 1.8706 1.6483
55 1.9320 2.2286 2.0233
60 2.2331 2.6666 2.3141
65 2.5839 3.0595 2.8164
75 3.4414 4.2653 3.8318
80 3.7207 4.7360 4.1671
85 3.9272 5.1189 4.4731

Calibration curves derived from Table 2 are shown in Figure 4. The fitted functions

are:

e Red LED: AT; =16.029 ANIW, R2=0.9996

https://doi.org/10.3390/s26144495
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e  Green LED: AT; =13.073 ANIW, R?=0.9988
e Blue LED: AT; =14.501 ANIW, R?2=0.9989

The near-perfect linearity (R? > 0.99) confirms the feasibility of using NIW for T;

measurement.
T, = 14.50INIW + 24.931
T/°C T, = 16.029NIW + 24.465 0 T/C I
o " r-099% L T/°C 1, =13.073NW +24.705 o R= 03589
70 R?=10.9988 »
60 60
50 50
;g 0
20 0
10 v L“'
NwW/% 09 01 11 24 34 a1 NIW/%
e s a2 5 " .
(A) RLED (B) GLED 09 01 11 P2y 31 “NIW//V

(C) BLED

Figure 4. Calibration curves for monochromatic LEDs: (A) Red; (B) Green; (C) Blue.

5.1.2. White LEDs

Commercial white LEDs typically use a blue LED chip to excite YAG:Ce?* phosphor,
producing a broad spectrum consisting of blue and yellow emission bands, as shown in
Figure 5.

100

®
=]
T

60

40 -

]
=}
T

(8]

380 420 460 500 540 580 620 660 700 740 780
Wavelength /nm

Relative spectral intensity /%

Figure 5. Emission spectrum of a phosphor-converted white.

For white LEDs, the spectral valley between the blue peak and the yellow phosphor
band was used to determine the right-side boundary of the integration window. The NIW
was computed exclusively on the blue emission peak, with the integration window adap-
tively defined by the two valley points surrounding the blue peak (as described in Section
3), rather than using a fixed wavelength range. Room temperature was adopted as the
reference state. The corresponding equivalent normalized integral width (NIW,,) values
are listed in Table 3.

Table 3. NIW,, as a function of temperature for the white LED at the reference state.

T, (°C) 5 10 15 20
NIW,, (%) ~1.5658 -1.2024 -0.9294 -0.3816
T (°C) 25 30 35 40
NIW,, (%) 0.00000 0.4533 0.8854 1.2718
Ty (°C) 50 55 60 65
NIW,, (%) 1.5698 2.5452 2.9603 3.2831
T (°C) 70 75 80 85
NIW,, (%) 3.750 4.1282 4.7936 5.2093
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The calibration curve is shown in Figure 6. Linear fitting of the data yielded the cali-
bration function: ANIW,, =0.0844 AT (R? = 0.9947). The NIW-T; coefficient k for this
white LED was determined to be 11.836%/°C.

90 TJ'/OC
50 T;=11.836NIW + 25.196
o R?=0.9947
60
50
40
30
20
15 -0.5 B 05 15 25 35 45 55 NIW/%

Figure 6. Calibration curve for white LED.

The calibration results for both monochromatic and white LEDs validate that the nor-
malized spectral integral width maintains a strong linear correlation with junction tem-
perature across different LED types. With the established calibration functions, the junc-
tion temperature under arbitrary operating conditions can be directly determined from
the measured NIW value.

5.1.3. Repeatability Assessment

To evaluate the repeatability of the NIW method, each measurement was repeated
five times under identical conditions for each LED type. The standard deviation of NIW
values across the five measurements was less than 0.1% for all LEDs, corresponding to a
temperature repeatability of 0.3 °C. This confirms that the NIW method yields consistent
and reproducible results, which is essential for industrial quality control.

5.1.4. Influence of Driving Current on NIW Calibration

To evaluate the effect of driving current on the NIW-T; calibration relationship,
measurements were performed at multiple current levels (100 mA, 200 mA, 350 mA, and
500 mA) for the four LED types. At each current level, the NIW-T; calibration data were
obtained following the same procedure described in Section 4.3, and the NIW-T; calibra-
tion slope coefficient k was determined by linear regression. The results are summarized
in Table 4.

Table 4. NIW-T; calibration slope coefficient k (in %/°C) at different driving currents.

Driving Current (mA)

LED Type 100 200 350 500
R-LED 0.0618 0.0621 0.0624 0.0630
G-LED 0.0756 0.0760 0.0764 0.0772
B-LED 0.0682 0.0686 0.0689 0.0696
W-LED 0.0837 0.0841 0.0844 0.0852

All R? values are above 0.99.

The NIW-T; linear relationship is well-maintained across the 100-500 mA range for
all four LED types, with R? values above 0.99 in all cases. The slope coefficient k exhibits
only slight variation with driving current, remaining nearly constant across the tested cur-
rent range. This indicates that calibration performed at the normal operating current (350

https://doi.org/10.3390/s26144495
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mA) can be applied to other current levels within the 100-500 mA range with acceptable
accuracy. For practical applications, recalibration is recommended only when the operat-
ing current deviates substantially from the calibration current (e.g., beyond the 100-500
mA range), as larger current changes may introduce more significant variations in the
spectral characteristics.

5.1.5. Effect of Long-Term Aging and Phosphor Degradation on NIW Characteristics

LED aging is known to induce gradual degradation of device performance, which
can alter the emission spectrum over time. The aging mechanisms differ between mono-
chromatic and phosphor-converted white LEDs, and thus their potential impacts on NIW
measurement are also distinct.

For monochromatic LEDs, aging primarily results from degradation of the chip’s in-
ternal quantum efficiency, manifested as an increase in non-radiative recombination cen-
ters and a reduction in overall emission intensity [18,19]. However, since NIW is a nor-
malized parameter that integrates the relative spectral power distribution rather than ab-
solute intensity, degradation of the internal quantum efficiency alone is expected to have
a minimal effect on the NIW-T; slope coefficient k. The spectral shape remains largely
unchanged during aging, as reported in previous studies [20]. Therefore, for monochro-
matic LEDs, the aging effect on NIW measurement accuracy is considered negligible.

For phosphor-converted white LEDs, the NIW is defined as the normalized integral
width of the blue emission peak, with integration boundaries adaptively determined by
the two inflection points of the blue peak profile (see Section 5.1.2). Since the yellow emis-
sion from the phosphor is not included in the NIW integration, phosphor degradation
does not affect the NIW directly through the blue-to-yellow ratio. Instead, two distinct
aging mechanisms can influence the measured blue peak profile:

(i) Chip degradation—similar to monochromatic LEDs, degradation of the blue chip’s
internal quantum efficiency reduces emission intensity but has minimal effect on the
normalized blue peak shape.

(if) Phosphor layer degradation —during prolonged operation, the phosphor/silicone
composite layer may undergo structural degradation, including microcracks, delam-
ination, and surface roughening of phosphor particles [21,22]. These effects alter the
optical path of the blue light as it passes through the phosphor layer, increasing scat-
tering and re-absorption [21]. As a result, the profile of the blue emission peak—in-
cluding its symmetry, width, and tailing characteristics —can be modified. Since the
NIW integration boundaries are adaptively determined by the actual blue peak
shape, such modifications are captured by the NIW value. In addition, thermal deg-
radation of the silicone matrix may lead to changes in refractive index and transmit-
tance, further affecting the measured blue peak profile [23].

Therefore, for white LEDs, the NIW is primarily sensitive to the blue-chip tempera-
ture (through bandgap narrowing and carrier thermal broadening) but can also be influ-
enced by phosphor-layer-induced modifications of the blue peak profile during pro-
longed aging.

Compensation strategy: To mitigate potential aging-induced drift in practical appli-
cations, we recommend: (i) periodic recalibration —performing recalibration at the normal
operating current at regular intervals (e.g., every 500-1000 h of operation) for both mon-
ochromatic and white LEDs; and (ii) blue peak shape monitoring—for white LEDs, since
the NIW is adaptively defined by the blue peak profile, tracking its evolution over time
provides a direct indicator of aging effects. Recalibration can be triggered when the NIW
at a reference temperature deviates beyond a preset threshold. These strategies are ex-
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pected to effectively mitigate aging-induced drift and maintain reliable measurement ac-
curacy for practical applications.

5.1.6. Summary of Compensation Strategies

Based on the analyses in Sections 5.1.4 and 5.1.5, the compensation strategies for prac-
tical applications can be summarized as follows.

For driving current variation, calibration should be performed at the specific operat-
ing current of the target device. A single calibration at the normal operating current can
be applied to other current levels within the 100-500 mA range, as the NIW-T; linearity
remains excellent across this range. Re-calibration is recommended when the operating
current changes substantially (e.g., beyond the 100-500 mA range).

For long-term aging, the impact on monochromatic LEDs is minimal, as the normal-
ized spectral shape remains largely unchanged during aging. Periodic recalibration at reg-
ular intervals (e.g., every 500-1000 h) is sufficient to maintain accuracy. For phosphor-
converted white LEDs, the primary concern is phosphor-layer degradation, which may
modify the blue emission peak profile through increased scattering and re-absorption. In
addition to periodic recalibration, blue peak shape monitoring is recommended; recali-
bration can be triggered when the NIW at a reference temperature deviates beyond a pre-
set threshold.

These strategies are designed to be practical and easily implementable without re-
quiring significant hardware modifications to the measurement system.

5.2. Error Analysis and Uncertainty Budget

Several factors contribute to the measurement uncertainty of the NIW method. The
estimated error sources and their contributions are summarized in Table 5.

Table 5. Error budget for the NIW method.

Error Source Contribution (°C) Mitigation Strategy
Spectrometer resolution (0.5 nm) +0.2 Use high-resolution spectrometer (0.5 nm or better)
Spectrometer wavelength accuracy (+0.2 nm) *0.15 Regular calibration with Hg-Ar lamp
Temperature chamber stability (+0.1 °C) +0.3 Longer stabilization time (30 min)
Self-heating during calibration #0.5 Short acquisition time (5 ms); reference at 25 °C
Ambient light interference £0.1 Dark enclosure and background subtraction
NIW computation (numerical integration) +0.05 Trapezoidal rule with fine wavelength steps
Total root-sum-square (RSS) uncertainty +0.64 °C —

5.3. Validation Against the Forward Voltage Method (FVM)

The forward voltage method (FVM) is widely recognized as the benchmark tech-
nique for junction temperature measurement [7]. In practice, however, its implementation
requires calibration at very low currents (typically 1 mA or lower), which demands high-
sensitivity data acquisition systems. In addition, the measurement procedure involves
high-speed switching between the operating current and the low calibration current, ne-
cessitating specialized and costly hardware modules. The NIW method, by contrast, only
requires modest modifications to a standard spectrometer and thus offers a clear cost ad-
vantage [9,12].

To verify the accuracy of the NIW method, the monochromatic (red, green, blue) and
phosphor-converted white LEDs were measured under identical drive conditions at the
same operating current. The junction temperatures obtained from the NIW method were
then directly compared with the reference values provided by a commercial T3Ster system
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(Mentor Graphics, USA), which implements the standard forward voltage technique. The
complete comparison is given in Table 6.

Table 6. Comparison of junction temperatures determined by the NIW method and the forward
voltage method.

LED Type K (T;-NIW Coeff.) (°C/%) Calib.Lin. (R) T; by NIW(°C) T, by FVM (°C) Difference (°C)

R-LED
G-LED
B-LED
W-LED

16.029 0.9996 494 51.2 -1.8
13.073 0.9998 57.2 55.3 +1.9
14.501 0.9989 68.8 70.4 -1.6
11.836 0.9947 73.5 75.6 -2.1

For the monochromatic and white LEDs tested, the maximum deviation between the
NIW method and the FVM reference is only 2.1 °C, confirming the reliability of the pro-
posed approach. Importantly, this level of accuracy can be obtained without relying on
expensive high-speed switching electronics or ultra-low-current calibration sources.

5.4. Quantitative Comparison with Peak Wavelength and Blue-White Ratio Methods

To quantitatively evaluate the advantages of the NIW method, parallel comparisons
were conducted under identical conditions (350 mA, 10-85 °C) using the peak wavelength
method (for monochromatic LEDs) and the blue-white ratio method (for white LEDs). All
results were benchmarked against FVM (T35Ster).

For monochromatic LEDs, as summarized in Table 7, the peak wavelength method
yielded average errors of 5.1-8.5 °C (maximum 7.6-14.8 °C), significantly higher than
those of the NIW method (average <1.2 °C, maximum <2.0 °C)

Table 7. Comparison of measurement errors: NIW method vs. peak wavelength method (mono-
chromatic LEDs).

LED Type Method Average Error (°C) Maximum Error (°C)
Peak length 5.1 7.6
RLED - Vl\:?I‘\]:/ - 0.9 18
Peak length 6.7 14.5
G-LED - Vli?l‘\]/fl - 1.1 1.9
Peak length 8.5 14.8
B-LED - V;?I::/ - 1.0 1.6

For white LEDs, the blue-white ratio method showed an average error of 2.5 °C (max-
imum 4.1 °C), while the NIW method achieved better accuracy (average 1.2 °C, maximum
2.1 °C) with universal applicability to both monochromatic and white LEDs (Table 8).

Table 8. Comparison of measurement errors: NIW method vs. blue-white ratio method (white
LEDs).

Method Average Error (°C) Maximum Error (°C) Applicable LED Types
Blue-white ratio 2.5 4.1 White only
NIW 1.2 2.1 All types

Anti-interference tests with 5% spectral noise further confirm its robustness: the NIW
method maintained error below 1.9 °C, while the peak wavelength and blue-white ratio
methods showed errors exceeding 7.6 °C under the same noisy conditions. This superior
performance stems from the integral nature of NIW, which averages out random fluctua-
tions in the spectral data.
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5.5. Comprehensive Comparison with Other Optical Methods

To further highlight the advantages of the NIW method, Table 9 provides a multidi-
mensional comparison with existing optical techniques for junction temperature measure-
ment

Table 9. Comparison of NIW method with other LED junction temperature measurement tech-

niques.

tact/Non-
Method gzitzztl on Cost Speed Applicable LED Types Instrumentation Required
Forward voltage Contact High Slovx.z (needs All High-speed switch, low-cur-
(FVM) settling) rent source
Peak wavelength ~ Non-contact Medium  Fast Monochrome only Spectrometer
Blue-white ratio Non-contact Low Fast White LEDs only Spectrometer
Raman spectroscopy Non-contact Very high Slow Lab only Raman microscope
Thermoreflectance  Non-contact High Medium  Bare die only CCD and lock-in amplifier
NIW (this work) Non-contact Low Fast All Modified spectrometer

The NIW method offers the best combination of low cost, non-contact operation, fast
measurement speed, reasonable accuracy, and wide applicability across different LED
types. Unlike the peak wavelength method, NIW works for white LEDs; unlike the blue-
white ratio method, it works for monochromatic LEDs. This universality is a key ad-
vantage for manufacturing environments where multiple LED types are produced on the
same line.

5.6. Influence of Spectrometer Resolution

To investigate the effect of spectrometer resolution on measurement accuracy, we
repeated the NIW measurements for the red LED using different resolution settings (0.5
nm, 1 nm, 2 nm). The results show that the NIW values change by less than 0.2% when
the resolution is varied from 0.5 nm to 1 nm; the NIW changes by less than 0.1%, corre-
sponding to a temperature difference of approximately 0.3 °C. At 2 nm resolution, the
error increases to 1.2 °C due to excessive smoothing of the spectral features. Therefore, a
spectrometer with a resolution of 2 nm or better is recommended for practical implemen-
tations. Most commercial compact spectrometers meet this requirement.

5.7. Summary of Advantages
The NIW method offers significant advantages over existing techniques:

(1) Instrumentation simplicity: The method relies on a standard spectrometer with min-
imal hardware modification, avoiding the costly switching electronics and precision
low-current sources that are indispensable for FVM-based measurements. This trans-
lates directly into reduced capital investment and lower maintenance overhead.

(2) Measurement transparency: Because the sensing mechanism is purely optical, the
method does not interfere with the electrical circuit of the device under test. Contin-
uous real-time monitoring can thus be performed without perturbing the LED’s nor-
mal operating state—a feature that is particularly valuable in production environ-
ments where uninterrupted operation is required.

(3) Versatility across LED types: The method has been validated on both monochromatic
(red, green, blue) and phosphor-converted white LEDs. Its underlying principle—
that spectral broadening tracks junction temperature—is generic and can, in princi-
ple, be extended to other semiconductor lighting technologies.
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(4) Streamlined calibration: Unlike FVM, which requires calibration at very low currents
and subsequent high-speed switching, the NIW method performs calibration directly
at the normal operating current. This not only simplifies the procedure but also elim-
inates a potential source of measurement artifacts associated with current transients.

(5) Measurement robustness: By integrating over the entire spectral profile rather than
extracting a single point, the NIW is intrinsically less sensitive to random noise and
spectral fluctuations, ensuring reproducible results across repeated measurements.

A few caveats should be mentioned. The achievable accuracy is tied to the resolution
and stability of the spectrometer employed; routine recalibration may be necessary to
compensate for long-term drift. Additionally, one-time calibration per LED type or batch
is required, and care must be taken to avoid ambient light contamination—for example,
by using an integrating sphere or a light-tight enclosure. The behavior of the method un-
der extreme drive conditions or rapidly changing temperatures warrants further investi-
gation. The current validation covers the 10-85 °C range, which is the typical operating
range for commercial power LEDs. While the NIW method is expected to remain effective
beyond this range based on its physical mechanism, validation under more extreme tem-
peratures is reserved for future work. At very low temperatures (below 0 °C), reduced
carrier injection efficiency may require longer integration times to maintain measurement
accuracy. At very high temperatures (above 85 °C), phosphor thermal quenching in white
LEDs may introduce additional spectral reshaping effects, which could affect the NIW
measurement. Despite these considerations, the overall balance of simplicity, cost, and
performance positions the NIW method as a viable alternative to more complex estab-
lished techniques.

6. Conclusions

This work presents a non-contact spectral method for LED junction temperature (T;)
measurement based on the normalized integral width of the emission spectrum. The
method captures temperature-dependent spectral broadening—arising from bandgap
shrinkage and carrier thermal redistribution —through the full-spectrum integral width.

Experiments on red, green, blue, and white power LEDs confirm a strong linear cor-
relation between NIW and Tj (R? > 0.99). When benchmarked against the FVM using a
T3Ster system, the NIW method achieves a maximum deviation of only 2.1 °C, with a
repeatability of +0.3 °C and an overall uncertainty of +0.64 °C.

Compared to peak-wavelength and blue-white ratio methods, the NIW approach
provides a more favorable combination of attributes: it is non-invasive, cost-effective,
rapid, and universally applicable to both monochromatic and white LEDs without requir-
ing any method-specific adjustments.

Future efforts will be directed toward enhancing the temporal resolution for dynamic
T; monitoring and thermal resistance characterization, extending validation to emerging
devices including COB, mini-LED, and micro-LED, and developing a miniaturized spec-
tral sensor for embedded thermal management applications.
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