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Confocal micro-Raman microscopy performed in the transparent spectral region of a semiconductor
can, in principle, be used for operando three-dimensional (3D) thermometry with optical diﬀraction-limit
spatial resolution. However, when applied to high-power GaN-based light-emitting diodes (LEDs), the
applicability is hindered by the often strong secondary electroluminescence in the visible spectral region
that overwhelms the Raman signal. We develop a “split-time-window” scheme that can mimic the continuous wave operation but without the interference of the secondary emission, which allows us to carry
out noninvasive 3D temperature proﬁling and comprehensive thermal analyses of the whole device at any
operation current. The technique is applied to an (Inx Ga1−x )N/GaN LED to extract its 3D temperature
distribution when operated at 350 mA with μm-scale resolution when using a 532-nm laser. We show that
although a conventional technique can yield a reliable average temperature diﬀerence between the heat
sink and the LED junction (a few degrees), the spatial ﬂuctuations are much larger than the average difference. Furthermore, we show that using the anti-Stokes to Stokes Raman intensity ratio as a metric can
yield more reliable and accurate results than using the Raman frequency shift.
DOI: 10.1103/PhysRevApplied.10.034049

I. INTRODUCTION
Due to its direct and wide band gap and chemical
stability, gallium nitride (GaN) is an attractive material for microelectronic and optoelectronic applications,
such as display and general lighting and power electronics [1–4]. However, it is well known that the eﬃciency
of the GaN-based light-emitting diodes (LEDs) tends to
decrease with increasing temperature and/or injection current, a phenomenon known as eﬃciency droop. Although
the mechanisms of the droop remain inconclusive, highinjection current-induced heating is thought to be a contributing factor [5]. The well-known current-crowding
eﬀect is expected to induce inhomogeneity in temperature
[6]. Heating and inhomogeneous temperature distribution
under a high operational current are also signiﬁcant for the
power electronic device [7]. Therefore, a reliable method
to evaluate the temperature distribution of GaN-based
devices under real operational conditions with both high
spatial resolution and accuracy is important for improving
the device performance. Diverse measurement methods
have been adopted to quantify the junction temperature
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of GaN and other LEDs, including a forward-voltage
method [8], thermal resistance and thermal transient methods [9], electroluminescence (EL) peak shift [10], photoluminescence (PL) peak shift [11], micro-Raman frequency
shift [12–14], and infrared (IR) thermography [15]. These
methods typically measure the average temperature of
LEDs as a whole [8–11], but sometimes they also measure the two-dimensional surface temperature distribution
[12–15]. However, it is known that the device temperature is nonuniform both laterally and vertically under
operation [13]. A micro-Raman-based method using a visible laser can, in principle, provide noninvasive operando
3D thermometry but with better spatial resolution than
IR thermography. Unfortunately, yellow luminescence
[16], typically ranging from 440 to 700 nm, originating
from deep-level defects in GaN, often overwhelms the
Raman scattering signal under the operating conditions
of GaN LEDs. Only to some extent, for instance under
a relatively low injection current, can the luminescence
interference be mitigated by using a long-wavelength
laser [12]. Additionally, using the Raman frequency shift
[12–14] as a temperature calibration could be problematic, because temperature change also leads to stress
relaxation that also contributes to the Raman frequency
shift [17,18].
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The (Inx Ga1−x )N/GaN LED is grown on a c-plane patterned sapphire substrate by using metal organic chemical
vapor deposition. Five-pairs of (Inx Ga1−x )N/GaN multiple quantum wells (MQWs) with 2.5-nm wells and 12-nm
barrier thicknesses are used as the active layer having
a peak emission wavelength of 448 nm. The fabrication
details can be found in a previous publication [19]. The
device size is 1.15 × 1.15 mm2 . The LED chip is mounted
on a ceramic heat sink without phosphor. The Stokes and
anti-Stokes GaN Raman signals are measured in air using
a confocal Raman microscope (Horiba LabRAM HR800
with a 1200 g mm−1 grating) with a 532-nm laser and a
notch ﬁlter. The laser power used is 22.8 mW with a ×50
long-working-distance (LWD) objective lens. It is found
that the relatively high laser power induced some residual
heating eﬀects, which led to an increase in sample temperature by 2.7 ± 0.5 °C. We have subtracted this amount
from the measured temperature. Because of the presence
of the relatively strong yellow emission [16], even at a
moderate injection current level the Raman signals become
unresolvable, as shown in Fig. 1 where PL/Raman spectra
at I = 0, 20, 50, 70, and 100 mA are measured in a conventional way. Therefore, a more versatile method is needed
to eliminate the yellow emission and still be able to mimic
realistically the high-current operational conditions.
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FIG. 1. PL/Raman spectra at diﬀerent currents of I = 0, 20, 50,
70, 100 mA.

In this study, we develop a confocal micro-Raman
based 3D temperature imaging technique that can not
only achieve diﬀraction-limit spatial resolution (approximately 1 μm) and high accuracy (approximately ±2 °C),
but also suppress all EL interference when applied to GaNbased LEDs using any below-band-gap laser. We use the
intensity ratio of anti-Stokes and Stokes Raman scattering lines, instead of the shift of the Stokes line, to extract
the temperature, which is immune to the interference of
heating-induced stress relaxation.

tCCD = 1.6 s
(shuer open)

Trigg signal

T = 20 s

Computer

CCD
controller

(0.05 Hz 8% duty)
Funcon
generator
(I)

Funcon
generator
(II)

(b)
LEDs
intensity

T = 20 s

CCD

tLEDoﬀ
=2s

tLEDon
= 18 s

(0.05 Hz 100% duty)

on
(18 s)

Raman signal

(a)

T = 20 s
(0.05 Hz 90% duty)

Shuer

Power supply
&
LED controller

GaN LED

Laser
(532 nm)

off
(2 s)

@350 mA
@0 mA
Laser shutter open (1.6 s)

Raman
signal
Stokes
(1st window)

Stokes
(2nd window)

Anti-Stokes
(1st window)

Anti-Stokes
(2nd window)

FIG. 2. Schematic diagrams and timing sequences for measuring Raman signals without the interference of EL signal when an
(Inx Ga1−x )N/GaN LED is operated at high current. (a) Block diagrams of the measurement technique, (b) timing sequences of a LED
in operation and oﬀ operation for Raman measurement (in the case illustrated, Stokes and anti-Stokes signals are measured in two
spectral windows, twice for each window).
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The general idea of our approach is to drive LEDs under
a continuous current for a relatively long period of time
to allow the device to reach a steady operational state,
then switch the power oﬀ brieﬂy to take the Raman spectrum in the middle of the oﬀ-time window. This approach
resembles the “stress-probe” measurement used for electronic devices [20]. We take advantage of the fact that the
electronic relaxation time is much faster than the thermal
relaxation time so that the luminescence decays quickly
after the device is turned oﬀ but the thermal distribution
remains nearly the same as in a truly continuous mode
during the Raman data collection window. The implementation of this “split-time-window” method is shown
schematically in Fig. 2 with block diagrams and timing
sequences. The charge-coupled-device (CCD) controller
of the Raman microscope is set to have an apparent data
collection time T and outputs a transistor-transistor-logic
(TTL) signal with an on-time of T (e.g., T = 20 s). This

(a)

signal is split to drive two function generators (FG-I and
FG-II; AFG310, Tektronix) simultaneously: FG-I outputs
a square function that is used to control a LED controller (RC120, Gradasoft Vision Ltd.) such that the LED
is on and oﬀ during tLEDon and tLEDoﬀ , respectively, with
tLEDon + tLEDoﬀ = T (e.g., tLEDon = 18 s and tLEDoﬀ = 2 s).
FG-II outputs a square function at the center of tLEDoﬀ for
a time interval tCCD to open a mechanical shutter in front
of the CCD. The tCCD is the actual signal collection time
such that tLEDoﬀ = tCCD + 2δt (δt is a buﬀer of 0.2 s) to
avoid the possible overlapping between the luminescence
and Raman signals (e.g., tCCD = 1.6 s). The measurement
can be repeated multiple times for one spectral window to
achieve an adequate signal-to-noise ratio and cover multiple spectral windows as needed, with the assurance that
the timing is always correct. In this study, two spectral windows are used to cover the Stokes and anti-Stokes Raman
lines.
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FIG. 3. Characterization of an (Inx Ga1−x )N/GaN LED. (a) Time-dependent voltage at a 350-mA injection current. (b) Time dependence of GaN E2H mode frequency at 350 mA. (c) Stokes and anti-Stokes Raman scattering signals of GaN E2H mode at 350 mA with
the EL yellow emission suppressed compared with zero current. Inset shows the temperatures of 10 repeated measurements from a
single location. (d) Temperature dependence of GaN E2H mode frequency at zero current.
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III. RESULTS AND DISCUSSION

(a)

Here we illustrate how to determine the appropriate
measurement parameters under a 350-mA injection current. It is well known that the diode forward voltage can
be used indirectly to estimate the junction temperature of
GaN LEDs [8]. In this method, at a constant current injection the junction temperature will not be equilibrated until
the forward voltage is stabilized. As shown in Fig. 3(a), at a
350-mA current injection, the forward voltage approaches
about 3.233 V after 14 s, indicating that the junction temperature will not change much further after 14 s. It has
been reported that the junction temperature of GaN LEDs
stabilized after 10 s under a 350-mA injection [21]. To
be safe, we adopted tLEDon = 18 s. Typically, the GaN E2H
phonon of approximately 570 cm−1 is employed to monitor the temperature change of GaN LEDs [12–14,22]. To
determine a time interval in which the device temperature
exhibits minimal change after being turned oﬀ, we measure
time-dependent Raman in a time duration of 20 s right after
the tLEDon on-period, with the time dependence of the E2H
mode frequency shown in Fig. 3(b). It changes from 569.24
to 569.76 cm−1 but there is no change within the ﬁrst 2 s,
which suggests that the device temperature is maintained
during the initial 2 s. Thus, we select tCCD = 1.6 s for each
spectral window and tLEDoﬀ = 2 s. As shown in Fig. 3(c),
the sharp peaks of Stokes and anti-Stokes Raman scattering are measured successfully without any interference
from the yellow EL signal at 350 mA with comparison to
the spectrum at zero current.
As a reference, we also performed a direct temperaturedependent Raman measurement by placing the LED in a
heating chamber (TS1500, Linkam) from room temperature to 120 °C, with the results shown in Fig. 3(d). We
realize that the amount of Raman peak shift of the E2H
mode is less than 1 cm−1 between 40 o C and 100 °C, which
could lead to a large uncertainty if one uses this dependence to extract the temperature change, not to mention the
complication due to the stress relaxation [18]. For comparison, we also use the forward-voltage method to measure
the temperature diﬀerence between the LED and heat sink
by placing the LED in a heating chamber (HCP621GP,
INSTEC Inc.).
The relative intensity ratio of Stokes and anti-Stokes
Raman scattering is known to be sensitive to the temperature and is often used as the temperature metric [23,24]
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where IAS and IS are the intensity of anti-Stocks and Stocks
Raman peaks, ν o is the frequency of the incident light, ν i
is the Raman shift, k is the Boltzmann constant, and h is
the Plank constant. M is a correction factor that depends
on multiple eﬀects, such as the spectral dispersion of the
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FIG. 4. Top and cross-sectional images of the LED, and temperature probing points on the device cross section. (a) Top view
of optical microscope image, (b) cross-sectional SEM image,
and (c) cross-sectional schematic drawing showing the measured
locations (blue dots) at four diﬀerent depths.

spectroscopy system and material. In order to determine
M, multiple Raman spectra are measured with the GaN
LED placed on a hot plate maintained at constant temperatures of 24 °C and 85 °C under a no-biased condition in
order to avoid temperature ﬂuctuation. Applying Eq. (1) to
the 24 °C data yielded M = 0.854 ± 0.0016, with an uncertainty of ±2.07 °C; and to the 85 °C M = 0.853 ± 0.0011,
with an uncertainty of ±2.01 °C. The results of ten
repeated measurements at 24 °C from a single location are
plotted in the inset of Fig. 3(c), showing the excellent
repeatability and reliability of the method. Note that, in
the temperature range of interest to this work, M remains
nearly constant. For a general case, one can use an explicitly measured M (T) function in Eq. (1).
Figures 4(a) and 4(b) show a top-view optical microscope image of the LED with interdigitated n and p
electrodes and a cross-sectional scanning electron microscope (SEM) image, respectively. The thickness of the
GaN ﬁlm is found to be approximately 4.8 μm from the
ﬂat portion of the sapphire substrate and approximately
3.2 μm from the top of the pillars of the patterned sapphire structure, as shown in the SEM image Fig. 4(b). For
the purpose of demonstrating the feasibility of the methodology, we probed the device temperature proﬁles in one
horizontal plane within one small volume at the central
region between a pair of n and p electrodes as indicated
in Fig. 4(a). The vertical (x, y = 0, z) plane is illustrated
in Fig. 4(c), which is 14 μm in width and 3 μm in height,
covering a cross-sectional area from the bottom to the top
of the GaN ﬁlm. The lateral and vertical distances of the

034049-4

IN OPERANDO MICRO-RAMAN . . .

PHYS. REV. APPLIED 10, 034049 (2018)
FIG. 5. 3D temperature proﬁle sampling
results. (a) Cross-sectional temperature contours calculated from the intensity ratio of
Stokes and anti-Stokes Raman scattering and
Raman spectra of a few extreme points (no. 1 to
no. 4) below. (b) Average temperatures at diﬀerent depths. (c) Scattered plots of temperatures
at two types of sites (“top” and “valley”) at ﬁrst
depth.

(a)

(b)

(c)

data points are all approximately 1 μm, with a total of 60
locations where Raman spectra are measured. The horizontal (x, y, z = 0) plane is at the bottom of the vertical
plane aligned with the top sites of the patterned sapphire
structure.
Figure 5(a) depicts the temperature contour in the x-z
cross section calculated with Eq. (1). The overall temperature proﬁle looks like a columnar shape along the vertical
direction. Assuming the LED junction temperature is the
same as the top surface temperature, we ﬁnd that at 350 mA
the average temperature diﬀerence is only approximately

2 °C between the top and bottom of the GaN epilayer,
as shown in Fig. 5(b). However, we note that the magnitude of temperature ﬂuctuation within the same depth
can be signiﬁcantly larger than the overall laterally averaged variation in the depth direction, because for various
reasons the device simply does not have an axial symmetry
to justify using a one-dimensional (1D) model. Within the
cross section, the maximum temperature of 86.2 °C (location no. 4) is measured at the top surface and a minimum
temperature of 74.8 °C (no. 1) is measured at the bottom
surface close to the sapphire substrate. Raman spectra of a
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few extreme points (no. 1 to no. 4) are included in Fig. 5(a).
Moreover, we ﬁnd that, despite some ﬂuctuation, on average the GaN temperature near the top of the patterned
sapphire pillars is lower than that of the region between the
top sites at the same height. Figure 5(c) plots the temperatures from 32 locations for each of the two types of sites
and the averaged diﬀerence is approximately 5.7 °C. The
averaged diﬀerence and the ﬂuctuation within the nominally equivalent sites can be qualitatively understood in
terms of the speciﬁc lateral growth mechanism [25]. It is
possible that the GaN material near the pillar top is less
defective on average and, thus, typically has higher thermal conductivity compared to the region right above the
ﬂat sapphire, although the GaN/sapphire contact at the pillar top can vary from one site to another. We note that only
the average temperature diﬀerence between the heat sink
and the junction was measured previously [8–11]. Here we
are able to probe the full 3D distribution to assess the thermal management needs between diﬀerent materials, such
as the interface of the epilayer and substrate, and diﬀerent
regions of the same material, such as at diﬀerent distances
from the electrodes.
Based on the average temperatures of the third and
fourth depths in Fig. 5(b), the average junction temperature can be estimated to be between 80.1 °C and 81.2 °C
at 350 mA. The forward-voltage method [8] is typically
used to obtain an average junction temperature. In order
to make a direct comparison of the two methods, the
forward-voltage method is applied to the same GaN LED.
The forward voltage declines linearly from 3.23 V at
room temperature to 3.17 V as the ambient temperature
increases from room temperature to 85 °C (not shown
here). When under a 350-mA current injection for 18 s, the
forward voltage reaches 3.18 V, corresponding to 82.5 °C.
This result is similar to the average temperature acquired
from the Stokes and anti-Stokes Raman scattering in this
study.
Finally, we note that the 3D temperature variations
measured using the anti-Stocks and Stokes Raman ratio
are more accurate and reliable than those obtained using
the Raman frequency shift. For instance, the temperature
distribution measured using the Raman frequency shift
would result in signiﬁcantly lower temperatures and much
larger average temperature diﬀerences, 66.0 °C for the top
sites and 80.6 °C for the valley sites, because the strain
relaxation with increasing temperature is likely rather
signiﬁcant near the GaN/sapphire interface due to the
very large lattice mismatch and the coeﬃcient of thermal
expansion.

IV. CONCLUSION
In conclusion, we develop a technique that can oﬀer
3D temperature proﬁling with approximately 1-μm spatial

resolution for semiconductor devices where major selfheating is expected under realistic operation conditions,
such as high-power LEDs, lasers, concentrated photovoltaics (PV), and power electronics devices, and demonstrate the technique with an (Inx Ga1−x )N/GaN LED. We
show that using the Stokes and anti-Stokes Raman scattering ratio can yield more reliable and accurate temperature
values without the complication of strain relaxation than
if one uses the Raman frequency shift. In the speciﬁc
device examined, despite the fact that on average the surface temperature of GaN LEDs is only slightly higher (by
approximately 2.0 °C) than the bottom part of the GaN
ﬁlm, the magnitude of the lateral temperature variation can
be signiﬁcantly larger than this averaged vertical change.
Also, the temperature at the pillar-top sites of the patterned sapphire structure is lower by approximately 5.7 °C
on average than that of the valley sites. These previously
unnoticed 3D temperature variations indicate the necessity
of a 3D probing technique to properly analyze the device
performance. Although current implementation is to mimic
the cw operation, it can be modiﬁed to mimic pulse operation as well. This technique may have broad applications
for Raman spectroscopy-based 3D thermometry that can
oﬀer both high accuracy and spatial resolution.
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