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Trichromatic white-light sources based on light-emitting diodessLEDsd offer a high luminous
efficacy of radiation, a broad range of color temperatures and excellent color-rendering properties
with color-rendering indicessCRIsd exceeding 85. An analysis of the luminous efficacy and CRI of
a trichromatic light source is performed for a very broad range of wavelength combinations. The
peak emission wavelength, spectral width, and the output power of LEDs strongly depend on
temperature and the dependencies for red, green, and blue LEDs are established. A detailed analysis
of the temperature dependence of trichromatic white LED sources reveals that the luminous efficacy
decreases, the color temperature increases, the CRI decreases and the chromaticity point shifts
towards the blue as the junction temperature increases. A high CRI.80 can be maintained, by
adjusting the LED power ratio so that the chromaticity point is conserved. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1852073g

I. INTRODUCTION

Solid-state lighting technology, due to advantages such
as high efficiency and long life, is believed to replace con-
ventional, inherently less efficient incandescent and fluores-
cent light sources.1–3 It is well established that semi-
conductor-based light sources have, in principle, the poten-
tial of achieving near 100% power efficiency. State-of-the-art
light-emitting diodessLEDsd are already being used in nu-
merous applications such as traffic signals and full-color
video displays,4 and it is expected that LEDs will be increas-
ingly used in general lighting applications.

However, the requirements for general lighting differ
from those of other applications.First, the color-rendering
index sCRId of the light source, defined as the ability of the
light source to render the true colors of an object, should be
high. The maximum value of the CRI is 100, which implies
the best possible color rendition.Second, the luminous effi-
cacy sLEd and the luminous efficiency, both measured in
lumens per wattslm/Wd, are important performance criteria
for white-light sources. The luminous efficacy of radiation is
the efficiency of conversion from optical power to luminous
flux. The luminous efficiency of the source is the ratio of
luminous flux to the input electrical power. The highest LE is
obtained for a monochromatic emission at 555 nm, where
the human eye is most sensitive.5 However, the CRI of such

a monochromatic source would be poor. As is well known,
there is a fundamental tradeoff between CRI and LE, that is,
one of the two quantities can be maximized only at the ex-
pense of the other.

LEDs inherently have narrow emission linewidths as
compared to phosphors and incandescent sources, and there-
fore pose a challenge for the generation of white light. There
are two different approaches for producing white light using
LEDs.6,7 In the first approach, which employs phosphors,
partial down-conversion of high-energy photons
s,460 nmd to lower energy photons, takes place in the phos-
phor. This type of approach has the advantage of a compact
package, a single power supply, and a high CRI due to the
broad emission spectrum of a phosphor.8 The approach also
has great color stability, in particular if a UV source is used
to excite the phosphor. However, phosphor-based sources
suffer from limited LE due to down-conversionsStokes shiftd
and relatively broad emission spectra.

The Stokes shift energy loss is unavoidable and cannot
be overcome in conventional phosphor materials. The Stokes
energy loss incurred during conversion of a photon of wave-
lengthl1 to a photon of wavelengthl2 sl1,l2d is given by

DE = hn1 − hn2 = Shc

l1
D − Shc

l2
D , s1d

whereh is Planck’s constant andc is the speed of light in
vacuum.
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Thus, the energy efficiency of a wavelength converter is
given by

hhn = 1 −
hn1 − hn2

hn1
=

l1

l2
. s2d

In the second approach, emission from multiple single-
color LEDs is additively mixed to generate white light. Since
there is no loss due to the down-conversion, this approach
offers white light sources with potentially very high lumi-
nous efficiency. Theoretically dichromatic white-light

sources are most efficient, offering an efficacy of
.440 lm/W.9 However, the CRI of dichromatic sources is
low. The CRI can be improved dramatically by increasing
the number of primary-color LEDs for a white source. How-
ever, sources with a greater number of primary-color LEDs
have lower LE.

Trichromatic LED-based white-light sources achieve an
excellent balance between CRI and LE.10 CRI exceeding 85
and LE in excess of 300 lm/W can be obtained with the
optimum combination of wavelengths.

In this article, comprehensive data for the LE and CRI of
a trichromatic light source are provided for a very broad
range of wavelength combinations. The temperature depen-
dences of the LED peak wavelength, spectral width, and out-
put power are determined experimentally. The changes in
LE, correlated color temperaturesCCTd, CRI, and chroma-
ticity coordinates are determined. These parameters change
drastically with temperature and can render the source un-
suitable for certain applications. It is shown that this problem
can be alleviated by changing the power ratio of the indi-
vidual LEDs, thereby maintaining the CRI and luminous ef-
ficacy of the source at high values.

II. TRICHROMATIC LED-BASED WHITE LIGHT
SOURCE

A trichromatic LED-based white light source can be
formed by assembling GaInN blue and green LEDs and Al-

FIG. 1. sColor onlined Experimental emission spectrum of trichromatic
LED-based white-light source withTC=6500 K ssolid lined and Gaussian fit
sdashed lined. The inset shows a photograph of the trichromatic light source.

FIG. 2. sColor onlined Contour plots showing LE of radiation and CRI of a trichromatic gaussian white-light source with linewidth of 5 kT at 300 K for
different wavelength combinations.
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GaInP red LED in an array. Figure 1 shows the experimental
emission spectrum of such a white-light sourcessolid lined
consisting of 72 devices. The figure also shows a Gaussian fit
sdashed lined to the experimental spectrum. We can see that
the Gaussian closely matches the experimental spectrum.
The power ratio of the LEDs is adjusted to obtain a chroma-
ticity point on Planckian locus with a color temperature of
6500 K. The inset shows the photograph of the light source.
The experimental spectra display a linewidthffull width at
half-maximum sFWHMdg of 5–8 kT. The linewidths are
more than the theoretically expected linewidth of 1.8 kT,
which originates in thermal broadening effects. Giving the
linewidths in terms of units of kT is very useful as it allows
for convenient comparison with the theoretical linewidth of
1.8 kT. The additional line broadening found in the experi-
mental emission spectra can be attributed to alloy broaden-
ing, that is, the statistical fluctuation of the active region
alloy composition. As can be seen from Fig. 1, alloy broad-
ening is particularly strong in the case of GaInN LEDs, pos-
sibly due to InN phase separation.

To determine the best possible wavelength combination
for a trichromatic source, LE and CRI for a wide range of
wavelength combinations are calculated from Gaussian fits
to experimental spectra. The CRI is calculated using the pro-
cedure detailed by CIE.11 Figure 2 shows the contour plots of
LE and CRI for a large combination of wavelengths. The

linewidth is assumed to be 5 kT, which is comparable to the
blue emitter, but narrower than the green and broader than
the red emitter. ForDE=5 kT, LE as high as 318 lm/W and
CRI as good as 86 can be obtained with a wavelength com-
bination ofl1=455 nm,l2=530 nm,l3=605 nm.

Figure 3 shows the contour plots of LE and CRI for
various wavelength combinations assuming a linewidth of
8 kT. The highest LE values and the best color-rendering
properties are found for the wavelength combination ofl1

=455 nm,l2=530 nm,l3=610 nm. The LE for this wave-
length combination is 300 lm/W and the CRI is 93. These
values of the LE and the CRI are suited even for the most
demanding illumination applications and they are far supe-
rior to the typical LEs of incandescent lamps.

Comparison of Figs. 2 and 3 shows the fundamental
trade-off between luminous efficacy and CRI. As the line-
width changes from 5 to 8 kT, the LE decreases and CRI
increases for the same wavelength combination. The results
in Figs. 2 and 3 show that both, high LE and good CRI can
be obtained by trichromatic LED-based white-light sources.
As can be inferred from these figures, the CRI values of such
sources decrease rapidly for even small deviations in wave-
lengths from the optimum values. We observe, in Fig. 2, that
for an increase of just 20 nm in any one of the three optimum
wavelengths the CRI decreases from 86 to,60. Therefore,

FIG. 3. sColor onlined Contour plots showing LE of radiation and CRI of a trichromatic gaussian white-light source with linewidth of 8 kT at 300 K for
different wavelength combinations.
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maintaining the optimum values of wavelengths is very im-
portant for producing high LE and CRI white light.

However, the junction temperature of the LED strongly
affects the peak wavelength, spectral width, and output
power. Each of these factors affects the LE and CRI of the
light source. The junction temperature and the temperature
coefficients of LED parametersspeak wavelength, spectral
width, and powerd are therefore of critical importance, and a
detailed analysis of these parameters will be presented next.

III. MEASUREMENT OF JUNCTION TEMPERATURE

The junction temperature of an LED affects peak wave-
length, spectral width, output power, internal efficiency,
maximum output power, reliability, and lifetime, etc. Differ-
ent techniques, such as micro-Raman spectroscopy, elec-
troluminescence, photoluminescence, thermal resistance, and
threshold voltage, have been used to determine the junction
temperature.12–14 In this article, the junction temperature of
red, green, blue, and UV LED is measured using three dif-
ferent methods namely by the forward-voltage, peak-
wavelength-shift, and high-energy-slope method.

The forward-voltage method15 consists of two parts. The
first part is a pulsed calibration measurement and the second
part is a dc measurement. In the calibration measurement, a
pulsed current of duty cycle of 0.1%s10 to 100 mA in steps
of 10 mAd is passed through the LED mounted inside an
oven with controlled temperature. It is very reasonable to
assume that the junction temperature of the LED is the same
as the oven temperature because no significant heating is
caused by the pulsed current of very low duty cycle. The
forward-voltage drop is recorded using a multimeter for dif-
ferent values of the pulsed current at temperatures ranging
from room temperature to 120 °C in steps of 20 °C. The
calibration measurement establishes the relationship between
the forward voltageVf and the junction temperatureTj. In
the second part, dc current is passed through the LED kept in
room-temperature ambient. The forward-voltage drop is re-
corded at current levels ranging from 10 to 100 mA in steps
of 10 mA. The calibration measurement serves as the refer-
ence for the derivation of the junction temperature from the
dc measurement. The forward voltage recorded during the dc
measurement is used to determine the junction temperature
using the calibration plots. Figure 4 shows the calibration
plots for the forward-voltage method. An approximately lin-
ear decrease inVf with respect toTj is observed.

The change in band gap energy with temperature is used
in the peak-wavelength-shift method. A similar procedure,
that is, pulsed calibration and the dc measurement, is used.
The peak wavelength is recorded for each temperature of the
calibration measurement using an optical spectrum analyzer.

Figure 5 shows the calibration plots for the peak-
wavelength-shift method. We notice that the peak wave-
length of III-V nitride-based LEDs shifts towards shorter
wavelengths with increasing drive current even when the
temperature is maintained constant. This short-wavelength
shift is not observed in the case of III-V phosphide-based red
LEDs. This blueshift in case of the III-V nitride-based LEDs
is due to the piezoelectricity-induced quantum confined Stark

effect.16 Note that the redshift in the peak wavelength of the
red AlGaInP LED is greater than that of the blue and green
LED. Table I lists the temperature coefficients of peak wave-
length, spectral width for blue, green, and red LEDs.

In the high-energy slope method, spectra of LEDs are
recorded at different current levels. Assuming the Boltzmann
distribution, the intensity can be described by

I ~ expS−
hn

kT
D , s3d

where k is the Boltzmann constant andT is the carrier
temperature.

FIG. 4. sColor onlined Calibration curves of forward voltage vs oven tem-
perature for UV, blue, green, and red LEDs at different values of the pulsed
current.

FIG. 5. sColor onlined Calibration curves of peak wavelength vs oven tem-
perature for UV, blue, green, and red LEDs at different values of the pulsed
current. The separation in the curves corresponding to different values of
current in case of III-V nitride UV, blue, and green LEDs is due to the
quantum confined Stark effect.
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Therefore, we can deduce the carrier temperature from
the slope of the high-energy part of the spectrum. This carrier
temperature is generally higher than the actual junction tem-
perature. Figure 6 shows the spectra and carrier temperatures
of a blue GaInN LED for dc current values of 20 and
100 mA. Note the increase in carrier temperature at higher
dc current. Data from the region near the peak but on the
high-energy side are used for the measurement of the carrier
temperature because at even higher energies, the optical sig-
nal is very weak.

Figure 7 shows the results of all three methods of junc-
tion temperature measurement for UV, blue, green, and red
LEDs. The results from the first two methods, forward-
voltage and peak-wavelength-shift, are in good agreement
with each other. The uncertainty in the junction temperature
measurement by the peak-wavelength-shift method is higher
due to the uncertainty involved with measurement of the
peak wavelength. It is generally accepted that the accuracy in
the peak position of an emission line is 1/10 of the linewidth
sFWHMd. Therefore, we conclude that the forward-voltage
method provides the most accurate values of the LED junc-
tion temperature. We estimate the accuracy of the forward-
voltage method to be ±3 °C. The temperatures obtained
from the high-energy-slope method are much higher than the
actual value of the junction temperature.

In the experiments just presented, the device output
power is recorded. The temperature dependence of the output
power can be described by

I = uI0u300 Ke−sT−300 Kd/Tchar, s4d

whereTchar is called the characteristic temperature.

Experimentally determined values of temperature coeffi-
cients of peak wavelength, FWHM, and characteristic tem-
peratures for different LEDs are shown in Table I. Note that
all LEDs show a redshift of the spectrum with increasing
temperature.

IV. LE AND CRI AS A FUNCTION OF TEMPERATURE

Theoretically, a spectral width of 1.8 kT is expected for
the thermally broadened emission. However, due to other
broadening mechanisms, such as alloy broadening, the ob-
served values of spectral width at room temperature in III-V
nitride LEDs are 5–8 kT. This broadening in the emission
spectrum results in a small movement of the chromaticity
point away from the perimeter towards the center of the
chromaticity diagram.

Experimental evidence discussed earlier supports the use
of the Gaussian function to describe the spectral power den-
sity function of an LED. Therefore,

Psld = P
1

sÎ2p
expF−

1

2
Sl − lpeak

s
D2G , s5d

where

s =
lpeak

2 DE

2hcÎ2 ln 2
, s6d

whereDE is the FWHM of the emission spectrum andP is
the optical power of the LED.

Therefore the spectral power density function for the
trichromatic LED-based white-light source can be given as

Pwhitesld = Pbluesld + Pgreensld + Predsld. s7d

The LE of this source can be calculated using

TABLE I. Experimentally determined temperature coefficients of various
LED parameters.

dlpeak/dT
snm/°Cd

dDl /dT
snm/°Cd

Tchar

sKd

Blue 0.0389 0.0466 493
Green 0.0308 0.0625 379
Red 0.1562 0.1812 209

FIG. 6. sColor onlined Electroluminescence spectra of GaInN blue LED at
20 and 100 mA. Dashed lines represent the linear fit to the high-energy side
of the spectrum, where carrier distribution can be approximated by the Bolt-
zmann distribution.

FIG. 7. sColor onlined Plots of junction temperature vs dc current for UV,
blue, green, and red LEDs. The forward-voltage method is most accurate.
The high-energy-slope method gives us the carrier temperature.
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LE =

S683
lm

W
DE

l

PwhitesldVslddl

E
l

Pwhiteslddl

, s8d

whereVsld is the eye sensitivity function.
To calculate the CRI of the trichromatic LED-based

white-light source, the CIE 1976su8 ,v8d uniform chromatic-
ity coordinates are used. The reference light source chosen is

a Planckian radiator with color temperature of 6500 K. The
calculation procedure defined by CIE11 is followed. An adap-
tive color shift is taken into account for CRI calculations for
Tj =50 and 80 °C, where the chromaticity coordinates of the
trichromatic LED-based white-light source move away from
the Planckian locus.

TABLE II. Peak wavelength, spectral width, and power ratios of individual LEDs for different values of
junction temperature. Also given are the calculated values of the CRI and LE.

20 °C lpeak snmd 455 530 605 sx,yd=s0.315,0.327d
CRI=84

LE=319 lm/W
TC=6500 K

Dl snmd 23.9 46.6 19.2
DE skTd 5.5 7.9 2.5
Pint sWd 1 1.067 0.786

50 °C lpeak snmd 456.2 530.9 609.7 sx,yd=s0.307,0.323d
TCC=6900 K

CRI=80
LE=307 lm/W

Dl snmd 25.3 48.5 24.64

DE skTd 5.8 8.2 3.2

Pint sbefore
power

adjustmentd
sWd

0.941 0.986 0.681 Changing power ratio
TC=6500 K

CRI=85
LE=311 lm/W

Pint safter
power

adjustmentd
sWd

1 1.08 0.801

80 °C lpeak snmd 457.4 531.8 614.4 sx,yd=s0.296,0.320d
TCC=7200 K

CRI=72
LF=297 lm/W

Dl snmd 26.7 50.4 30.08

DE skTd 6.1 8.5 3.9

Pint sbefore
power

adjustmentd
sWd

0.885 0.911 0.590 Changing power ratio
TC=6500 K

CRI=81
LF=302 lm/W

Pint safter
power

adjustmentd
sWd

1 1.079 0.834

FIG. 8. sColor onlined Emission spectrum for a trichromatic LED-based
white-light source at different junction temperatures. The optical power ratio
of the LEDs is constant so that the color temperature/CCT of the light
source changes.

FIG. 9. sColor onlined Chromaticity point of a trichromatic LED-based
white-light source for different junction temperatures.
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The change in LED parameters results in a change in the
spectrum of the trichromatic white source, as shown in Fig.
8. The values of the temperature coefficients of the peak
wavelength, spectral width, and the characteristic tempera-
ture, listed in Table II, are used to calculate the LE. CRI,
color temperature, and chromaticity coordinates atTj =20,
50, and 80 °C. The movement of the chromaticity point with
junction temperature is shown in Fig. 9. Notice that the chro-
maticity point moves towards higher color temperatures ow-
ing to the strong decrease in intensity of the red LED. Figure
10 shows the chromaticity coordinates of the white-light
source atTj =20, 50, and 80 °C along with the Planckian
locus in the CIE 1931x-y chromaticity coordinate system as
well as in the CIE 1976u8-v8 uniform chromaticity coordi-
nate system. AtTj =50 °C the chromaticity point is 0.009
units away from the original point and at 80 °C it is 0.02
units shifted from the original point. This exceeds the toler-
able deviation limit of 0.01 units commonly used in the light-
ing industry.17 The LE increases with decrease in the inten-
sity of the red emitter and it decreases with the redshift of the
red emitter. The decrease in LE at higher junction tempera-
tures can be understood as the result of competition between
the above two effects in which the decrease in efficacy due to
redshift dominates. At longer wavelengths, the sensitivity of
the human eye is lower.

To maintain the original chromaticity coordinates of the
white-light source the power of each individual LED should
be adjusted. This adjustment changes the original power ratio
between LEDs and thus changes the shape of the spectrum.

The spectra of the white source after such power adjustment
at Tj =50 and 80 °C are shown in Fig. 11. With such power
adjustment, it is shown that, the LE and CRI can be main-
tained above 300 lm/W and 80, respectively.

V. CONCLUSION

In conclusion, experimental results and calculations
show that trichromatic LED-based white-light sources are
illumination sources with excellent CRI and LE suitable
even for the most demanding illumination applications. An
analysis of the LE and CRI of a trichromatic light source is
performed for a very broad range of wavelength combina-
tions. Detailed experiments are performed to establish the
junction temperature dependence of peak wavelength, spec-
tral width, and output optical power. It is observed that the
chromaticity point shifts, CRI decreasess84 to 72d, color
temperature increasess6500 to 7200 Kd and the LE de-
creasess319 to 297 lm/Wd as the junction temperature in-
creases from 20 to 80 °C. The change in CRI caused with
increasing junction temperature can be problematic for cer-
tain applications. Therefore the ability to tune the source by
changing the input electrical power of individual LEDs is
required so as to maintain the chromaticity coordinates, CRI,
and LE at acceptable values. A high CRI.80 and LE
.300 lm/W can be maintained, if the chromaticity point is
conserved by power adjustment of the individual LEDs.
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