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Abstract — Black-body radiation can be modified for
blue-light enhancement. Using photonic boxes of about 200
nm, the enhanced blue light has peak intensity at 390 nm and
a spectral width of 90 nm, which are both temperature-
independent. The spectrum is also suppressed at long-
wavelength region, so the enhanced peak intensity is over 5
times stronger than the background level at 470 nm for all
measured temperatures. In contrast, for usual black-body
radiation at those temperatures, the intensity is over 1000
times weaker at 390 nm than above 470 nm. Other visible
spectra can also be enhanced by increasing the size of
photonic boxes.

Index Terms — Black-body radiation, photonic crystals,
lithography, resonant cavity, cut-off wavelength, blue-light
enhancement.

I. INTRODUCTION

Lighting is a very important invention for human beings.

In 1879 Edison invented the light bulb [1]. The traditional
light bulb can emit visible light by heating tungsten
filament approximately near 2,500 K. Nevertheless, the
light bulb is not a very efficient lighting device. As shown
in Fig. 1, only 5% energy belongs to visible light range
and most of the radiation is the thermal energy in infrared
range. More thermal energy may emit in visible light only
when we exceed temperature to 5000 K.

Improving lighting efficiency of light bulb is always
attractive. Recent advance in research on photonics opens
the possibility of light manipulation using photonic
crystals [2]-[4]. Metallic photonic crystals have been
shown to modify black-body radiation for the
enhancement of emission in 4um — 6pum and 1.5um —
2.5um range [5]-[6]. Recent advance in research on
photonics further opened the possibility of light
manipulation using photonic crystals [7]. However,
increase of black-body radiation in the visible spectrum
has not been shown due to the complex of photonic
crystals and difficulty in their fabrication [8]. Here we
show a very simple way to enhance black-body radiation
in the blue spectrum. Using photonic boxes with a size of
about 200 nm, our experiment demonstrates that black-
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body radiation has significantly enhanced light emission
at around 400 nm with a narrow spectral width. Other
visible spectra can also be enhanced by simply increasing
the size of photonic boxes. If we coat metallic photonic
box outside the tungsten filament, it will help emit black-
body radiation greatly at specific wavelength. The metallic
photonic box is just like a resonant cavity. The EM wave
oscillates in the metal cavity and then emits from the thin
top metal, so we can easily design different box sizes for
different wavelengths. In addition, spectrum of black-
body radiation will be suppressed in long wavelength
range because wavelength longer than cut-off wavelength
cannot survive in a resonant cavity, just analogous to the
band gap of photonic crystal except that the photonic
boxes have an infinite band gap for wavelength longer
than the cut-off wavelength. In addition, we can only see
narrow range spectrum with particular modes of
wavelengths. As a result, light intensity in the visible light
band is amplified several times. If we want to observe
white light, we just combine red, green, and blue three
photonic boxes in the nanometer scale. No complicated
materials corresponding to different visible light are
needed, showing a great advantage over visible LED or
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Fig. 1. Conventional blackbody radiation spectra under different
temperature.



II. FABRICATION PROCESSES

The photonic box here is defined by a dielectric box
surrounded by metal outside, so the resonant cavity is the
main idea of making the metallic photonic box modify the
black-body radiation. The processing steps are as follows.
First a silicon wafer is used as the substrate. Then we
evaporate metal and then spin on SOG (spin on glass) for
the dielectric inside the box. Next IIPL (Immersion
Interference PhotoLithography) using a 351 nm Argon
ion laser is applied twice to create two dimensional
patterns on the photoresist [9] , which has 220 nm length
and 220 nm spacing, as shown in Fig 2. Then we use RIE
(reactive ion etch) to vertically etch some dielectric layer
with argon and CHF; gases. Afterwards we evaporate
metal to fill the hollow regions and then remove
photoresist. Finally, thin metal is evaporated on the top to
cover the metallic photonic box.
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Fig. 2. SEM picture of designing the metallic photonic box with
IIPL to pattern the PR.

IIT. MEASUREMENT SETUPS

In order to heat up our sample toward high temperature
without being oxidized, we put it in a vacuum chamber
with the pressure near 5x10* Pa. The temperature can
approach 1,500 degrees C, determined by a thermal
couple, as shown in Fig. 3. When the sample is heated on
the graphite boat, according to the Planck’s law of
blackbody radiation, we can observe that the graphite boat
is white-hot. The heat is then conducted to the sample.
Light emitted from the sample is directed by a mirror
placed obliquely in the chamber toward the
monochromator. The light is focused on the inlet of
monochromater by a lens. The relative distances between
the image and the source is well aligned to obtain the
measurement just for the sample area. The position of the
lens is adjusted to make the image formed just right on the
entrance of the monochromater CVI CMI110. The

photomultiplier tube (PMT) is wused behind the
monochromater for light detection. Lock-in Amplifier is
connected with PMT. Finally, the spectrum measurement
is recorded by a computer.
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Fig. 3. Experiment setup of blackbody radiation spectra.

IV. THEORETICAL CALCULATION

If a body consists of many photonic boxes that do not
have the same size, the resonance wavelengths will form a
band with its density of states (DOS) undulated by the size
distribution function. Then the band gap between the
resonance peaks shrinks and may disappear if the size
distribution function is broad. However, the widest band
gap that extends from the largest cut-off wavelength
(corresponding to the largest box) to infinite wavelength
should still exist. The cases of a unique size and various
sizes are shown. On the other hand, the photon statistics
that favors long-wavelength spectrum [10] will cause the
DOS at the cut-off wavelength to dominate light emission.

In practice, the photonic boxes cannot exist by
themselves. They are surrounded by metals. The emission
of light thus consists of two parts. One is the EM wave in
the photonic boxes. The other is from the surrounded
metal that still follows the conventional black-body
radiation. Therefore, we have the total radiation given by
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where g,(v) and g.(v) are the DOS functions (per unit
volume) of the photonic boxes and the conventional black
body, respectively; V, is the total volume of the photonic
boxes, while V. is the total volume of the surrounded
metal; 7s the photon statistics.

The term V, * gy(v) in Eq. (1) explains the black-body
radiation enhanced at the spectrum regulated by the DOS
function. Let us define the enhancement factor n by
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radiation intensity (a.u.)

If the enhancement factor is much larger than 1, the
modified black-body radiation might exhibit temperature-
independent features characterized by the DOS function
of the photonic boxes, gy(v).

IV. EXPERIMENT RESULTS

Blackbody radiation spectrum is governed mainly by
temperature, described by the Planck’s Law,
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where h is Planck’s constant, ¢ is the speed of light, A is
the wavelength, k is the Boltzmann’s constant. Usually
conventional black-body radiation emits mainly in visible
light range only when the temperature exceeds 5000 K.
However, as mentioned before, we can make use of
properties of cut-off wavelength of metallic photonic
resonant box to suppress long wavelength range. Cut-off
wavelength is given by

B 2na
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where n is refractive index, a is box length, and &, /, m are
EM wave modes. For instance, when a = 200 nm and
dielectric constant = 1.4, we get cut-off wavelength A =
410 nm, corresponding to blue light. Wavelengths longer
than this cannot exist and its energy will be transferred to
shorter wavelength range. In Fig 4, our fabricated sample
shows a measured peak near 400 nm with a narrow
spectral width at temperatures 797K to 983K, and long-
wavelengths range are suppressed greatly. The peak is
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Fig. 4. Spectrum with metallic photonic box.

For comparison, the conventional black-body radiation
at 983K is also plotted in Fig 4. Its intensity near 400 nm
is much lower than the long-wavelength range. The
photonic boxes enhance the blue light and meanwhile
suppress the long-wavelength radiation, leading to the
enhancement of the blue light relative to the long-
wavelength spectrum for a factor of more than 5000. The
spectral width is 90 nm, which is about the same for all
temperatures. The spectral width is caused by the size
variation of the photonic boxes due to the fabrication
variation of UV lithography to pattern the photoresist.
However, the spectral width does not vary with the
temperature. This behavior is different from the usual
black-body radiation, but is similar to the behavior of
metallic photonic crystals. The emission peak and the
spectral width of metallic photonic crystals are due to the
periodic nature. For the photonic boxes, the peak
wavelength is pinched at the resonance wavelength of the
largest-number boxes and the spectral width is governed
by the size variation. If the photonic boxes have a single
size, we expect that the emission should have a very
narrow line. We also make the comparison with the peak
intensity versus various reciprocal temperatures, shown in
Fig. 5. According to the Planck’s law of radiation, the
radiation intensity is proportion to 1/(¢"/#" —1). If we take

natural logarithm on both sides, we can find the slope in
the semi-log plot which corresponds to the emitting
wavelength.
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Fig. 5. The peak intensity versus reciprocal temperature.

The peak wavelength remains at approximately 390 nm
at those temperatures, which is an important feature
resulting from the DOS function of the photonic boxes, as
described by Eq. (1). For temperatures not above 941K,



Intensity (a.u.)

the peak intensity at 390 nm is about 6.5 times larger than
the background level at around 470 nm, shown in Fig. 6.
Assuming that the background level is the black-body
radiation with the DOS function g,(v) of the photonic
boxes equal to zero, we have the following relation
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where v; and v, are the frequencies corresponding to the
wavelengths of 390 nm and 470 nm, respectively. Because
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Therefore, the enhancement factor, at 390 nm, defined by
Eq. (2), is larger than 6500.

40000

—>—T=797K
—O—T=896 K
—A—T=941K
—O—T=983 K G
—=a— theoretical fitting with T=983 K &

35000

30000

25000 —
20000

15000

300 400 500 600 700 800
Wavelength (nm)
Fig. 6. Measured spectra of radiation from heated photonic

boxes at different temperatures and theoretical fitting with
formula (1) at T=983K..

V. CONCLUSIONS

In conclusion, we demonstrate the fabrication of
photonic boxes with a size of about 200 nm to enhance
blue light of black-body radiation. The enhanced blue
spectrum has a peak at 390nm and a spectral width of
about 90 nm, which are both temperature-independent.
The higher the temperature we apply, the stronger the
intensity is. Because the long-wavelength radiation is
suppressed, the peak intensity at 390nm could be 6.5
times larger than the background level at around 470 nm.
In contrast, the usual black-body radiation has its radiation
intensity at 390 nm weaker than the intensity above 470
nm for over 1000 times. With the same concepts, other
wavelengths can be obtained with different dimension of

the metallic photonic boxes For various applications. For
example, we can design and fabricate samples emitting
1.55 pm and 1.3 pm light for telecommunication with
corresponding box length of 730 nm and 612 nm,
respectively.
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