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control, biomedical, environmental, and safety monitoring 
[1, 2]. The systems based on such technology have strong 
demand for continuous-wave (CW) mid-IR light source 
that is miniaturized, low cost, low power consumption, and 
with sufficient output power in the milliwatts (mW) range. 
In addition, low cost and low power consumption require-
ments also make room-temperature operation a necessity in 
order to avoid bulky and expensive cooling equipment, and 
additional driving powers. Generally, mid-infrared light 
sources can be grouped into thermal and photonic technol-
ogies [3]. Thermal emitters generate photons by heat radia-
tion. The output characteristics are majorly determined 
by the heating temperature as described by Planck’s Law. 
Although low cost and high output power makes broadband 
hot filament thermal light sources, the primary choice in 
the market, their low efficiency, high power consumption, 
poor frequency modulation ability, and low device stability 
severely limit their applications.

Instead, solid-state photonic emitters including light-
emitting diodes (LEDs) and laser diodes generate photons 
by the radiative recombination of electrons and holes. Their 
bandwidth can vary from fairly wide (LEDs) to very nar-
row (laser diodes). This type of light sources can offer 
higher efficiency, smaller size, lower power consumption, 
and faster tuning operation compared to thermal emitters. 
Mid-IR lasers, which are currently dominated by quantum 
cascade lasers, can provide high output power and minia-
ture properties [4]. But unfortunately, these devices are dif-
ficult and costly to fabricate. By contrast, mid-IR LEDs are 
less expansive and easier to fabricate compared to lasers. 
However, the output powers that III–V-based mid-IR LEDs 
provide are below mW range [3, 5], which limits their 
applications. Therefore, to improve the efficiency of mid-
IR LEDs with enhanced output power is of great research 
interests.

Abstract  Mid-infrared photonic crystal enhanced lead-salt 
light emitters operating under continuous-wave mode at room 
temperature were investigated in this work. For the device, 
an active region consisting of 9 pairs of PbSe/Pb0.96Sr0.04Se 
quantum wells was grown by molecular beam epitaxy 
method on top of a Si(111) substrate which was initially dry-
etched with a two-dimensional photonic crystal structure in 
a pattern of hexagonal holes. Because of the photonic crys-
tal structure, an optical band gap between 3.49 and 3.58 µm 
was formed, which matched with the light emission spectrum 
of the quantum wells at room temperature. As a result, under 
optical pumping, using a near-infrared continuous-wave sem-
iconductor laser, the device exhibited strong photonic crystal 
band-edge mode emissions and delivered over 26.5 times 
higher emission efficiency compared to the one without pho-
tonic crystal structure. The output power obtained was up to 
7.68 mW (the corresponding power density was ~363 mW/
cm2), and a maximum quantum efficiency reached to 1.2%. 
Such photonic crystal emitters can be used as promising light 
sources for novel miniaturized gas-sensing systems.

1  Introduction

Mid-infrared (IR) gas-sensing technology has a large mar-
ket worldwide, which can apply to fields such as process 
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As one of the major mid-IR semiconductor materials, 
lead-salt semiconductors have been intensively investigated 
for developing mid-IR light sources at room-temperature 
or near-room-temperature range, due to their unique prop-
erties such as direct narrow band gaps with strong mid-IR 
light absorption coefficients and low Auger recombination 
rates [6–8]. However, for planar structure, the total reflec-
tive resonant cavity created by their large refractive indices 
[9] largely limits the light extraction efficiency. Therefore, 
a surface-structuring method was successfully implemented 
and increased the emission power up to 2 mW [6, 7, 10].

Compared to the traditional surface-structuring method, 
a new surface engineering technique called “the photonic 
crystal” has been rapidly developed in the past decade, 
mainly due to its ability to effectively manipulate photons 
nonlinearly. In our group, we have demonstrated research 
works incorporating photonic crystal structure with lead-
salt material for mid-IR light emitters development, and 
significant emission improvement and even laser behav-
ior under pulse mode operation have been observed [11, 
12]. However, the pumping source used was a high-power 
pulsed Nd:YAG laser which is bulky, expensive, and with 
very high power consumption. In addition, no CW photonic 
crystal emission was clearly observed. Therefore, in this 
paper, we apply a new design strategy (note: the details will 
be described in the following section) to investigate and 
successfully develop a diode-pumped mid-IR light source 
operating under the CW mode at room temperature.

2 � Design and experiments

In order to design a photonic crystal array capable of mod-
ulating mid-IR light around 3–4 µm, we used a commercial 
software package, OPTIFDTD, to analyze the in-plane pho-
tonic energy band structure by the plane-wave expansion 

method. The design parameters included the refractive 
index n of the epitaxial material, the inter-hole spacing a, 
and the radius of the air holes R. A two-dimensional hex-
agonal holes array (a = 2.5 µm and R = 1.10 µm) was con-
structed to form a photonic band gap from 2684 (3.72 µm) 
to 2597 cm−1 (3.85 µm) in order to match up with the peak 
of the optical gain of the PbSe/PbSrSe (9.5/25 nm) quan-
tum wells at room temperature. The band diagram is dem-
onstrated in Fig. 1a.

In our previous reports [11, 12], microcavities were fab-
ricated by intentionally removing a hole from the photonic 
crystal array to create an optical state within the photonic 
band gap. At this defect mode, a laser behavior under pulse 
excitation was observed. However, the pumping power to 
generate such defect mode emission was very high. The 
threshold pumping density of the laser was 24  kW/cm2 
[12], which is much higher than most of the single CW 
semiconductor laser can provide. Therefore, to develop a 
low-cost diode-pumped CW photonic crystal mid-IR light 
source, a new approach utilizing the photonic crystal band-
edge resonant mode was adopted in this work to enhance 
the light emission. Such emission does not require creat-
ing microcavity defect in the photonic crystal structure. 
This approach was built upon the enhanced local density 
of electromagnetic states associated with the critical points 
of the photonic band dispersion diagram. It was found that 
near the band-edge critical points, the slope of the band is 
very small, and the optical group velocity would approach 
to zero [13]. This property makes band-edge mode a pref-
erable optical resonance mode in achieving enhanced non-
linear effect or low threshold light emission. Additionally, 
it is known that the photonic crystal defect mode mecha-
nism only requires a small period of a holes array sur-
rounding the microcavity (e.g., 15–20 cycles) to achieve 
good optical confinement. In our previous publications, a 
period of 30 cycles was fabricated. However, because the 

Fig. 1   a TM modes dispersion diagram of the 2D hexagonal photonic crystal array and b top-view SEM image of PbSe/PbSrSe MQWs struc-
ture grown on patterned Si (111). Note: the inset shows the higher magnification SEM image of (b)
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photonic band-edge mode requires optical coherence across 
the whole photonic crystal array, limited by the small area 
of the photonic crystal pattern in our previous works, the 
band-edge mode assisted CW emission was too weak 
to be observed. So in this work, the period of the pattern 
increases to 1000 cycles in order to strengthen the band-
edge mode coupling intensity.

In the experiment, 9 pairs of the PbSe/Pb0.96Sr0.04Se 
quantum wells were grown on the Si substrate by molecu-
lar beam epitaxy method. Prior to the growth, a photonic 
crystal holes array was patterned by electron beam lithog-
raphy and etched down by 3  µm using a deep reactive 
ion etching system on Si(111) substrate. The gases SF6 
(~300  sccm) and C4F8 (~150  sccm) were introduced dur-
ing the etching process. JEOL JSM-6060 scanning electron 
microscopy (SEM) was used to characterize the morphol-
ogy. In this work, the CW spectral emission performance of 
the as-grown PbSe/Pb0.96Sr0.04Se quantum wells film was 
characterized by Bruker IFS-66v Fourier transform infra-
red spectroscopy system (FTIR). A high-power CW semi-
conductor laser with the emission peak position at 913 nm 
was used as the optical pump source. A standard blackbody 
source at 800 K was applied for the power calibration. A 
liquid-nitrogen-cooled InSb detector with cutoff response 
at around 5.2 µm was used for collecting signals. The CW 
pumping power ranged from 0.5 to 5.5 W, and the spot area 
on the sample was about 0.07 cm2.

3 � Results and discussion

Figure  1b shows a top-view SEM image of a photonic 
crystal patterned area with the microcavity on Si substrate 
after MBE growth. As can be seen, the film grown on the 
photonic crystal top structure is very smooth. Our previ-
ous research found out that the material quality is actually 
improved greatly in this scenario [14, 15]. But compared 
with the theoretical design and the real processed pattern, 
we found the diameter of the holes was actually over-
etched by 80 nm which caused a blueshift of the photonic 
crystal modulation modes from ~3.8 to 3.5 µm. As a result, 
the band-edge modes cannot perfectly match up with the 
peak of the gain of the quantum wells at room temperature 
which can significantly limit the device performance in this 
work.

Figure  2 presents the calibrated emission results from 
a planar area and a photonic crystal patterned area of this 
film. It needs to be mentioned that even though the back-
ground signal disturbance has been deleted from the meas-
urement, we can still observe the thermal radiation as 
shown in both Fig.  2a, b. This phenomenon is due to the 
heating effect caused by the high-power pumping laser. The 
more energy with which the laser power hits on the sample, 

the higher thermal radiation it emits. As shown in Fig. 2a, 
the quantum wells demonstrate very weak spontaneous 
emissions whose intensities are as low as the thermal radia-
tion levels. The peak position has a blue shifting effect due 
to the same heating reason as the observed thermal radia-
tion, since PbSe material has a large positive temperature-
dependent energy band gap coefficient.

On the other hand, when the photonic crystal holes 
array patterned area is optically pumped instead of the 
planar area, the sample presents much stronger emis-
sions as shown in Fig. 2b, as compared to those of planar 
area. There are two emission peaks exhibited at 3.58 and 
3.49 µm, respectively, which do not show the obvious peak 
position moving phenomenon like Fig.  2a under different 
pumping powers. As we stated in the theoretical simula-
tion section, these two emission peaks are actually defined 
by the upper and lower band-edge optical modes in the 
designed photonic crystal band gap.

In addition, it is noticed that there is a photonic band gap 
in the 2200–2300 cm−1 (4.3–4.5 µm) from the theoretical 

Fig. 2   Optically pumped spectra power emission from a planar 
area, and b photonic crystal holes array patterned area of PbSe/
Pb0.96Sr0.04Se QWs epitaxy film on Si(111) substrate
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simulation as shown in Fig. 1a. Although this gap locates in 
the thermal emission spectrum, no band-edge mode modu-
lated emission enhancement can be observed. The possible 
reason is that the thermal emission was mainly generated 
from the Si substrate rather than the epitaxial active layer. 
Specifically, as shown in Fig.  1b, quantum well material 
was only deposited on top of the membrane, while the Si 
substrate was still exposed to the pumping laser in the area 
where the holes are. Therefore, only partial laser pump-
ing energy can couple with the active lead-salt material. 
By calculating the ratio between the areas taken up by the 
holes to the entire area, only 30% laser energy illuminated 
onto the epitaxial film. The remaining 70% of the energy 
was directly sent to the bottom thick Si substrate and trans-
form into heat. And because the photonic band gaps were 
only designed for lead-salt layer based on its high refrac-
tive indices, the thermal emission from Si substrate will not 
be modulated by the photonic crystal structure.

Figure  3 shows the emission power densities and the 
quantum efficiencies from the photonic crystal patterned 
area and the planar area of the sample. In the photonic crys-
tal structure, the area taken by empty holes had no light 
emission contribution. Therefore, as described above, the 
effective emission area of the photonic crystal structure is 
much smaller than the emission area of the planar sample 
without the photonic crystal pattern. Taking this factor into 
consideration, it is more reasonable to compare the emis-
sion powers per area (power densities) rather than the 
absolute power values. Thus, the emission power densi-
ties are presented in Fig. 3a. As clearly shown in the fig-
ure, the power density emitted from the photonic crystal 
patterned area not only is much greater but also increases 
faster than the one from the planar area of the sample. 
Besides, it is worth noting that although the strongest 

power density obtained from the photonic crystal area is 
~363 mW/cm2 (the corresponding power value measured is 
about 7.68 mW) under the 5.5-W CW laser pumping condi-
tion, the power density increasing slope actually decreases 
with the pumping power. It is suggested that the aggravated 
heating effect under higher pumping power, which is dem-
onstrated in Fig. 2, degrades the light-emitting performance 
in this phenomenon.

For evaluating the quantum efficiencies (ηquantum), these 
values are retrieved from the overall efficiency (ηoverall) equa-
tion as expressed:

in which Pemit and Ppump are the emitting and pumping pow-
ers, and ηpumping and ηcoupling stand for pumping and coupling 
efficiencies, respectively. ηpumping is the ratio of the pumping 
laser’s photon energy and the energy band gap of a material. 
Here we only assume that one pumping photon generates 
one electron–hole pair. The coupling efficiency considers the 
reflective losses (~38%) at the boundary of Air-PbSe, and 
the effective pumping area ratio (~30%) in which the area 
taken up by holes will not be counted as mentioned previ-
ously. It needs to be mentioned that the transmission loss 
on the light traveling path in the testing system is neglected, 
which will make the estimated value a bit lower than the real 
one. As shown in Fig. 3b, the quantum efficiencies of quan-
tum wells at the planar area of the sample range from 0.04 
to 0.07% under different pumping powers. By contrast, the 
quantum efficiencies of quantum wells that photonic crys-
tal array modulated are greatly boosted to the levels varying 
from 0.75 to 1.20%. Compared to the quantum efficiencies 
from the planar area, the highest enhancement is achieved 
over 26.5 times under the 1.5 W laser pumping condition. 
As shown in Fig. 3a, quantum efficiency also decreases with 
the pumping power, which suggests that the performance can 
be improved with an efficient heat sink attached. Secondly, 
as we mentioned before, due to the dimension control varia-
tion of the DRIE process, the photonic crystal modes cannot 
match up with the gain peak of the quantum wells at room 
temperature. In addition, as indicated in the inset of Fig. 1b, 
the zigzag microcrystals extended from the edges of the 
holes, caused by the imperfections of the DRIE process on 
Si wafer, play major leak channels in the photonic crystal 
modulated light resonating mechanism. In this case, much 
higher quantum efficiency or even a CW laser performance 
can be anticipated if those problems are solved.

4 � Conclusion

In conclusion, we present a photonic crystal enhanced 
lead-salt light emitter operated under CW mode at room 

ηoverall =
Pemit

/

Ppump
= ηquantum · ηpumping · ηcoupling

Fig. 3   a Emission power densities and b quantum efficiencies of the 
PbSe/Pb0.96Sr0.04Se quantum wells from planar area and photonic 
crystal patterned area of the film
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temperature. Under optical pumping by a CW 913-nm sem-
iconductor laser, the photonic crystal assisted device exhib-
its strongly enhanced light emission performance compared 
to the regular one without photonic crystal structure inte-
gration. This technology offers a mid-IR light emitter with 
high emission powers at room temperature which is critical 
for optoelectronic applications, specifically for gas-sensing 
devices.
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