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Abstract: Three-dimensional (3D) micro/nano structures made of narrow
electronic bandgap semiconductor materials have important applications in
a wide range of disciplines. Direct laser writing (DLW) provides the
unparalleled advantage to fabricate 3D arbitrary geometric structures at the
micro and nano meter scale. The fabrication of 3D structures within bulk
narrow electronic bandgap semiconductor materials by DLW is challenged
for the top-down strategy due to their narrow bandgap and high refractive
index. Here, we report on the bottom-up strategy for the fabrication of 3D
micro/nano structures made from PbSe with an electronic bandgap as
narrow as 0.27 eV and a refractive index as high as 4.82 in a solution.
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fabrication.
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1. Introduction

Direct laser writing (DLW) which uses a focused laser beam has become a wide-implemented
enabling technology for the fabrication of three dimensional (3D) complex structures at the
micro or nano meter scale [1-6]. However, the materials suitable for 3D DLW are mainly
wide electronic bangap materials such as As,S; chalcogenide glass [7, 8] and LiNbO3 crystal
[9] or organic photoresins such as SU8 [4], Ormocer [5] and IP-L [6] that absorb the writing
laser energy via a two-photon process. When DLW is applied to fabricate 3D structures inside
narrow electronic bandgap materials, it encounters the problem of single-photon absorption
which disables the 3D fabrication ability of DLW. Compared with wide electronic bandgap
materials, narrow electronic bandgap materials normally have much higher refractive index
[10]. This could also be a challenge to operate DLW in the narrow electronic bandgap
materials due to the refractive index mismatch. Because of these reasons, even though narrow
electronic bandgap materials have unique optical and electrical properties that are highly
desired for a wide range of applications, the fabrication of their 3D structures by DLW has
not been demonstrated. In this work, we demonstrate the fabrication of 3D structures made of
lead selenide (PbSe) as a typical example of the narrow electronic bandgap materials by
conducting DLW in a solution, which avoids the problems of the refractive index mismatch
and the long excitation wavelength of the DLW in the top-down fabrication approach.

As a typical narrow electronic bandgap material, Bulk rock-salt PbSe has a bandgap as
narrow as 0.27 eV. It has a refractive index as high as 4.82 at 6 microns [10], which should be
the dielectric material that has the largest refractive index value at 6 microns within the
current materials used for DLW. The third-order nonlinear refractive index of PbSe is at the
magnitude of 107 ¢cm*W [11], which is about one order of magnitude larger than that of
As,S; chalcogenide glass [12]. In addition, PbSe exhibits unique optical and electrical
properties such as the multi-exciton generation [13], the high carrier mobility and the unique
thermal-electric property with a thermoelectric figure-of-merit ZT value larger than 1 [14]
which makes it a highly promising material applicable in photonics, nano-electronics and
nano-thermal-electrics. So the successful fabrication of 3D PbSe structures can greatly
facilitate 3D device applications that can utilize the unique intrinsic properties of PbSe, which
is otherwise unavailable for wide electronic bandgap materials.
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2. The challenges to fabricate PbSe structures with two-photon direct laser writing
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Fig. 1. A comparison of the top-down strategy and the bottom-up strategy for the fabrication of
PbSe material by two-photon DLW. From left to right, the excitation focal spot was moved
deeper with an increment of 10 um. (a) Top-down strategy in PbSe bulk material. (b) Bottom-
up strategy in a photoresin. The insert shows a detailed view of the focal spot.
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The main challenges of 3D fabrication with DLW in bulk semiconductor PbSe for the top-
down strategy come from the narrow electronic bandgap and the high refractive index of
PbSe. Two-photon DLW is performed in a material which absorbs the excitation photon via a
two-photon process. However, two-photon DLW in bulk PbSe requires the excitation
wavelength longer than 5 microns as the bandgap of bulk PbSe is 0.27 eV. This excitation
wavelength of longer than 5 microns does not facilitate the manipulation of the DLW
fabrication system and is the hurdle to sub-micron fabrication resolution. Further, the
refractive index value of 4.82 is also a big problem for 3D DLW in bulk PbSe. As DLW uses
a high numerical-aperture (NA) objective lens to focus the excitation laser beam into the
fabricated material, the refractive index of the objective immersion oil (normally about 1.52
for 1.4 NA objective) is much smaller than 4.82. For 3D DLW in a material with refractive
index much larger than that of the immersion oil, when the excitation focal spot was moved
deeply into the material, the excitation focal spot was more defocused, more elongated and
distorted [15]. This hinders the achieving of symmetric, high resolution and depth unaffected
fabrication with DLW, which is clearly shown in Fig. 1(a). The large refractive-index
mismatch requires strong wave-front aberration compensation, which means a big challenge
for 3D DLW in bulk PbSe.

3. Experiment
3.1 Photoresin development

In this work, as the top-down strategy encounters the problems in narrow bandgap and high
refractive-index materials, the bottom-up strategy is utilized to fabricate 3D PbSe micro/nano-
structures by DLW and the basic concept is as follows: First, the basic chemical components
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to form PbSe need to be put into the fabrication photoresin beforehand. Then, under the
irradiation of the fabrication laser beam, the basic chemical components in the photoresin can
produce PbSe to form the designed PbSe micro/nano- structures. To avoid possible trouble
from the significant refractive index mismatch, the developed photoresin should have a low
refractive index (Fig. 1(b)). To enable 3D fabrication in the photoresin, the photoresin is
required to have no single-photon absorption but two-photon absorption at the excitation
wavelength. Based on these considerations, Pb with the form of lead oleate (PbOA) and Se
with the form of TOPSe (Se dissolves in trioctylphosphine) were dissolved in an organic
solution 1-octadecene (ODE) in this experiment. This organic solution had a high solubility of
PbOA and TOPSe which allowed the formation of PbSe with sufficient amount of Pb and Se
elements in the local position of the excitation laser beam focal spot. The refractive index of
ODE was 1.44. After dissolving of PbOA and TOPSe, the final mixture had a refractive index
about 1.50 which served as a low refractive index platform for the DLW of PbSe without
aberration compensation. ODE was a colorless solution and had no single-photon absorption
at the laser wavelength from 500 nm to 800 nm. This provided the possibility of fabricating
3D PbSe structures in ODE. TOPSe in ODE was also a colorless solution. Pure PbOA was a
wax-like solid. After dissolving PbOA and TOPSe in ODE, the final photoresin was a
transparent and colorless solution (Fig. 2(a)).
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Fig. 2. Synthesised photoresin for the PbSe material fabrication based on the bottom-up
strategy via two-photon DLW. (a) A photograph shows that the photoresin is transparency and
colorless. (b) The absorption spectrum of the photoresin, TOPSe precursor and PbOA
precursor.

For the preparation of PbOA as the precursor of the fabrication photoresin with a
maximum dissolve of Pb elements, a mixture of PbO (0.506 g), oleic acid (1.280 g) and
technological grade 1-octadecene (ODE, 2.300 g) was stirred and heated to 120 °C for 1 hour
under the vacuum. After that the mixture was switched to nitrogen gas and the temperature of
the mixture was allowed to increase to 180 °C. The mixture was kept at 180 °C for 15 mins in
a three neck flask under the nitrogen gas. Then, the mixture was quickly cooled down to the
room temperature with the protection of the nitrogen gas. The mixture of PbOA in ODE was
centrifuged to remove the small amount of the un-dissolved PbO. The obtained solution after
the centrifugation was PbOA dissolved in ODE which was a colorless solution. The
concentration of PbOA was about 0.5 mol/L. The TOPSe solution was prepared by dissolving
excessive amount of selenium (0.358 g) in trioctylphosphine (3.220 g). The mixture of Se and
TOP was centrifuged to remove the un-dissolved Se. The concentration of TOPSe was about
1.0 mol/L. At the room temperature, the Pb mixture and the Se mixture were mixed together
with a volume ratio 1 to 1 which corresponds to a mole ratio of 1:2. This mole ratio rather
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than 1:1 contributed to the fast formation of PbSe with high chemical efficiency [16]. To
guarantee fully mixing of these two precursors, the final mixture was allowed to be
vigorously shaken in a sealed glass vial. The final mixture was used as the fabrication
photoresin.

Figure 2(b) shows the absorption spectrum of the photoresin, TOPSe precursor and PbOA
precursor. The absorption spectra of both PbOA and TOPSe precursors in Fig. 2(b) show an
absorption band edge at the wavelength of 410 nm and 340 nm separately. The photoresin
show an absorption bandedge at the wavelength of 400 nm, which confirms no absorption in
the wavelength range from 500 nm to 800 nm. A laser beam with a wavelength of 580 nm
was used as the DLW excitation source for two-photon absorption. Under the excitation with
a wavelength of 580 nm, the photoresin can absorb 580 nm light via two-photon absorption
and trigger the formation of PbSe within the focal spot volume.

3.2 Two-photon direct laser writing of PbSe structures

At the room temperature, the mixed PbOA and TOPSe in ODE can form PbSe with a slow
reaction rate. The formed PbSe has a dark color and thus can change the color of the mixture
from colorless to dark brown. This is because of the formation of PbSe nano-particle in the
photoresin. However, as the reaction rate is slow, this can only be observed at a time at least
12 hours after the mixing of PbOA and TOPSe in ODE, which leaves a long enough time
interval to use DLW in this photoresin.
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Fig. 3. Fabrication of the PbSe structures by two-photon DLW in the photoresin. (a) A typical
picture taken during the fabrication process from the CCD camera. (b) The SEM images of two
dimensional lines. (c) The SEM images of pillars with a height of about 12 um. (d) The SEM
images of 3D structure with different layers. (¢) The SEM images of the two dimensional
structures after fabrication and annealing. All the scale bars are 1000 nm.

Under the irradiation of a femtosecond (fs) pulsed laser beam with wavelength 580 nm,
PbSe can be formed instantly. This laser induced instant formation of PbSe in the photoresin
enables the fabrication of PbSe structures in a solution and facilitates the successful
fabrication of narrow bandgap semiconductor materials by two-photon DLW. By moving the
relative position of the photoresin with a scanning stage, two-dimensional structures can be
fabricated. A home-made confocal microscopy with a charge-coupled device (CCD) camera
based on the laser fabrication system is used to monitor the laser fabrication process. From
the CCD camera, the fabrication process can be monitored at the real time. A typical picture
shows the fabrication of lines with dark color (Fig. 3(a)). The significant refractive index
change at the position of the fabricated lines indicates the formation of the high refractive-
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index material. The experimental achieved linewidth in Fig. 3(b) is about 900 nm which
confirms the sub-micron fabrication resolution. To show the 3D fabrication ability, pillars
with a height about 12 microns were fabricated by moving the scanning stage vertically away
from the objective (Fig. 3(c)). We also fabricated 3D structures with different layers (Fig.
3(d)). As we used a linearly polarized beam to do the fabrication, lines at different layers
fabricated along perpendicular directions (top layer and the second layer in Fig. 3(d)) shows
significant linewidth differences (the top layer linewidth is about 900 nm, the second layer
linewidth is about 500 nm.) due to the non-symmetrical property of the laser beam focal spot.
However, as can be seen from the scanning electron microscopy (SEM) images (Figs. 3(b),
3(c) and 3(d)), the fabricated structure surface is rough. This originates from the fast reaction
rate of PbOA with TOPSe under the irradiation of the fs pulsed laser beam, which leads to the
uncontrolled growth of PbSe within the volume of the focal spot. To make it smoother, the
sample was annealed at 120°C for 5 mins after the fabrication and before washing out. The
structure after annealing (Fig. 3(e)) is much smoother and the feature size of the line is
reduced as well compared with Fig. 3(b), which shows an effective way to improve the
quality of the fabricated structure.

A drop of the photoresin was sandwiched between two cover slips separated by about 60
um with thick sticky-tapes. The sample was then used for the two-photon DLW. A
femtosecond pulsed beam of wavelength 800 nm, generated from a Ti:sapphire laser (Spectra
Physics Mai Tai), was set to go through an optical parametric oscillator (Coherent Mira
OPO). The output beam with a wavelength of 580 nm, a repetition rate of 76 MHz and a pulse
duration of 200 fs was first beam expanded and then focused into the photoresin with a high
numerical-aperture oil immersed objective lens (Olympus, NA = 1.4, 100 x ) to induce PbSe
formation. The sandwiched sample was affixed to a 200 x 200 x 200 pm x-y-z piezoelectric
scanning stage (P562, Physik Instrumente) for fabrication. A mechanical shutter,
synchronized with the scanning stage, was used to control the on and off status of the laser
exposure. Both the mechanical shutter and the scanning stage were controlled by a computer
programming with the designed structure. The fabrication process was monitored with real
time by a charge-coupled device (CCD) camera. A red lamp was used as an illumination
source for the CCD camera. The 3D structure was fabricated on the up surface of the down
cover slip by controlling the moving of the scanning stage. After the fabrication, the sample
was annealed at 120 °C for 5 min. The cover slip without the stick of the fabricated structure
was mechanically taken off with care then the whole down cover slip with the fabricated
structure attached was immersed into the washing pure toluene solution for 5 mins to remove
the un-solidified photoresin and to reveal the fabricated structure. The fabricated structure
was finally dried in air at the room temperature.

The fabricated structures were measured with a ZEISS Supra 40 VP Field Emission
Scanning Electron Microscope (SEM). Before the measurement, the sample was coated with
a gold layer with the thickness of 2-3 nm.

2.3 Confirmation of PbSe formation

It is important to confirm the formation of the PbSe structure by two-photon DLW. The
energy dispersive spectrum (EDS) of the fabricated structure was measured and shown as Fig.
4(a). From the EDS measurement, Pb and Se elements can be identified with an atomic ratio
of Pb and Se 1.07:1. This almost 1 to 1 ratio of Pb and Se confirms that the formed structure
is mainly constituted with a nearly equal amount of the Pb and Se elements. The slightly
larger amount of Pb can be explained as a Pb-rich structure surface due to the low utilization
rate of Se in the photoresin [17]. There are also carbon and oxygen elements that can be
identified with tiny amount. These are residual organic molecules attached at the surface of
the fabricated PbSe structure. To show the crystal structure of the fabricated PbSe structures,
high resolution transmission electron microscopy (HRTEM) image was shown in Fig. 4(b).
The HRTEM image confirms the formation of PbSe with a rock salt phase.

The EDS measurement was performed at a fabricated PbSe block at an area of 20 x 20
um” to reduce random error. Because Pb and Se are the main heave element ingredients of the
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fabricated structure, the atomic ratio measured by the EDS is quantitative. The HRTEM was
performed at a FEI Tecnai F30 Transmission electron microscope.
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Fig. 4. (a) Energy dispersive spectrum of the fabricated PbSe structures. (b) The HRTEM
image of the fabricated PbSe structures.

3. Discussion

The mechanism of the PbSe formation under the irradiation of the fs pulsed laser beam can
explored in two aspects. The first one is the local heat driven PbSe formation. At the focal
region, due to the light energy concentration, the local temperature can be increased. This
local high temperature means a high chemical reaction rate and makes the instant local
formation of PbSe possible. For the PbOA and TOPSe mixed solution in ODE, after the
triggering of the nucleation of PbSe in 170°C, it takes 5 mins for the PbSe nano-particles to
grow to a size about 6 nm in 120°C. This process has been proved by the PbSe quantum dots
synthesis with the wet chemical method [18]. In our experiment, it takes about 50 ms to finish
the line fabrication within one micron length according to the line fabrication scanning speed
of 20 pum/s. It is observed that lines can be fabricated at a scanning speed of 100 um/s. If high
temperature is the only reason to induce PbSe instant formation, the local temperature should
be much higher than 120°C. The other possible mechanism is the reduction of Pb>" to Pb’
under the irradiation of an intense laser beam. Compared with the reaction rate of Pb*"(OA)
with TOPSe, Pb° can react with TOPSe much faster [19]. If Pb” can be formed instantly with
the irradiation of the intense laser beam, the reaction of Pb(OA) with TOPSe to form PbSe
under the intense laser excitation can be significantly accelerated. This is possible as metal
ions can be reduced in an organic solution by laser irradiation [16, 20-23].

4. Conclusion

In conclusion, to the best of our knowledge, we have, for the first time, demonstrated the two-
photon bottom-up DLW for the fabrication of 3D micro/nano-structures made of the narrow
bandgap and high refractive-index PbSe material. It should be noticed that other metal ions
such as Cd*", Sn*', and Zn*" can also be dissolved in ODE with the form of MOA where M is
the metal element and the elements S and Te can also be dissolved in TOP to form TOPS and
TOPTe [24, 25]. The 3D fabrication platform similar to the method we have used to fabricate
PbSe in this work, should be applicable to generate other kinds of 3D narrow bandgap
semiconductor micro/nano-structures.
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