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Abstract: Synthesis of PbS quantum dots (QDs) in solid state matrix directly and effectively is of
great importance on the fabrication of PbS QDs photonic devices and their applications. Herein, the
direct precipitation of PbS QDs in inorganic glass matrix through the irradiation of femtosecond (fs)
laser was reported. It was demonstrated that the formation of the QDs was caused by the thermal
effect of fs laser. The influence of the irradiation parameters and Ag clusters on the precipitation of
QDs were investigated as well as the spatial distribution of the QDs in the irradiated area and their
mechanisms. The confocal Raman spectra indicated that after irradiation the concentration of the
QDs in the center is the highest. On the other hand, heat treatment processes on the irradiated
sample were also carried out to adjust the size, distribution and photoluminescence of QDs in glass
matrix. The electron probe micro analyzer (EPMA) provided direct evidence for the high refractive
index change and the ring-shaped structure after irradiation. Based on the selective local control of
PbS QDs, a waveguide demonstration experiment was conducted to illustrate the feasibility of PbS
QDs waveguide directly writing with fs laser in the glass matrix.
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1. Introduction

Quantum dots (QDs) made of lead chalcogenide semiconductors can provide photoluminescence
(PL) throughout the infrared band [1, 2] due to their quantum confinement [3] and they have
already attracted a lot of attention for a wide range of photoluminescent [4-7] and
electroluminescent [8] applications. To the moment, several host materials were proposed for PbS
QD synthesis, including solid glass matrices [9-11], polymers [12, 13], organic and water solutions
[14, 15], and sol-gel thin films [16, 17], etc. In particular, the glass matrix not only provide the
stable matrices for QDs to prevent the agglomeration of QDs, but also can be easily formed into
various shapes making the synthesis of PbS QDs in inorganic glass matrix as the perfect precursor
for all-solid devices. And a number of potential applications for PbS QD-doped glasses is
expanding: such as saturable absorbers for passive mode-locking [18-21], Q-switching in near-IR
lasers [10, 22], and fiber amplifiers [23, 24], etc. However, one of the biggest problems that limit its
application is the distribution of QDs inside the glass could not be precisely controlled because
these QDs precipitate on the whole matrix usually relying on the thermal treatment. Consequently,
the random distribution of QDs in glasses makes the device fabrication difficult and a well-defined
distribution of functional QDs is necessary. In view of the above, several methods have been
attempted to attain the controllable precipitation of QDs in glasses. lon-Exchange was successfully
used to fabricate PbS QD-doped optical waveguides in oxide glasses [25-27] and spatial control of
the QDs was also achieved [28]. Even though the precipitation of the QDs can be restricted in a
very narrow range (< 5 pm), the exchanged area is still a little too large which did not reach precise
micron grade in three-dimensional space. In the meantime, another method ion implantation was
also used to precipitate lead chalcogenide QDs in glasses [29-31]. This method can increase the
concentration of QDs within a submicron layer beneath the surface of glasses, but it is also difficult
to control the distribution along the thickness of the glasses. In addition, the size distribution of
QDs was not pleasant and the glasses can be damaged a lot. It's worth noting that this method is
difficult to realize the control of the QDs to precipitate in designated microscopic zone of the

sample and the QDs can always be detected in a large plane or long channel (in millimeter scale).
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Femtosecond (fs) laser which has been used to precipitate metal nanoparticles and nonlinear
microcrystals in glasses [32-35] was also used to synthesize PbS QDs [36, 37]. However these
reports mainly pay attention to the properties of PbS QDs from macroscopic perspective, the
formation and properties of QDs haven’t studied on the microscopic scale. Moreover, the
micro-region analysis of the QDs is very important to the controllable synthesis and distribution of
QDs in microscopic three-dimensional space. The further micro-region work on QDs can helps
much for the application of QDs in micro-optoelectronic devices. On the other hand, it is already
known that the formation of Ag clusters can affect the growth of the QDs [28, 38]. Thus, herein, we
first report the direct micro-region precipitation of PbS QDs in glass matrix induced by fs laser. The
mechanism of the formation of the QDs and the influence of the Ag clusters on the QDs was
investigated systematically. Furthermore, the spatial control growth of the QDs by heat-treatment

and the waveguide structure of the irradiated area were also presented.

2. Results and Discussion

2.1. Precipitation of PbS QDs under Annealing Process

Generally the annealing process is used to promote the diffusion and aggregation of Pb and S
atoms, and finally leads to the formation of PbS QDs in the glasses fabricated with the conventional
melting method. Figure 1 (a) and (b) show the typical absorption spectra for PbS QDs in the glasses
which contain no AgNO; (NAG) and the glasses contain 20 ppm (in mol %) AgNO; (AQG),
respectively. Both of the two kinds of glasses were heat treated at 580 °C for the same durations
from 3 to 20 hours. Obviously, the characteristic absorption peaks reveal that PbS QDs precipitated
from both of the two glass matrixes after heat treatment [20]. The position A;s of the 1s-1s
electron-hole absorption peak of these QDs in both the two glasses shifts toward longer wavelength.
And the radii R of the QDs are calculated using a hyperbolic band model on the basis of the

absorption peak location A5 [39]:
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where we used the room temperature T=300 K, d band gap energy of E,=0.41 eV and effective

mass of m*=0.12m, for PbS. Table S1 in the supporting information shows the calculated results.
The radii of the QDs in each kind of glasses increase with the red shift of the absorption peak which
is attributed to quantum confinement effect [3]. The precipitation of PbS QDs in the two glass
systems provides the fundamental premise to induce PbS QDs to separate out from the matrix with
fs laser in the subsequent experiments. Besides, there are three principal disparities between the
absorption spectra for AG and NAG. Firstly, the absorptance for AG was much larger than those for
NAG under the same annealing conditions and it indicates the larger number density of PbS QDs
formed in AG than in NAG. Represented by the absorption spectra of AG and NAG both heat
treated at 580 °C for 20 hours, the gap between the absorptance of AG and NAG is about 0.55 em™.
The increase of the gap with the annealing duration is also shown clearly in Table S1 and the
difference becomes more evident with the increase of the temperature. Secondly, the locations of
the absorption peaks for NG and NAG in the early stage of heat treatment are basically the same,
but the absorption peak of AG becomes shorter compared to NAG when the annealing duration
reaches 10 hours and 20 hours. The PL spectra for AG and NAG after heat treatment for durations
longer than 10 hours are shown in Fig. S1. For the PL peaks of AG, blue shifts were observed
compared with that of NAG and it is consistent with the absorption results. All of the results
demonstrate that the size of QDs in AG is smaller than that in NAG when they are annealed for
sufficient durations just as the calculated radii in Table S1 indicate. Another difference is that the
threshold temperature for AG when the typical absorption peak arises is lower than NAG. When
they are both heat treated for 5 hours, the 1s-1s absorption peak arises at ~560 °C (Fig. S2 (a)) in the

absorption spectra of AG, while for NAG the threshold temperature is ~580 °C (Fig. S2 (b)), which
4
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is about 20 °C higher implying that the formation of PbS QDs in AG is also easier than that in NAG.

According to previous work, Ag clusters can form in the glass matrix during the annealing
process which is responsible for the differences [38]. In the glass matrix, as the Ag clusters provide
nucleation sites for QDs, the QDs were easier to precipitate in AG and the number density of QDs
of AG increases subsequently. Furthermore, because the crystal growth in the initial stages from
glass/melt is expected to be a diffusion-controlled process [40], the change of the environment of
every individual QD can exert great influences on the growth of the QDs. In AG, the nucleation
process completed when heat treated at 580 °C for 3 hours forming rather more QDs nucleation
sites and then the growth process of QDs will dominate. At the growth stage, the final size of the
QDs is determined by the concentration of Pb and S atoms around nucleus. So the smaller size of
QDs observed in Fig. 1 (d) and inferred from the absorption spectra is deduced to the relatively
lower concentration of Pb and S atoms around the nucleus of QDs in AG. Figure 1 (¢) and (d) show
the TEM micrograph of quasi-spherical PbS QDs dispersed in the two kinds of glassy matrix
heat-treated at 580 °C for 20 hours. Histograms of the size distribution of the QDs are shown in Fig.
1 (e) and (f), with an average diameter of about 7.1 nm and 5.4 nm, respectively. They are a little
bigger than the diameters in Table S1. This is probably caused by the QDs’ low degree of
crystallinity. As one can see, the QDs density in AG is higher than that in NAG, but the average size
is much smaller. The TEM results give a further demonstration on the deductions from the
absorption and PL spectra.

The fs laser irradiated area can be as small as only a dozen microns [41], and the confocal
micro-Raman spectra can detect a region as small as ~1 pm which helps much for the
characterization in the micro-region. Therefore, the Raman spectra of the as-prepared and

heat-treated glasses were shown in Fig. 2. And all of the Raman spectra in this work were for
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785nm excitation. For the two as-prepared glasses, there both exist three main peaks locating at
1375 em™, 1670 cm™ and 1840 cm™ in the Raman spectra. The broad band near 1375 cm™ is
attributed to the B@,0" triangles linked to B@4 units (@: oxygen atom bridging two boron atoms
and O”: non-bridging oxygen atom) [42-45]. The broad bands above 1600 cm’ in the spectra of the
glasses probably due to moisture (the bending mode of H,O is at approximately 1600 cm™) and they
may also arise from B-O stretching modes involving mostly BO; triangles with one non-bridging
oxygen as 1375 cm™ [46]. During the heat treatment process, the intensities of 1840 cm™ and 1670
cm™ to that of 1375 cm™ both increases. This assigned to the enhancement of the fluorescence
background caused by the PbS QDs formed during the annealing process. According to the Stokes
shift, when the fluorescence of PbS QDs is between 850~975 nm (close to the detection limit of
charge-coupled device (CCD) used in Raman spectrometer), the Raman shift is 1000 cm™ to 2500
cm™. Thus the relative intensities of 1840 cm™ and 1670 cm™ to 1375 cm™ were affected a lot by
the fluorescence background. And the longer the annealing duration is, the more the PbS QDs
precipitate together with the increasing relative intensities of 1840 cm™ and 1670 cm™ to 1375 cm™.
Moreover, the annealing time for AG when the Raman spectra totally exhibit fluorescence spectra
characteristic differs from that of NAG. When NAG is heat treated at 560 °C for 10.5 hours, a
fluorescence peak centered at about 1775 cm™ was observed in Raman spectra. While for AG the
duration is only 4.5 hours and it is much shorter. Besides, the fluorescence peak of it centered at
about 1988 cm™ in the even longer wavenumber shown in Fig. 2 (b). In all, the Raman result is
consistent with the conclusion that QDs were easier to precipitate in AG deduced from the
absorption spectra in Fig. S2.

Compared with the absorption spectra, the confocal micro-Raman spectra were more sensitive to

the formation of PbS QDs. For instance, during the annealing process, the absorption spectra in Fig.
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1 (a) and (b) show no obvious changes except a tiny red shift of the absorption edge until a small
absorption peak arises at last, while the shapes and positions of the Raman spectra in Fig. 2
experienced great changes. So in the next section followed by the experiment of irradiating the
glasses with fs laser, the confocal micro-Raman spectra as a powerful probe are utilized as the most
principal technique to study the changes of the samples.
2.2. Precipitation of PbS QDs Induced by Fs Laser

On the basis of the investigation on the QDs in the glasses with heat treatment, the glass matrixes
were irradiated with fs laser pulses. Details of the experiment can refer to the Experiment section in
the supporting information. The Raman spectra of the irradiated area in NAG with laser powers 1.2
W, 1.5 W and 1.8 W are shown in Fig. 3 (a), (b) and (c) respectively and the Raman spectra for the
dots detected in the figures were arranged based on the distance to the center. The confocal center is
labeled as 0 pm, and the other dots detected were selected every 5 um across the radius of the
irradiated area. Figure S3 shows the optical microscope images captured after laser irradiation with
different pulse energy. As is easily seen, regular ring-shaped patterns with diameter ranged from
125 to 235 pm caused by the changes in refractive index are clearly around the focal point
indicating the uniform changes around the center. Thus, to some extent the line scanning mode used
in our Raman detecting can make an insight of the changes of the whole area. As we can see, all of
the samples show similar Raman spectra. When the distance to the irradiation center exceed 20 um
(Fig. 3 (a), (b) and (c)), the Raman spectra for different samples are all identify to that of the
as-prepared NAG (Fig. 2 (a)). This implies that when the distance to the irradiation center is large
enough, the influence of the laser on the glass matrix can be neglected. However, with the
decreasing of the distance to the irradiated center, the shape and the intensity of the Raman spectra
changed dramatically. In particular, the relative intensities between the three main Raman peaks
mentioned above changes. Taken the intensity of the peak at 1840 cm™ to that of peak at 1375 cm™
for example, it is clear that the relative intensity between the two peaks is a function of the distance

to the irradiation center. The closer to the center, the larger the intensity ratio of the peak 1840 cm™
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to that of 1375 cm™.And the same phenomena were observed when the area was irradiated with
different laser power. The change of the Raman spectra shows a distance-related characteristic
similar to the change of the Raman spectra for the samples after heat treatment which exhibit a
duration-related characteristic. The comparable changes between the heat treated and the irradiated
samples indicates that nanostructured PbS QDs may also precipitate in the irradiated area because
the irradiation center also shows florescence as NAG do when it is heat treated at 560 °C for 10.5
hours. Thus all of the changes in the Raman spectra were deduced to the enhancement of
fluorescence background of PbS QDs. Different to the growth of PbS QDs during the heat treatment
process, the thermal effect of laser irradiation instead of heat treatment plays an important role in
the process of PbS QDs growth. According to previous study [47], various structures can be
produced by using pulsed laser operating at the non-resonant wavelength with pulse widths of the
order of femtoseconds. The structure character observed in this work (Fig S3 and S4 shown in ESI)
resembles the structure in previous study [47]. Thin kind of structure is due to avalanche ionization
caused by the multiphoton absorption. In such process, avalanche ionization produces highly
absorptive and dense plasma, facilitating the transfer of energy from the laser to the glass. The
resulting melting, material displacement resulted into the structure here. Herein, we interpreted it as
the thermal effect of fs laser. Thus the thermal effect around the irradiated area is so strong which
will promote the bonding of Pb>" and S* to form PbS QDs. Furthermore, by comparing Fig. 3 (a),
(b) and (c), it is seen that the intensities of the 1840 cm’ peak for the irradiated dots 10 um from the
center (shown in Fig. 3 (d)) increase with laser power. As we all know, the thermal effect of laser
during the irradiation process is affected directly by laser power, the higher the laser power is, and
the more obvious the thermal effect can exhibit. So the enhanced thermal effect results in promoting
the precipitation of PbS QDs and the increase of the relative intensity of the 1840 em™ to 1375 cm™
peak. Moreover, this result also revealed that the area with the precipitation of PbS QDs spread in
higher laser power which is consistent with the increase of the diameter of the fs laser induced zone

observed from the optical microscope images.

AG glasses were also irradiated by fs laser with same parameters to that of NAG and the Raman

Page 8 of 31



Page 9 of 31

Journal of Materials Chemistry C

spectra of their irradiated area are shown in Fig. 4. Corresponding optical microscope images are
arranged in Fig. S4. The locations of the Raman peaks in the Raman spectra of the two as-prepared
glasses are basically identical and the relative intensities of these peaks shows a same change trend
with the distance to the irritation center. However, the relative intensity of the Raman peak 1840
cm™ inversely decrease with the laser power presented in Fig. 4 (f) (the data were collected form
Fig. 4 (a), (b) and (c)). Similarly, Fig. 4 (a), (d) and (b), (¢) show that the scanning speed also has an
effect on the intensities of 1840 cm™ peak, the higher scanning speed causes the drop of the
intensities of the 1840 cm™ peak. They both suggest that PbS QDs precipitating area decreased. The
decrease of the area may be caused by the enhancement of the micro-explosion which can promote
Pb>" and S* farther from the center. Finally the zone where QDs formed shrank. Moreover, the
increase of the laser power surprisingly accompany a blue shift of the Raman peak for the irradiated
center as shown in Fig. 4 (f) and this implies that the size of the PbS QDs decrease with the increase
of laser power. While for NAG, no apparent shift was observed. This difference is owing to the
addition of Ag in the glass. For AG, in the irradiation process, Ag clusters form in the initial stage as
the nucleating centers of PbS QDs. The higher the laser power, the more the cluster forms. Thus
when Pb*" and S* migrated to Ag clusters forming PbS QDs, the competition between the Ag
clusters becomes fiercer resulting in the decrease of the size of PbS QDs. The opposite change trend
for NAG and AG is because the balance of element-migration and QDs formation process is
different. The existence of the balance can be proved from the increase of the 1840 cm™ relative
intensity at 25 um when irradiated with 1.8W at 5 pm/s for NAG (Fig. 3 (c¢)) and AG (Fig. 4 (c)).
And it will be discussed in detail in the next section.

So it is clear that PbS QDs were both induced to precipitate with fs laser power in NAG and AG.

The growth of the Pb QDs can be affected by the laser irradiated parameters such as the laser power
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and scanning speed, but the addition of AgNOs; distinguishes their influences in NAG and AG.
Given the results obtained in the analysis of Ag effect on the QDs after annealing in the preceding
section, the influences of the irradiated laser power is similar to the heat treat temperature. The
influence of scanning speeds which correspond to different irradiated durations is similar to the
heat-treat durations.
2.3. Micro-region structure and elements analysis of the irradiated region
2.3.1. Micro-region Structure Analysis

In the foregoing Raman spectra analysis of the fs laser irradiated area, only the line scanning
detect was used on the presupposition that the changes is uniform when scanned from the center to
the outer space in different directions. Given that, reliable and first hand spatial detect is needed to
make a clear observation of the changes in the whole area. Besides, it is important to point out that
all of the intensities in the Raman spectra as already shown in the foregoing section are relative
intensity to that of the Raman peak at 1375 cm™, so the information about the actual distribution of
the PbS QDs revealed through the absolute Raman intensity was neglected. Therefore a further
detect by means of the Raman mapping, i.e., analysis of x-y plane using confocal Raman
microscopy (Shown in Fig. 5) was conducted in order to make a detailed investigation in the
definite spatial distribution of the formed PbS QDs and the change of the glass matrix in the
irradiated area. The AG glasses irradiated with laser power 1.8 W at speed of 5 um/s, containing the
most visible and dramatic information about QDs, was chosen to perform the test and three
representative Raman bands locating at 1375 cm™, 1840 cm™ and 2300 cm™ were characterized
with Raman mapping. Figure 5 (a) shows the optical photo captured by an optical microscope. Due
to the very close location of the Raman peak at 1375 cm™ and 1840 cm™ and the fluorescence peak
shown in the Raman spectra mentioned above, the spatial variation of the intensities of 1375 cm™

10
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and 1840 cm™ cannot directly reveals the concentration profile of the formed PbS QDs in the
irradiated area. The Raman band at 2300 cm™ locates at the band tail of the fluorescence peak and
no Raman peak ascribed to glass matrix arises. Hence the variation of its intensity perfectly
represents the distribution of PbS QDs.

As one can see, the center (Area A in Fig. 6 (a)), which is labeled as the red area in Fig. 5 (b), has
the strongest Raman intensity in the whole area and it confirmed the highest PbS QDs concentration
in the center. In area B (Fig. 6 (a)) which diverges a little from area A and it is labeled as purple
color in Fig. 5 (b), the Raman intensity keeps reducing. When the area location (referred to area C
in Fig. 6) is farther than that of the area B, an increase of the Raman intensity was observed with the
change of the colors from purple to green. This implies that B area has the lowest PbS QDs
concentration in the whole area. The intensity distribution of Raman mapping image (Fig. 5 (c¢)) for
1840 cm™ is identical to that for 2300 cm™. In Fig. 5 (d), the spatial intensity of 1375 cm™ also
varies in the same nature with the 2300 cm™ and 1840 cm™ peak confirming the rather weak
influence of the Raman scattering signal on the fluorescence intensity. The mapping for 1840 cm’
and 1375 cm™ makes a supplementary confirmation of our analysis results for 2300 cm’™. All of the
Raman mapping results indicates that the concentration of the PbS QDs in area B is the lowest. As
the bonding of Pb*>" and S* when forming PbS QDs is induced by the thermal effect of fs laser, the
further the distance to the irradiated center, the weaker the thermal effect exhibits. And the too weak
thermal effect is not beneficial for the in sifu bonding of Pb*" and S*. Thus it was thought that the
QDs’ concentration in area C should be the lowest. However, the element-migration process also
takes place and it trends to make the QDs precipitate in the area far from the center resulting in an
adverse PbS QDs concentration gradient to that of the in situ bonding process. Thus after irradiation
the areca with the lowest PbS QDs concentration is rather not area C but area B where the two

11
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process balance. These results are consisted with the abnormal increase of the 1840 cm™ relative
intensity at 25 um for NAG (Fig. 3 (c)) and AG (Fig. 4 (c)). And the increase was only observed
when irradiated with 1.8 W. All of other samples irradiated at 1.2 W and 1.5 W with different speed
do not behave like this. It is probably that the in situ bonding process of Pb*" and S* is dominating
for the formation of QDs when irradiated at small energy (1.2 W and 1.5 W), while for the samples
irradiated with stronger energy (1.8 W), the element-migration process, also caused by thermal
effect of fs laser, is significant enough to influence the final distribution of the QDs. To the best of
our knowledge, the element-migration process has been reported in several glass matrix systems
when irradiation with fs laser [48-50]. And the effect of the element-migration process will be
discussed in detail in the next section.
2.3.2. Micro-region Element Analysis

As one of the nondestructive testing technologies, EPMA is used to analysis the change in the
composition of the samples which remained intact throughout the analysis. The element analysis
was conducted with the line scanning model across the diameter of the irradiated area using the
EPMA-1600 (Shimadzu, Japan). The sample used for detecting is irradiated with laser power 1.8 W
at speed of 5 um/s, which is the same to that in the Raman mapping characterization. Figure 6 (b)
shows the radial direction distribution of all the elements contained in the glass matrix. Given that
the irradiated zone in Raman mapping have a radial symmetry, the element line scanning results
here also give an insight of a two-dimensional spatial distribution of the elements. It is noteworthy
that the concentration of the ions Pb*" and S* used to form PbS QDs experience great changes. As
Pb*" contents in the glass matrix is rather low which is only 1 % nominally, it is also classified as
glass modifier. Furthermore, the single-bond strength of Pb-O is about 36 kcal/g atom [51], which is
low enough to diffuse away from the focal point. The identify change of S* with Pb*" is attributed

12
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to its partiality to combine with Pb** [52][53]. As a result, the PbS formation ions (Pb2+, SZ') in the
focal center is the least and area B have the highest concentration. So element-migration process
and the in situ bonding process of Pb*" and S* were both caused by the thermal effect during the
irradiation. And the working together of them finally determined the distribution of PbS QDs in the
irradiated area. Due to element-migration, the concentration of Pb>" and S* is rather low in the focal
center area A and it is unfavorable for the in sifu bonding and the growth of PbS QDs. In area B,
though the concentration of Pb®" and S* is relatively high, the weak thermal effect, owing to the
long distance from the irradiation center, depresses the formation of PbS QDs. All in all, the
element-migration and the in situ bonding of Pb*" and S* have converse influence on the spatial
distribution trend of PbS QDs as we surmised in the Micro-Region Structure Analysis Section by
Raman-Mapping. Finally the balance of the two processes makes the concentration of QDs in area
B is the lowest. These results can only be observed when irradiated at relative high energy. The
threshold energy is between 1.5 W and 1.8W.

In Fig. 6 (b), the relative concentrations of Si*" and O®” ions (termed group I ions) increase and
those of K*, Zn*", B’ (termed group II ions) decrease at the focal point. However, in the area
around the focal point, an opposite trend is observed. The blue (B) and yellow (C) areas correspond
to a circular area with a radius of 10 um and around the focal point with a radius of 18 pum,
respectively. In the blue area B, the concentrations of Si*" and O ions increase sharply and the
concentration of Group II ions, especially Zn>" decreases. Besides, the concentrations of group I
ions decrease and those of group II increase in the yellow area C. Thus, besides the dramatic
changes in the focal center, there is also obvious migration of elements between area B and C. The
different ion distribution profiles for Groups I and II may be attributed to the behavior of each ion in
the glass [48]. Detail discussion about the migration of Si, O, K, Zn and B are shown in the

13
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supporting information.

As we all know, the refractive index of the glass directly relates to the content of each element,
thus the ring-shaped structure of the glass around the focal point indicates a high refractive index
change. Then it is inferred that a waveguide structure (high refractive index in A and relative low
refractive index in B and C) was formed in the irradiated area. The end-face coupling method was
conducted to confirm it. A sketch of the end-face coupling experiment setup is shown in Fig. 7 (a).
Figure 7 (b) shows the microscope image in end view and the near-field intensity distribution of
waveguides can also be distinguished. Clearly the intensity in the center is much stronger than the
surrounding area illustrating that a guided mode occurs in the center. However, the glass used to
fabricate the waveguide was not homogeneous enough. Finally, the beam quality is too poor to
identify whether it is single mode. More work on the improvement of the waveguide quality is
needed.

2.4, Controlled precipitation of PbS QDs in the irradiated region

Obviously, for both of the two kinds of glasses distinguished on whether they contain AgNOs3,
PbS QDs can precipitate under fs laser pulses. And to the best of our knowledge, the tunable of the
fluorescence band is one of the key factors which determine the application of PbS QDs. It is also
of great significance to regulate the fluorescence characteristic of the PbS QDs precipitated in the
irradiated micron-region. However, the fluorescence shift which is only ~200 cm™ for the biggest
shift shown in Fig. 3 and Fig. 4. Thus a further study was carried out on the controlled precipitation
of PbS QDs in the irradiated region through the most commonly used heat treatment method.
Detailed discussion about the mechanism of the changes will be given as follows.

On the basis of the investigation about Ag effect on the PbS QDs (see Section 2.1), it is
demonstrated that the AG glasses is more sensitive to the annealing process and it is easier to

14
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control the QDs in the glasses. The Raman spectra of AG can exhibit entirely fluorescence
background of PbS QDs when heat-treated at 560 °C for 4.5 hours (Fig. 2 (b)). This time is too short
to make detail studies. Thus the annealing temperature was reduced to 540 °C. First of all, the
Raman spectra of the non-irradiated AG annealed at 540 °C with different duration were presented
in Fig.8. As an illustration, the Raman spectra in Fig. 8 did not show obvious florescence character
(which is indicated by the increase of the intensity of the Raman peak at 1840 cm™) until the sample
was annealed for 10 hours. After annealed for 20 hours, the Raman spectra exhibit totally
florescence background. Thus the operating time can be as long as at least 10 hours which assures
the characterization precision. And AG irradiated with laser power 1.8 W and scanning speed 5
um/s were heat-treated at 540 °C for 5 and 7.5 hours and corresponding Raman spectra were shown
in Fig. 9, respectively. Obviously, after heat-treated the Raman spectra of the samples show
stupendous changes and much more spatial dependence while the un-irradiated area remains
unchanged. This dramatic contrast is caused by the thermal effect of fs laser as we discussed before.
Some QDs nucleus formed and the distribution of the ions changed in the irradiated area. Finally,
the irradiated area is much more sensitive to the annealing than the un-irradiated area. This makes
the restricted control of the QDs only in the irradiated area possible. When heat-treated for 5 hours,
the spectrum for the focal center in Fig. 9 (a) demonstrates little changes of the irradiated center of
the sample. The wavelength of the peak remains constant indicating that no further growth
happened to the primal PbS QDs induced by the fs laser, and the possible reasons will be discussed
subsequently. With the increase of the distance to the center, the Raman spectra change significantly
on the whole. Compared with the spectra for the corresponding spectra in Fig. 4 (c¢) without
annealing, the spectra in Fig. 9 (a) for the dots 5 pm, 10 um and 15 pm far from the center show
stronger fluorescence background of PbS QDs. The Raman spectra at 20 pm, 25 um exhibit so
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strong fluorescence of PbS QDs that the spectra are absolutely fluorescence spectra character which
can be deduced to the high concentration of Pb and S elements in this area demonstrated in the
Micro-Region Element Analysis Section. There also exists a red shift from the spectrum of 20 um to
that of 25 pum.

The in situ growth of PbS QDs in the irradiated area can be affected by the concentration of the
primitively formed nuclei and the concentration of the surrounding ions. And the concentration of
the QDs’ formation ions plays a principal role. For the focal center, the concentration of PbS nuclei
is the highest, but the Pb>" and S*~ concentration is the lowest. Consequently, in spite of its initial
high PbS nuclei concentration, the nuclei is difficult to grow with low concentration of PbS
formation ions during the heat-treated process and this is consist with the constant Raman spectrum
at Opm and the Micro-Region Element Analysis results in Fig. 6. For the area from 5 pm to 20 pum
far from the irritation center, due to the low concentration of PbS nuclei and concentration of PbS
formation ions, the nuclei is even hard to get a conspicuous grow which only exhibits an
enhancement of the fluorescence background of PbS QDs. In the area 20 um to 25 pum far from the
irritation center (Area B in Fig. 6), the highest concentration of PbS forming ions plays a dominant
effect on the formation and growth of the QDs, thus the Raman spectra for this area show absolutely
fluorescence character. The peak location is in the even longer wavelength with about 400-700 cm ™'
red shift. As for the Raman spectrum for 30 um, it performed the fluorescence background again,
which is because the formed PbS nuclei decrease with the increase of the distance to the center.
When the distance to the irradiated center is longer than 35 pum, the concentration of the PbS nuclei
and the PbS formation ions are both too low for the nuclei to generate in the matrix under annealing,
so the Raman spectra behave the same as the area without laser irradiation as the Raman spectrum
for annealed AG without irradiation at 540 °C for 5 hours in Fig. 8.
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After annealed at 540 °C for 5 hours, it is obvious that the irradiated area have undergone
tremendous changes while the un-irradiated area still maintain unchanged, thus we increase the
annealing duration to 7.5 hours to make further investigation and the results were presented in Fig.
9 (b). As shown, the change trend is consistent with the samples annealed for 5 hours. The Raman
peak location in the irradiated center still did not change, and the area where the Raman peak shows
absolutely fluorescence spectra extended in two directions which started from 10 um and ended at
35 um far to the irradiated center and this indicates that more PbS QDs formed under annealing for
7.5 hours. At the area from 10 um to 15 pum with medium concentration of primary induced PbS
nuclei but few formation ions, the enhanced thermal effect for 7.5 hours durations will promote to
get more and larger PbS QDs compared with that annealed for 5 hours. Similarly, the area from 30
pum to 35 um with many formation ions but low concentration of primary induced PbS nuclei can
also separate out more PbS QDs than the corresponding area annealed for 5 hours. For the area 40
pum to 50 pm far to center, the Raman spectra finally exhibit the same as the un-irradiated area
heat-treated for 10 hours at the same temperature shown in Fig. 8. But as is easily seen, the relative
intensity of the Raman peak 1840 cm’ for this area increased indicating the stronger influence of
the fluorescence background. That is to say, with longer annealing duration than 7.5 hours the
micro-region local control of the growth of the PbS particles is no longer eligible. All of the results
reveals that though in the irradiated center the most PbS nuclei is induced to form, a further growth
is hard to obtain for them even in the strong annealing process due to the negative effect of the ion
mobility process occur simultaneously. It also indicates the ion mobility plays a strong effect on the
formation and growth of PbS QDs continuously throughout the irradiated area, especially in the
area after a few microns from the irradiated center. That is in this area which exactly refers to area B
in Fig. 6 (a), the PbS QDs are more easily to separate out from the glass matrix than the irradiated
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center (Area A in Fig. 6 (a)) and the area farther than area B from the irradiated center which refers
to area C in Fig. 6 (a). Furthermore, for area B the red shifts of the fluorescence peak were also
observed when heat-treated at 540 °C for different durations which implies that the precisely local
micro-region control of the growth of PbS particles in area B is more feasible. So the local
micro-region precise control of the formation and distribution of PbS QDs in the irradiated region
with the non-irradiated region remaining unchanged was successfully realized. This will make a
further promotion on its practical application such as the fabrication of new photonic micro-devices
with fs lasers.

For example, once high quality waveguide is fabricated with PbS QDs precipitating in it, the
“postoperative” thermal treatment of the waveguide can easily regulate the output optical band
maintaining its high quality. Most importantly, the devices fabricated with fs lasers are in
micro-scale and then the miniature single device can be realized. Furthermore, array components

can also be fabricated based on the single device.

3. Conclusion

In conclusion, PbS QDs were directly induced to precipitate in borosilicate glasses using fs laser
pulses and selective local micro-region precise control of PbS QDs in glasses was also realized with
extra heat treatment. The confocal fluorescence Raman spectra demonstrate that after irradiation the
concentration of the PbS nuclei in the center is the highest due to the combination of Pb>" and S*
ions caused by the strongest thermal effect of the fs laser. The micro-region Element-analysis of the
irradiated area reveals the element redistribution process results in a ring-shaped structure, which
indicates a high refractive index change. Base on this, a waveguide demonstration experiment was
conducted successfully confirming the feasibility of direct writing PbS QDs waveguide with fs laser
in the glass matrix. At the same time, the QDs’ precipitation distribution and size control can be

restricted only in the irradiated area through annealing the irradiated samples. The location of the
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fluorescence peak shows a dependence on the annealing duration indicating that the precise

micro-region control of the fluorescence characteristics of PbS QDs waveguide can also be

achieved. These are of great significance in the fabrication of PbS QDs optoelectronic micro

-devices and the fabrication can be even controllable considering different applications.

Supporting Information for this article is available.
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Figure 1 Absorption spectra of PbS QDs in NAG (a) and AG (b) heat treated at 580 °C for different
durations. TEM images of the PbS QDs in NAG (c¢) and AG (d) both heat treated at 580 °C for 20

hours. (e) and (f) are the histograms of the size distribution of the QDs in (¢) and (d), respectively.
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Figure 2 Normalized confocal Raman spectra of NAG (a) and AG (b) both heat treated at 560 °C for

different durations.
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Figure 3 Normalized confocal Raman spectra for NAG irradiated with laser power 1.2 W at speed
of 5 um/s (a), 1.5 W at speed of 5 um/s (b) and 1.8 W at speed of 5 um/s (c). (d) The intensity of
1840 cm™ to 1375 cm™ for the point 10 pm to the focal center at scanning speed of 5 um/s and 10

um/s both as a function of laser power.
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Figure 4 Normalized confocal Raman spectra for AG irradiated with laser power 1.2 W at speed of
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(d), and 1.5 W at speed of 10 um/s (e). (f) The Raman peak location and the intensity of 1840 cm’

to 1375 cm™ for the point 10 pm to the focal center at scanning speed 5Sum/s both as a function of

laser power.
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Figure 5 Optical microscope image (a) and Raman mapping for Raman peak 2300 cm™ (b), 1840
cm™ (c), 1375 cm™ (d) of AgNO; doped glasses irradiated with laser power 1.8 W at speed of 5
um/s. The box and the arrows in (a) are guide marks for Raman mapping zone. The blue scale bars

in (a), (b), (c) and (d) all represent 20 um.
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Figure 6 (a) Schematic illustration for the formation of three characteristic zones in the irradiated
area. (b) Ion distribution around the focal center in AG after irradiated with laser power 1.8 W at
scanning speed of 5 um/s, as measured by EPMA. The horizontal dotted arrow in (a) is guide mark

for eyes and it shows the detecting direction of EPMA.
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Figure 7 (a) A sketch of the end-face coupling experiment setup. (b) Beam cross section of the

output 632 nm signals from a 10 mm long waveguide.
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Figure 8 Confocal Raman spectra of the as-prepared AG heat treated at 540 °C for different

durations.
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Figure 9 Confocal Raman spectra of the irradiated area (irradiating laser power is 1.8 W, scanning

speed is 5 um/s) of AG heat-treated at 540 °C for 5 hours (a) and 7.5 hours (b).
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Graphical Abstract

Selective micron-region (diameter: ~30 wm) control of PbS QDs in a waveguide directly written
with femtosecond laser in the glass matrix is confirmed with confocal Raman spectra. Adjustable

photoluminescence band (from ~800 nm up to ~1100 nm) of the QDs in the waveguide can be

precisely controlled in the irradiated zone.
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