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Abstract

Nanostructured composites of inorganic and organic materials are attracting extensive
interest for electronic and optoelectronic device applications. Here we report a novel method
for the fabrication and patterning of metal selenide nanoparticles in organic semiconductor
films that is compatible with solution processable large area device manufacturing. Our
approach is based upon the controlled in-situ decomposition of cadmium selenide precursor
complex in a film of the electron transporting material 1,3,5-tris(N-phenyl-benzimidazol-2-
yl)-benzene (TPBI) by thermal and optical methods. Specifically we show that the
photoluminescence quantum yield (PLQY) of the thermally converted CdSe quantum dots
(QDs) in the TPBI film is up to 15%. We also show that laser illumination can form the QDs
from the precursor. This is an important result as it enables direct laser patterning (DLP) of
the QDs. DLP was performed on these nanocomposites using a picosecond laser. Confocal
microscopy shows the formation of emissive QDs after laser irradiation. The optical and
structural properties of the QDs were also analysed by means of UV-Vis, PL spectroscopy

and transmission electron microscopy (TEM). The results show that the QDs are well
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distributed across the film and their emission can be tuned over a wide range by varying the
temperature or irradiated laser power on the blend films. Our findings provide a route to the

low cost patterning of hybrid electroluminescent devices.

Introduction

Patterning of optoelectronic devices is a challenge - particularly for the development of
scalable optoelectronic devices including solar cells' 2, light-emitting devices (LEDs)’ and
field effect transistors’. A wide variety of techniques including nanoimprint’,
photolithography® and scanning-probe lithography’ for making features on the nanometer to
micrometer length scale are continuously being developed and reported for patterning.
However, most of these techniques rely on surface modification of samples and require time
consuming processes which are not compatible with large scale production of organic
optoelectronic devices®. Furthermore, using such techniques once a photomask is fabricated,
its design is fixed. For these reasons, the development of alternative direct, maskless, high-
resolution patterning techniques to fabricate patterns at low temperature without using high
vacuum deposition has attracted special attention in recent years™ '°. Direct laser patterning
(DLP) of nanoparticles provides a most suitable alternative in this direction for the
fabrication of hybrid organic/nanoparticles based devices. DLP techniques do not require
complex laser systems'' or the use of dangerous chemical post treatments'? so they can be of
advantage in optoelectronic devices. Furthermore they can provide a spatially selective
tailoring of the specific properties of the resulting nanocomposites, which are highly desired
for optoelectronic devices for different applications.

Here we demonstrate a laser patterning to give in-situ formation of QDs. Our results provide
a pathway for simple patterning of the light-emitting area in hybrid devices. Our approach is

based upon the controlled in-situ decomposition of cadmium selenide precursor complex in a
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film of 1,3,5-tris(N-phenyl-benzimidazol-2-yl)-benzene (TPBI), a widely used electron
transport material which plays a key role in organic light emitting devices'>. We show the
formation of light emitting dots of CdSe with photoluminescence quantum yield (PLQY) up
to 15% in the resulting film. We show that the properties of the in-situ formed quantum dots
depend on the concentration of the solution, blend ratio of the precursor, baking temperature
and laser irradiance. Confocal microscopy shows the formation of the emissive QDs after
laser processing. The optical and structural properties of the QDs are also analysed by means
of UV-Vis, photoluminescence (PL) spectroscopy, transmission electron microscopy (TEM)
and atomic force microscopy (AFM).

In most reported strategies, hybrid optoelectronic devices are prepared by mixing organic
materials with inorganic ones in a common solvent, often this approach is associated with
chemical grafting and ligand exchange techniques applied prior to the mixing so as to control
the solution properties, miscibility, the surface states and the electronic structure of the
nanoparticles'*"”. For example in the widely reported approach of blending materials, the
performance of such devices depends critically on the ability to control materials and
interface structure at the nanometer length scale'®. In an alternative approach, in-situ formed
QDs are directly generated inside a polymer matrix by the decomposition of appropriate

1921 "In this direction

molecular precursors using either thermal, optical or chemical methods
we have recently reported the formation of light-emitting dots by thermolysis of precursors
inside the conjugated polymer matrix>'. The advantage of this approach is that there is no
need to perform any ligand exchange after the synthesis of the QDs as it is the polymer itself
which controls the growth of nanoparticles and thereby removes the need for additional
capping agents. Another advantage of this process is that it does not require extracting the

QDs from their synthetic media to prepare a device, which reduces the number of steps as

well as the use of solvents which are often expensive and toxic. This approach has the



Nanoscale

potential to allow the development of greener fabrication methods which moderate the overall
environmental impact of the device manufacturing by implementing cleaner chemistry
pathways. The use of temperature to drive QD formation is the most common strategy
implemented in solution, however when this methodology is transferred to thin films for QD
in-situ synthesis it benefits of a very interesting twist, because the thermal treatment can be
selectively induced in different regions by using an appropriate thermal probe, such as a laser.
There are a few reports in which polymer TOPAS or polymethylmethacrylate (PMMA) has
been used with CdS based precursors in nanocomposite films and the effect of UV radiation
using laser of different wavelengths have been studied to have well defined patterned area on

the nanocrystals®” >

. However there are no reports where light emitting quantum dots are
selectively produced and patterned in the organic semiconductor molecules used in
fabrication of organic light emitting devices.

The paper is organized as follows. We first discuss the optical properties of the
nanocomposite films of TPBI and the precursor after thermolysis. Then the structural

properties of such in-situ formed QDs are discussed using TEM and AFM. Finally, the photo-

patterning of the emissive QDs using picosecond laser is demonstrated and discussed.

Experimental Section

Materials and Film Preparation

The electron transporting material 1,3,5-tris(N-phenyl-benzimidazol-2-yl)-benzene (TPBI)
was bought from Lumtec and was used without any further purification. The protocol for the
synthesis of the CdSe precursor cadmium 2-(N,N-dimethylamino)ethylselenolate
(CdDMASe) was adapted from the work™ of Kedarnath et al. It involved first making an
aliphatic diselenide compound and then reacting it with a Cd [II] salt to give the metalorganic
precursor. This single source precursor bearing two Me,NCH,CH,Se fragments, shows good

solubility and has clean thermal decomposition generating cadmium selenide (CdSe) QDs.

4
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The precursor is soluble in toluene, stable at room temperature conditions and can be stored
for weeks.

Neat films of the precursor alone and of nanocomposite films of TPBI/precursor blend were
prepared by spin-coating in toluene solution at 1500 rpm onto fused silica substrates. The
film used for spin-coating consisted of either precursor powder alone or precursor/TPBI in a
ratio of 4:1 in toluene solvent at 50 mg/ml concentration. These films were baked at different

temperatures inside a low vacuum 8x10~ mbar for thermolysis.
Photophysical and Structural Measurements

Absorption measurements were carried out using Caray Varian 300 spectrometer.
Photoluminescence spectra were recorded in a JY Horiba Fluoromax 2 fluorimeter, with an
excitation wavelength of 305 nm. Solid-state PLQY measurements of thin films were
measured in an integrating sphere under a nitrogen purge® in a Hamamatsu C9920-02
luminescence measurement system.

We have also used an Olympus BX51 optical microscope and epi-fluorescence microscope
with a Hg-lamp excitation to collect the fluorescence from the samples. To distinguish the
excitation and fluorescence spectra a set of filters U-MWU?2 was used in the microscope. The
excitation wavelength was the range 330-385 nm and the fluorescence signal was averaged
over spectrum for wavelengths >420 nm.

The transmission electron microscopy (TEM) measurements were performed with a Philips
Tecnai F20 Schottky Field emission gun (FEG) instrument operating at 200 kV. The images
were processed with Digital micrograph and Image] software. The QD size was determined
manually, on the basis of the obtained high-resolution transmission electron microscope
(HRTEM) images. The chemical composition was verified by means of energy dispersive
spectrometry (EDS) with an EDAX Phoenix spectrometer equipped with an ultra-thin

window detector and TEM image and along with analysis software. The samples for TEM
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characterization were deposited over a TEM grid with spin-coating at 1500 rpm on copper
TEM grids covered by Quantifoil® Holey Carbon film.

Atomic force microscope (AFM) topographical images were collected with an NT-MDT
Solver Scanning Probe Microscope in the tapping mode with a silicon tip. An average value
of root-mean-square (rms) roughness was calculated for a scan area of 10 um x 10 pum. The
cluster distribution (number of clusters for pm?) has been calculated as average of the number
of the clusters in four different areas of the backed samples. The surface coverage (%) has

been determined multiplying the cluster area for the cluster distribution.
Photo-patterning

Laser-patterning experiments were performed using a laser micro-processing system with the
fourth harmonic of a picosecond laser (Ekspla Atlantic, 266 nm wavelength, 10 ps pulse
duration, 100 kHz pulse repetition rate). An external electro-optical pulse picker was used for
laser beam switching and average power control. During the film modification average laser
powers from 0.1 to 3 mW were used. The sample was placed on an X-Y-Z sample stage
where the X-Y stage controls the sample movement and the z stage was used for the laser
beam focus adjustment. An objective with a focal length of 100 mm was used for laser beam
focusing on the sample. The laser irradiated spot size on the films was ~20 um. Areas of
nanocomposite films with a size from 1x1 up to 5x5 mm’® were irradiated by scanning the
laser beam. All experiments were conducted in a closed chamber with fused silica window

and filled with 99.9% nitrogen.

Results and discussion

Optical properties of nanocomposite film of TPBI and CdDMASe precursor
Figure la shows the chemical structure of CdSe based precursor cadmium 2-(N,N-

dimethylamino)ethylselenolate (CdDMASe) which belongs to the family of cadmium

6
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chalcogenolato complexes®. This kind of complexes are usually insoluble, because of their
polymeric structure®® . However in the case of the CADMASe the organic ligand with its
nitrogen atoms can coordinate with the Cd, as shown in figure 1a, and blocked the formation
of the inorganic polymer which enganced the molecule solubility®. The precursor solubility
is of great importance to ensure a homogeneous distribution of QDs inside the host matrix
and represents a prerequisite to obtain reproducible films by solution-processing and device
manufacturing®. The chemical structure of electron transport material  1,3,5-tris(N-
phenylbenzimidazol-2-yl) benzene (TPBI) used as a host material with this precursor is
shown in figure 1b. The absorption and fluorescence spectra of the neat TPBI film together
with absorption spectra of CdSe precursor in solid state is shown in figure 2a. As shown
from figure 2a, TPBI absorbs in the UV region with a peak at 305 nm and emits with a
fluorescence peak at 380 nm when sample is excited at 305 nm. The CdADMASe precursor
film also absorbs in UV with peak absorbance below 280 nm but does not show any emission
even when excited at different excitation wavelengths from 280 to 380 nm*'. We have also
measured the photoluminescence quantum yield of the TPBI neat film using an integrating
sphere purged with nitrogen and found it to be 45% when film was excited at 305 nm.

In our process of photopatterning, the laser produces localized heating which decomposes the
precursor leading to the formation of QDs. We have studied the effect of temperature on the
formation of QDs within the nanocomposite films. The decomposition mechanism for this
precursor having cadmium selenolate complex is shown in figure 1c. The schematic reaction
shows that the thermolysis of this precursor leads to the formation of the CdSe with the
evolution of Se(CHzCHzNMez)fO’ 31 This mechanism is in good agreement with the
thermogravimetric data of the complex having a mass loss compatible with the proposed
reaction”. Figure 2b shows the absorption and fluorescence signal of the TPBI/precursor

nanocomposite film blended in the molar ratio of 1:4, before and after thermal process.
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Before baking, the absorption in the nanocomposite is dominated by TPBI with a strong
absorption peak at 305 nm and there is a tail at longer wavelength due to the absorption of the
precursor in the nanocomposite. The nanocomposite film before baking emits poorly with
most of the emission coming from the TPBI and only a small shoulder at longer wavelengths
possibly due to energy transfer from TPBI to the precursor, as precursor itself is non
emissive’”. After baking the sample at 160 °C for 15 minutes the absorption spectrum peak is
blue-shifted by 10 nm and the tail at longer wavelength absorbs strongly due to the QDs
formation after precursor decomposition. The fluorescence spectra of the nanocomposite after
baking show interesting features with emission due to two different species. The first small
peak at 380 nm is due to TPBI and the second peak at 590 nm with broad emission is
possibly due to QDs. This emission is independent of the excitation wavelength (data not
shown)

To get a clear indication of the formation of QDs after precursor thermolysis we have done a
decomposition study at different time/temperature conditions. Figure 2¢ shows the absorption
spectra of the nanocomposite films baked at four different temperatures. It is clear from the
figure that after baking a well-defined shoulder appears in the region of 420 nm in the
absorption spectra, which grows, and shifts towards longer wavelength at higher baking
temperatures up to 520 nm. This red shift behavior confirms the signal is due to
decomposition of the precursor and formation of QDs. The absence of well-resolved peak
like structures can be attributed to the polydispersity or the surface states of the QDs>~.
Figure 2d shows the fluorescence spectra of the nanocomposite films following excitation at
305 nm at the peak of the absorption of TPBI. For instance the nanocomposite film baked at
140 °C for 15 minutes shows emission of the TPBI and an extra emission at longer
wavelengths. After baking at higher temperatures the emission corresponding to TPBI

decrease and contribution due to QDs increases. This result can be due to two different
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effects, i.e. QD formation and improved energy transfer between QDs and TPBI. Indeed the
decomposition temperature of the selenolate complex™ is about 160 °C so as soon as the
temperature increases from 140 °C to 160 °C the QDs acquire more regular structure which
improves the energy transfer between the TPBI and QDs. Higher temperature can also
improve the removal of the reaction by-products, i.e. SeR, from the thin film (figure Ic)
facilitating the energy transfer between TPBI and the QDs>. At higher temperatures the
emission due to the QDs starts decreasing possibly due to aggregate formation of the QDs.
Furthermore as we tested the thermal stability of neat TPBI under the same time/temperature
conditions and found no such evidence of emission at longer wavelengths, so we assign the
extra emission at longer wavelength to QD formation only.

PLQY measurements give further insight into the properties of these nanocomposite films
and were performed with excitation at 305 nm. Before baking PLQY of TPBI is strongly
quenched by the precursor in the nanocomposite film and reduced to 0.5% from 45% in neat
film. After thermolysis of the blend, the PLQY of the QDs is extracted from the total PLQY
of the nanocomposites films by calculating the emission contribution from 500 to 900 nm.
The maximum PLQY obtained for the QDs is 15.5% after heating at 160 °C for 15 minutes.
The PLQY decreases to 1% for heating at 200 °C. The decrease of the PLQY can be
attributed to trapping of electrons in surface-defect states with further increase of the density
of trap states at higher temperature resulting from depleting the hybrid films of the QDs

4 .
¥ To understand further, fluorescence microscopy was performed on

precursors'
nanocomposite films before and after baking under various excitation wavelengths in argon
gas environment.

Figure 3a & 3b show the fluorescence microscopic images when samples are excited with

UV light and figure 3¢ & 3d show when samples are excited by the green line of a mercury

lamp (546 nm). The scale bar for the images is 50 um. Before baking the samples there is
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weak blue emission from the blend under UV light excitation (figure 3a) and which we
attribute it to TPBI, as the QD precursor is non-emissive. Under green light excitation no
fluorescence was observed at all (figure 3c). After baking the samples at 160 °C for 15
minutes, we see clear emission under UV and green excitations as shown in figure 3b and 3d
respectively. When we have baked the samples at higher temperatures, the fluorescence
decreases rapidly and we see large clusters of nanoparticles (data not shown). These results
are in correlation with PLQY results where the emission efficiency of QDs decreases at
higher temperatures. The broad emission of the obtained QDs is due to the formation of
surface defects. Trap emission has often been related to low crystallinity, selenide excess or
other defects at the interface of the nanocrystals®>. However, band edge and trap emissions
are often observed together in CdSe nanocrystals™. Increasing the amount of surface defects
of the nanoparticles can enhance enormously the trap state emission with respect to the band-
edge recombination mechanism or even suppress it entirely. The other possible explanation
for the reduction in PLQY could be aggregation of the QDs at the higher baking temperature.

We have therefore investigated the structure of the films by AFM and TEM.

Structural characterization of nanocomposite films of TPBI and CdDMASe precursor
To obtain further evidence of nanoparticle synthesis, transmission electron microscopy
(TEM) measurements were performed. The analyses were carried out on films deposited and
baked directly on a TEM grid to observe the particle distribution in the film. Figure 4a shows
a low magnification view of the films casted over a standard TEM grid with holey carbon
film for support. High resolution image of these films is shown in the figure 4b, which also
does not provide any evidence of QDs formation before the thermal treatment. Furthermore
figure 4c shows the Fast Fourier Transform (FFT) spectrum of the area in figure 4b, revealing

no crystalline reflection, with the typical diffuse structure of amorphous materials. During
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measurements of such films special attention was paid by using low density current and short

observation time so that the electron beam itself does not cause the thermolysis process.

TEM results for the films after baking at 140 °C for 15 minutes under low vacuum conditions
are shown in figure 4d-f. Low magnification TEM micrograph in figure 4d shows that the
polydispersity of the particles in terms of size and morphology is large and highly
inhomogeneous. There are big particles with irregular morphology and also small particle
together with some rod-like structures. The inset of figure 4d shows an individual
nanocrystal, showing lattice fringes spaced by 0.37 nm, corresponding to (100) family of
planes in CdSe crystal lattice. High resolution images in figure 4e shows a group of large
irregular clusters. The inset shows the FFT spectrum of the large particle highlighted in figure
4e, revealing reflections corresponding to 0.27 nm and 0.23 nm lattice spacing, compatible
with CdO crystals. The diffraction pattern of a wide area of the sample is obtained by the
SAED technique and the results are shown in figure 4f. The diffraction pattern shows typical
powder like rings reflections, corresponding to interplanar distances of 0.37 nm, 0.29 nm,
0.25 nm, 0.23 nm and 0.18 nm, compatible with the presence of a mixture of CdSe, CdO and
SeO nanocrystals in the film. This suggests that precursor segregation has occurred within the
sample and that baking at 140 °C for 15 minutes only lead to a partial formation of CdSe
nanoparticles. This specific time/temperature condition is then enough decompose the
precursors and partial nucleation of the QDs but not enough to complete sufficient nucleation
and growth of the nanoparticles.

Figure 5 shows additional TEM results for the nanocomposite film baked at 160 °C for 15
minutes. The high-resolution image in figure S5a shows that the particles are highly
crystalline. This is confirmed by the FFT (inset of figure 5a) of the HREM micrograph,
showing the typical lattice spacing of the CdSe hexagonal phase, with highlighted reflections

corresponding to (002), (110) and (112) family of planes, spaced, respectively to 0.35nm,
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0.21nm, 0.18 nm. The size distribution analysis was performed by direct observation from the
HREM images. The results of the analysis are summarized in the histogram of figure 5b. As
reported in the figure, a Gaussian fit of the data resulted in an average diameter of 3.5 nm,
with a standard deviation of 0.9 nm. The size distribution is of about 26 %, large compared
with solution synthesis pathways but nonetheless in the range of reported literature values™
for CdSe QDs and is below the threshold for the Bohr exciton radius **. In figure 5¢ the EDX
spectrum shows the Cd and the Se peaks, with no particular contaminant species, as the
copper signal comes from the TEM grid used as support. As discussed above aggregate
formation and faster depletion of the QDs precursors at higher baking temperatures explain
the reduction in the PLQY of the emissive QDs at these preparation conditions.

Figure 6a shows a typical topographic image of the nanocomposite film of TPBI and
CdDMASe precursor before baking the sample obtained by AFM. RMS roughness measured
onto 10 x 10 um” area is of about 57 nm as shown in the figure. This rather high value is due
to the presence of isolated globular aggregates onto the surface. After baking the films at
160 °C for 15 minutes the RMS roughness reduces to 1.3 nm as shown in figure 6b which
increases further to 0.34 nm after baking the sample at higher temperatures as shown in figure
6¢. From the AFM images it is not possible to observe the single QDs in the backed samples
but we get only information about clusters. The clusters distribution in the baked samples
resulted to be 61 + 3.6 cluster/um” (each cluster is about 80 nm in size) and 40.6 + 1.5
cluster/um? (each cluster is about 130 nm in size) at 160 °C and 170 °C respectively (figure
6b and 6¢). These data suggest that the temperature rise induces the aggregation of QDs,
because the cluster size increases from 80 to 130 nm and at the same time the surface
coverage shifts from about 30% to 50%. These results are in correlation with the results
obtained by TEM and PLQY measurements and suggest that QDs can be formed at different

baking conditions but the nanoparticles aggregation takes place at higher temperature with
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consequent decrease in QDs PLQY as it was previously observed. In comparison to our
earlier published work®' where we used a polymer in blended with this precursor, here we
have shown that the thermolysis also works well with a charge transporting small molecule,

and go on to demonstrate laser photo-patterning.
Photo-patterning of nanocomposite film of TPBI and CdDMASe precursor

For photopatterning the samples were prepared in the same way as for photophysical studies.
The laser treatment of the nanocomposite films was performed using a picosecond laser
generating light at a wavelength of 266 nm which matches absorption of the precursor having
the dominant absorption in the region of 250-280 nm. The first step was to explore the effect
of the laser irradiation dose on the blend films. The effect of both pulse energy and number
of pulses was explored by illuminating a grid of dots by increasing pulse energies (1 nJ to 15
nJ) in one direction and increasing numbers of pulses (20 to 10240) in the perpendicular
direction. The resistance of the materials to the laser irradiation dose (damage, ablation,
burning) was investigated to find the appropriate regime for laser patterning (without
damage). The diameters of laser-modified spots on the material were measured by optical
microscopy. Figure 7a shows the fluorescence microscope image of a sample where we have
written a test grid in which the number of pulses changes along the x-axis and the pulse
energy changes along the y-axis. The product of the number of pulses and the pulse energy
gives the total laser irradiation dose. Figure 7a illustrates clearly that for higher irradiation
doses the film is destroyed. At lower intensity different color intensity of light emission were
observed. This is interesting for its potential to allow laser writing of the colour of light
emission. As the colour is directly related to the particle size, it also shows that the
conditions of laser writing can control the particle size. The fluorescence emission was

observed mainly around the center of the laser-irradiated spot.

13



Nanoscale Page 14 of 24

Figure 7b shows the stripes generated by laser scanning at different mean power
settings of 100 KHz, 0.75 nm and 5 pm hatches. The highest and lowest intensities of
irradiation lead to no fluorescence. This is because the highest intensity ablates the film,
whilst the lowest intensity does not convert the precursor to nanoparticles. The intermediate
intensities give strong fluorescence, further demonstrating the potential for laser writing. The
threshold values for laser irradiation dose, which were able to induce modification of material
or damage of the films and materials, were estimated from figure 7a and 7b. This indicated,
that there is a processing window for laser patterning where material modification occurs
below the film damage threshold. The fluorescence and absorption spectra were also
measured and results were similar to results obtained by thermal baking the samples. Using
the optimized laser scanning parameters deduced from figure 7(b), a moderate laser power of
1.05 mW was selected to write the LAMP project logo in a blend sample and the resulting
fluorescence image is shown in figure 7c. The image scale bar is 100 um. Here the
mechanism of CdSe formation is due to the rise of temperature induced by laser pulse
absorbed by precursor in the polymer blend. The temperature reached by the polymer blend
can be estimated by simulation heat transfer, considering material parameter and is consistent
to the baking conditions as discussed earlier. The intensity of coloring and yellow-red-brown
color of the samples noticed by the naked eye was dependent also on the laser irradiation
dose.

The laser-assisted synthesis of CdSe nanoparticles in solution recently reported by Lin et al.
3> shows that nanoparticle formation is a function of the temperature and of the energy
absorbed from the photons supplied to the solution by the laser. Fragouli et al. *® have shown
that the laser wavelength in combination with the polymer matrix plays a crucial role in laser
decomposition of a single source precursor, strongly affecting the optical properties of the

resulting CdS QDs. Our results now show that the DLP technique is a convenient and flexible
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tool due to its path-directed and maskless fabrication process, providing a powerful new
approach for patterning light-emitting materials on surfaces for applications in displays,

lighting and sensing.
Conclusion

In summary, we have demonstrated laser writing of emissive QDs in a conjugated small
molecule matrix using a picosecond laser. The dots form in-situ from the action of the laser
on the QD precursor. We have shown that conventionally used electron transport materials
like TPBI in optoelectronic devices can be used together with single source precursors to
form emissive QDs either by thermolysis or laser irradiation. Our results show that our in-
situ method of making emissive QDs gives materials with reasonably high PLQY. We also
demonstrated the use of time/temperature or irradiation time/laser power to achieve size (and
spectroscopic) tuning of the final particles. The observed correlations between the QD size
and laser process parameters illustrate the potential of the proposed QD formation technique

to control organics/precursor composites for the production of light-emitting devices.
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Figures
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Figure 1: (a) Chemical structure of precursor CADMASe and (b) TPBI; (c) mechanism of

cadmium selenolate thermolytical decomposition
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Figure 2: (a) Absorption (black solid line) and photoluminescence (PL) spectra (red dotted)

of TPBI as a thin film. The blue dashed dotted line shows the absorption spectrum of the
precursor CADMASe as a thin film; (b) Absorption and PL spectra of TPBI/CdDMASe

precursor film before baking (magenta and blue solid line respectively) and after baking at

160 °C for 15 minutes (absorption black dotted line; emission red dashed line); (c¢) and (d)

Absorption and PL spectra of TPBI/CdADMASe precursor films after baking at one of 4
different temperatures: 140 °C (solid line) 150 °C (dashed line), 160 °C (dotted line) and

180 °C (dash dotted line) for 15 minutes. Fluorescence was excited at 305 nm.
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Figure 3: Fluorescence microscopic images (a) untreated film and (b) baked film at 160 °C
for 15 minutes with excitation under blue line of mercury lamp (c) untreated film and (d)
baked film at 160 °C for 15 minutes with excitation under green light.
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Figure 4: TEM characterization of the TPBI samples. (a) Low magnification image of the
film casted over the holey carbon film of the TEM grid (b) High resolution image of the
clusters composing the film before baking. (¢) FFT of fig. 4b, showing no lattice reflection
from the clusters. (d) Low resolution image of the film baked at 140°C for 15 minutes with
inset showing high resolution image of an individual nanoparticle, indicating lattice fringes of
CdSe crystals. (e) high-resolution image of a group of nanocrystals. (inset) FFT of the
particle highlighted, showing reflections corresponding to CdO crystal lattice. (f) SAED
pattern showing ring like reflections from CdSe, CdS, and CdO nanocrystals.

21



Nanoscale Page 22 of 24

D,.=3.5nm
220 FWHM = 0.7 nm
]
%
315
k]
210
[
=]
=5
0
3.0 35 40 45
Particle diameter (nm)
000 @

4000

3000

g @

¢
okl .

Energy (keV)

Counts

Figure 5: (a) High-resolution TEM image of QDs generated by thermal baking of the
TPBIl/precursor film at 160 °C for 15 minutes. (inset) FFT of the highlighted area, showing
lattice reflections from (002), (110) and (112) planes of CdSe crystal lattice. (b) Histogram of
the particles diameter as obtained by the analysis of the TEM micrographs. (c) EDS spectrum
for the film, showing Cd and Se presence (Cu originating from the TEM grid).
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Figure 6: AFM images of the TPBI/CdSe blends (a) before baking (b) after baking at 160 °C
for 15 minutes (c) after baking at 170 °C for 15 minutes. The RMS reduces from 57 nm
before baking to 1.3 nm after baking at 160 °C for 15 minutes. The RMS increases further at
higher temperatures to 4.3 nm for baking at 170 °C for 15 minutes.
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Figure 7: (a) Fluorescence microscopy image of TPBI/CdDMAse precursor after laser
irradiation by a grid of laser spots with distance between spots 50 um, number of pulses on
the x-axis and pulse energy on the y-axis (b) laser scanning at different mean power settings,
100 KHz, 0.75 nm, hatch 5 pum (c) LAMP logo, with laser parameters: 1.05 mW, 100 kHz,
10.5 nJ, 0.75 mm/s, hatch 3 pm.
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