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Abstract: CdSe/ZnS core-shell quantum dots (CSQDs) and PbS quantum
dots (QDs) were synthesized using a colloidal method and incorporated into
Ge,3Sb;Sy glass films via a solution-derived approach to film formation.
Photoluminescence (PL) from the QDs inside the glass matrix was observed
in the visible (CdSe/ZnS) and near-IR (PbS) regions. Properties of the QDs
were found to be environment dependent, with the amine solvent partially
quenching the luminescence. The PL lifetime of the CdSe/ZnS CSQDs and
PbS QDs in the glass film was decreased to varying degrees from that of the
QDs in pure chloroform. Monitoring the steady-state PL intensity and
luminescence lifetime of PbS doped films showed that appropriate heat
treatment of the deposited film increases the luminescence efficiency by
removing residual solvent from the glass matrix.
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1. Introduction

QDs are semiconductor nanoparticles with many attractive properties, such as high
photostability and broad, tunable emission that can extend from the visible to the mid-IR,
depending on the size and composition of the QD [1—4]. Due to quantum confinement effects,
smaller QDs emit shorter wavelengths of light than larger QDs of the same composition. This
characteristic allows the position of the luminescence band to be adjusted simply by tuning
the size of the QD, an advantage over emission from rare-earth ions, which have been studied
in chalcogenide glass films for luminescent properties in references [5—10].

This study investigates the incorporation of two well-studied QDs into solution-derived
chalcogenide glass (ChG) films, visibly emitting core-shell CdSe/ZnS and near-IR emitting
PbS. ChGs are widely known for their transparency to IR light, low phonon energies and low
glass transition temperature (T,), making them suitable for drawing fibers and molding lenses
for use in mid-IR optical systems [11]. Additionally, films of ChGs are attractive for the
fabrication of chemical sensing devices operating in the infrared, where many organic
compounds have an optical signature [12,13]. Such a sensing device typically contains three
main components, a source of light, a ChG film resonator where the analyte interacts with the
light, and a detector which senses changes in absorption and/or shifts in the resonant
wavelength due to a binding event. ChG bus waveguides connect these components and
provide the route for light transmission between each component. ChG film fabrication and
waveguide deposition is currently an area of high interest [12-26]. However, current sensors
have only been demonstrated using quantum cascade lasers or other external to the chip
components as the light source. The present work investigates QD incorporation into ChG
films as a low-cost, easy to manufacture source of light for a sensing device. Several different
methods to deposit films of ChG have been demonstrated, such as sputtering, pulsed laser
deposition, and thermal evaporation [12,14,26]. However, a solution-derived approach [15—
17] offers the potential to easily incorporate dispersed nanoparticles, such as QDs, into the
film by mixing a solution of nanoparticles with a solution of glass before spin-coating the
film. Currently, to the best of our knowledge, there is only one publication to date which
investigates QD incorporation in solution-derived chalcogenide glass films [27]. In this study
by Kovalenko et al, PbS/CdS CSQDs were inorganically functionalized with AsS;> ions,
allowing high levels of QDs to be dispersed in an As,S;/propylamine solution, with strong PL
from the deposited films. In our study, we report PL from simple, organically capped QDs in
Gey;3Sb,Sy films, which could be successfully prepared, despite minor issues with long-term
solubility (>30 min) of the QDs in the glass solution, and also investigate the effect of film
heat treatment on PL intensity.

Solution-derived Ge,;3Sb;Sy glass films were doped with CdSe/ZnS CSQDs and PbS QDs
to demonstrate luminescence over a large range of wavelengths and to further investigate the
principles of how nanoparticles interact in solution-based ChG film processing. QD solutions
were titrated with propylamine, the glass solvent, to determine its effect on QD luminescence
properties. CdSe/ZnS CSQD-doped glass films were deposited and characterized using
luminescence lifetime measurements and steady-state photoluminescence (PL) spectra. PbS
QD-doped films were deposited using varying concentrations of QDs, and the effect of
different heat treatments on the integrated intensity of steady-state PL spectrum and
luminescence lifetime was studied.

2. Experimental procedure
2.1 Synthesis of ODs

CdSe/ZnS CSQDs capped with tri-n-octyl-phosphine oxide (TOPO) were synthesized with
core diameter of 5.8 nm and total diameter of 7.9 nm using the method described by Amelia et
al [28]. PbS QDs were synthesized via a reaction of lead (II) acetate trihydrate with
thioacetamide in anhydrous methanol in an argon purged Schlenk line. 0.4 g (1.23 mmol) lead
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acetate was dissolved in 5 mL anhydrous methanol with stirring. 0.8 mL acetic acid was
added, and then 0.06 g (0.292 mmol) thioctic acid dissolved in 1 mL methanol was added
dropwise. In a separate flask, 0.09 g (1.19 mmol) thioacetamide was dissolved in 2 mL
anhydrous methanol, and added rapidly to the lead acetate solution to nucleate PbS particles
in a short range of time. The solution turned from clear to dark brown over a period of about
10 min, and was left to react at room temperature under vigorous stirring for 2 hrs 15 min.
The QDs were then precipitated from the methanol with 15 mL acetone per mL of reaction
solution and centrifuged at 3000 rpm for 10 min. The precipitate was washed by replacing the
acetone twice, scraping the QDs off the side of the flask if necessary. They were then
redispersed in chloroform and washed twice to remove the acetone. About 15 pL of I-
dodecanethiol per mL of reaction solution was used as a stabilizer. The concentration of the
PbS QD solutions was estimated by drying a known volume of solution under vacuum for 3-4
hrs and weighing the precipitate. Based on the position of the luminescence band of the PbS
QDs, the diameter was estimated to be 3.3 nm [29].

2.2 Fabrication of Ge38b;S7y glass and QD-doped films

Bulk Ge,;Sb;S glass was prepared by batching elemental five nine (SN) pure materials into
a fused silica ampoule inside of a nitrogen-purged glove box using techniques discussed in
detail in [30] to prepare bulk glass materials for subsequent solution-based film formation.
The ampoule was vacuum sealed (107> torr) for 4 hours at 90 °C to drive off any residual
moisture, then sealed using a gas-oxygen torch. The batch was melted for 15 hours at 925 °C
in a rocking furnace to ensure homogeniety, air-quenched, and annealed at 271 °C, 40 °C
below the T, of the glass [30].
Gey;3Sb;S5 films doped with QDs were fabricated using the following steps:

1. Dissolution of glass crushed by mortar and pestle in propylamine solvent with
concentration of 0.05 g/mL.

2. Mixing QD solution with glass solution in 1:2 ratio by volume. Solutions were doped
with 0.35 pM CdSe/ZnS CSQDs. Varying concentrations of PbS QD solution (1.7,
8.6 and 17 pM) was used to vary the concentration of QDs in the deposited film.

3. Within 10 s after mixing the QD and glass solutions, films were deposited by spin-
coating on a borosilicate or silicon substrate at 3000 rpm for 10 s.

4. Heat treatment of the film in dry air to drive residual solvent from the film matrix.

Film heat treatments are detailed in Table 1. These sequential heat treatments were chosen
based on our study of undoped solution-derived films of the same glass composition, and
optimized such that residual solvent, as determined by the size of the propylamine absorption
band at 2960 cm™', was minimized [17].

Table 1. Heat Treatments Used for PbS Doped Ge»;Sb;S7 Films

Heat Treatment Description
HTO 5 min @ 100°C
HT1 30 min @ 100°C
HT2 30 min @ 100°C
HT3 20 min @ 160°C
HT4 20 min @ 180°C
HTS 20 min @ 200°C

2.3 Characterization of QD-doped films

Film RMS roughness was determined with a Zygo NewView white light interferometer.
Transmission spectra were taken in the mid-IR using a Nicolet 6700 FT-IR with a resolution
of 8 cm™ and 100 acquisitions. Steady-state PL spectra, fluorescence lifetimes, and quantum
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yields were obtained using a Horiba Jobin-Yvon Fluorolog-3 spectrofluorimeter. In these
experiments, the excitation source was either a 450 W Xenon lamp with a double
monochromator or a Nd:YAG laser (A = 532 nm): a Nanolase (12 kHz) or Innolas Picolo-
AOT 1-MOPA. Detection of infrared luminescence was achieved using a Hamamatsu 10330-
45 photomultiplier, while detection of visible luminescence was with a Hamamatsu R2658P
PMT. Lifetimes were taken at the peak luminescence wavelength via the time-correlated
single photon counting method using a 1 MHz, 460 nm pulsed nano-LED excitation source in
the visible or using a Fastcom P7889 multiscaler acquisition card operating with a 10 GHz
sweep rate in the NIR. Absolute quantum yield values of CdSe/ZnS CSQDs in the visible
were determined by taking spectra using a Labsphere optical Spectralon integrating sphere
with diameter of 100 mm, providing a reflectance of >99% over the 400-1500 nm range, and
>95% within 250-2500 nm range. The quantum yield of PbS QDs in the near-IR was
estimated by comparing the integrated area of the steady-state emission spectrum to that of
singlet oxygen generated by a Cg photosensitizer dissolved in toluene. Both solutions were
diluted such that they had the same absorbance at the excitation wavelength of 532 nm.

3. Results and discussion
3.1 Effect of propylamine on QD properties

The effect of propylamine (glass solvent) on the QDs was first investigated by titrating the
QD solution with propylamine. Strong luminescence quenching was observed as a function of
the increasing amine concentration, with a Stern-Volmer analysis shown in Fig. 1.

4
= CdSe/ZnS CSQDs
* PbS QDs
3
— 24
~
_O
1
0 T T T T T

0 1 2 3 4
Propylamine concentration [M]

Fig. 1. Stern-Volmer plots of CdSe/ZnS CSQDs and PbS QDs with varying concentrations of
propylamine. CdSe/ZnS CSQDs were excited at 500 nm, and PbS QDs were excited at 532
nm. Intensities were taken by integrating steady-state PL spectra, with error approximately 5%.

Amines are well-known to quench luminescence through electron transfer due to the lone-
pair of electrons on the nitrogen atom, which is easily oxidized [31]. Shown in Eq. (1), the
Stern-Volmer relationship for collisional quenching is given, where Iy and I are the PL
intensities of QDs (dispersed in pure chloroform) with propylamine concentration of 0 and
[Q], respectively, and kg, is the Stern-Volmer constant equal to the product of kg, the
quenching rate constant, and 1, the unquenched lifetime.

%=1+kSV[Q]=1+quo[Q] (1)

The Stern-Volmer constant was estimated by the slope of linear trendlines with intercepts
fixed at 1. For CdSe/ZnS CSQDs, kg, was found to be 0.29, and for PbS QDs, k,, was found
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to be 0.52. During this testing, the QDs were found to be stable with no aggregation in all
mixtures of propylamine and chloroform for several hours. In contrast, when adding QD
solution to glass solution, precipitation was observed within 30 minutes. For this reason, films
were deposited as quickly as possible, approximately 10 s after mixing the two solutions in
order to reduce the time-dependent aggregation. It is proposed that dissolved glass in the
solution cleaves the capping agent from the PbS QDs, leading to the aggregation in glass
solution but not pure propylamine.

3.2 Comparison of OD PL spectra in various environments

The PL spectrum of a QD-doped film differs from that of the QDs in solution. Figure 2 shows
a comparison between CdSe/ZnS CSQDs and PbS QDs in various environments.

(8)  |[—posapsinfim 17 m ' (b) {—In chloroform
—— PDbS QDs in chloroform solution | —On Ge,,Sb,3,, film surface
g |——1In Ge,.Sb_S__film matrix
> [ 2322110 |
Pl £
. [%:]
2 ]
£ £
2 £
3 &
5 E:
e ]
: :
£ 5
Q
= z
1000 1100 1200 1300 1400 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 2. Comparison of photoluminescence spectrum of (a) PbS QD-doped Ge,;Sb;S; film
deposited from a solution containing 17 pM QDs to spectrum of QDs in pure chloroform. The
reduction in luminescence intensity at 1150 nm for the QDs in chloroform is due to
reabsorption of luminescence, which is also suspected to be responsible for the features at 1125
nm and 1145 nm. Excitation: 532 nm. (b) Comparison of PL spectra of CdSe/ZnS CSQDs
dispersed in chloroform to that of CSQDs on film surface and in film matrix. The feature at
590 nm in the spectra of CdSe/ZnS CSQDs on the film surface is a reflection artifact of the
instrument. Excitation: 500 nm.

In the case of PbS QDs, there are many features present in the PL spectrum of the doped
film. Some of the features, especially those at 1125 nm and 1145 nm, may be attributed to
reabsorptions of luminescence caused by residual chloroform in the film matrix. Features
could also be caused by the interaction of dissolved glass with the QDs. Glass solution
cleaving the capping agent from the QD could result in surface defects responsible for many
of the sharp features seen in the luminescence spectrum. These features were not seen when
the QD solution was titrated with pure propylamine, so it is likely that they are a result of the
impact of glass interaction with the QDs.

Environmental effects on the QD properties are also observed. With both PbS and
CdSe/ZnS, the peak luminescence wavelength had blue-shifted from solution to film. For
PbS, the peak luminescence wavelength blue-shifts from 1250 nm in chloroform to 1232 nm
in the film. For CdSe/ZnS, a progression is seen in the peak luminescence wavelength from
620 nm for QDs in pure chloroform, to 610 nm for QDs deposited on the glass film surface, to
605 nm for QDs in the film matrix. This is believed to be an effect of the presence of the Ge-
Sb-S glass on the QD properties, specifically the presence of excess sulfur interaction at the
QD surface. This leads to shallow surface states, causing a slight blue-shift in the
luminescence band of the QDs, which was studied by Kang et al in reference [32]. The
appearance of the peak at 1090 nm in the PL curve of PbS QDs in the film matrix is an
artifact of the blue-shift and strong reabsorption features present in the spectrum. It is believed
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that the shape of PL curve of the QDs in the glass matrix would look the same as that of the
QDs in chloroform if there were no nearby bonds in the film reabsorbing the luminescence.

3.3 Quantification of PL from QDs in various environments
3.3.1 CdSe/ZnS CSQDs quantum yield and lifetime

The photoluminescence quantum yield was determined for CdSe/ZnS CSQDs on titrating
with propylamine to help quantify the effect of the glass solvent on QD properties. Quantum
yield (@) is defined in Eq. (2).

_ number emitted photons / sec

= 2
number absorbed photons [ sec @

It was found that when the CdSe/ZnS CSQDs were in the presence of 33 vol%
propylamine, the quantum yield decreased from 0.22 to 0.09. This is consistent with the
quenching observed in the steady-state photoluminescence spectra. When these CSQDs were
deposited on the more polar glass surface, in the absence of propylamine, the emission
quantum yield increased slightly from 0.22 to 0.26, which may be ascribed to less non-
radiative de-excitation on blue-shifting, as is generally observed for emission of different
chromophores according to Jortner's energy gap law. Quantum yields of CdSe/ZnS-doped
films were unable to be measured due to very low emission. This can be attributed not only to
residual solvent quenching but also to a non-negligible spectral overlap between these popular
visible-emitting CSQDs and the NIR transmitting, but visible-absorbing ChG, highlighting
the more advantageous combination of NIR-emitting PbS quantum dots and ChG.
Additionally, it should be noted that in general the inherent waveguiding properties of these
films, which leads to a high number of reflections of both excitation and emission light, can
affect the calculated quantum yield.

Shown in Fig. 3, lifetimes of CdSe/ZnS CSQDs in various environments were measured in
order to investigate the performance of the CSQDs throughout the process of film deposition,
and lifetime values given correspond to weighted averages of three decay components, as
satisfactory reduced y*-values were obtained when fitting CSQD luminescence to
triexponential decays.

—— Decay CdSe/ZnS in chloroform
5000+ —— Decay CdSe/ZnS in 1:2 vol ratio
propylamine/chloroform
Decay CdSe/ZnS in G9235b73m film
4000+ - - - Instrument response function
m
o
£ 30004
2
7]
c
9 20004
=
1000 -
04

Time (ns)

Fig. 3. Photoluminescence decays of CdSe/ZnS CSQDs in various environments and
instrument response function, along with deconvoluted luminescence lifetimes, using 460 nm
pulsed LED excitation.

It was found that the relative lifetimes of CdSe/ZnS CSQDs in pure chloroform and when
titrated with propylamine are consistent with the quantum yield measurements. Indeed,
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assuming an unchanging radiative rate constant in solution the observed luminescence
lifetime is anticipated to be proportional to the emission quantum yield. However, the lifetime
of the CdSe/ZnS in the film matrix is almost two orders of magnitude less than when titrated
with propylamine. This could be explained in two ways: a) significant changes are occurring
to the CdSe/ZnS CSQDs due to the film processing, such as aggregation of the CdSe/ZnS
CSQDs in the film which would reduce the emission intensity and lifetime; b) electronic
energy transfer occurs from the visible-emitting CSQD to the visible-absorbing glass. While
the electronic energy transfer theory involving QDs is relatively undeveloped, this non-
radiative process would explain the measured simultancous decrease of luminescence
quantum yield and lifetime. The simultaneous lifetime and quantum yield decrease allows us
to rule out QD emission followed by glass reabsorption and suggests the radiative rate
constant can be of similar magnitude to solution.

3.3.2 Intensity of steady-state PL spectra of PbS and Iuminescence lifetime changes with
varying heat treatments

Because propylamine is known to quench luminescence, the effect of solvent removal by heat
treatment of the deposited film on luminescence intensity is very important in order to
maximize luminescence efficiency. Ultimately, for envisaged applications, near and mid-IR
emitters are more promising, so this experiment was performed exclusively on PbS-doped
films of varying dopant concentration. Effects on luminescence lifetime and quantum yield
were measured in the near-IR. Relative photoluminescence intensities were determined by
integrating the area beneath each steady-state emission spectra, and then plotting vs. heat
treatment number, which is shown in Fig. 4.

PL intensity and surface roughness of PbS QD doped films
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Fig. 4. Plot of photoluminescence intensity of Ge;Sb;S;y films deposited from solutions
containing varying concentrations of PbS QDs for various heat treatments.

It was expected that the intensity would continue to increase until no more solvent could
be removed from the film, so long as the QDs are not damaged by the heat treatment. Indeed,
the initially deposited QD-doped films are a lot less emissive than the quantum dots alone in
optically dilute chloroform solution, consistent with a significantly reduced luminescence
lifetime (29 ns in the film ¢f- 78 ns in solution). While accurate luminescence quantum yield
measurements in the glass films is hampered due to their waveguiding properties, as
mentioned above, a net emission decrease is obtained from 0.007 in solution to circa 0.004 in
the film, whose value to found to have doubled after HT5. Note: Emission quantum yield
values are obtained on comparing with singlet oxygen emission (¢e, = 1.6 x 10~ in toluene)
using a Cg photosensitizer [33,34].
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However, the reduced intensity for all films after HT3 is correlated to the RMS roughness
of the film surface, and it is believed that the increased roughness scatters the excitation and
emission, accounting for the apparent decrease. This hypothesis is reflected in the
luminescence lifetime trend, which is largely independent of the number of photons arriving
at the detector at low photon fluxes and is found to increase with successive heat treatments.
Thus lifetime values measured immediately after HT2 - HTS are 29 ns, 42 ns, 53 ns and 61 ns,
respectively. Considering QD radiative lifetime values, in solution this can be estimated at 9
10* s™' (z = 78 ns), which in the film after HT2 is estimated at 13 x 10* s™' and essentially
unchanging at 14 x 10* s after HT5. Thus the radiative rate constant in the film is unaffected
by heat treatment, while lifetime and quantum yield augment suggesting that a non-radiative
process is disfavored on heating which may arise through residual solvent loss. Radiative rate
constants of the QDs in the film appear to be of similar magnitude to those in solution,
although some limitations are encountered in precise quantum yield determination in these
films compared to isotropic solution (vide supra).

The PL intensity increases for HT4 due to the reduced surface roughness. For further heat
treatments HTS5 (which was 20 min at 200 °C) and more, it is suspected that the QDs may
have started to be damaged by the high temperature, resulting in lowered emission which may
arise from defects that lead to an increased probability of non-radiative de-excitation and
lower quantum yields. Equally, following prolonged heat treatment the luminescence lifetime
is significantly reduced to a sub-30 ns value, after repeating HTS.

It is also interesting to note that each film reaches approximately the same luminescence
intensity at HT2, regardless of PbS QD concentration. This is an indication that there is the
same concentration of luminescent QDs in each film, and that there is aggregation occurring,
especially for higher concentrations. The TEM images in Fig. 5 confirm the aggregation of
the PbS QDs in the films deposited from 17 pM QD concentration.

Fig. 5. Transmission electron microscopy of a PbS QD doped Gey;SbsSy film. (a) is a region
containing an aggregation of QDs, with four individual QDs circled in red as a guide to the eye
and (b) is a region of the same film with no QDs.

The QDs were identified by their crystallinity, which is visible in contrast to the
amorphous glass film matrix, as well as by their apparent size of about 3 nm. A few of the
QDs have been outlined in red to serve as a guide to the eye.

3.4 Infrared transmission spectra

Transmission spectra are shown in Fig. 6 to demonstrate the transparency of the doped films
at mid-IR wavelengths, as well as to track the amount of solvent remaining in the films after
each heat treatment.
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Fig. 6. IR transmission spectra of PbS QD doped Ge»;SbsSs films deposited from solutions
containing 17 uM QD concentration.

The amount of solvent is characterized by the size of the absorption peak centered at 2960
cm™', which is due to asymmetric stretching of CH; groups, and decreases in size for each
heat treatment. More details on solvent removal and its effect on the properties of the films
can be found in our study of undoped films in reference [17].

4. Conclusions

CdSe/ZnS CSQDs and PbS QDs were incorporated into the matrix of a solution-derived
Gey3SbsS7o film with the observation of photoluminescence in the visible and near-IR,
respectively. Both the propylamine solvent and the dissolved glass have effects on the
properties of the QDs. Luminescence intensity of NIR-emitting PbS QDs can be improved as
much as ten-fold by appropriate heat treating of the film, and there is evidence that the
dissolved glass increases the rate of aggregation of the QDs. Similar luminescence properties
to solution can be obtained in doped chalcogenide films of these latter species in terms of
quantum yield and luminescence lifetime. Dissolved glass also may be responsible for the
features in the luminescence spectrum and small blue-shift of the peak emission wavelengths
of the QDs from in solution to in the film matrix (15 nm for CdSe/ZnS and 18 nm for PbS).
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