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Abstract: Solution-processed quantum dot (QD) based blue emitters 
are of paramount importance in the field of optoelectronics. Despite 
large research efforts, examples of efficient deep blue/near UV-
emitting QDs remain rare due to lack of luminescent wide bandgap 
materials and high defect densities in the existing ones. Here, we 
introduce a novel type of QDs based on heavy metal free gallium 
sulfide (Ga2S3) and their core/shell heterostructures Ga2S3/ZnS as 
well as Ga2S3-ZnS-Al2O3. The PL properties of core Ga2S3 QDs exhibit 
various decay pathways due to intrinsic defects, resulting in a broad 
overall PL spectrum. We show that the overgrowth of the Ga2S3 core 
QDs with a ZnS shell results in the suppression of the intrinsic defect 
mediated states leading to efficient deep-blue emission at 400 nm. 
Passivation of the core/shell structure with amorphous alumina yields 
a further enhancement of the photoluminescence quantum yield 
approaching 50% and leads to an excellent optical and colloidal 
stability. Finally, we develop a strategy for the aqueous phase transfer 
of the obtained QDs retaining 80% of the initial fluorescence intensity. 

Introduction 

Research on colloidal semiconductor QDs has been 
tremendously expanded in the last decades fuelled by their 
outstanding photophysical properties and solution processability, 
making them suitable for many domains of applications, such as 
photocatalysis,[1] optoelectronics,[2] biological applications,[3] and 
more recently, quantum technologies.[4] In particular, Pb- and Cd-
based materials have been widely studied due to their high 
photoluminescence quantum yield (PLQY), tunability and color 
purity and have been integrated into numerous optoelectronic 
devices.[5] However, the presence of toxic heavy metals (Pb, Cd) 
severely limits the translation from research to real-life 
applications. Recent years have therefore seen a growing interest 
in heavy metal-free semiconductor QDs,[6] such as III-V-based InP 
QDs,[2c, 7] I-III-VI2-based chalcopyrites such as CuInS2, CuInSe2, 
AgInS2,[8] and halide perovskite nanocrystals,[9] all of which show 
a high potential as visible light emission. However, despite this 

variety of materials, very few examples exist [10] covering the deep 
blue and near UV (400 nm or below) part of the spectrum. Such 
wide bandgap, efficient UV emitters are of paramount importance 
in various fields of applications, such as UV-LEDs, photocatalysis 
and biotechnology.[11] 
Recently, the III-VI material Ga2S3 emerged as a potential blue 
emitter because of its wide direct bandgap ranging from 2.5 to 3.4 
eV depending on the crystal structure and defects.[12] Gallium 
sulfide is also an emerging shell material for QDs, in particular for 
AgInS2, giving rise to unprecedented optical properties of the 
latter.[8b, 8c, 13] The optical properties of Ga2S3 single crystals have 
been explored at low temperatures[14] revealing that the 
luminescence arises from the recombination of donor and 
acceptor levels caused by S and Ga vacancies, respectively.[15] 
Ga2S3 exhibits polymorphism: only the monoclinic α-phase is 
stoichiometric, while the hexagonal β- and cubic γ-phases are 
sulfur-deficient.[16] Thus, the control of the crystal structure and 
stoichiometry are important parameters directly influencing the 
emission properties of Ga2S3 in the bulk and at the nanoscale. To 
date, there is only one report related to Ga2S3 QDs, which shows 
tunable broad emission depending on the stoichiometric Ga/S 
feed ratio.[17]  The broad emission consists of several peaks which 
were attributed to different optical transitions. Ga2S3 is a natural 
defect semiconductor and these different transitions are occurring 
from radiative donor-acceptor pair (DAP) like recombination 
processes, which originate from the intrinsic defects.[14, 18] 
Understanding the defect-mediated donor-acceptor levels and 
recombination dynamics occurring through these channels has 
pivotal importance to achieve narrow-width single-component 
emission. 
Herein, we introduce a synthetic method providing precise control 
over these defects to monitor the specific optical transition. 
Moreover, we passivate the defect states using a ZnS shell to 
suppress all other optical transitions and selectively enhance the 
band-edge emission near 400 nm. This allows us to achieve 
intense comparatively narrow-band deep-blue emission, which 
was not observed before in gallium sulfide-based materials. In 
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addition, we have developed a versatile approach to improve the 
environmental stability of these QDs by growing an amorphous 
alumina (Al2O3) shell on top. Alumina is chemically inert and 
prevents the degradation of the QDs in different environments as 
well as the associated leaching out of metal ions, which can have 
toxic effects (e.g., zinc).[19] Moreover, a thin layer of alumina has 
been shown to be beneficial in optoelectronic applications (e.g., 
photodetectors) to passivate the active layer or in photocatalysis 
to protect the active material and reduce undesired recombination 
processes.[20] Here, we report for the first time synthesis of 
Ga2S3/ZnS/Al2O3 core/shell/shell QDs and discuss their 
recombination dynamics via various decay channels using control 
experiments. Finally, we establish a generic solution-phase ligand 
exchange protocol to transfer the alumina-coated QDs into water 
while maintaining their strong luminescence.  

Results and Discussion 

Ga2S3 QDs were synthesized as described in the experimental 
section using a one-pot heat-up approach. The optical properties 
of the QDs could be tuned with the reaction time (cf. Figure 1a). 
After 5 min, we observe a small shoulder peak in the UV-vis 
absorption spectra before the absorption edge, which could be 
due to the size distribution at the initial growth stages of the Ga2S3 
QDs.  
  

 

Figure 1. (a) Absorption (dashed lines) and PL (solid lines) spectra of Ga2S3 

QDs dispersed in toluene obtained for different reaction times at 280 ºC. All PL 

spectra were measured with an excitation wavelength of 350 nm. The insets 

show the 2 min and 60 min samples exhibiting blue and greenish emission, 

respectively, under UV light. Ga2S3 60 min PL peak has been deconvoluted with 

three Gaussian peaks (short dots) and a thin black line shows the cumulative fit 

(b) Schematic representation of the energy levels of the Ga2S3 QDs and the 

possible recombination pathways due to band edge and vacancy related donor 

and acceptor states. (c) Temporal evolution of the PL peak intensities of the 

peak near 400 nm (black) and that at 460 nm (blue).  

For longer reaction times (30/60 min), a single, pronounced 
absorption peak at around 380 nm is evolving. Concerning the 
emission properties, it is evident from Figure 1a that there is an 
evolution of three different types of transitions resulting in three 
PL signals near 400, 460, and 515 nm (shoulder), respectively, 
depending on the reaction time. Based on reported results on bulk 
crystals of Ga2S3,[14] Figure 1b proposes a hypothetical scheme 
of the involved recombination channels of the photogenerated 
carriers, which show different transition probabilities. III-VI 
compounds (Ga2S3, In2S3) are known as natural defect 
semiconductor because of their high density of crystal defects 
originating from their synthesis.[18, 21] The defect states are caused 
by sulfur and gallium vacancies which behave as donor (D) and 
acceptor (A) sites, respectively.[18] In the S-deficient composition 
of the QDs, sulfur vacancies are naturally present, while gallium 
vacancies are formed due to the requirement of charge 
equilibrium. It is apparent from Figures 1a and 1b that the PL peak 
near 400 nm is due to band edge emission while the peaks at 460 
and 515 nm are the results of defect-related mid-gap emissions 
due to donor-acceptor pair recombination. Unlike previous reports, 
we do not observe any broad emission bands. Instead, we are 
able to observe comparatively distinct emission peaks resulting 
from the different recombination pathways. At the initial stage of 
the sample growth (1-2 min at 280 ºC), the sharp band-edge peak 
at 395 nm dominates over the other peaks suggesting the 
insignificant presence of the vacancy-related mid-gap states. 
However, with increasing reaction time, the peak at 460 nm along 
with a shoulder peak at 515 nm slowly evolve under concomitant 
decrease of the band-edge peak as depicted in Figure 1c. It is 
noteworthy that both the absorption peak and the highest energy 
PL peak (near 400 nm) show a consistent redshift with reaction 
time: the absorption one from 370 to 376 nm, and the PL one from 
395 to 402 nm. On the contrary, the PL peaks at 460 and 515 nm 
remain unaltered in their respective positions. These results 
support the assignment of the highest energy peaks to band-edge 
absorption/emission, showing a small redshift with the reaction 
time due to QD growth as a result of weak quantum confinement 
effects, whilst the peaks at 460 and 515 nm are due to the mid-
gap states, which are not sensitive to size variation. 
To get more insights into the origin of the sub-bandgap and 
bandgap transitions and the radiative processes, we performed 
photoluminescence excitation (PLE) spectroscopy. Figure S1a 
(Supporting information (SI)) shows the PLE scans of the Ga2S3 
QDs annealed for 30 min at 280°C, measured for the PL peaks at 
410 and 470 nm, respectively. The PL excitation spectra look very 
similar to their corresponding absorption spectra, suggesting that 
while emission mostly occurs through the mid-gap states, light 
absorption is dominated by the host semiconductor's bandgap. 
However, another peak at around 440 nm is observed in the PLE 
spectra due to sub-bandgap excitation involving Ga and S defects 
as observed earlier.[22] To understand the exciton decay dynamics 
and the recombination pathways inside the QDs, we performed 
time-resolved PL (TRPL) analyses (Figure S1c). For these 
measurements, the samples were excited with a pulsed NanoLED 
emitting at 350 nm and the decay was monitored at the 400 and 
460 nm emission wavelengths. While the mid-gap emission at 460 
nm has multiple decay pathways resulting in a bi-exponential 
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decay behavior, the band-edge emission monitored at 400 nm 
has single-exponential nature. The PLQY of the as-synthesized 
Ga2S3 QDs is remarkably high (10-15%), and the PL emission can 
easily be seen under a UV lamp (cf. Inset of Figure 1a). To further 
increase the PL efficiency, we explored the passivation of the QDs’ 
surface with a wider bandgap semiconductor by growing a ZnS 
shell. As mentioned above, it is possible to have two distinct 
emission wavelengths (at around 400 and 460 nm) from the 
Ga2S3 core QDs depending on the reaction time. Therefore, in two 
separate experiments, we have grown ZnS shells on the two 
different Ga2S3 core QDs, showing either band-edge or mid-gap 
emission. Moreover, to enhance the chemical stability, a thin shell 
of amorphous alumina has been grown on top of the ZnS shell. 
 

 

Figure 2. (a) Schematic of the synthesis method used for preparing Ga2S3 core, 

Ga2S3/ZnS core/shell, and Ga2S3/ZnS/Al2O3 core/shell/shell QDs. (b) Absorption 

and (c) PL (normalized for absorbance at the excitation wavelength of 350 nm) 

of the core Ga2S3 (black), Ga2S3/ZnS core/shell (violet and blue) and 

Ga2S3/ZnS/Al2O3 core/shell/shell QDs (orange). The insets show the 

photograph of the Ga2S3-ZnS-Al2O3 QDs under UV radiation and the band 

alignment of the Ga2S3/ZnS QDs forming a type-I heterostructure. (d) Absolute 

PLQY measurement of Ga2S3-ZnS-Al2O3 QDs. The sharp peaks at 355 nm 

show the scattering of Toluene (black) and QDs (orange) dispersed in toluene 

while the peak at 400 nm shows the effective sample emission after removing 

the background emission from toluene. The inset depicts the variation of the 

PLQY at the different synthesis stages. (e) PL decay curves (excited at 350 nm) 

of the core, core/shell and core/shell/shell QDs. The decay spectra were fitted 

with bi-exponential functions and the calculated average lifetimes are displayed 

(IRF: instrument response function). 

While the details of the shell overcoating have been described in 
the experimental section, Figure 2a schematically shows the 
overall synthesis method for Ga2S3 core QDs with dominating 

band-edge emission. Figure 2b and 2c show the evolution of the 
UV-VIS absorption and PL spectra, respectively, from the core 
over various stages of ZnS growth and after alumina overcoating. 
During the ZnS growth, the absorption and PL peak does not 
show any redshift indicating the formation of a type-I 
semiconductor heterostructure. Photoelectron yield spectroscopy 
in air (PYSA) resulted in a valence band maximum of –5.4 eV. 
Using the optical band gap of the Ga2S3 QDs and the reported 
band positions of ZnS allows constructing the energy level 
scheme depticted in Fig. 2c (inset). No secondary absorption 
peak of ZnS QDs can be detected, suggesting the formation of a 
ZnS shell rather than separate nucleation. The spectral shape 
with a single sharp peak at around 380 nm exhibiting a higher 
energy shoulder is also preserved after overgrowth with the 
alumina shell, while in this case also a small absorption in the 400-
425 nm range reappears, similar to the Ga2S3 core QDs. All QDs 
exhibit deep blue emission near 400 nm. The PLQY significantly 
improved with the growth of the ZnS and was further enhanced 
with alumina overcoating. PLQY measurements using an 
integrating sphere were performed to obtain the absolute values 
as illustrated in Figure 2d, while the variation of the PLQY for the 
different structures (core, core/shell, core/shell/shell) is monitored 
in the inset of Figure 2d. The PLQY of the core Ga2S3 QDs (12.2 
± 0.6%), improved with the growth of the ZnS layer up to 31.4 ± 
1.6 %, and was further enhanced up to 45± 2.3 % in the case of 
the Ga2S3/ZnS/Al2O3 QDs. This strong enhancement in the PL 
intensity is attributed to the removal of defects by surface 
passivation with the ZnS shell and finally with the Al2O3 matrix. To 
investigate the effect of surface passivation induced by the ZnS 
shell, we performed a control experiment on Ga2S3 core QDs 
having dominant defect related mid-gap emission at 460 nm. We 
note that the ZnS growth leads to the selective suppression of the 
460-nm and 515-nm emission peaks and to the concomitant 
strong enhancement of the 400-nm peak (Figure S2a, SI). The 
origin of these changes is visualized in the schematic shown in 
Figure S2b (SI). The growth of the ZnS shell leads to the 
suppression of surface states which are responsible for the 
radiative mid-gap state emission and other non-radiative decays 
in Ga2S3 QDs resulting in the enhanced recombination through 
band-edge states and an overall increase of the PLQY as 
depicted in Figure S2c (SI). This behavior indicates that the mid-
gap states originated from the Ga and S vacancies form 
predominantly on the surface rather than in the bulk of the Ga2S3 
QDs. In addition to the enhanced PLQY, these QDs show a PL 
linewidth (full width at half maximum) of the band-edge peak (38 
nm), which remains invariant to the ZnS and alumina shell growth 
(Figure 2c). The PL lifetimes (Figure 2e) fitted with bi-exponential 
functions remained similar for all samples. Nonetheless, an 
increase in the average lifetime is observed when going from the 
core (0.95 ns), to the core/shell (1.05 ns) and core/shell/shell 
(1.51 ns) QDs indicating the decreased contribution of fast non-
radiative decay channels, which also manifests by the more 
single-exponential behavior observed with the alumina shell (cf. 
Table S1, SI).  
Long-term colloidal and optical stability is an essential factor for 
the application of QDs, which is commonly limited by the alteration 
or degradation of the QDs’ surface. The bare Ga2S3 QDs have 
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poor colloidal stability (a few days), while the Ga2S3/ZnS core-
shell and Ga2S3-ZnS-Al2O3 core-shell-shell QDs remain stable for 
months. To investigate the stability of the optical properties, we 
studied the evolution of the PL of the three different types of QDs 
for a month while storing them under ambient conditions, namely 
as colloidal solutions of identical concentrations in toluene (non-
anhydrous) and without any precautions to avoid their exposure 
to air. As expected (Figure 3), all QDs lose part of their emission 
efficiency with time, however, the Ga2S3/ZnS QDs exhibit a 
significant enhancement of the optical stability compared with the 
Ga2S3 core QDs, which was further improved after Al2O3 
overcoating. Figure 3d demonstrates that after one month, Ga2S3 
QDs lose 60% of the initial PL efficiency, Ga2S3/ZnS about 20% 
and Ga2S3/ZnS/Al2O3 core/shell/shell QDs only about 10%. 
Hence, the combined surface passivation using ZnS and alumina 
results in the best preservation of the optical properties and 
provides a highly appealing strategy for increasing the shelf life of 
this type of QDs. 
 

 

Figure 3. Evolution of the PL spectra with time after synthesis (after 0, 7, 15, 

and 30 days) of (a) Ga2S3 core, (b) Ga2S3/ZnS core/shell, and (c) 

Ga2S3/ZnS/Al2O3 core/shell/shell QDs. (d) Temporal evolution of PLQY relative 

to the starting value just after synthesis.  

Figure 4 shows low-magnification, bright-field transmission 
electron microscopy (TEM) images of the Ga2S3 core QDs before 
and after the growth of the ZnS and Al2O3 shells. All three types 
of QDs are exclusively constituted of light elements, which makes 
their TEM analysis intrinsically difficult. Nonetheless, the image 
analysis using different areas revealed that the core QDs have a 
quasi-spherical morphology and a low size distribution with a 
diameter of 2.8±0.7 nm (Figure 4a), which increased to 3.85±0.6 
nm (Figure 4b) and 4.3±0.6 nm (Figure 4c) after ZnS and alumina 
shell growth, respectively. The unaltered morphology, uniform 
diameter increases of the QDs and absence of any other separate 
size distribution suggests the homogeneous shell growth on the 
Ga2S3 core QDs. Structural analyses have been performed using 
powder X-Ray diffraction (XRD) as shown in Figure S3 (SI). Due 

to the small crystallite size and eventually amorphous nature, the 
diffraction peaks of the Ga2S3 core QDs are very broad and of low 
intensity, impeding further analysis. The intense peak at around 
20° (2 theta) is attributed to the contribution of excess organics 
(cf. below). After the growth of the ZnS shell, the diffractogram is 
dominated by the aforementioned 20° peak as well as broad 
features around 35 and 60°. These cannot be assigned to known 
phases of Ga2S3 or ZnGaxSy and hence indicate the formation of 
a new gallium sulfide phase. The remaining lower-intensity 
signals at 28 and 47° coincide with the positions of the (111) and 
(220) peaks of cubic ZnS (cf. Fig. S3). However, this is only a 
tentative assignment, as the ZnS shell thickness is just 0.5 nm, 
i.e., the size of one unit cell. The large lattice mismatch between 
Ga2S3 and ZnS impedes epitaxial shell growth, likely yielding an 
imperfect ZnS shell. The Al2O3 overcoating did not lead to distinct 
changes in the diffraction pattern, suggesting the formation of a 
thin, amorphous layer on top of the core-shell QDs without the 
generation of secondary phases or separate alumina particles.  

 
Figure 4. Bright-field TEM images of (a) Ga2S3 core, (b) Ga2S3/ZnS core/shell, 

and (c) Ga2S3/ZnS/Al2O3 core/shell/shell QDs. The insets show the size 

distribution histograms. 
 
XPS analysis has been performed to investigate the chemical 
states of the constituting elements and the composition of the 
QDs. Figures 5a and 5b represent the high-resolution XPS 
spectra of Ga 2p3/2 and S 2p. The ratio between the integrated 
intensity of Ga 2p and S 2p is 2:3.5, which suggests the formation 
of Ga2S3 QDs with a slightly sulfur-rich surface. For further 
information, the spectra have been deconvoluted considering the 
spin-orbit splitting where the binding energy differences, full width 
at half maximum (FWHM), and area under the curve are fixed 
using standard values from the database. The Ga 2p3/2 signal can 
be deconvoluted into two peaks assigned to the Ga-S and Ga-O 
bond. The small contribution of Ga-O is due to the oxidation of Ga 
at the QD surface likely occurring during sample purification and 
transfer. In the S2p spectrum (Figure 5b), the deconvoluted 
doublet peaks are located at 160.73 and 161.89 eV with a peak 
separation of 1.16 eV, consistent with the expected values in the 
sulfide phase and confirming the formation of gallium sulfide QDs. 
Figures 5c, 5d and 5e show the high-resolution XPS spectra for 
Ga2p3/2, S2p and Zn 2p3/2 of the Ga2S3/ZnS core/shell QDs. 
Unlike the Ga 2p3/2 spectrum of the Ga2S3 core QDs (Figure 5a), 
the core/shell QDs (Figure 5c) do not display the peak related to 
Ga-O. Therefore, it can be concluded that the in-situ formation of 
the ZnS shell effectively prevents the surface oxidation of the 
Ga2S3 core QDs. The similar, single S 2p3/2 and S 2p1/2 doublet 
signal (Figure 5d) confirms, as expected, the presence of S in the 
sulfide phase for both core and shell parts. Finally, the presence 
of the Zn 2p3/2 peak (Figure 5e) further confirms the formation of 
ZnS. Thus, the presence of ZnS revealed by XPS, along with the 
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uniform size growth from TEM images, confirms the successful 
formation of the ZnS shell on the surface of the Ga2S3 core QDs, 
which gives rise to superior optical properties as shown above. 
 

 

Figure 5. High resolution XPS spectra of (a-b) Ga2S3 core (c-e) Ga2S3/ZnS 

core/shell and (f-i) Ga2S3/ZnS/Al2O3 core/shell/shell QDs. 

To confirm the presence of the alumina shell, XPS measurements 
and analysis were also performed for the Ga2S3/ZnS/Al2O3 QDs. 
Figure 5(f-i) shows the high resolution XPS spectra for Ga 2p3/2, 
S 2p, Zn 2p3/2 and Al 2p, respectively. While the Ga, S, and Zn 
peaks are very similar to those in the Ga2S3/ZnS QDs, in 
additional strong Al 2p peak can be detected. The Al 2p core level 
presents the clear signature of Al3+ and confirms the presence of 
the Al2O3 shell. A composition analysis from the XPS studies of 
all three samples is summarized in Table S2 (SI).  
The ligand environment around the QDs was studied using NMR 
and FTIR spectroscopy. Figure S4 (SI) presents the proton NMR 
spectra of the QDs dispersed in CDCl3. We observe the presence 
of ODE (chemical shifts indicated in the figure) in all the samples 
as ODE has been used as an organic solvent for the synthesis. 
Due to the high temperatures used, ODE polymers may form, 
which cannot be easily removed from the surface during the QD 
purification.[23] NMR also reveals that TBP is attached to the 
surface, in particular in the case of the core QDs. It is well known 
that the L-type ligand TBP prefers to bind with the anion sites and 
therefore leads to the sulfur-rich surface in core Ga2S3 QDs as 
observed from XPS elemental analysis. Furthermore, the 
presence of oleate ligands (signal of the C=C double bond at 5.27 
ppm) arising from Zn-oleate added in the second step of the 
reaction, is detected in the core/shell and core/shell/shell QDs. 
The FTIR spectra (Figure S5, SI) of all the samples show the 
characteristic C-H stretching peaks at 2921 and 2853 cm-1, 
respectively, due to the presence of the long alkyl chains in the 
capping ligands. The -COO- vibration is only detected in the 
core/shell and core/shell/shell QDs which is consistent with the 
NMR results. 
Finally, we developed a procedure for the aqueous phase transfer 
of the alumina-capped core/shell/shell samples, which opens the 
way for their use in biomedical applications and studies. It 
consists of the phase transfer ligand exchange reaction induced 
by mixing the pristine QDs in the organic phase (chloroform) with 
an appropriate surface ligand in the aqueous phase (cf. 
Experimental Section and Figure 6a). Initial tests with established 

hydrosoluble bifunctional ligands failed (e.g., cysteine, 
penicillamine, glutathione, 3-mercaptopropionic acid, etc.) as the 
thiol does not provide a strong interaction with the surface of the 
alumina-capped QDs. Therefore, we selected 2-
aminoethylphosphonic acid, which can strongly bind to oxide 
surfaces via the phosphonic acid moiety. As shown in the FTIR 
spectra in Figure 6b, the intensities of the bands stemming from 
the pristine surface ligands, visible at 2925 and 2854 cm-1 
(stretching vibrations of −CH2−CH3 and −CH2−CH2−) as well as 
at 1536 and 1432 cm-1 (asymmetric and symmetric stretching 
vibrations of the -COO- groups), completely disappear after ligand 
exchange. Only two new bands assigned to the P=O and P−OH 
stretching vibrations are visible strongly corroborating the efficient 
replacement of the hydrophobic organic ligands with water-
compatible 2-aminoethylphosphonic acid. In addition to the 
alumina-capped core/shell/shell QDs, the same procedure also 
enabled the successful aqueous phase transfer of the ZnS-
capped core/shell QDs. Comparison of absorption spectra 
reveals a slight broadening of the spectral features of the QDs in 
the aqueous phase compared to the organic phase. However, no 
broadening in the PL peaks was observed and moreover, the 
presented procedure does not lead to a strong decrease of the PL 
intensity as it is ubiquitously observed in phase-transfer ligand 
exchange procedures of QDs, retaining in the aqueous phase 75-
80% of the initial PLQY. 
 

 

Figure 6. Schematic representation of the aqueous phase transfer of the 

core/shell and core/shell/shell QDs. (b) FTIR, (c) Absorption, (c) PL spectra of 

Ga2S3/ZnS and Ga2S3/ZnS/Al2O3 QDs before and after phase transfer ligand 

exchange. 

Conclusion 

Summarizing, a synthetic method for producing deep-blue 
luminescent environmentally friendly Ga2S3 QDs has been 
devised. The study of their photophysical properties revealed that 
the emission from these QDs can occur through band edge and 
vacancy (Ga and S vacancy) mediated mid-gap states. The 
luminescence wavelength can be shifted from 400 to 460 nm by 
increasing the reaction time, which induces the predominant 
recombination via mid-gap defect states.  The growth of a ZnS 
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shell on the surface of the Ga2S3 QDs passivates the surface and 
gives rise to a strong enhancement of the band edge emission. 
The analysis of the optical properties of core/shell QDs obtained 
from two different types of core QDs demonstrated that the Ga 
and S vacancies in the core are mostly located on the surface of 
the QDs rather than in the bulk. Finally, to enhance the chemical 
and photostability of these core/shell QDs and render them 
compatible with biological studies, an amorphous alumina shell 
has been grown. The resulting Ga2S3/ZnS/Al2O3 core/shell/shell 
QDs show excellent optical properties, namely a single intense 
emission with enhanced PLQY compared to Ga2S3/ZnS QDs, a 
well-defined absorption peak and, most importantly, long-term 
chemical and optical stability in ambient atmosphere. From a 
fundamental perspective, we have studied the role of vacancies 
in the mid-gap state emission in the emerging class of III-VI 
semiconductors and introduced a way to obtain defect-free band-
edge emission by developing a novel core/shell/shell 
heterostructure. This work paves the way for efficient deep-blue-
emitting QDs using non-toxic, environmentally friendly 
compositions.  

Supporting Information  

Experimental data, PLE spectra, additional absorption, PL, TRPL, 
and FTIR spectra, XRD data and composition analyses.  
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