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Colloidal ZnAgInSe (ZAISe) quantum dots (QDs) with different particle sizes were obtained by accommodating the
reaction time. In the previous research, photoluminescence (PL) of ZAISe QDs only could be tuned by changing the
composition. In this work the size-tunable photoluminescence was observed successfully. The red shift in the photolu-
minescence spectra was caused by the quantum confinement effect. The time-resolved photoluminescence indicated that
the luminescence mechanisms of the ZAISe QDs were contributed by three recombination processes. Furthermore, the
temperature-dependent PL spectra were investigated. We verified the regular change of temperature-dependent PL inten-
sity, peak energy, and the emission linewidth of broadening for ZAISe QDs. According to these fitting data, the activation
energy (AE) of ZAISe QDs with different nanocrystal sizes was obtained and the stability of luminescence was discussed.
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1. Introduction

Quantum dots (QDs) have aroused public attention owing
to particular photometric characteristics!' which draw ap-
plications for light-emitting diodes,!>%! photovoltaic cells,!!
bio-labeling, ¥ QD lasers,[®!°1 and photocatalytics.[!'] Most
luminescent QDs used are commonly II-VI or IV-VI
nanocrystals like binary CdSe, CdTe QDs, which contained
potential toxic elements.!!>~'4! Therefore, significant attention
has been paid to the new generation of cadmium-free QDs,
which are designed and developed for scientific research and
application to substitute the heavy metal element included in
QDs. A new synthesis method of solution-phase was used suc-
cessfully to prepare a series of ternary I-ITI-VI QDs!"! based
on CulnS,,!"®!7l CulnSe,,!'%1°1 AgInS,,?Y and AgInSe, ']
QDs, which all show efficient luminescence. To further im-
prove the stability and luminous efficiency of these QDs, new
terms of quaternary Zn—I-ITI-VI QDs!??! with addition of zinc
have been receiving increasing attention through an efficient
ordinary strategy,!”>>#! the optical properties of quaternary
ZCIS,[25:201 7 AT [27] QDs have been reported.

In recent years, several reports about ZAISe QDs[28-30]
have triggered much attention because of the stability of se-
lenide. In the literature, the photoluminescence (PL) of ZAISe
QDs can be tuned by changing the composition. By control-
ling the Ag/Zn feed ratio the PL emission could be systemati-
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cally tuned from 660 nm to 800 nm. The obtained ZAISe QDs
have been applied in biomedical imaging successfully.

The temperature-dependent PL can be applied to measure
the variation of the emission intensity, peak energy, and emis-
sion width of ZAISe QDs with temperature. The experimental
results can provide the information about the exciton—phonon
coupling, the radiative and nonradiative relaxation processes,
and the PL mechanism in ZAISe QDs.

The average phonon energy and the Huang—Rhys fac-
tor involved in the variation were derived.[?! Therefore, the
temperature-dependent optical properties of ZCIS, Mn:ZCIS,
and Ag,Se3>*1 QDs have been reported. However, there are
few previous studies on ZAISe QDs. Therefore it is necessary
to investigate the temperature-dependent optical properties of
ZAlSe QDs.

In this paper, ZAISe QDs with different sizes have been
synthesized to finely tune emission wavelength in the visible
region. In order to investigate the luminescence mechanism,
the temperature dependence of the peak energy, PL intensity,
and full width at half maximum (FWHM) are also studied
by measuring the temperature-dependent PL spectra of ZAISe
QDs. Moreover, the activation energy, the average phonon en-
ergy (ho), and the Huang—Rhys factor S were obtained. The
temperature-dependent nonradiative recombination was dis-
cussed. Furthermore the small Huang—Rhys factor reflected
the internal luminescent mechanism of ZAISe QDs.
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2. Experimental details
2.1. Chemicals

Zinc acetate (Zn(OAc);, 99.99%), silver acetate (AgOAc,
99.99%), Se powder (99.5%), octadecylamine (OAm, 98.0%),
1-octadecene (ODE, 90%), stearic acid (SA, 99.0%), dode-
canethiol (DDT, 98.0%), oleylamine (OA, 99.99%), indium
acetate (In(OAc)3, 99.99%) were purchased from Alfa Aesar,
methanol, acetone, and chloroform were purchased from Al-
addin to synthesize ZAISe QDs.

2.2. Precursor solution
2.2.1. Precursor solution of Zn(OAc);

A four-neck flask was clamped in a heating jacket to
which was added Zn(OAc), (0.02195 g), OAm (0.0645 g),
and ODE (2.0 mL), with argon put into it throughout. The
mixed solution was heated to 160 °C and remained for 10 min-
utes. The precursor solution of Zn was acquired and reserved
at 50 °C for the following supply.

2.2.2. Precursor solution of AgOAc

A four-neck flask was clamped in a heating jacket to
which was added 0.0363 g of AgOAc, SA (0.1137 g), and
ODE (2.0 mL) with argon put into it throughout. The mixed
solution was heated to 160 °C and remained for 10 minutes.
The precursor solution of Ag was acquired and reserved at
50 °C for the following supply.

2.2.3. Precursor solution of In(OAc);

A four-neck flask was clamped in a heating jacket to
which was added 0.0584 g (0.1 mmol) of In(OAc)3, 0.2274 g
of SA, and 2.0 mL of ODE with argon put into it throughout.
The mixed solution was heated to 160 °C and remained for
10 minutes. The precursor solution of In was acquired and
reserved at 50 °C for the following supply.

2.2.4. Precursor solution of Se

A four-neck flask was clamped in a heating jacket to
which was added 0.0078 g (0.1 mmol) of Se powder, 2 mL
of OLA, and 0.1 mL of DDT. The mixture was stir under an
argon flow at room temperature until all dissolved.

2.3. Synthesis of ZAISe QDs

The precursor solution of Zn(OAc),, In(OAc)3, AgOAc,
2-ml DDT, and 6-ml ODE were all taken into a four-neck flask.
The reaction mixtures were slowly increased to 180 °C in Ar-
gon environment. When the mixture solution became clear,
we then injected the Se precursor solution into it and kept the
temperature at 220 °C; it reacted for 60 minutes to obtain the
ZAlISe QDs. We aspirated the solution with different reaction
times — 20 min, 30 min, 45 min, and 60 min — under ar-
gon, then terminated the reaction immediately by injecting the

product into toluene. The untreated ZAISe QDs were purified
with methanol and acetone for three times through centrifuga-
tion. After that, the purified ZAISe QDs were stored in the
chloroform solution.

2.4. Characterization

The PL spectra were measured by the Jobin Yvon
FluoroLog-3 fluorescence spectrometer, with a 450-W xenon
lamp used as the excitation light source. We obtained the
absorption spectra using a Hitachi UV-4100 absorption spec-
trophotometer. The lifetime of the ZAISe QDs was carried
out at Horiba Jobin Yvon FluoroLog-3-time-correlated single-
photon counting (TCSPC) fluorescence spectrometer, with a
pulsed diode light source (Nano LED) with the wavelength
of 367 nm. The morphology and sizes of the ZAISe QDs
with different reaction time were performed by HITACHI-
The Rigaku
D/max 2500v/pc x-ray diffractometer was used to obtain the

HT7700 transmission electron microscopes.

composition by measuring the phase structure of the QDs. En-
ergy dispersive x-ray spectroscopy spectrum of ZAISe QDs
was performed by Hitachi S-8010 scanning electron micro-
scopes equipped with an EDX detector.

3. Results and discussion

The transmission electron microscope (TEM) images of
the ZAISe QDs with the different reaction times were shown
in Figs. 1(a)-1(d). In the photographs, the average diameters
of the ZAISe QDs were estimated to 5 nm, 5.2 nm, 6 nm,
and 6.7 nm, respectively. The particles were all spherical in
shape. Figure 1(e) shows the energy dispersive x-ray spec-
troscopy (EDX) spectrum, which displays the composition of
the ZAISe QDs. Furthermore, the XRD patterns of the ZAISe
QDs with different particle sizes were shown in Fig. 1(f). It
is clear that the three diffraction peaks are indexed between
the distinct diffraction peaks of cubic ZnSe and chalcopyrite
AglInSe;.[?8] Due to the ultrafine nature of the nanocrystals,
there is an extensive degree of peak broadening in the XRD
patterns. There detailed measurement results indicate that the
quaternary ZAISe QDs have been synthesized in this experi-
ment.

The normalized PL emission spectra and absorption spec-
tra of the ZAISe QDs synthesized with different particle sizes
are plotted in Figs. 2(a) and 2(b), respectively. The corre-
sponding ZAISe QDs exhibit a red shift of emission peak from
647 nm to 694 nm. Due to quantum confinement effect, both
the emission and absorption spectra show obvious red shift
with the increase of particle size from 5 nm to 6.7 nm. The
ZAlISe QDs with different particle sizes dispersed in chloro-
form were excited by an ultraviolet 365-nm LED as shown in
Fig. 2(c).
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Fig. 1. (color online) TEM images of ZAISe QDs prepared with the reaction time of (a) 5.0 nm; (b) 5.2 nm; (¢) 6.0 nm; (d) 6.7 nm. (e)
Energy dispersive x-ray spectroscopy spectrum of ZAISe QDs prepared with the particle size of 6.7 nm; (f) XRD patterns of ZAISe
QDs with different particle sizes.
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Fig. 2. (color online) (a) Normalized PL emission spectra and (b) UV-vis of ZAISe QDs recorded at different particle sizes. (c) Digital
photos of ZAISe QDs with different particle sizes under an ultraviolet spotlight of the 365-nm blue LED (from left to right: 5.0 nm,
5.2 nm, 6.0 nm, and 6.7 nm).

To study the luminescence mechanism, the PL decay I(t) = Ayexp (_ r ) +Asexp (_ v )
curves of the ZAISe QDs excited by an LED with the wave- g )
length of 367 nm are shown in Fig. 3. The monitor wave- +Asexp (_ L), )
3

lengths are 647 nm, 650 nm, 662 nm, and 694 nm respectively.
The triexponential function was used to fit PL. decay curves of ~ where A1, A,, and A3 are the relative weights of the decay
the ZAISe QDs. 3! component, Ty, T, T3 represent the decay time, respectively.
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The fitted results with different particle size are displayed in
Table 1. The average lifetime 7,, was calculated according
to Tay = Y A; 77/ Y A;7:.1*% From the formula we deserved the
corresponding average PL lifetimes 234 ns, 247 ns, 254 ns,
and 281 ns for ZAISe QDs, which increases with increasing
particle size. According to other literature, the medium one
of 71 may result from the recombination of the conduction
band level to a localized intragap level. 7, may result from the
donor—acceptor pair (DAP) recombination. The shorter life-
time of 73 can be attributed to the surface-related radiative
recombination.®! The luminescence mechanism of ZAISe
QDs was contributed to by the above three recombination pro-
cesses. Moreover, the similar tendency was also shown in dif-
ferent particle sizes.

In ZAISe QDs, indium (Inag) substituted silver site and
selenium vacancy (Vs.) behave as donors, and silver vacancy
(Vag) behaves as acceptors. >33 Therefore, we can reason-
ably speculate that the PL mechanism of ZAISe QDs in-
cludes three forms at room temperature, including conduction
band-Va, recombination, surface-related radiative recombina-
tion and DAP recombination.

As shown in Fig. 4, the temperature-dependent PL spec-
tra of ZAISe QDs with different sizes were measured, respec-
tively. The PL intensity was found to decrease as the temper-
ature increased. Moreover, the clear red shift and a linewidth
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Fig. 3. (color online) PL decay curves of ZAISe QDs with different
particle sizes.

Table 1. PL lifetime fitting parameters of ZAISe QDs with different
particle sizes.

Particle size/nm  T;/ns Ay T/ns Ay T3/n8 Az
5.0 61.4 6.3 250 9336 629 0.35
52 69 7.29 258 9228 8.13 042
6.0 82.2 11.21 289 88.2 998  0.59
6.7 57.1 6.09 274 93.31  7.19 0.6
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Fig. 4. (color online) Temperature-dependent PL spectra of ZAISe QDs with different particle sizes (a) 5.0 nm; (b) 5.2 nm; (c) 6.0 nm;

(d) 6.7 nm.
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In order to discern the nonradiative relaxation processes
in the QDs, we analyzed the temperature dependence of the
PL intensity of ZAISe QDs with different particle size, as
shown in Fig. 5. It is clear that the PL intensity decreases
with increasing temperature, which is mainly due to thermally
activated nonradiative recombination mechanism. The dotted
lines represent the actually measured PL intensities and the
solid lines represent the fitted curves through Eq. (2)13!]

1(0)

1) = 1+Aexp(—AE/xT)’

(@)

where AE is the activation energy of the thermal quenching
process and /(0) is the emission intensity at 0 K, A is a con-
stant, K is the Boltzmann constant. These parameters includ-
ing AE and A for the ZAISe QDs are listed in Table 2. It obvi-
ously shows that AE of ZAISe QDs is much smaller compared
with ZnCulnS (115 meV), Mn:ZnCulnS (56.4 meV)[32331
QDs, suggesting that the nonradiative relaxation process that
induced the PL intensity gradually decreases with the increas-
ing temperature. Along with the increasing of the particle size
from 5 nm to 6.7 nm, the AE increasing indicated the stability
of the PL intensity correspondingly.
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Fig. 5. (color online) PL intensities of ZAISe QDS with different par-
ticle sizes as a function of temperature. The solid lines represent fitted
curves based on Eq. (2).

Table 2. The fitted parameters of PL intensities of ZAISe QDs.

Particle size/nm AE/meV A
5.0 15.2 0.31
52 17.2 1.54
6.0 31.7 2.53
6.7 44.1 3.57

From the temperature-dependent PL spectra, the variation
of peak position of ZAISe QDs with different particle size is
shown in Fig. 6. The PL spectra show a clear red shift with the
increasing temperature which was induced by the potential of
lattice deformation and the exciton—phonon coupling.*?) The
values of the energy levels could be fitted from Eq. (3). The
results are listed in Table 3. Moreover, those parameters from

this equation are involved with the internal interaction in the

quantum dots such as the exciton—phonon coupling3!!

~1
Ey(T) = E,(0) — 28 (o) [exp (<h‘°> - 1)} NG
kBT

where (i) is the average phonon energy, S is Huang-Rhys
factor, representing the coupling of exciton transitions to the
LO phonon, kg is the Boltzmann constant. The temperature-
dependent fitting values of the E¢(0) are 1.939, 1.932, 1.927,
and 1.839 eV respectively proportional to the particle size,
which differ from that of ZnCulnS (2.669 eV), Mn:ZnCulnS
(1.97 eV).32331 Compared to other quaternary QDs, the fitting
values of S are between that reported in previous publication
such as ZnCulnS (2.1), Mn:ZnCuln$S (0.34),132-33! gince the
ZnCulnS was induced by the three processes of conduction
band to localized intragap level, donor to acceptor recombi-
nation and surface related radiative recombination, while the
Mn:ZnCulnS was through DAP recombination. It is clear
that the ZAISe QDs was induced by the three processes and
DAP recombination process is more dominant than that of Zn-
CulnS. Therefore, the relatively lower coupling of phonon re-
flected the stability of peak position of ZAISe QDs than other
quaternary quantum dots. As shown in Table 3, the decrease
of the Huang—Rhys factor means that the coupling of electron—
phonon enhances with the increase of particle size, which is
caused by the quantum confinement effect.
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Fig. 6. (color online) Temperature-dependent peak energy for ZAISe
QDs with different particle sizes. The fitted curves (full lines) are on
the basis of Eq. (3).

The full width at half-maximum (FWHM) of ZAISe QDs
with different particle size all increases with increasing tem-
perature, as shown in Fig. 7. As the luminescent mechanism
of the QDs was through multi-process, the fitting of line width
is significant. The main factors of emission line broadening
in ZAISe QDs may be from the carrier to the acoustic phonon
mode coupling or from a number of types of emission elec-
trons and holes in the center of the composite. The experi-

mental data were fitted to obtain a better understanding of the
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line broadening through Eq. (4), which was always used in
majority semiconductor materials to describe the PL spectral
broadening,l31J and the fitted results were summarized in Ta-
ble 4. The broadening of PL peak can be explained as the sum
of three patterns, the one is inhomogeneous, the others are be-
cause of phonon—exciton and acoustic interactions which rep-

resented homogeneous broadening respectively. 3134411

Table 3. The fitting results of temperature-dependent peaks energy of
ZAISe QDs with different particle sizes are according to Eq. (3).

Particle size/nm  E¢(R,0)/eV S (Huang-Rhys factor)  (hw)/meV
5.0 1.939 0.048 279.66
52 1.932 0.507 23.52
6.0 1.927 0.513 10.06
6.7 1.839 1.088 5.03
Ero -
I(T) =ILim+oT +1Iio [CXP<”> —1] ; “)
B

where I7 o is the intension of carriers—LO—phonon coupling,
Iy, represents the inhomogeneous line width that is indepen-
dent temperature, because of the variation of the quantum dots
in shape, size, composition, and so on, E} o is the phonon en-
ergy of longitudinal optical (LO), and o represents the car-
riers acoustic phonon coupling coefficient. Consequently, as
the temperature changes from 10 K to 280 K, both the line
broadening and the line shift are mainly caused by the exci-
ton to acoustic phonon coupling.31-32411 Compared to qua-

[33] the change trend of these

ternary ZnCulnS quantum dots,
fitting values of the parameters is different, and this may be
due to the different particle sizes and nonuniformity of particle
sizes of the quantum dot material.[*!! In addition, the FWHM
of ZAISe QDs increases with increasing particle size from
342.5 meV to 457.6 meV, which was induced by the quantity

of defect, more energy level transitions were performed.
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Fig. 7. (color online) Temperature-dependent FWHM of the PL spec-
tra for ZAISe QDs with different particle sizes. The fitted curves (solid
lines) are fitted according to Eq. (4).

Table 4. The fitting parameters of temperature-dependent FWHM for
ZAlSe QDs with different particle sizes.

Particle size/nm I;n/meV o/(neV/K) Iio/meV
5.0 342.5 88.7 369.8
5.2 385.3 55.4 105.3
6.0 389.8 22.1 904.6
6.7 457.6 21.8 188.1

4. Conclusions

The ZAISe QDs with different particle sizes have been
successfully synthesized in this paper. By changing the parti-
cle sizes, we have successfully tuned the PL of ZAISe QDs.
The PL was red-shifted from 647 nm to 694 nm with increas-
ing particle sizes, which depends on the quantum confinement
effect. The luminescence mechanism of ZAISe QDs is con-
tributed by the three processes including the conduction-band
level to a localized intragap level, the surface-related recombi-
nation, and the donor to acceptor recombination from the time-
resolved PL study. Through the temperature-dependent emis-
sion spectra of ZIASe QDs with different particle sizes, we
verified the regular change of temperature-dependent PL in-
tensity, peak energy, and the emission linewidth. Meanwhile,
AE, (hw), and S were obtained. In our study, the activation
energy (15.2 meV-44.1 meV) is much smaller than the value
of ZnCulnS QDs, which indicated that the nonradiative relax-
ation process that induced the PL intensity slowly decreased
with the temperature increasing. The activation energy also
increases with the particle size increasing, indicating the sta-
bility of the PL intensity correspondingly. The energy gap of
QDs is also discussed: the tendency of Huang—Rhys increases
with the size of ZAISe QDs which indicates that the cou-
pling of the electron—phonon becomes stronger with the parti-
cle size increasing. Moreover, the FWHM of the temperature-
dependent spectra is also investigated and analyzed. In addi-
tion, the Ij,, of ZAISe QDs are increasing with different parti-
cle sizes in a range from 342.5 meV to 457.6 meV, induced by
the quantity of defect, and more energy level transitions were
performed.
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