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Abstract. PbS QDs in glasses have attracted much attention due to the potentials for near-infrared applications. Growth
of PbS QDs in the glass is discussed and size of PbS QDs formed in the glass can be tuned by varying the thermal
treatment conditions. Hyperbolic-band approximation and four-band envelope function provide good simulation of
the exciton energies of PbS QDs. Absorption and photoluminescence of PbS QDs was tuned into 1~2 um wave-
length regime with large full width at half maximum photoluminescence intensity (>160 nm). Photoluminescence inten-
sity of PbS QDs in the glasses was closely related to size of quantum dots, temperature, excitation and defects. Decrease
in temperature shifted the photoluminescence bands to shorter wavelength and switched the photoluminescence from

darkened state and brightened state.

1. Introduction

Semiconductor nanocrystals (Quantum dots or
QDs) have attracted attention due to the unique opti-
cal and electronic properties induced by the quan-
tum confinement effect'”. When the size of semi-
conductor nanocrystals is comparable to or smaller
than the Bohr exciton radius, the energy gap of semi-
conductor nanocrystals increases and the energy spec-
trum becomes discrete. Among various quantum dots,
IV-VI quantum dots made of PbS, PbSe and PbTe
have attracted attention recently”. Bulk IV-VI semi-
conductor materials have narrow band gap energies,
0.41 eV for PbS and 0.28 eV for PbSe, and large
Bohr exciton radii, 18 and 46 nm for PbS and PbSe,
respectively. Thus, the strong confinement effect can
easily be achieved with a moderate quantum dot size.
In addition, effective band gap energies of these quan-
tum dots can be tuned in a wide range, covering the
visible and near infrared spectral regime. Therefore,
IV-VI quantum dots are not only useful for the inves-
tigation of strong quantum confinement effect, but
also for near infrared lasers”, broadband optical
amplifiers” and solar cells”.

PbS nanocrystals studied either inside the colloidal
solutions®”, or in transparent solid media®"”. Colloidal

chemistry is one of the most powerful methods to
prepare quantum dots with high quantum efficien-
cy®”. However, it is necessary for these QDs to be
embedded into solid matrices such as glasses to real-
ize any commercial applications. Synthesis of quan-
tum dots in glasses through nucleation and growth
is particularly attractive since it is inexpensive and
relatively easy to control the size of quantum dots.
Glasses are also chemically durable with high
mechanical strength. In addition, the versatility of
glassy hosts allows fabrication of devices in the bulk,
planar or fiber forms.

In this paper, PbS QDs embedded in glass matrices
are reported. In section 2, the growth dynamics of PbS
QDs in oxide glasses are examined. Section 3 is devot-
ed to the electronic states of PbS QDs and section 4
deals with the optical properties of PbS QDs in glass-
es along with the effects of quantum dots size, defects
and temperatures.

2. Synthesis and Characterization

Several techniques have been developed to prepare
PbS QDs in glasses including solid-state precipitation'”,
ion-implantation'” and sol-gel process . Solid-state pre-

cipitation has long been used to synthesize semicon-
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ductor nanocrystals. In general, precursor glasses con-
taining semiconductor materials were prepared by melt-
quenching methods, and subsequent heat-treatment at
the temperature near the glass transition resulted in the
formation of semiconductor quantum dots. Fig. 1 shows
the typical high resolution TEM image of a PbS quan-
tum dot precipitated in borosilicate glasses by the ther-
mal treatment. The quality of PbS QDs thus formed
was comparable to those synthesized through colloidal
chemistry. Silicate glasses, borosilicate glasses and phos-
phate glasses were frequently used as the precursors,
and the maximum lead chalcogenide concentrations
were estimated to be ~0.1 at% in borosilicate glasses'”
and below 1.0 at% in phosphate glasses'.

Growth of quantum dots in glasses is based on the
thermodynamics of diffusion-controlled phase decom-
position of over-saturated solid solutions. The anneal-
ing temperature should be high enough to initiate the
effective diffusion of semiconductor ions and at the
same time, low enough to maintain the over-saturation
in the solutions. These processes are divided into three
stages: nucleation, growth and coalescence'®. During
the nucleation process, the critical nucleus size is

described by the following-expression':

Ao = 20’T0’U/H(T0 “T) (1)
where, a.- is the critical size of nuclei, and is the coef-
ficient related to the interfacial surface tension. T is the

annealing temperature, and To is the temperature of
equilibrium solution. v is the specific volume of the

P

ks L ewa e
v daacar s
fesete

.«
e
*aa

Fig. 1. High resolution transmission electron microscope image
of PbS quantum dot in BZ glass heatreated at 600°C for 50 h.
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particle H and is the mean specific enthalpy. During
the diffusion-controlled growth process, the size of the
crystals can be described as'®:

a = (2(Co —CH(Cr—-C2))*(DD)"” )

where, a is the mean radius of the particles, T is the
time of annealing, Co is the initial concentration of semi-
conductor phase and C. is the equilibrium concentra-
tion of the phase in the particle. D = Do exp(OE/xT)
is the diffusion coefficient. In the coalescence process,
the size of crystal changes as'™:

a = (4619)"(DD)" 3

where, o is the coefficient related to the interfacial
surface tension.

Since it is difficult to find the specific nucleation and
growth temperatures, thermal treatment is generally
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Fig. 2. (a) Diameter of PbS quantum dots formed in the phos-
phate glass versus the duration of annealing at T=405C-
square, and the results of the linear fitting™®. (b) Evolution of
the diameter of PbS QDs as a function of time at growth

treatment temperatures ranging between 650 and 700°C'”.



conducted at temperatures near the glass transition. Fig.
2 shows the size of PbS quantum dots in phosphate'”
and borosilicate” glasses as a function of annealing
time. In phosphate glass shown in Fig. 2(a), the time
dependence of quantum dot size is close to the t"*, typ-
ical for the diffusion-controlled growth of independent
nuclei’”. On the other hand, growth of PbS quantum

dots in borosilicate glasses follows ~**? dependence

at the early stage of crystal growth as shown in Fig.
2 (b). Diffusion controlled crystal growth and coales-
cence have t? and t” dependence, respectively as shown
in Egs. (2) and (3). Therefore, the sublinear time depen-
dence indicates that coalescence process occurs at the
early stage of the growth of PbS quantum dots. Different
time dependences in the growth of PbS quantum dots
from phosphate and borosilicate glass is not surprising,
because the maximum concentrations of lead chalco-
genide in these two glasses are different. Compared
to phosphate glasses, borosilicate glasses can dissolve
small concentration of PbS, thus the Pb and S required
for the growth are depleted from the glass matrix at the
early stage of growth, forcing the system into the coa-
lescence regime'.

Careful selection of thermal treatment temperature
and time will yield quantum dots of desired sizes. High
temperature and prolonged thermal treatment result
in the formation of large quantum dots. Diffusion con-
trolled growth of quantum dots yields narrower size
dispersion compared to coalescence growth. For PbS
QDs, size dispersion smaller than 10% has been
achieved in glasses'"”.

3. Electronic Structure

Several theoretical calculations have been developed
to predict the electronic structures of PbS quantum dots.
Representative examples are parabolic effective mass
model”*”, hyperbolic-band approximation™, tight-bind-
ing model™™ and an envelope wave-function calcu-
lation™. Predictions of band gap energy using the first
three models are schematically shown in Fig. 3.

For the parabolic effective mass approximation, the
effective band gap energy can be expresses as’?:

2 2 2
i (_L+ _1_)_1.8e
2R m. mi eR

AE =

+ (polarization term) (4)

where, AE is the energy of the first excited state. The
first term is the kinetic energies of the electron and hole
that increase as the particle size decrease. The second
term is the screened Coulomb interaction which sta-
bilizes the electron-hole pair, and the third term is the
polarization energy that is generally small. As shown
in Fig. 3, prediction from this model started to devi-
ate from the experimental values when the particle size
became smaller than ~100 A. This break down was due
to the non-parabolicity of the band structure of lead
salts near the L point, which is induced by the inter-
band coupling. The hyperbolic band model predicted
that band gap energy of PbS particles changed as™:

AE = [E + 2B E(r)im*)"” 5)

where, E; is the bandgap energy of bulk PbS crys-
tals, » is the radius of PbS nanocrystals and m*(=
0.085m.) is the effective mass. This hyperbolic model
can predict the exciton energies of PbS particles of size
down to ~25 A, as shown in Fig. 4. The tight-bind-
ing model™ and a simpler cluster model™ provide accu-
rate values of the electronic levels of PbS quantum dots
smaller than 5 nm.

Recently, Kang and Wise calculated the electronic
structures of PbS and PbSe quantum dots using a four-
band envelope function formalism®”. This formalism
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Fig. 3. Band gap energy of PbS as a function of particle
size. o represents experimental data, -o indicates 13 A is
the upper limit. Dotted line is a theoretical calculation using
the effective mass approximation, solid line is a theoretical cal-
culation from hyperbolic band model, and + represents the
calculation from the cluster model™.
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Fig. 4. Absorption spectra and calculated transition strengths
of PbS QDs with diameters of (a) 4.8 nm and (b) 7.6 nm *.

accounted for the exciton energies and wave func-
tions with the correct symmetries of the materials. They
were able to provide the energy spectrum and wave
functions as well as dipole transition strengths and selec-
tion rules. Good agreement with the experimental band
gap energies of PbS quantum dots down to 3 nm in
diameter was achieved.

4. Optical Properties

4.1 Absorption spectrum

PbS QDs formed in the matrix manifested themselves
as peaks in the absorption spectrum. Position of absorp-
tion peak was determined by the average size of quan-
tum dots. Large size dispersion normally induces inho-
mogeneous broadening of the absorption spectrum,
obscuring the exciton absorption peaks™ . Furthermore,
the nature of the matrix and shape of quantum dots also
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have significant effects on the absorption spectrum™””.

Fig. 5 shows typical absorption spectra of PbS quan-
tumn dots embedded in borosilicate glasses™. Increase
in the duration or temperature of thermal treatment
resulted in the shift of the absorption to the longer wave-
length side. For BC glass (66Si0:-8B:03-18K0-4BaO-
4Ca0 with additional 0.3PbS-0.1ErS;, in mol%), broad
absorption bands occurred at 1070, 1200, 1200 nm for
glasses heat-treated at 600°C for 20, 30 and 70 h, respec-
tively. For BZ glass (66Si0.-8B,0:-18K.0-4Ba0-4ZnO
(BZ glass) with additional 1.0 PbS, in mol%), absorp-
tion bands appeared at 1150, 1180, 1460 and 1700 nm
upon thermal treatment at 600°C for 20 and 40 h, 620
and 640°C for 20 h, respectively. Careful selection of
thermal treatment condition yielded PbS QDs with
absorption and photoluminescence bands spanning over
the whole transmission window of silica fiber
(1.2~1.7um). In addition, typical value of absorption
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Fig. 5. Typical absorption spectra of PbS QDs in (a) BC glass
and (b) BZ glass. Minor sharp absorption peaks in (a) was
induced by the absorption of Er* ions.
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cross-section of PbS QDs was 2~6x10""cm’*, much
larger than that of Er’* ions (5x10™* cm’ at 1534 nm)™.
These two features make PbS QDs doped glasses promis-
ing for broadband fiber-optic amplification.

4.2 Photoluminescence of PbS QDs

Upon excitation with above bandgap light, PbS quan-
tum dots emitted photons in the visible or near infrared
wavelength region, depending on the size of quantum
dots. Fig. 6 shows the photoluminescence spectra of
PbS QDs in BC and BZ glasses. Photoluminescence
spectra of PbS QDs shifted to longer wavelength as their
sizes increased, that agrees with the phenomenon
observed in the absorption spectra. Estimated radius,
effective bandgap energy, peak wavelength of photolu-
minescence (PL) and full width at half maximum
(FWHM) luminescence intensity of PbS QDs embed-
ded in BC and BZ glasses were summarized in Table 1.

Besides the effect of size of quantum dots, surface
defects also have large influence on the photolumi-
nescence properties. In PbS quantum dots, two kinds
of defects have been reported, ie., deep states in the
energy gap due to excess Pb atoms at the interface and
shallow states near the exciton level from the intersti-
tial sulfur atoms™. As the size of the quantum dots
decreases, the ratio of ‘surface defects/volume atom’
increases dramatically. These defects at the interface
between the quantum dots and glass matrix act as traps
for charge carriers. They seriously decrease the pho-
toluminescence efficiency of quantum dots and in some
cases, completely quench the photoluminescence through
non-radiative decay. Due to the presence of defects
on the surface of quantum dots, PbS QDs normally
show low quantum efficiency. Thus, it is necessary

Table 1. Estimated Radius, Effective Bandgap Energy, Peak
Wavelength of Photoluminescence (PL) and Full Width at Half
Maximum (FWHM) Luminescence Intensity of PbS QDs
Embedded in Different Glass Matrices

Heat — ;

Glass trea?r%tent Radius Egr?dmg\:;g wa\fjgﬁgth FWHM
condtion | ™M) | energy (eV) | of PL (nm) | ("M)
600°C-20 h 25 105 1200 195
BC 600°C-30 h 27 094 1340 195
600°C-70 h 30 087 1450 250
600°C-20 h 23 108 1166 160
BZ 600°C-50 h 26 095 1318 180
620C-20 h 36 075 1620 200
60C-20 h 47 064 1680 500
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Fig. 6. Room temperature absorption photoluminescence spec-
tra of (@) BC and (b) BZ glass containing PbS QDs. The
thermal treatment conditions are indicated in the figure.

to passivate the defect sites to optimize the photolu-
minescence, even though it appears difficult to achieve
inside the glass matrix.

4.3 Effect of temperature on the photoluminescence
spectra

PL spectra of PbS QDs showed anormalous temper-
ature dependence. Fig. 7 (a) shows the PL spectra record-
ed at different temperatures using the glass BZ heat-treat-
ed at 620°C for 20 h. PL band gradually moved to short
wavelength side with increasing temperature, indicat-
ing an increase in the effective bandgap energy. Similar
phenomena have been reported for semiconductor quan-
tum dots™”. This change in band gap energy with tem-
perature is induced by the thermal expansion of the
lattice and electron-phonon coupling”, and can be sim-
ulated using the following empirical formula®:

aol”
T+pB

E(T) = Eo + ©
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where E; is the energy bandgap at 0 K and T is tem-
perature. @ and 8 are constants that depend on the mate-
rials. Temperature dependence of effective bandgap
energy calculated from equation (6) was ~ 120 peV/K,
as shown in Fig.7 (b). This value is consistent with that
value reported for PbS QDs with a similar size”.

4.4 Photo-darkening and photo-brightening of PbS
QDs

Under continuous excitation condition, photolumi-
nescence intensity of quantum dots either decrease
(photo-darkening) or increase (photo-brightening) with
time. Photo-darkening and photo-brightening phenomena
have been reported for II-VI quantum dots embedded
in glass matrix”>”. These photo-darkening and photo-
brightening phenomena are closely related to the exci-
tation condition, surface states of quantum dots and the
surrounding matrix. For example, PbS quantum dots in

polymer film at room temperature showed photo-dark-
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Fig. 7. (a) PL spectra of BZ glass heat-treated at 620°C for
20 h recorded at different temperature. The spectra were shift-
ed vertically for clear presentation. (b) Peak energies of the
photoluminescence bands as a function of temperature. Dashed
line shows the result of calculation using Eq. (6).
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ening when illuminated in the ambient atmosphere, but
resulted in photo-brightening under N; environment™”.

On the other hand, the photoluminescence of PbS
QD:s in borosilicate glasses can be switched from photo-
darkened to photo-brightened state as temperature
changes. Fig. 8 shows the photo-darkening behavior of
PbS QDs in borosilicate glass at room temperature under
continuous excitation at 800 nm. This photo-darkening
behavior is similar to those observed from other quan-
tum dots in liquids, polymers or glasses™. As the exci-
tation intensity increased, relative steady-state PL inten-
sity to that at the onset of illumination decreased from
87.5% to 20.0%. This photo-darkening significantly
decreased the photoluminescence efficiency.

In addition, photoluminescence changed from photo-
darkened state to photo-brightened state as the tem-
perature decreased, as shown in Fig. 9. When tem-
perature was higher than 200K, PbS QDs showed photo-
darkening effect, regardless of the excitation intensi-
ty. However, when temperature decreased down to 200K
for the 200 mW excitation, PL intensity from PbS QDs
showed photo-brightening effect, and the degree of
brightening increased with a further decrease in tem-
perature. It appeared that photo-brightening was dom-
inant at low temperature, and photo-darkening was
enhanced as the temperature increased. With an increase
in temperature, the time needed to reach the steady state
decreased, indicating that the photo-darkening and photo-
brightening were related to phonons.

It has to be emphasized that photo-darkening and
photo-brightening observed for PbS QDs in this borosil-
icate glass were reversible. This reversibility excludes
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the possibility of surface of oxidation, which induces
irreversible processes. In fact, oxidation of PbS QDs
could not occur in the oxide glass matrix, because glass
made by melt-quenching methods does not contain free
oxygen or moisture. Ionization of QDs induced by illu-
mination or thermal ejection of charge carriers have
been proposed to explain the photo-darkening effect”™.
Thermal ejection of charge carrier strongly depends on
temperature, while photo-ionization does on excitation
intensity. Since the photo-darkening of PbS QDs was
dependent on temperature and excitation intensity, both
thermal ejection and photo-ionization are responsible
for the photo-darkening.

Defects in glass matrix formed or activated upon illu-
mination also have an important effect on the photo-
luminescence intensity of QDs. It has been reported
that CdS:Sei.« QDs showed photo-brightening when

PbS Quantum-dots in Glasses

irradiated by UV irradiation™””. UV light induced defect
centers and carriers trapped at these defect centers were
excited into the conduction band of glasses by the exci-
tation light. They finally recombined with surface defects
of QDs. This whole process resulted in passivation
of the surface defects of QDs and thereby, photolu-
minescence intensity can be enhanced. Glasses are rich
of defects, and these defects can function as sources of
charge carriers that eventually passivate the surface
defects of QDs, leading to the photo-brightening. In
alkali-silicate glasses, defect centers such as E; centers
are related to the electron-trapping centers at the alka-
li ions while H, centers are associated to the hole-trap-
ping defects of the oxide network™. In potassium-sil-
icate glasses, Ei-like centers have binding energies of
~ 149 eV at 77 K and 1.61 eV at 210 K. Precursor
borosilicate glass used in this work is rich in potassi-
um and photon energy of excitation is 1.55 eV. Thus,
electrons or holes initially trapped in the E; or Hi-
like centers in glasses can easily be excited. Relaxation
of these excited electrons or holes passivates the defects
at the interface, and results in photo-brightening.

5. Summary

Growth kinetics and optical properties of PbS QDs
in the glasses were discussed. High solubility of PbS
in phosphate glasses resulted in diffusion controlled
growth, and low solubility led to coalescence growth
in borosilicate glasses. Hyperbolic-band approximation
can predict the exciton energies of PbS QDs of size
down to 25 A, and four-band envelope function for-
malism provides not only the energy spectrum but also
the dipole transition strength and selection rules.
Absorption and photoluminescence with large full width
at half maximum (>160 nm) in 1~2 um was achieved
through careful control of the thermal treatment con-
dition, promising features for near-infrared applications.
Surface defect, temperature and excitation intensity have
great cffect on the optical properties of PbS QDs.
Photoluminescence band shifted to shorter wavelength
with decrease in temperature. Photoluminescence of
PbS QDs showed photo-darkening and photo-bright-
ening behaviors, and switching between these two states
was realized by changing the temperature and excita-
tion intensity.
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