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Photoluminescence from CdS Quantum Dots in Silica Gel
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Abstract. CdS semiconductor nanocrystals were grown as quantum dots (QDs) inside a silica matrix obtained
by the sol-gel method and assisted in the mother liquid by high power ultrasounds. Small-angle neutron scattering
(SANS) accounts for a 3.6 nm crystal size homogeneously distributed. Optical excitation from the third harmonic
of a Nd:YAG ns laser was focused on the sample to study the photoluminescence (PL) at room temperature. The PL
spectrum shows radiative process from intrinsic transitions and a broad band corresponding to the traps. Variable
stripe length (VSL) method was used to measure the optical gain spectra by the growth of the amplified luminescence.
A broad optical gain spectrum produced by the biexciton-exciton transitions revealing the stimulated emission from

the CdS QDs. It is also observed a red-shift of the PL emission crystal size-dependent.
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1. Introduction

Semiconductors QDs embedded in a dielectric ma-
trix show interesting optical non-linear properties due
to the quantum confined excitons [1, 2]. Crystal size
and its volume fraction play a fundamental role in the
electronic structure of the QD [3]. In this way, the
creation of one electron-hole pair (1IEHP-exciton) or
two (2EHP-biexciton) bounded, provide the Coulomb
potential screening scenario that provoke the optical
non-linearity in these systems. This new optical be-
haviour is induced by the drastic modification of the
electronic structure in the nanocrystal, giving place
to a discrete single-particle states with higher energy
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gaps. An interesting property of the biexciton emission
is the possibility to obtain large optical gain, in con-
trast to the direct free exciton decay where substan-
tial optical gain is not possible because of the reab-
sorption. A broad gain spectrum will appear instead
of sharp discrete lines as a new typical feature in these
zero-dimensional semiconductors [1]. The optical gain
in these systems proceeds from the biexciton-exciton
transition that produces the superlineary growth of the
integrated luminescence. Also, a red-shift of the PL rel-
ative to the absorption, as other specific characteristic
of QDs, is crystal size-dependent as the result of the
confinement effects [4, 5].

The sol-gel method can be used to improve the crys-
tal growth by precipitation from solution inside a silica
gel matrix [6, 7]. This processing method has been
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demonstrated the possibility to upgrade some critical
parameters, such as: higher dot density, smaller dot
size and better distribution and homogeneity, the opti-
cal quality of the matrix, a performed matrix microp-
orosity and the passivated crystal surface as other im-
provements in these materials [8, 9].

We introduce some variation in the processing as the
use of ultrasounds to promote the chemical reactions
and the use of Formamide as a chemical additive to
control the gel aging process [10]. We report using
the VSL method [11] the optical gain spectrum. We
resolve the two PL bands of colloidal QDs in gels at
room temperature.

2. Experimental

The sol-gel process uses a TMOS:H,O (pH 1):For-
mamide mixture in a molar ratio of 1:4:7. At this step
the liquid is submitted to a 320 J cm ™3 ultrasounds en-
ergy, provoking a faster reaction of the alkoxide. Cad-
mium acetate is added to the solution as source of the
Cd*? ions. By flowing H,S at 150°C through the cast-
ing gel permits the nucleation and growth of the CdS
crystals. Yellow coloured samples are heat-treated at
500°C in order to stabilize the matrix and to prevent any
further crystal growth. The CdSX sample code refers to
X =1, 3 and 10 wt% of CdS, considering a total CdO
crystal transformation in CdS, after H,S gas diffusion.
The CdO code refers to the undoped matrix prior the
H,S gas diffusion.

SANS measurements were carried out on V4 work-
station at the Berlin Neutron Scattering Centre facility
in the Hahn-Meitner Institut (Berlin, Germany) [12].
Scattering data were obtained using sample-detector
distances of 1, 4 and 16 m, covering a g-range of
0.036 to 3.6 nm~! by selecting a neutron wavelength
of 0.6 nm.

PL intensities were measured by using the third
harmonic (3.49 eV) of a pulsed Nd:YAG laser (6 ns
pulse at 10 Hz repetition rate). By means a cylindri-
cal lens the laser beam is focused on the edge of the
sample to form a narrow rectangular stripe (50 um
to 2 mm long and 20 um wide) [13, 14]. The am-
plified luminescence (AL) at right angles in the di-
rection of the stripe is collected for different stripe
lengths. The laser spot on the sample was carefully
positioned to avoid the scattering from the edge rough-
ness of the gel. In all cases the PL. measurements
were performed at atmospheric pressure in air at room
temperature.
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Figure 1. SANS intensity curves for the outlined samples (¢ =
@, where 20 is the scattering angle and A the neutron wave-
length). Inset, intensity curve for a sphere of 3.6 nm (dashed) and the
resulting curve after Eq. (1) (solid squares).

3. Results and Discussion

Figure 1 shows the scattering intensities, before (CdO)
and after (CdS1) H,S diffusion. The higher intensity
for the CdO sample coming from the large scattering
length density (SLD) value of CdO crystals in relation
to the CdS one. SLD difference was taken between the
corresponding to the crystal and a 60% SiO, matrix of
relative mass density. This difference in SLD will per-
mit to isolate the crystal signal, from the fact that the
origin of scattered neutrons lies in the mismatch be-
tween the scattering length density of the silica matrix
network and the nanocrystals by fitting the relationship:

q2R2
1(Si0,/CdO) — KI(Si0,/CdS) = I exp (— : g)
(1)

in order to obtain a K value to get back the best Guinier
region, where R, is the gravity centre of the scatters.
Considering a similar porosity in both samples and a
total CdO crystal transformation in CdS after H,S gas
diffusion, the intensity of the Eq. (1) must correspond
to the difference in contrast between the CdO and the
CdS crystals. The inset in the Fig. 1 shows the result-
ing curve compared to the scattering from a sphere of
3.6 nm radius. As the R, calculated value of 2.8 nm
corresponds to an sphere of 3.6 nm, it permits to con-
sider the CdS crystals spherical shaped homogeneously
distributed inside the matrix.

The optical absorption band is blue-shifted from the
bulk CdS band gap at 2.53 eV, as it is shown on the
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Figure2. Optical density (left axis) of the outlined samples together
the CdO one included as transparent reference (bottom). Photolumi-
nescence (PL) signal (right axis) of the same samples.

Fig. 2 (left axis), revealing the quantum confinement
effects. In this way, from the effective mass approxi-
mation (EMA) model (AE o« R™2)! a CdS crystal of
2.6 nm radius should be responsible of the quantum
confinement effects in the CdS1 sample, in agreement
with the Guinier radius calculated from SANS. Table 1
show the optical and structural parameters for the stud-
ied samples. In agreement with the EMA model the
blue-shift is crystal size-dependent.

Two bands can be observed on the PL signals in
Fig. 2 (right axis). The highest-energy one is related to
the intrinsic recombination mechanism. It is also possi-
ble weakly allowed transitions for dots with R = ag =
3.2 nm in CdS, because kinetic energy terms dominate
against Coulomb effects and produces the observed in-
homogeneous line broadening. On the other hand, the
lowest-energy one being attributed to the recombina-
tion of trapped carriers.

It is also observed, in the Fig. 2, a red-shift of the
PL emission relative to the absorption band, from the
values on Table 1 it can be concluded that it is crystal
size-dependent, the red-shift increases as the particle
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Figure 3. PL yield of the CdS1 sample as a function of the ex-
perimental stripe length (bottom to top), the arrow guide for the
maximum red-shift and the small peak at 512 nm is the residual of
the laser line. Inset, luminescence for some wavelengths (points) and
the corresponding result of the fitting of Eq. (2) (line).

size decreases. The origin of this effect seems to be
related with a crystal lattice distortion after the trans-
formation of the CdO (cubic) in CdS (hexagonal) at
150°C provoking compressive strains. This fact influ-
ences the intrinsic band due to the S ions vacancies
acting as potential hole traps. The observable differ-
ences in the spectra also inform about the crystal sur-
face traps, CdS3 sample seems to have lower traps
states than CdS1. However, CdS10 sample shows an
overlapping of both bands indicating a higher lattice
distortion. In the light of these size-dependent effects
(blue and red-shift) the no correlation between crystal
size and CdS content must be attributed to the slight
difference of the silica network pore structure which
affects the H,S gas diffusion.

Figure 3 shows the growth of the PL signal for the
CdS1 sample. In these experimental conditions the PL
yield along the focus axis is related with the optical
gain by the relationship [11]: Iap = ’z—" (egL — l),
where a1 and Isp are the amplified and spontaneous

Table 1. Optical and structural experimental values of the CdS-SiO, composites.

Sample  Blue-shift (meV) Red-shift (meV) a(nm) (EMA) Raman® (nm) SANS (nm)
CdSl1 388 356 2.6 22 2.8
Cds3 48 151 7.1 32 X
CdS10 207 222 34 2.8 X

The contents of CdS are 1, 3 and 10 wt% relative to the Cds-SiO, composite, called CdS1, CdS3 and

CdS10, respectively.

aSource: R. Litran, R. Alcantara, E. Blanco, and M. Ramirez-del-Solar, J. Sol-Gel Sci. Tech. 8, 275

(1997).
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Figure 4. Optical gain spectra for the filtered intrinsic band (Schott
BG-14) of the studied samples. Inset, gain spectra for the filtered
traps band (Schott OG-550).

emission, respectively. The net gain coefficient is g and
the experimental variable stripe length is L. By fitting
the experimental data to the above equation, g and Isp
can be calculated as it shown in the inset of Fig. 3 for
some wavelengths. As can be observed the gain satura-
tion limits the stripe length domain for which the am-
plification grows exponentially. In this case (483 and
511 nm), saturation effects seem to be produced for
approximately gL > 3, faster than in bulk semicon-
ductors (gL > 5) but similar to others semiconductors
QDs (gL > 2) [14]. This effect is also observable as a
weakly red-shift on the PL maximum.

The PL yield grows in a superlinear fashion for
the intrinsic band, but not at all for the traps one, as
can be seen on Fig. 4. The gain is spectrally broad
with a steeper decrease on the high-energy side and
a long tail stretching to lower energies. As can be
seen the CdS1 and CdS3 samples have similar spectra,
which follow similar feature than the PL one (Fig. 3).
This fact indicates the passivated crystal surface of the
CdS3 sample as contrasted with the crystal size dif-
ference with the CdS1 (see Table 1). On the contrary,

CdS10 with similar crystal size than CdS1 shows a
decline in the gain spectrum due to a higher surface
defects.

4. Conclusions

Sol-gel method assisted by high power ultrasounds per-
mits the obtention of CdS QDs with narrow size dis-
tribution in CdS1 sample. Blue-shift confirm the con-
finement effects. The red-shift of the PL emission is
crystal size-dependent coming from crystalline lattice
distortions. Nanocrystals of the CdS3 sample are in
the limit of the confinement regime, but having bet-
ter passivated surfaces that produce optical gain. On
the contrary, the crystal surface defects of the CdS10
sample with crystal size close to the confinement
regime, produce a decline in the gain spectrum. The
optical gain reveals the stimulated emission from the
CdS QDs.
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