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We investigate the photoluminescence (PL) spectra and the time-resolved PL decay process from colloidal
quantum dots on SiN/SiO, wet etched via BOE (HF:NH4F:H,0). The spectrum displays multi-peak shapes
that vary with irradiation time. The evolution of the spectral peaks with irradiation time and collection angle
demonstrates that the strong coupling of the charged-exciton emission to the leaky modes of the SiN/SiO,
slab waveguide predominantly produces short-wavelength spectral peaks, resulting in multi-peak spectra.
We conclude that BOE etching enhances the charged-exciton emission efficiency and its contribution to the
total emission compared with the unetched case. BOE etching smoothes the electron confinement potential,
thus decreasing the Auger recombination rate. Therefore, the charged-exciton emission efficiency is high,
and the charged-exciton-polariton emission can be further enhanced through strong coupling to the leaky
mode of the slab waveguide.

quantum dots (CQDs). The generally accepted explanation is that the dark state in blinking is caused by

photo-charging in quantum dots'. Under photo-excitation, electrons are ejected from the dot to outer defect
states, thus forming positively charged quantum dot. Residual electron-hole pairs decay rapidly to the ground
state through non-radiative Auger relaxation, quenching any emission’. There is some probability for the CQD
core to be neutralized, thus making the CQDs bright again®. If the nanocrystals are charged, the extra carrier
triggers non-radiative Auger recombination between the extra charge and a subsequently excited electron-hole
pair. In early studies, the rate of Auger recombination was typically orders of magnitude faster than the rate of
radiative recombination®, which suppressed the PL almost completely in charged nanocrystals®. PL would resume
only after the CQD was neutralized again.

With more recent developments in synthesis technology, it has become possible to produce CQDs in which the
charged-exciton-induced PL quenching is not complete; instead, the charged-exciton emission merely modifies
the shape of the PL spectrum. In a study of the PL spectra of type-II CdTe/CdSe core/shell CQDs, the charged-
exciton (trion) emission induced a blue shift in the spectrum®. X. Y. Wang et al. have synthesized CdZnSe/ZnSe
quantum dots and found that these CQDs produce strong PL despite being charged. The corresponding lifetime
was short, and the PL contained multi-peaks. These authors utilized a radially graded alloy of CdZnSe into ZnSe to
soften the abrupt confinement potential of the CQDs, which helps explain the unusual PL properties of the
CdZnSe/ZnSe CQDs’. In a previous study, colloidal CdSe/CdS CQDs were synthesized, and it was found that the
negatively charged exciton PL quantum yield reached 100% at low temperatures, where the Auger recombination
was completely suppressed®. The abrupt boundary represented by the CdS outer surface and the temperature-
dependent delocalization of one of the trion electrons from the CdSe core enhanced the Auger recombination in
these CQDs. Thermal delocalization of one of the electrons from the CdSe core into the CQD shell induced Auger
recombination, and the delocalized electron then interacted with the abrupt outer surface of the CQD to stimulate
non-radiative Auger recombination. As the temperature was decreased to below 200 K, the CQDs became
permanently negatively charged. However, when the temperature was decreased to 30 K, the CQD quantum
yield increased to 100%, and the PL lifetime decreased with decreasing temperature®.

P hotoluminescence (PL) intermittence, or blinking, is the greatest obstacle to the application of colloidal
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The charging of CQD may be related to its surfaces and its envir-
onment. The presence of acceptors, such as TiO,’, indium tin oxide
(ITO)", inorganic complexes'', C60", and polymers', which will
accept an electron transferred from a photo-activated CQD, will
result in charge-separated states. It has been observed that the PL
quantum efficiency of CdSe CQDs decreased when an electron was
accepted from p-phenylenediamine. However, the efficiency could
be increased by the suppression of non-radiative recombination
resulting from the passivation of surface defects in CdSe CQDs with
n-butylamine'*". Photo-charging leaded to bleaching of the steady-
state absorption and partial quenching of the emission'®.

When CQDs are embedded in an optical cavity or waveguide, the
emission from the CQDs will couple to cavity or waveguide. In the
strong-coupling regime, an exciton and a photon can interact with
each other, and they can exchange energy on a time scale shorter than
their lifetimes. The exciton and photon will then form a hybrid state
called exciton polariton. An exciton polariton can be regarded as a
quasi particle with mixed properties of light and matter'”. This state
has important applications in fields involving light matter interac-
tions, such as in Bose-Einstein condensation (BEC)'®, low-threshold
coherent emission'®, and low-threshold all-optical switches'”*°. To
date, waveguide exciton-polariton emission from colloidal quantum
dots has been rarely reported.

In this report, by using a very simple wet etching method, the
coupling between the charged-exciton emission from CQDs and
the leaky mode of the SiN/SiO, film on which the CQDs were depos-
ited is investigated. From the collection-angle-dependent PL spectra,
it was determined that the emission of the CQDs strongly coupled to
the leaky modes of the SiN/SiO, slab waveguide. As evidenced via the
measured wavelength-dependent lifetime, the short-wavelength
peaks in the multi-peak spectra predominantly originated from
charged-exciton emission coupled to the leaky modes, leading to
the formation of waveguide charged-exciton polaritons. In our sys-
tem, the weight of the charged-exciton emission component com-
pared with the total PL was much higher than those observed from
conventional material without BOE etching and CQDs on silicon
dioxide. For the system subjected to BOE wet etching, the lifetime
of the charged-exciton emission was increased and the efficiency of
the charged-exciton emission was higher than the corresponding
values for CQDs on SiN without BOE wet etching. BOE-etched
SiN/SiO, may have two important effects on the optical properties
of the CQDs: 1) the BOE etching changes the surface Fermi level of
the SiN, facilitating the transfer of electrons from the CQDs to the
SiN and enhancing the charging degree of the CQDs, and 2) light
irradiation of the BOE-etched SiN/SiO, will increase the Coulomb
repulsion, which may soften the electron confinement potential of
the CQDs. The enhanced charging of the CQDs and the softened
electron confinement potential can enhance the lifetime and PL effi-
ciency of the charged-exciton emission. This means that BOE-etched
SiN/SiO, will suppress the Auger recombination in CQDs. After
these modifications, the leaky modes of the SiN/SiO, will enhance
the charged-exciton emission at the corresponding wavelength and
the strong coupling between the charged-exciton emission and the
leaky modes, leading to the formation of charged-exciton polaritons.
Therefore, we have developed a very simple method and structure for
the suppression of the non-radiative Auger recombination rate and
the enhancement of the charged-exciton emission, and our research
will has potential applications in high-efficiency optoelectronics.

Results

PL spectra of CQDs on a BOE-etched SiN/SiO, film with light
irradiation time. CQDs on BOE-etched SiN/SiO, film was excited
by a 405 nm continuous-wave laser diode with a 40X objective, and
the emission spectrum was collected using the same objective. The
samples were excited under an excitation power of 2.0 mW for
different irradiation time and the spectra were collected

automatically using a spectrometer with a Si CCD at an interval of
one frame per second. The measured spectra are presented in Fig. 1,
Fig. S1 and Fig. S2. The spectrum acquired after 5 s is presented in
Fig. 1a to represent the initial state of the material; it is centered at
585.4 nm, and there are two weak spectral peaks, one on the long-
wavelength side and one on the short-wavelength side of the main
peak. As the irradiation time increased to 100 s, the total PL intensity
increased slightly because of photo-oxidation®, and the centre
wavelength shifted to 583.7 nm (Fig. Sla). The PL intensity of the
short-wavelength side peak also slightly increased compared with the
spectrum presented in Fig. 1a. With a further increased irradiation
time of 150 s, the main peak blue shifted to 580.9 nm, and the
intensity of the short-wavelength side peak increased to more than
half the intensity of the main peak, whereas the long-wavelength side
peak nearly disappeared (Fig. 1b). As the irradiation time increased
to 400 s, as shown in Fig. 1c, the intensity of the short-wavelength
side peak increased to become comparable to that of the main peak.
The spectrum acquired after an irradiation time of 1000 s is
presented in Fig. 1d; here, the intensity of the short-wavelength
peak is greater than that of the original ‘main’ peak at 580.2 nm.

The CQD emission spectrum and the reflection spectrum from the
slab (representing the leaky modes of the slab waveguide) are com-
pared in Fig. le. The blue line represents the emission spectrum from
the CQDs at an irradiation time of 1000 s, and the red line represents
the reflection spectrum from the SiN/SiO, film. The emission peak at
the short-wavelength side of the spectrum nearly overlaps with a
peak of the reflection spectrum, which corresponds to CQD emission
coupled to the waveguide leaky mode. The long-wavelength peak in
the emission spectrum is located near another reflection peak, but its
wavelength is shorter than that of the reflection peak. These peaks in
the emission spectrum originated from CQD emission coupled to the
SiN waveguide leaky mode. The deviation between the emission peak
and the reflection peak originated from the spectral blue shift caused
by photo-oxidation.

The normalized spectra from irradiation time of 5 s to 1000 s are
compared in Fig. 1f. The spectrum on the right, A, was acquired after
a short irradiation time of 5 s, and the spectrum on the left, B, was
acquired after an irradiation time of 1000 s. The initial spectrum
from the CQDs, represented by spectrum A, was fitted to tri-
Gaussian function (Fig. 1a). The center wavelength, spectral width
and contribution to the total emission of the short-wavelength com-
ponent were found to be 562.61 nm, 17.99 nm and 0.12, respectively.
The corresponding values for the middle-wavelength component are
584.78 nm, 15.78 nm and 0.51, respectively, and those for the long-
wavelength component are 596.05 nm, 37.96 nm and 0.37, respect-
ively. Thus, in spectrum A, which is centered at 584.78 nm, there are
two side peaks located at 562.61 nm and 596.05 nm. When spectrum
B, corresponding to the long irradiation time, was fitted to a tri-
Gaussian function (Fig. 1d), the center wavelengths of the three
components were found to be 535.07 nm, 553.78 nm, 577.85 nm,
respectively. The corresponding spectral widths are 14.87 nm,
15.14 nm, and 24.37 nm, respectively, and the contributions to the
total emission of the three components are 0.07, 0.36 and 0.57,
respectively. In Fig. 1f, the center peak of spectrum A at 584.78 nm
represents the initial emission from CQDs, whereas the two side
peaks at 562.61 nm and 596.05 nm are attributable to the coupling
of the CQDs emission to the slab waveguide leaky modes. The
577.85 nm peak of spectrum B represents the original emission from
the CQDs and its coupling to a slab waveguide leaky mode, whereas
the peaks at 535.07 nm and 553.78 nm represent the coupling of the
CQD’s emission to slab waveguide leaky mode. The PL intensity of
the 553.78 nm peak in spectrum B (long irradiation time) is much
stronger than that of the peak of 562.61 nm in spectrum A (short
irradiation time). This finding indicates that the coupling of the
emission to the waveguide leaky mode was enhanced with increasing
irradiation time before the peak wavelength of the spectra overlap
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Figure 1| The PL spectra of CQDs on a BOE-etched SiN/SiO, film for various irradiation time: (a) 5 s, (b) 150 s, (c) 400 s, (d) 1000 s. (a)—(d) The
yellow curved lines represent three-term Gaussian fits, the dotted-curves are the Gaussian fits. (e) The emission spectrum and the reflection spectrum of
CQDs on BOE-etched SiN of 420 nm in thickness. (f) Comparison of spectra from 5 s to 1000 s.

with the slab waveguide leaky mode. Upon photo-oxidation, the
spectrum blue shifted, and when the spectrum overlapped with the
slab-waveguide leaky mode, the multi-peak in the spectrum
emerged. From the changes observed in the short-wavelength peak
in Fig. 1f, we conclude that this peak originates not only from exciton
coupling to the leaky mode but also from the coupling of charged-
exciton emission to the leaky mode. Under light irradiation, the
CQDs become ionized, and the emission of charged excitons
increases. With increasing irradiation time, the positive charged-
exciton emission shifts to blue.

Upon BOE etching, the etched-off SiN is very thin (less than
50 nm); both a BOE-etched SiN film and an unetched SiN film
can support leaky modes in the emission region of the CQDs
(approximately from 520 nm to 620 nm). However, the spectra of
CQDs on unetched SiN were found to exhibit very few multi-peak
characteristics. The spectrum of CQDs on unetched SiN film is pre-
sented in Fig. S1f. This spectrum contains only one peak, which is
attributable to the exciton emission from the CQDs. There is no
spectral split such as those observed in Figs. 1la-d. This observation

may further demonstrate that the short-wavelength peak observed in
the previous spectra originated not only from the coupling between
the CQD emission and the slab-waveguide leaky modes but also from
the charged-exciton emission. The blue shift of the wavelength was
related to the charged-exciton emission and the coupling of the
charged-exciton emission to the waveguide leaky modes. This judg-
ment was verified by the time-resolved spectra of the CQDs, dis-
cussed below.

The spectra acquired at different irradiation time were fitted using
a bi-Gaussian function, and the fit parameters are presented in Fig. 2
and Fig. S3. After approximately 1500 s (25 min), the center wave-
length of the short-wavelength component in the initial spectrum
had shifted from 556.5 nm to 554.8 nm, and the initial center wave-
length of the long-wavelength component had shifted from 584.5 nm to
580.6 nm. Both peaks blue shifted slowly as a function of irradiation
time (Fig. 2a). As shown in Fig. 2b, the spectral width of the long-
wavelength component varied from 16.1 to 14.4 nm, whereas the spec-
tral width of the short-wavelength component dramatically increased
from 7.8 to 16.1 nm. The ratio of the long-wavelength component to
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Figure 2 | The bi-Gaussian fitted parameters of the spectra presented in Figure 1. The fitted parameters as function of light irradiation time: (a) The
center wavelengths. (b) Spectral widths. (c) Ratios of the short-wavelength component and the long-wavelength component to the total emission. (d) PL
intensities. In the figure, C;, C; are the center wavelengths, W;, W are the spectral widths, A, A are the PL intensities, of the long-wavelength component
and the short-wavelength component, respectively; and Ry, R; are the ratios of the long-wavelength component and the short-wavelength component to

the total emission, respectively.

the total emission decreased from 0.895 to 0.485, whereas the ratio of
the short-wavelength component to the total emission increased from
0.104 to 0.514 after 1500 s (Fig. 2c). During the initial stage (040 s), the
total PL intensity increased dramatically with increasing irradiation
time. The intensity of the long-wavelength component also increased
dramatically, whereas the intensity of the short-wavelength component
increased slowly (Fig. 2d). In the time range 90-250 s, the intensity of
the long-wavelength component decreased dramatically, whereas the
intensity of the short-wavelength component increased slowly, and
the total PL intensity also dramatically decreased (Fig. 2d). As the
irradiation time increased, the spectral width and the contribution to
the total emission of the short-wavelength component increased,
whereas the spectral width and the contribution to the total emission
of the long-wavelength component decreased. Initially, the short-
wavelength component primarily represented charged-exciton emis-
sion, whereas the long-wavelength component primarily represented
exciton emission®. With increasing irradiation time, the CQD spec-
trum blue shifted because of photo-oxidation®'. The long-wavelength
component became to convert into the short-wavelength component
after the critical time of 250 s; the exciton emission became coupled to
the short-wavelength leaky mode of SiN/SiO, slab, and the exciton
emission converted into charged-exciton emission. During this pro-
cess, the spectral width and the contribution to the total emission of
the short-wavelength component gradually increased because of the
increasing contribution from the charged-exciton emission. At the
same time, the spectral width and the contribution to the total emis-
sion of the long-wavelength component gradually decreased because
of the decrease in the exciton emission. At approximately 850 s, the
spectral width of the short-wavelength mode exceeds that of the

long-wavelength mode (Fig. 2b), as does its contribution to the total
emission at approximately 1200 s (Fig. 2c). Thus, the long-wavelength
mode and the short-wavelength mode interact with each other?, and
the exciton emission and the charged-exciton emission interact with
each other. Over time, the energy in the long-wavelength component
converted to the short-wavelength component. Fig. S3e displays the
data presented in Fig. 2a, which characterizes the modes as a function
of the irradiation time, in units of meV instead of nm. At the initial
irradiation time of 15 s, the energy interval between the long-wave-
length mode and short-wavelength mode was 105 meV. As the irra-
diation time increased to 250 s, this interval decreased to 93.7 meV.
At the critical time of 250 s, the minimum wavelength interval
between the two modes is observed. After 1500 s, the interval
increased once again to 100 meV. An anti-crossing occurred between
the long-wavelength mode and the short-wavelength mode.
Therefore, the short-wavelength mode and the long-wavelength mode
are strongly coupled to each other, and the excitons and the charged
excitons interact with each other.

Spectra under various collection angles. The spectra of the CQDs
were measured as a function of collection angles, and some of the
representative spectra are presented in Fig. 3a, where the dotted
curves indicate the peak-wavelengths trajectory. The center peak
wavelength as a function of the collection angle, from small to
large (36-56°), are presented in Fig. 3b. The spectrum measured at
a collection angle of 36° could be fitted to a Gaussian function. When
the collection angle was in the range of 36-43°, the spectrum split,
but the interval between the center wavelength of the long-
wavelength component and that of the short-wavelength
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component remained similar. As the collection angle was increased,
the center wavelengths of the two components separated from each
other. Therefore, the trajectory of these two center wavelengths
changed with the collection angle and exhibited anti-crossing
phenomenon, which is a sign of a strong coupling effect. As shown
in Fig. 3b, the anti-crossing point occurred at a collection angle 43°
when the wavelength interval between the two modes was 39 nm and
the Rabi splitting was 82 meV. In Fig. 3a and b, the spectral peaks are
related to the emission of exciton polaritons; at long wavelength,
exciton polaritons are defined as L-polaritons, whereas those at
short wavelength are defined as S-polaritons. The evolution of the
contributions to the total emission of the two types of polaritons as a
function of collection angle is displayed in Fig. 3c. As the collection
angle increased from 36° to 47°, the relative contribution of L-
polariton decreased from 0.93 to 0.57, whereas that of S-polariton
increased from 0.07 to 0.43. As the collection angle was larger than
47°, the contributions diverged in the opposite direction. The
evolution of the spectral widths is depicted in Fig. 3d. Near the
anti-crossing point, the spectral width exhibited some randomness,
which may have arisen because of the strong coupling effect. At
points far from the anti-crossing point, especially at angles larger
than 47°, the spectral widths of the S-polaritons and L-polaritons
were similar. When the angles was smaller than 47°, the coupling of
the exciton emission and charged-exciton emission to slab
waveguide mode was relatively weak, and the spectral width of
exciton emission spectrum was broader than that of the charged-
exciton emission as shown in Fig. 3(d). However, as the collection
angle reached to 47°, the coupling became strong, both the emission
of exciton and that of charged exciton coupled to the slab waveguide,
which had significantly effect on the CQDs’ exciton emission and
charged-exciton emission. Therefore, as the collection angle was

larger than 47°, the spectral width of exciton emission and that of
charged-exciton emission were similar.

PL decays at various wavelengths and the fit parameters. The time-
resolved spectra were measured for the same sample used in Fig. 1
under excitation by a pulsed laser with a wavelength of 400 nm and a
pulse width of approximately 65 ps. The collected emission from the
CQDs was sent to a monochromator with a fast photomultiplier tube
connected to a time correlated single photon counting system. The
PL decay of the CQDs on BOE-etched SiN/SiO, was measured at
various wavelengths, and representative decay curves and their fits
using multi-exponential functions are presented in Fig. 4a, Fig. S4
and Fig. S5. When the PL decay was fitted to a two-term exponential,
the component with the shorter lifetime was assigned to charged-
exciton emission and the component with the longer lifetime was
assigned to exciton emission®. From the fitted parameters presented
in Fig. 4b and c, it can be found that the ratio of the shorter-lifetime
component to the total emission ranged from 0.57 to 0.67 in the
wavelength range of 530 nm to 580 nm, whereas in the same
wavelength range, the ratio of the longer-lifetime component to
the total emission ranged from 0.327 to 0.428. In the wavelength
range from 535 nm to 590 nm, the lifetime of the longer-lifetime
component increased from 4.26 ns to 12.79 ns, and the lifetime of
the shorter-lifetime component increased from 0.625 ns to 3.97 ns.
Thus, from the lifetime values, we can conclude that the longer-
lifetime component (exciton) is related to charged-exciton emission,
whereas the shorter-lifetime (charged exciton) component includes
some contribution from multi-exciton emission.

We also attempted to fit these decay traces to three-term expo-
nentials; however, only the curves in the wavelength range of 530 nm
to 570 nm could be fitted in this manner. The curves at wavelengths
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longer than 570 nm could only be fit to two-term exponentials. The
fit parameters for the various component contributions are com-
pared in Fig. 4d. The component with the shortest lifetime in the
three-term exponential fit is attributed to multi-exciton emission, the
component with the moderate lifetime is attributed to charged-
exciton emission, and the component with the longest lifetime is
assigned to exciton emission®. The ratio of the charged-exciton com-
ponent to the total emission was greater than 0.5 at wavelengths from
550 nm to 590 nm, and the relative contribution of exciton emission
increased from 0.13 to 0.65 with increasing wavelength from
550 nm to 610 nm. By contrast, the relative multi-exciton contri-
bution decreased from 0.43 to 0.12 for wavelengths from 530 nm to
570 nm.

From the decay curves at each wavelength, the PL intensity as a
function of wavelength at various delay time was extracted, allowing
the spectra at various delay time to be obtained. The spectra at delay
time of 0 ns, 1 ns and 10 ns are compared in Fig. 5a. The spectrum
acquired at a delay time of 0 ns and a gate width of 150 ps is referred
to as the F-spectrum, which is predominantly associated with bi-
exciton and tri-exciton emission**. The spectrum acquired at a delay
time of 1 ns and a gate width of 150 ps is referred to as the T-
spectrum and is predominantly associated with charged-exciton
emission. The spectrum acquired at a delay time of 10 ns and a gate
width of 150 ps is called the E-spectrum and is predominantly assoc-
iated with exciton emission. Compared with the E-spectrum, the F-
spectrum and T-spectrum are shifted toward bluer wavelengths
(Fig. 5a). In addition, the PL intensities of the short-wavelength
region at approximately 560 nm in the T-spectrum and F-spectrum
are significantly stronger than that in the E-spectrum. Under excita-
tion of pulsed laser and continue-wave (CW) laser, the spectra were
measured using a spectrometer with a silicon CCD, and the spectra
are presented in Fig. 5b, which may involve exciton emission and

charged-exciton emission. The curve shapes shown here are similar
to those of the E-spectrum and the T-spectrum presented in Fig. 5a.

The PL decay of total spectrum of CQDs on BOE-etched SiN/SiO,
was measured without spectrometer and fitted to three-term expo-
nential (Fig. 5¢), and the fit parameters are presented in Table 1. The
ratio of the charged-exciton component to the total emission was as
high as 0.469 or 0.539, approximately 2-3 times larger than the ratio
obtained for the PL decay of CQDs on unetched SiN/Si. As shown in
Table 1, the lifetimes, 1y, of the exciton emission were 10.15 ns and
14.18 ns for CQDs on BOE-etched SiN/SiO, at two excitation posi-
tions. The lifetimes, t*, of the charged-exciton emission were
2.513 ns and 4.793 ns, and the lifetimes of the multi-exciton (See
insert of Fig. 5¢), T4, Were 0.412 ns and 1.213 ns at two positions.
The PL decay of CQDs on an unetched SiN film was also measured;
the results are presented in Fig. 5d and were fitted to a three-term
exponential. Table 1 presents the fit parameters for two positions,
which correspond to line 3 and line 4. According to these parameters,
the ratio of the charged-exciton component to the total emission of
CQDs on an unetched SiN was as high as 0.264, the lifetime of the
charged-exciton emission was 1.876 ns, and the relative charged-
exciton efficiency was 40.67%. The lifetimes observed for the BOE-
etched film were longer than those observed in the unetched case.
The relative charged-exciton efficiencies®, defined as 2t*/t,, are
given in lines 1 and 2 in Table 1 for the BOE-etching cases are
approximately 49.52% and 67.60% and are larger than those given
in lines 3 and 4 for the unetched cases, namely, 40.67% and 41.88%.
BOE etching of SiN enhances the charged-exciton efficiency, thereby
suppressing Auger recombination®.

Discussion

According to the results presented above, the spectral intensity of
the PL from CQDs on BOE-etched SiN/SiO, film decreased with
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and that on BOE-etched SiN/SiO,. In (c) and (d), the solid circles represent experimental results and yellow lines represent tri-exponential fits. Symbol
of SiN_BOE represents the PL decay of CQDs on BOE-etched SiN/SiO,; Symbol of No_BOE represents the PL decay of CQDs on SiN without BOE

etching.

increasing irradiation time. The PL spectra split into several peaks,
they blue shifted with increasing irradiation time. The blue shift of
the CQD spectra was similar to that observed in conventional photo-
oxidation®', in which the spectrum contained a single emission peak.
Similar behavior was also observed in our spectra of CQDs on SiN
film without BOE-etching. However, for CQDs on BOE-etched SiN/
SiO,, the spectra were found to split into several peaks. The relative
contribution of the short-wavelength component increased with
increasing irradiation time, whereas that of the long-wavelength
component decreased. The long-wavelength component represented
predominantly exciton emission, and the short-wavelength compon-
ent represented predominantly charged-exciton emission. Regarding
the relative contributions of the exciton and charged-exciton compo-
nents, the ratio of the charged-exciton component to the total emission
increased with increasing irradiation time, whereas that of the exciton
component decreased. At approximately 1200 s, the relative contri-
bution of charged exciton (the short-wavelength PL peak) exceeded that

of exciton emission. According to measurements of the PL decay pro-
cess, even at short irradiation time, the CQDs have already been
charged. Because the emission of positively charged excitons occurs at
shorter wavelengths compared with exciton emission and because of the
shorter lifetime of the charged-exciton emission, the leaky modes of the
SiN/SiO, slab predominantly enhance the charged-exciton emission.
Thus, the evolution of both peaks of the spectra with irradiation time
reflects the dynamics of charging in the CQDs.

Why did the spectra split at a certain irradiation time when the SiN
film had been subjected to BOE? This splitting may be related to the fact
that the short-wavelength peaks of the spectra predominantly originate
from the charged-exciton emission and may arise through two possible
physical mechanisms. One mechanism is the Coulomb electron-elec-
tron repulsion in the BOE-etched SiN. This Coulomb interaction in the
SIN will affect the electron confinement potential of the CQDs.
Moreover, laser excitation at sufficiently high power intensity and with
a sufficiently long duration will introduce intermixing between the

Table 1 | The three-term exponential fit parameters for PL decay. SiN_BOE represents the PL decay of CQDs on BOE-etched SiN/SiO»;
No_BOE represents the PL decay of CQDs on SiN without BOE etching. The symbols 1,, t*, 1., Ay, A%, A, QY,, and QY* represent the
exciton lifetime, the chcrged-exciton lifetime, the lifetime of multi-exciton emission, the ratios of exciton, charged-exciton and multi-exciton
emissions fo fotal emission, the efficiency of multi-exciton emission, and the relative efficiency of charged-exciton emission, respectively

SiIN_CQD 1, (ns) * (ns) T (NS) A, ratio A* ratio A, ratio T/ T QY (%,41,/ 15, %) QY* (=27*%/1x,%)
BOE, P1 10.150 2.513 0.412 0.350 0.539 0.110 6.099 16.24 49.52
BOE, P2 14.180 4.793 1.213 0.330 0.469 0.202 3.950 34.12 67.60
No-BOE 9.225 1.876 0.287 0.499 0.264 0.253 6.536 12.44 40.67
No-BOE 8.954 1.875 0.290 0.493 0.184 0.322 6.465 12.96 41.88
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CQD core and shell. This intermixing will modify the sharp electron
confinement potential to a smoother one. This smoother electron con-
finement potential will suppress Auger recombination, causing the life-
time of the charged-exciton emission to increase. This interpretation is
in consistent with the experimental results presented in Fig. 5 and
Table 1. The other potential mechanism involves electron transfer.
The BOE etching may bring the surface Fermi level position of the
rough SiN near to the Fermi level of the CQDs, thereby facilitating
electron transfer between the CQDs and the rough SiN. It was difficult
to remove the CQDs from the BOE-etched SiN film using conventional
washing methods, which indicated that the CQDs had conjugated to the
SiN surface through covalent bonds. Moreover, the distance between
the CQDs and the SiN surface is sufficiently small to give rise to res-
onant energy transfer. Thus, the photo-activated CQDs on the SiN form
a charge-separated state, and excitons in the CQDs are positively
charged. Given BOE etching with proper time, as the light irradiation
time increases, the charge in the CQDs will increase, and consequently,
the intensity of the charged-exciton emission component will increase.
Because the spectral position of the positively charged excitons lies
predominantly in the short-wavelength region of the exciton emission®,
the charged-exciton emission is more easily enhanced by the leaky
modes, which are at similar wavelengths, than is the exciton emission.
Therefore, the spectral peak in the short-wavelength region originates
from the strong coupling of the charged-exciton emission to the leaky
modes of the SIN/SiO, slab, which allows charged-exciton polariton to
form. With the irradiation time increasing, the emission spectra of
quantum dots shifted to blue due to photo-oxidation, as the spectra
shifted to overlap with the leaky mode located at short wavelength
region, the emission of CQDs was enhanced, and the coupling of the
emission to the leaky mode was enhanced.

In conclusion, the PL spectra and dynamics of emission of CQDs
on a SiN film were investigated by spin coating CQDs onto SiN/SiO,
that had been wet etched using the BOE. The PL spectra exhibited
multi-peak shapes correlated with the leaky modes of the SiN/SiO,
slab, and the angle-resolved spectra suggested the occurrence of Rabi
splitting, which indicated the formation of waveguide exciton polar-
itons. From comparisons of these spectra with those of CQDs on an
unetched SiN film and analysis of the wavelength-dependent lifetime
of the charged-exciton emission, it appeared that the wet-etched SiN
film behaved as an electron acceptor. The Coulomb repulsion sof-
tened the abrupt core/shell interface and the surfaces of the CQDs,
consequently decreasing the Auger recombination rate and increas-
ing the lifetime and PL efficiency of the charged-exciton emission.
The leaky modes of the SiN slab significantly enhanced the charged-
exciton emission, which strongly coupled to the waveguide leaky
mode to form waveguide charged-exciton polaritons.

Methods

A silicon nitride (SiN) film with a thickness of 420 nm was grown via plasma-
enhanced -chemical vapor deposition (PECVD) on top of silicon dioxide that had
been thermally grown on a silicon substrate. The refractive index of the SiN was
approximately 2.0. The SiN/SiO, film was wet etched using BOE (HF:NH,F:H,0 =
1:5:5) less than 30 s. Approximately 10 pl of a CQD water solution with a con-
centration of 1.6 X 107° M was drop cast onto the surface of the SiN film. The final
SiN/SiO, film had a thickness 0f 420 nm/1 pm and was coated with CdSe/ZnS CQDs,
which emitted light centered at a wavelength of 585 nm under excitation by a 405 nm
continuous-wave laser diode using a 40X/0.6 objective. The average excitation power
was 2 mW. The emission spectra at various irradiation times were collected auto-
matically through the same objective by a spectrometer with a Si CCD at intervals of
one frame per second.

In the PL decay experiments, a 400-nm laser diode with a pulse width of 65 ps was
used as the pump light. A 40X/0.60 objective was used as the focusing lens and as the
collection lens to filter the emission from the CQDs. The collected signal was then
sent to a monochromator (Princeton Instrument, SP-2500) with a photomultiplier
tube (Becker & Hickl-bh, PMC-100-20) and then to a time correlated single photon
counting (TCSPC, Becker & Hickl-bh, SPC-150) system for lifetime analysis.
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