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Evaluating the transition dipole moment of
quantum dots with absorption and angle
resolved photoluminescence spectroscopy
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Abstract. In this report, the evaluation procedure of ensemble averaged
transition dipole moment (TDM) of CdxZni.xSe,Si.y alloyed quantum dots
(AQDs) is discussed. The TDM magnitude and orientation of AQDs are
extracted from the absorption spectrum and the angle resolved
Photoluminescence spectral measurement respectively. The TDM of AQDs
in vacuum is evaluated as 11.94 D + 1.92 D and the anisotropy coefficient
shows that the AQD emission is isotropic.

1 Introduction

The Spontaneous emission rate of quantum dots under dipolar approximation, can be
described in the terms of transition dipole moment and the local photonic density of states.
In this manuscript the dipolar approximation [1] holds well, as the criteria for weak
interaction between probing electromagnetic radiation and the emitting quantum dots is
satisfied.

o  The wavelength of light emitted (= 603 nm) is much larger than the size (=~ 6
nm) of the quantum dots.

e  The emission frequency of quantum dots (= 10'4s!) is significantly larger than
the inverse of the emission lifetime (= 108 s°1)

This dipolar approximation is a useful but primitive picture of quantum dot’s spontaneous
emission, as it ignores the Coulomb interaction of charge carriers, Hartree-Fock band gap
renormalization and other carrier scattering processes.[2] The effect of quantum dot
confinement potential on the in-plane motion of carriers is significant as the Bohr-Exciton
radius of bulk cadmium selenide (CdSe) is 5.7 nm[3] is close to the size of the quantum dots.
The quantum dot capping ligand molecules, also influence the quantum dot’s energy
levels.[4] When a thick quantum dot film is excited, the collective emission of the quantum
dot film occurs on a faster time scale of 1072 s[5] In this manuscript the emission
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measurement is observed on a much slower time scale of 10 s. Essentially the coupled
emission is not observed under the measurement conditions, so the emission is purely of that

ofnon-coupled quantum dot dipoles. Under the dipolarapproximation, the Fermigolden rule,

which indicates the probability [6] of the vacuum spontaneous emission rate (T’ 3;) between

two non-degenerate energy levels E; and E; of an emitter is given as

2
el T (1)

r
Here HZI is the transition dipole moment (TDM) of the emitter and p is the local photonic
density of states. For vacuum, p =1, so the TDM decides the spontaneous emission rate of
the emitter system. The magnitude of the TDM of quantum dot in vacuum is related to the
absorption cross-section of quantum dots as [7]

o 12 3ehiem
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Here o,,,(v) is the absorption cross-section and A, is the emission wavelength. The
absorption cross-section is integrated over the upper and lower frequency limits (vr & vi)
respectively. In case of a non-coupled quantum dot film, the collective TDM measured is the
ensemble averaged emission over measurement time scale. From the angle dependence of
the emission spectrum intensity measurements relative to the substrate of the quantum dot
film, the TDM orientation can be estimated from the anisotropy coefficient (a) as [8]

I, =al, +(1-a)1, 3)

The ensemble averaged TDM of quantum dot film is measured by both absorption and angle
resolved photoluminescence spectroscopy in this manuscript.

2 Methods

Hydrophobic CdxZn1xSeySi.y alloyed quantum dots (AQDs) with Octadecene (ODE)
ligand molecule capping are synthesized by a hot injection method, following the protocol
reported in [9]. The detailed AQD synthesis and cleaning procedure is described in the report
[10] The synthesized AQDs are characterized by transmission electron microscopy and
energy dispersive X ray spectroscopy (EDS) measurements as shown in Fig 1(a), 1(b) and

1(c).

Table 1. The table shows the elemental analysis obtained from the EDS spectrum of AQDs.

Element Atomic fraction (%) | Error (%)
Carbon 98.42 1.95
Sulphur 0.66 0.12

Zinc 0.7 0.09

Selenium 0.10 0.01

Cadmium 0.11 0.01

The large carbon mass fraction in Table 1. is attributed to the ODE ligand and solvent. The
cationic and anionic atomic fractions of AQDs is extractedasx =0.14+ 0.1 andy=0.13 £
0.1. The EDS analysis shows that AQD compositional formula is Cdo.14Zno.86 Seo.13S0.87. The
AQD size histogram is shown in the Fig. 1(d) and the mean AQD size is 6.1 nm + 1.1 nm.
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Fig. 1(a) and (c) transmission electron micrographs of the synthesized AQDs. (b) shows the EDS
spectra of synthesized AQDs, with the characteristics X-ray peaks of the elements in the inlay of the
figure. (d) shows the size histogram of the synthesized AQDs from figure 1(c).

The AQDs are self-assembled on to films on glass and SiO2-Si substrates by the transfer
cycles of the Langmuir Schaefer (LS) method.[11] The deposited layers are characterized by
atomic force microscopy (AFM). The height profile of AFM shows thatthe AQD size is 5.6
nm = 0.3 nm asshown in Figs. 2(a) and 2(b). This estimate is considered asthe accurate size
of AQDs. The steady state photoluminescence (PL) and time resolved photoluminescence
(TRPL) are measured for 5 transfercycle (STC) sample using a confocalmicroscope (Witec
alpha 300). 532 nm continuous wave (CW) laser and 405 nm pulsed lasers are focused onto
the sample in reflection geometry using fiber coupled beam splitter and 20X magnification
objective with numerical aperture (NA) 0.22 for PL and TRPL measurements respectively.

For PL measurementthe 532 nm laser diode output power is set at 10 uW and the reflected
light is filtered through a 532 nm edge notch filter to reject laser line. The filtered light is
then relayed onto a 600 grooves/mm grating coupled Peltier cooled CCD detector. The
grating and system configuration results in 0.13 nm spectralresolution. The CCD integration
time is set at5 s and averaged over 4 accumulation cycles. The PL intensity is measured in
arbitrary units (a.u.) The angle resolved Photoluminescence spectra are measured by a home-
built setup reported in [10] For TRPL measurement, the 405 nm pulsed laseris set at40 pW
power. The Laser pulse repetition rate is set at 20 MHz, which translates to 50 ns temporal
separation between two consecutive pulses. The emitted light is collected with 20X/0.22 NA
objective and filtered from the probing laser pulses using a 488 nm long pass filter. The
integration timeis 10 s and the emission is averaged over 10 accumulation cycles. The TRPL
is measured by the time-correlated single-photon counting (TCSPC) method using a
Picoquant SPAD detector with 30 ps lifetime resolution.
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3 Results and Discussion

To measure the absorption cross-section, the transmission spectrum of Rhodamine-6g
(Rh6G) dye and AQD solutions are prepared in Chloroform solvent is measured. The
concentrations of the Rh6G dye and AQD solutions are 0.40 mg/ml and 0.34 mg.ml!
concentration respectively. The Rhodamine 6G dye solution dimerizes at higher
concentration, so the dye concentration is deliberately kept at a low level. The absorption
cross-section is calculated from the decadic Absorbance as [12]

1n10-A In10-A

Gabs:;A,c.L = (nfL ) Vaop 4)
Here Na is Avogadro number (6.022x102%3), ¢ is the concentration of the dye solution and 1is
the path length of incident beam in cuvette. (Here L=1 cm). A is the decadic absorbance, f'is
the volume fraction of AQDs and Vagp is the volume of a single AQD.

AQD size =5.6 nm * 0.3 nm
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Fig. 2. (a) shows the AFM image of a self-assembled LS method monolayer. (b) shows the height
profile of the monolayer. (c) shows the decadic absorbance spectrum of Rh6G dye and AQD solutions

in Chloroform at 0.40 mg.ml"' and 0.34 mg.ml"' concentration respectively. (d) shows the respective
absorption cross-section for Rh6G and AQD.

The absorption cross-section @530 nm of Rh6G in chloroform is measured as
RH6G _

Oaps cp=3.64x10715 cm? £ 0.08x10°'5 cm? as shown in Fig 2(c). The reported value of
absorption cross-section of Rh6G in water,[13] as c¢$=3.21x10-!5 cm? @530 nm. Using

abs, w

ny=1.33 andn=1.44 in equation (5), the reported cross-section value of Rh6G in water is
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converted to Rh6G cross-section in chloroform as 3.78x10°!5 cm2. The measured value is
within 5% of the reported value.

2
4 2
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Gabs,W Gabs,CF 4,2 22
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The AQD absorption cross-section of Fit A @ 576.2 nm is estimated GE&‘?EQD= 2.76x10°13
cm? £ 0.44x10°!5 cm? from the Fig 2(d).
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Fig. 3. (a) shows the PL spectrum of LS monolayer AQD on fused silica substrate. (b) shows the TRPL
spectrum of LS monolayer AQD on fused silica substrate.

By using the equation 2 and absorption cross-section, the magnitude of TDM can be
calculated overthe full width half maximum ofFit A in the inlay of Fig. 2(d). The wavelength
of emission 603.03 nm is extracted from Fig 3(a). The corresponding magnitude of TDM is
estimatedas 11.94 D+ 1.92 D forthe AQD solution. The estimated value of TDM is typically
in the range reported for chemically synthesized quantum dots.[14]

The angle dependent PL emission spectra are measured by placing a linear polarizer plate in
the beam path before the CCD input fiber. The polarizer (WP25M-VIS) has an average
extinction rate of 800:1. The polarization axis of the linear polarizer can be rotated to align
with horizontaland verticaldirections. The vertical and horizontalaxes are denoted by Y and
X axes as shown in Fig 1(b). The laser beam line is considered parallel to the Z axis.

So, the intensity radiated by an ensemble of dipoles can be summed in terms of the intensities
radiated by the individual dipole components along X, Y and Z axes. The substrate is
assigned a co-ordinate system (X’, Y’ and Z’) fixed with the laser beam spot (size~3 mm)
center asorigin. Here the glass cylinder is rotated alongthe Y=Y’ axis, which coincides with
the symmetry axis of the glass cylinder. The angle dependence of the linearly polarized PL
emission along X and Y axes is measured. The polarizer plate is then removed and
subsequently the unpolarized angle dependent PL emission is measured. The polarized
emission along Z axis can be evaluated by subtracting the sum of X and Y polarized PL
emission intensities from the unpolarized PL emission intensity. To extract the intensity from
the TDMs along axes (X', Y’ and Z’) from the measured emitted intensity of TDMs along
X, Y and Zaxes,a rotation of axes is performed, by rotating the system by an angle 0 around
Y=Y’ axis.



EPJ Web of Conferences 373, 03005 (2026)

SciTech-25

(a)

125000

iarized Linear Polarizer
—(&— unpolarize

100000 —O— v-polarized
—O— h-polarized

£ ccD
s :
75000 input
o X

®

5 50000 -

g

E PL emission

25000 X

0 10 20 30 40 50 60 70 8o Laserbeam

incident angle (degree)
(c) (d)

30

9 ==l o SML 30
Ny /\
20 @ 9 R e
/ eee ged |\ 25
3 10f / LY o v °\ -
S r [ P A -Q S
i o9 99— “o—o® bo| = 20
'g 13 L L L L L L L L L i 15
s - sML| B
o s 10
£ 0/0\0 °/°\o g
= S5r \ / T 5
%50 P =
s b / s
%, 0900—0-%~0—0000y" 0
0F, L [ L et L it ) L L i L i F i i 4 A 4
-80 60 -40 -20 0 20 40 60 80 80 -60 -40 20 0 20 40 60 80
incident angle (degree) incident angle (degree)

Fig. 4. (a) shows the measured integrated PL spectral intensity for 5 LS layer sample. (b) shows the
schematic of angle resolved PL measurement. (c) shows the normalized integrated PL intensities in the

plane (||) and normal (L) to the plane. (d) shows the total integrated PL intensity relative to in the plane
and out of the plane (L) contributions.

Considering the substrate plane is defined as X’-Y’ plane, the in plane (]|) and out of plane
(1) intensity contributions can be expressed asI, =al, +(1-a) I;, from procedure described in
the report [8] AQD sample with 5 LS layers is used for measuring emission anisotropy. The
PL emission spectrum is measured and from the angle dependence of these three spectral
measurements, TDM orientation can be estimated from the Fig 4(d). The anisotropy
coefficient (a) is estimated as 0.349 = 0.002. This represents a nearly isotropic emission as
the anisotropic coefficient is within 5% of ideal value of 0.333.[15]

Conclusion

The synthesized AQDs are characterized by TEM and opticalspectroscopy. The TDM value
0f 11.94 D is obtained forthe AQDs in solution. The PL emission of the ensemble is isotropic
as the orientation of TDMs is distributed equally in all directions. The in the plane dipole
contribution to PL emission is dominant at normal incidence and the out of plane dipole
contribution to the PL emission is dominant at oblique angles of incidence.

Authors acknowledge the use of many mechanical components of the angle resolved emission
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