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Colloidal cadmium selenide (CdSe) nanoplatelets (NPLs) are a recently developed class of efficient lumi-
nescent nanomaterials suitable for optoelectronic device applications. A change in temperature greatly
affects their electronic bandstructure and luminescence properties. It is important to understand how and
why the characteristics of NPLs are influenced, particularly at elevated temperatures, where both revers-
ible and irreversible quenching processes come into the picture. Here we present a study of the effect of
elevated temperatures on the characteristics of colloidal CdSe NPLs. We used an effective-mass envelope
function theory based 8-band k-p model and density-matrix theory considering exciton—phonon inter-
action. We observed the photoluminescence (PL) spectra at various temperatures for their photon emis-
sion energy, PL linewidth and intensity by considering the exciton—phonon interaction with both acoustic
and optical phonons using Bose—Einstein statistical factors. With a rise in temperature we observed a fall
in the transition energy (emission redshift), matrix element, Fermi factor and quasi Fermi separation, with a
reduction in intraband state gaps and increased interband coupling. Also, there was a fall in the PL inten-
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sity, along with spectral broadening due to an intraband scattering effect. The predicted transition energy
values and simulated PL spectra at varying temperatures exhibit appreciable consistency with the experi-
mental results. Our findings have important implications for the application of NPLs in optoelectronic
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1 Introduction

Semiconductor nanoplatelets (NPLs) are a class of atomically
flat quasi two-dimensional (2D) quantum confined nanocrys-
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devices, such as NPL lasers and LEDs, operating much above room temperature.

tals, often synthesized wusing wide bandgap II-VI
materials."™ Advancements in colloidal chemistry have led
to the synthesis of high quality single crystal NPL samples.""
This is assisted by the saturation of dangling bonds on the
surface, as the organic ligands block further growth.” This
reduces nonradiative recombination paths, enhancing their
optical properties. They have attracted increasing interest as
they can act as cost-effective and efficient luminophores in
display devices, LEDs and lasers.® They are excellent candi-
dates for such applications owing to their morphological
bandgap tunability, fast fluorescence lifetime and unique
optical characteristics supporting bright and tunable spectral
emission with narrow full-width-at-half-maxima (FWHM)
spanning the entire visible to near IR spectral range.>* They
exhibit strong 1D confinement as their thickness is very
small (typically a few monolayers (MLs)) compared with the
Bohr radius.® Also, they have smaller fluorescent lifetimes
than typical colloidal quantum dots (QDs) as a result of fast
band-edge exciton recombination. NPLs have been routinely
synthesized with a high quantum efficiency of about 50%.”
Compared with QDs, they typically have narrower emission
spectra, reduced inhomogeneous broadening and sup-
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pressed Auger recombination. Recently, for the first time,
continuous wave laser operation has been demonstrated
using colloidal NPLs.®

With the recent developments and potential applications of
NPLs in commercial optoelectronic devices,”® it is imperative
to study their characteristics and performance at elevated
temperatures — when both reversible and irreversible lumine-
scence quenching processes come into play.” In this work, we
study in tandem, using theoretical modeling and experimental
measurements, the underlying physical phenomena determin-
ing the optoelectronic characteristics of CdSe NPLs across
varying temperatures above room temperature (RT). Achtstein
et al.'® studied NPL characteristics at the cryogenic range,
while there are several works studying QDs and other nano-
crystals across varying temperature ranges.''™ But, work
addressing the study of NPL optoelectronic properties at elev-
ated temperatures above RT has not been reported thus far.
We begin by laying down the theoretical framework, followed
by a comprehensive discussion on the obtained results to
understand the physics of the NPLs at elevated temperatures,
and present experimental methods at the end.

2 Theoretical framework

2.1 Electronic bandstructure

Here we study CdSe NPLs in the zinc blende (ZB) phase as
they are colloidally synthesized. The surrounding dielectric
medium formed by the ligands in colloidal solutions helps
in optical property enhancement by surface electronic state
passivation and also in stabilizing them. In our model we
construct each NPL atom-by-atom in a 3D structure and use
an effective mass envelope function theory approach based
on the 8-band k-p method. This is used to solve the eigen-
value equation to obtain the eigenenergy values and elec-
tronic structure around the I'-point of the Brillouin zone.
We simultaneously take into account the nonparabolicity of
the coupled valence band (VB) and conduction band (CB)
including the split-off bands. Using the Bloch
function basis of |[s)1, |11)1, [10)1, |1-1)1, [s)), [11)l,
[10)}, |1-1)l, the 8-band Hamiltonian can be expressed as'*

4 ihy /Z‘p(kx+iky) ih /_E—Pk' in\/Ep (k,—ik,)
N 2my 2 2./my
c.c. B C D
c.c. c.c. E C
Hg.5 = c.c. c.c. c.c. B
vy =
c.c. c.c. c.c. c.c.
c.c. c.c. c.c. c.c.
c.c. c.c. c.c. c.c.
c.c. c.c. c.c. c.c.

where all the quadratic, linear and independent terms of k are
in the first Hamiltonian matrix, with H; = Hj’;, denoted by c.c.
standing for the complex conjugate. E, is the Kane’s theory
matrix element and Vypy, is the NPL confining potential. The
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expressions for the Hamiltonian elements of eqn (1), A
through E are detailed below. The modified wavevectors,
k., k"v, k, are calculated using the 3 x 3 strain tensor matrix, e:

hZ
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2 ’ ’
[P {L M ) +M’k§]
2my | 2 7 (2b)
b
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Using the Luttinger-Kohn effective mass parameters y4, 7»,
73 as listed in Table 1, we have derived the modified Luttinger
parameters for our calculation:
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Table 1 Physical material parameters of CdSe at room temperature

Symbol (unit) Physical parameter Value™*
Eq (eV) Bandgap energy 1.732¢
Ej (eV) Kane matrix element 16.5°
Ao (€V) Spin-orbit splitting energy 0.42°
71 Luttinger-Kohn parameters 3.265°
s 1.162¢
s, 1.443¢
m, / mo Effective electron mass 0.124
mh/mo Effective hole mass 0.457
a. (eV) Hydrostatic deformation potential of CB —2.83“
a, (eV) Hydrostatic deformation potential of VB 1.15¢
b (eV) Sheer deformation potential —1.05
d (ev) Sheer deformation potential —3.10¢
a, (A) Lattice constant 6.0527
do (A) Interatomic bond-length 2.620°
a(Nm™) Bond-stretching force constant 35.22°
A(Nm™) Bond-bending force constant 3.14°
n, Refractive index 2.5¢
ag (nm) Bohr radius 5.67

“Ref. 18. P Ref. 19. “Ref. 20.  Ref. 21.  Ref. 22./ Ref. 23.

Hg,, given by eqn (4) is the VB spin-orbit coupling
Hamiltonian:

00 0 0 0 o0 0 0
00 o0 0 0 0 0 0
0 0 -1 0 0 —/2 0 0
g o_BAf0 0 0 20 0 V20 (@)
7 310 0o o0 0 0 o0 0 0
00 —/2 0 0 -2 0 o0
0 0 0 V2 o 0 -1 0
00 0 0 0 0 0 0

Considering the NPL periodicities to be L, L, L, along the
x, y and z directions, we use plane waves to expand the eight-
dimensional hole and electron envelope wave function as'’

bm={d’} (=1,2,..,8) (5a)
with
. 1 ) )
P, = 7 Z alm,nx}ny‘nze[l(knxx+knyy+knzz)] (5b)
Ty 11y 1z

where ky, = 2nn,/Ly, ky, = 2n1y/Ly, ky, = 270,/L, and ny, n,, n, are
the plane wave numbers. And V = L,L,L,. The indices of the
basis and energy subbands are given by j and m respectively.

Now, the interatomic interactions in the NPL cause atomis-
tic relaxations which can be estimated by employing the micro-
scopic theory of a valence force field (VFF) model, wherein we
account for 2-body interaction (atomic-bond-stretching) and
3-body interaction (atomic-bond-bending). The sum total of
the strain energy is given by'°

3a
Eypr = ZlGd:,'jl(‘rl_lﬂ —do”)
i) ’
3 (6)
+ 3 (g — x|l — x| — cos Be-do ydo i)
8d. d i X k COS Ujjr- Ao jjQo,ik
i(7.%) 0,ij 0,1k
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where the atoms in the crystal lattice are identified by the
indices i, j and k. d, ; is the ideal atomic bond-length between
the i and /™ atoms, with 4d, ; = \/3a; relating it to a, ; the
lattice constant.” Factors such as external piezoelectric strain
or temperature cause deviations in the bond-length from the
ideal d, j, and the bond-distance between the i™ and j™ atoms
in the system studied is given by |r; — r;|, where r; is the posi-
tion vector of the /™ atom. The bond-stretching force constant
of the i-j bond is given by a;; (Table 1). The ideal bond-angle
of the bond among the i, /™ and ™ atoms (vertexed at /™
atom) is given by é,jk (= 1/3 for ZB structures). The bond-
bending force constant of the j-i~k bond-angle is given by f;
(Table 1).

2.2 Optical properties

For studying the optical characteristics of NPLs, we use the
density-matrix equation dependent on the quasi Fermi levels
of the CB (f.) and VB (f;). We can estimate it for a two-dimen-
sional structure with exciton effects as a sum of the spon-
taneous radiative rate from the excitonic bound states, rex‘b
and continuum-states, rg,. The excitonic bound state contrl—
bution is given by**>*
e*n.E

P (E) = — 5> IPR0) 1 o’ [

T[m02€0(/‘3h2t cv (7a)

X fe(1 =f0) 7 (E = Eey — Ep)

— 4/} —2xf}/ay
Pis(x) = aBme (7b)
Ey = —4f°R, (7¢)

where the symbols (e, n,, E, my, &, ¢, h) have standard physical
meanings. ¢ is the NPL thickness, ¥;4(x) is the 1s exciton envel-
ope function and x is the relative distance between the electron
and hole along the transverse direction in the NPL. f. and f,
are the Fermi-Dirac distributions of the CB and VB, dependent
on the quasi-Fermi energy levels of the CB (Eg) and VB (Eg),
respectively. I, = [ %59 ()" (z)dz is the overlap integral
between the electron and hole wavefunctions along the trans-
verse direction. Ey, is the 1s exciton binding energy and S is a
variational parameter, taken to be 1 for two-dimensional struc-
tures, based on the conclusive observation that for two-dimen-
sional semiconductors, the binding energy increment by the
low dielectric constant of the surface ligands and the solvent is
almost exactly compensated by the self-interactions of elec-
trons and holes with self-image potential.* ag = 4neqeh*/m. e
and Ry = m,e'/32n°¢,’,°h’ are the excitonic Bohr radius and
excitonic Rydberg energy respectively, where m, is the reduced
mass of the electron-hole pair: m,™* = m.™* + m, " and &, is
the relative permittivity. For the continuum state contri-
butions, we have?*>°

e’n.E

El/cvlfc —f)

X SZD (E ECV) (E ECV)

T my2eo 3RV (8a)
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2
1+ exp(—2n\/Ry/(E — Ecy))

where S,p(E) is the 2D Sommerfeld enhancement factor.® V is
the NPL volume in real space. The PL emission is the
maximum when f. = 1 (fully occupied upper level) and f, = 0
(fully empty lower level), and the emission rate is «fo(1 — f),
which is called the Fermi factor.”” The calculation of the
theoretical PL also takes into consideration the spectral tran-
sition energy broadening (dephasing) effect accounted for by
the Lorentzian broadening lineshape term  .(E — E.,) in eqn
(7a) and (8a), given by

Sop(E — Eey) = (8b)

l h/fin
T (E - Ecv)2 + (h/'rin)2

Y o(E—Ee) = (9)
whose full width at half maximum (FWHM) is 2//z;, and scat-
tering probability per unit time is 1/z;,, where 7;, is the intra-
band relaxation time. The term |/, |* in eqn (7a) and (8a) is
the square of the optical transition matrix element (TME). It
quantifies the strength of transition between the electron- and
hole-subband.*® We calculate it using the momentum oper-
ator, p and the real electron and hole wavefunctions, ¥, and
Yk respectively: Fevi = (Pexlep|Pvx), i = x,,2.%°
Expressions for./,; along the x, y and z directions are given in
the ESL{ The average of /¢, and ./, (TMEs along x and y
directions) contributes to the transverse electric (TE) mode
emission, while /¢, ,, the TME along the z direction contrib-
utes to the transverse magnetic (TM) mode emission. The TE
mode emission is x-y plane polarized, while the TM mode
emission is z direction polarized. Table 1 lists the material
parameters of CdSe used in this work, citing their sources.
Now, in section 3, using this theoretical framework, we study
the effect of temperature on the optoelectronic properties of
CdSe NPLs and compare it with the experimental results.

3 Results and discussion
3.1 Theoretical results

We have used the theoretical model described in section 2 to
study the optoelectronic characteristics of quasi two-dimen-
sional colloidal CdSe NPLs of lateral dimensions of 22 nm x
8 nm, and a vertical thickness of 4 monolayer (ML), across
temperatures varying from room temperature (RT) to 90 °C.
We have modeled and studied NPLs of these particular dimen-
sions, based on experimental measurements as we shall
describe later in section 3.2. Under this scheme, we have
studied how temperature affects their electronic structure and
optical properties and predicted some temperature-dependent
photoluminescence (PL) characteristics of CdSe NPLs. Fig. 1a
shows the theoretically calculated excitonic transition energy
(and photon emission wavelength) from the bottom of CB (E1)
to the top of VB (H1) i.e. E1-H1, as a function of temperature.
With an increase in temperature there is a red shift in the tran-
sition energy (photon emission energy). The reason is that the
bandgap, E, has a negative thermal coefficient (dE,/dT) due to
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(i) lattice thermal dilatation and electron-phonon interaction
«T at high temperatures, and (ii) electron-phonon interaction
«T® at low temperatures. In this context, we conventionally
have the Varshni relation® to explicate the behavior of E,.
However, detailed systematic studies for II-VI semiconductors
have shown that sometimes the Varshni relation may not be
very accurate.”’ Another semiempirical expression suggested
by Cardona et al.** is more accurate as we shall subsequently
see. Also, with an increase in temperature, the phonon concen-
tration increases and causes increased scattering and non-
radiative recombinations start occurring,* which causes the
E1-H1 TME to decrease.

Of the eight temperature cases studied in Fig. la, we
present the electronic bandstructure and the probability of
band mixing between conduction electrons and valence heavy-,
light- and split-off-holes due to coupling for the 4 ML CdSe
NPLs at 30, 50 and 70 °C, in Fig. 1b-d. The E states represent

s (a) : — _
v 42 eV —a— E1-H1 Theoretical Transition
22.42(2.43 eV 15128
) _2 3 gV\ \u Energy/Wavelength (€V/nm) | |” £
5 241 eV~ Is17E
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g 239 eV~ T 2
. i)
I*% 2381 2.38 eV\u\236 eV—SZl g
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g 0|0] >
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0.0 LITH’H’\'I’I‘I‘I‘I‘HTH’HJO }I3andenergy ”u” ” . ) HENN 4 -0.15
" E10 E7 E4 E1 HI H4 H7 H10

Conduction (electron) state index ~ Valence (hole) state index

Fig. 1 (a) Theoretical E1-H1 (bottom of conduction band to top of
valence band) excitonic transition energy/wavelength as a function of
temperature. Frames (b—d) show the electronic bandstructure and the
probability in band mixing between conduction electrons and valence
heavy-, light- and split off holes for 4 ML CdSe NPLs at (b) 30 °C, (c)
50 °C and (d) 70 °C. E1-H1 transition energies are indicated. Legends
show the band mixing probabilities.
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the conduction electron states, while the H states represent
the valence hole states. Each of the states is two-fold degener-
ate, considering spin-up and spin-down alternatives. For the
sake of discussion, let us consider the 4 ML CdSe NPL at 30 °C
of Fig. 1a as a case. The E1-H1 transition energy (2.42 eV)
determines the PL peak emission energy.; The CB states
mainly comprise electrons with a very low composition of &h,
Ih and split-off (so) hole, which comes from the coupling
effects. The effective 17 mass is much larger than the effective
electron mass for CdSe,>" thus the hh dispersion curve is
flatter than the conduction dispersion curve. Therefore, the
first ten hole levels span only ~140 meV, while the first ten
electron levels span ~425 meV. In the VB, the first few levels
are hh dominated followed by an increased influence of [z and
so. Comparing the span of the first ten electron and hole states
and band-mixing probabilities of the three cases in Fig. 1 we
have two significant observations: (i) an increase in tempera-
ture induces a faster reduction in the intra-CB state gaps com-
pared with the intra-VB state gaps. For instance, for a tempera-
ture rise of 20 °C between the adjacent frames of Fig. 1, the
Ag1-g10 is over five times larger than the Agy_gq0. This is by
virtue of the temperature-induced thermal lattice dilatation
effects, given that the deformation potential of the CB is
higher than that of the VB for CdSe; and (ii) an increase in
temperature promotes e-h quantum state coupling - the con-
duction states start to have an increased contribution from
holes and vice versa. Moreover, the intraband dynamics is also
affected, such that the role of the dominant contributor
diminishes with increasing temperature. For instance, the
dominant contributors for H1 through H8 is ik while for H9
and H10 is [h, whose contribution falls as temperature rises.
The contrast is, however, too small to be reflected graphically.
These band-mixing probabilities are affected by the varying
degrees of coupling between the conduction electrons and
valence hh, [h and so holes, which can be empirically deter-
mined. For each level, the band-mixing probabilities are dic-
tated by their aggregate electron and hole wavefunctions and
the associated charge densities thereof.

The Fermi factor and energy levels are important determi-
ners of the temperature-dependent optoelectronics character-
istics. In Fig. 2a we show the Fermi factor f,(1 — f,) at E1-H1
transition and in Fig. 2b the Fermi energy separation AF =
E¢. — Eg in our 4 ML CdSe NPL as a function of temperature,
for varying photogenerated carrier densities from 1 to 5 x 10"°
ecm ™. The AF for each case is compared with the E1-H1 tran-
sition energy, and AF > E1-H1 ensures the Bernard-
Duraffourg inversion condition (population inversion) necess-
ary for lasing.>® With an increase in carrier density, both
Fermi factor and Fermi energy separation increase. However,
as we continue to increase the density, the extent of Fermi
factor increment falls, as it approaches saturation. However, a

iLater in section 3.2 we will show that the experimental PL emission spectrum
of 4 ML CdSe NPL at 30 °C (Fig. 6) has its peak emission at 512 nm corres-
ponding to the transition energy of 2.42 eV predicted by our model.
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Fig. 2 (a) Fermi factor f.(1 — f,) for E1-H1 transition, and (b) Fermi
energy separation AF = Ei. — En, compared with the E1-H1 transition
energy in 4 ML CdSe NPLs as a function of temperature for varying
injection carrier concentration. Both, Fermi factor and AF have a nega-
tive temperature gradient.

rise in temperature has detrimental effects on both Fermi
factor and Fermi energy separation. With an increase in temp-
erature, the fermions (electrons and holes) become thermally
excited and therefore the probability of occupying higher CB
and VB energy states is increased; so the f, falls, while f, rises.
Consequently the Fermi factor decreases with temperature.
Also, the quasi Fermi levels of the CB and VB (E¢ and Eg)
approach the band edges, and AF falls. In the ESI,f we have
shown the Ef. and Ey, in contour forms along with the Fermi
factor and Fermi energy separation.

Another critical temperature-dependent optoelectronic
factor is the transition matrix element (TME) which is shown
in Fig. 3 for the E1-H1 transition in TE mode as a function of
temperature. As the thermally excited fermions begin to
occupy higher energy states the E1-H1 transition weakens. A
physical equivalent of the TME is the oscillator strength f., «
e, Where i, is the transition dipole moment, and it can be
calculated from the TME using u., = el /imoE.y. It allows us
to quantify the transition strength from state c to v, which
decreases with a rise in temperature.

Now we shall study the spatial manifestation of the elec-
tronic states. Fig. 4 shows the spatial charge densities of the

‘Qa; 0.456 -

F ~a. — Bl 214
5 o.as4f ~ ‘ —#—EI-HI TME (7, )‘_
: I T~ 1
‘£04521 T~ i
‘é’ L \El ]
g 0.450 - TE mode Transition matrix element for \u 1
£ 0448 | E1-HI transitions in 4 ML CdSe NPLs \u |
@ V. C 1 1 . 1 1 1 7
§ 300 315 330 345 360
= Temperature (K)

Fig. 3 TE mode transition matrix element (TME) for the E1-H1 tran-
sitions as a function of temperature in 4 ML CdSe NPL. The other inter-
band TMEs (both TE and TM mode) are given in the ESI.}
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Fig. 4 The spatial charge density of the first ten electron and hole states of 4 ML CdSe NPLs at 30 °C (303.15 K) cut along the vertically central x—y
plane (z = 0) of the NPL. Warmer (reddish) colors depict higher occupation probability over cooler ones (bluish). The rectangular boundary depicts
our studied NPL (22 nm x 8 nm), but the dimensions are not to scale, for the sake of comprehensive visual representation.

first ten electron and hole states (square of the wavefunction
|¢?|, ie. probability of finding them), within the vertically
central x-y plane of the 4 ML CdSe NPL at 30 °C corresponding
to Fig. 1b. The charge density description in terms of s and p
orbitals is quite a general feature of III-V semiconductors.
However in II-VI semiconductors the VB is influenced by
chemically active d orbitals also.** The E1, H1 and H7 states
are s-like. While H1 is dominated by A4k, H7 has higher /i con-
tribution. The E2 and H2 are py-like, while E4, H4 and H9 are
pxlike — H4 has greater hh influence while H9 has more of [h.
The E3, E7 and H3 are formed by s-p-mixing. The E5 and H5
are d,like, while the E6 and H6 again have some amount of
mixing. It is observed that with changes in temperature the
spatial charge densities have very inconsequential variations
because they are a measure of the electron and hole prob-
ability density determined by the wavefunction localization,
which is primarily affected by piezoelectric strain and external
electric fields.

3.2 Experimental results

We have synthesized 4 monolayer (ML) CdSe NPLs as they have
been most widely investigated in the literature”'®**7*° and
found applications in LED color-conversion layers, lasers and
luminescent solar concentrators. We have used colloidal syn-
thesis techniques similar to those used in ref. 38 and 40-42 as
described in the Experimental methods section.

Fig. 5 shows a high-resolution transmission electron
microscopy (TEM) image of our synthesized NPL ensemble
population. We can observe NPLs in two orientations: face
view (laterally flat) and edge view (vertically stacked). We have
done lateral dimension measurements over several NPL
samples using Image] software. Their average length and
width were measured to be 22 nm and 8 nm respectively. The
theoretical results discussed in section 3.1 correspond to the
same dimensions as our synthesized NPLs. Measurements of
stacked NPLs reveal differing thicknesses at the two ends,
which is attributed to NPL tilting/folding, a common phenom-
enon for NPLs, was also observed by several other groups.”**
Also, the ligands surrounding the NPLs have a contrast in the
TEM image, so the NPL boundary is not strictly discernible.
However, the confirmation of 4 ML (1.2 nm) thickness comes
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Fig. 5 High-resolution transmission electron microscopy (TEM) image
of 4 ML CdSe NPL ensemble population. Average lateral dimension is [ =
22 nm and w = 8 nm (scale: 20 nm).

from the optical spectra characterization. This is discussed in
the ESL.}

The spectral characterization results in Fig. 6 show the
experimental PL emission and absorption spectrum (both
measured in solution form) for our 4 ML CdSe NPLs at 30 °C.
The PL was measured by using a standard PL spectrometer
with an excitation wavelength of 350 nm. We can observe the
PL emission peak at 512 nm, which is in very good agreement
with the E1-H1 transition energy prediction of 2.42 eV
obtained by our model, as shown in Fig. 1a and b. Similarly,
with our E1-H1 predictions at other varying temperatures
(Fig. 1a) we can determine their expected PL emission
wavelengths.

With a Stokes shift of 3 nm from the PL spectrum, the
primary absorption peak occurs at 509 nm. This is due to
the reorganization of the solvent in solution-processed NPLs
plus the dissipation and vibrational relaxation of the
NPLs.”* The primary absorption peak corresponds to the
E1-H1 transition, where the H1 state is 2D-heavy hole (hh)
dominated [as theoretically determined in Fig. 1b]. A study
of the TMEs makes this clear. The transverse electric (TE)
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Fig. 6 Experimental photoluminescence (PL) and absorption spectrum
of 4 ML CdSe NPLs at 30 °C (303.15 K). The PL excitation wavelength
was 350 nm. Both PL and absorption were measured in solution form.
PL peak is at 512 nm. Primary absorption peak, at 509 nm has a Stokes
shift of 3 nm, while the secondary absorption peak is at 480 nm. Inset
shows time-resolved PL (TRPL) spectrum and fit measured in thin-film
form at 30 °C. The fit and the system response is given in the ESL.{

mode TME for the E1-H1 transition is maximal among all
possible cases, accounting to 0.455. The secondary absorp-
tion peak occurs at 480 nm. A study of the transverse mag-
netic (TM) mode TMEs of the transitions near the secondary
absorption energy shows that this comes from E1-H9 tran-
sitions, for which the TME value is 0.358, which is weaker
than the E1-H1 TME but is stronger than the TMEs of the
other allowed transitions. The fraction of light holes (I4)
involved in this transition is much higher (66%) than their
hh counterpart (22%) [Fig. 1b]. This conforms with the idea
that #h contributes to the primary absorption peak of a
typical CdSe NPL, while [k contributes to the secondary
peak.'® We have discussed the TE and TM mode TME values
for all possible transitions between E;_j;, to Hi_;, in the
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ESI.7 Note that the PL peak position at 512 nm and the hh
and [k absorption peaks at 509 nm and 480 nm, respectively,
confirm that our synthesized NPL samples are indeed 4 ML
(1.2 nm) thick.*®*>

The time-resolved PL (TRPL) spectrum and fit at 30 °C
(inset of Fig. 6) reveal a dual decay path mechanism following
the model I(t) = a;e™"™ + a,e™”™, with PL decay lifetimes of
7, = 0.34 ns and 7, = 2.27 ns with 30% and 70% contribution,
respectively, leading to an average lifetime of 2.15 ns calcu-
lated using 7avy = (@171” + a»7,°)/(a171 + ay7,), which is similar
to a previously reported 7,y of CdSe NPLs at RT.»® The TRPL
fit is shown again with the system response in the ESLf
Previous radiative transition dynamics studies on CdSe NPLs
have also observed a similar dual decay path mechanism
where 7, is assigned as the radiative recombination decay time
period relating to reversible PL losses, while 7, is assigned as
the nonradiative recombination decay time period relating to
the trap states which may cause irreversible losses in the PL
intensity'®*® originating from the fast hole-trapping due to
incomplete passivation of Cd atoms on the NPL surface.*’

Fig. 7a and b show the effect of temperature on the experi-
mentally measured PL spectra of the NPLs in thin-film form
using a laser excitation wavelength of 355 nm at 0.5 mW
power, during ascending and descending temperature respect-
ively. For every 10 °C rise in temperature, there is a red-shift in
the emission wavelength of ~2 nm, and the PL intensity falls
as the sample quality degrades. Also, the spectrum broadens
due to the intraband scattering effect. Fig. 8 shows the photon
emission energy, PL linewidth and PL integrated intensity as a
function of ascending (black [:]) and descending (red x) temp-
erature. For a particular temperature the emission energy and
linewidth are almost identical in both. While cooling back to
RT, the signal intensity increases, but is far from being
retraced. The recovery is <14% (see logarithmic comparison in
Fig. 8d). The effective photon emission energy (equivalent to
the effective E1-H1 transition energy) has a negative thermal
coefficient as already discussed in the context of Fig. 1a. For
II-VI semiconductors, a semiempirical expression (eqn (10))
suggested by Cardona et al®® takes into consideration the

Photon Energy (eV) Photon Energy (eV)
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Fig. 7 PL spectra of 4 ML CdSe NPLs measured in thin-film form while (a) ascending, and (b) descending temperature, respectively. Temperature of
each PL spectrum is indicated. With an increase in temperature there is a redshift in the emission peak, broadening in the PL linewidth and reduction
in PL intensity. Upon decreasing the temperature to RT, we observe substantial retractability in the peak position and linewidth, but not in the inten-
sity. Fig. 8 shows the PL emission energy (peak position), linewidth and integrated intensity as a function of temperature.
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(a) Experimental PL emission energy/wavelength while ascending and descending temperature compared with theoretically simulated E1-

H1 transition energy values. (b) Experimental PL linewidth while ascending and descending temperature and extracted intraband relaxation time z;,
used in theoretical model [eqn (9)] from data of ascending temperature. (c) Experimental PL intensity while ascending temperature compared with
theoretically simulated relative PL integrated intensity; and (d) comparative Arrhenius plot for PL integrated intensity (log scale) while ascending and
descending temperature. Consistent symbols have been used in all the frames: black [] and red X for experimental data while ascending and des-
cending temperature respectively, while blue + for theoretically predicted data or data used in theoretical model (comparison is discussed in section
3.3). The green dotted lines in frames (a), (b) and (c) show the fitted plots [using egn (10), (11) and (12)] with the data of ascending temperature.

phonon emission and absorption using Bose-Einstein statisti-
cal factors:

Eexe(T) = Eexe(0) — aep(2np + 1) (10)

Here a., is the exciton-phonon coupling constant and ng =
1/(e®” — 1). O is the average phonon temperature, such that
the average phonon energy is kz®. Both acoustic and optical
phonons contribute to the redshift incurred by increasing
temperature. E.,.(0) is the exciton energy at 0 K. T is the absol-
ute temperature. Upon fitting the ascending temperature data
of Fig. 8a with eqn (10), we get Eq(0) = 2.727 eV. This value is
in good agreement with results of Achtstein et al,'® who
reported 2.709 eV. This elevated E..(0) compared with the
bulk-like ZB CdSe epilayers (1.739 eV)*” is due to increased
quantum confinement effects. Further, we obtain a., = 18.2 +
2.8 meV and @ = 36 = 0.4 K. Chia et al.’’ calculated a, =
21 meV for bulk-like ZB CdSe epilayers. This shows that the
increased confinement in the NPLs has reduced the average
exciton-phonon coupling, which is also evident from the sig-
nificant reduction in average phonon temperature of 305 K in
bulk ZB CdSe.*!

Moreover, the exciton-phonon interaction induced intra-
band scattering causes transition energy broadening. The
temperature dependence of the linewidth of excitonic peaks is

26,48

given by

I'o
I(T)=To+yacT + elhono/ksT) — 1

(11)

6602 | Nanoscale, 2017, 9, 6595-6605

where Iy is the inhomogeneous broadening due to intrinsic
effects (e.g. alloy disorder, impurities). yac accounts for the
exciton-acoustical phonon interaction. The last term comes
from exciton-longitudinal optical (LO) phonon Froéhlich inter-
action. For practical purposes, the contribution of y,c com-
pared with I'1o is negligible, hence sometimes it is considered
zero.'*® At cryogenic range, particularly <50 K, the linewidth
gradient drastically decreases.'*> therefore extrapolating our
data of >RT to lower temperatures would underestimate I.
We have used I'y = 32.5 meV from ref. 10 following their linear
fit at a low temperature range of 10-50 K. Further, based on
the Raman spectra measurements of CdSe NPLs'® and QDs,"?
we have taken hwro = 25 meV, to fit the other parameters of
eqn (11) using the ascending temperature data from Fig. 8b.
We found I'i o = 236.3 + 11.8 meV and y,¢c = 0.38 + 0.03 meV,
suggesting that the LO phonon contribution is much larger
compared with that of the acoustic phonon, consistent with
the calculations of Rudin et al*® Compared with bulk-like
Cdse epilayers (yac = 0.084 meV),”” NPLs have much higher yc
due to an increase in acoustic phonon coupling caused by a
reduced dimensionality of the system, which is theoretically
consistent.’® The interaction between excitons and LO
phonons is dictated by the Frohlich interaction, which is cou-
lombic in nature and caused by the longitudinal electric field
produced by LO phonons. Therefore, hw;o and I'1 are related
in the sense that a larger Zw;o induces a stronger Frohlich
interaction and a larger I';o. Valerini et al.>' have shown the
presence of multiple temperature-dependent non-radiative pro-
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cesses in PL relaxation dynamics. At higher temperatures, the
contribution of LO phonons becomes predominant, eventually
dominating the excitonic linewidth.*’

Furthermore, with increasing temperature, we also have a
substantial reduction in the PL intensity as the excitons are
trapped in the nonradiative centers, likely at NPL surfaces and
dissociate into the continuum states. The integrated intensity
of the PL spectra with varying temperatures is given by*”>>

I(T) = 1(0)/[1 + C-eEa/MaT] (12)

where I(0) and I(T) are the integrated PL intensities at 0 K and
T K, respectively. The fitting constant C is related to the radia-
tive and nonradiative lifetimes and E, is the activation energy
of the nonradiative channel. We fit the ascending temperature
data of Fig. 8c with eqn (12) to obtain E, = 494 + 6 meV.
Heating above RT induces both reversible and irreversible
losses in intensity, and the latter restricts it to trace back upon
cooling™ (see Fig. 8d). Irreversible losses are generally caused
by chemical processes like ligand loss or oxidative degradation
damaging the NPL surface which disturbs the repopulation of
mobile holes and electrons.”® The extent to which the PL
intensity is retraced in Fig. 7b is due to reversible losses
caused by dynamic and static quenching.”® Upon heating,
dynamic quenching activates the thermally activated non-
radiative recombination paths compared with radiative paths
while static quenching causes the ratio of dark to bright par-
ticles to increase, inducing non-radiative decay. While actively
heating up to 90 °C took us a few minutes, every successive
10 °C fall took an increasingly longer time - 2, 4, 6, 11, 19 and
32 minutes till 30 °C and even longer to RT. The Newton’s
cooling constant following T(t) = T, + AT,e ™™ yields k =
0.089 min~'. An attempt to fit the descending T integrated
intensity with eqn (12) yields a poor chi-square fit, as expected,
since the irreversible losses incurred over a span of almost 1 h
disturbs the liable excitonic properties. If the cooling is con-
ducted in a vacuum environment (to avoid losses due to oxi-
dation), it will result in an improved intensity recovery.

3.3 Comparison of theoretical and experimental results

In sections 3.1 and 3.2, we have studied the temperature-
dependent optoelectronic properties of CdSe NPLs from a
theoretical and experimental point of view. Here we combine
and compare our findings, and simulate the PL spectra for
varying temperatures, as shown in Fig. 9. A PL spectrum is
characterized by three main parameters:

« PL peak position: We have theoretically calculated the
temperature-dependent E1-H1 transition energy values
(Fig. 1a), using the 8-band k-p method described in section 2.1
and the material parameters from Table 1. The Hamiltonian
matrix was solved by direct diagonalization to obtain the elec-
tronic structure and eigenenergy values, and E1-H1 transition
energy (equivalent of the PL peak position). It matches excel-
lently with the experimental data of the PL peak position, as
shown in Fig. 8a.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Comparison of experimental (solid black) vs. theoretical (dotted
blue) PL spectra of 4 ML CdSe NPLs at 30, 50 and 70 °C.

+ PL linewidth: The PL spectrum undergoes spectral broad-
ening due to several empirical factors, such as local and
extended structural defects, size dispersion, alloy disorders
and impurities, which affects its linewidth.?" Thus, different 4
ML CdSe NPL samples may have varying linewidths at the
same temperature. We have used the experimental linewidth
data of ascending temperature to extract the intraband relax-
ation time (7;; = 2A/FWHM) used in our simulation as
described in the calculation of the spontaneous radiative rate
from the excitonic bound states and continuum-states in
section 2.2. This helps to model the linewidth of the simulated
PL spectra according to the Lorentzian broadening lineshape
[eqn (9)] for an accurate estimate. The extracted z;, is shown in
Fig. 8b.

+ PL intensity: We have calculated the relative PL intensity,
which shows an exponential fall with temperature, as verified
experimentally. However, the experimental PL intensity (arbi-
trary units) is not the absolute total emission. It is therefore of
interest to study and compare the relative intensity variation
with temperature, which is influenced by several parameters
such as Fermi factor, TME, etc. [see eqn (7) and (8)]. Our theor-
etically predicted relative PL intensities have a very good com-
parison with the experimental intensities of ascending temp-
erature, as shown in Fig. 8c.

The database of theoretical and experimental (ascending
and descending temperature) results is given in the ESLT
Employing the above mentioned approach, we have studied
the PL spectra of the 4 ML CdSe NPLs at varying temperatures.
Fig. 9 shows a comparison between the experimental and
theoretically calculated PL spectra at 30 °C, 50 °C and 70 °C.
For a clear comparison of peak positions, linewidths and
intensities, we have normalized both the experimental and
theoretical PL spectra with respect to the PL peak at RT. The
experimental and theoretical PL spectra match appreciably,
which is consistent with the results presented in Fig. 8. In the
ESI, we have compared, extended and validated our calcu-
lations and measurements with the existing low temperature
results from the literature. We have studied the temperature-
dependent PL peak positions (E1-H1 transition energies), PL
linewidth and relative PL intensity in tandem with the results
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from the seminal works of Achtstein et al.”” and Erdem et a

to validate our results.

4 Summary and conclusion

In summary, we have comprehensively studied the electronic
bandstructure, probability of band mixing, charge densities,
optical transition matrix element, characteristic PL emission
energy, linewidth and integrated intensity of CdSe NPLs - as a
function of temperature, which is of critical importance par-
ticularly for commercial device applications at elevated temp-
eratures. Our theoretical investigations are based on a frame-
work that relies on the effective-mass envelope function theory
and density-matrix theory. From the quantum physics and
optoelectronics point of view, the implications of a rise in the
operation temperature of NPLs are many-fold, such as (i) a
reduction in effective band-edge transition energy, (ii) a fall in
optical transition matrix element strength, (iii) a reduction in
intraband state gaps, faster so in CB compared with VB, (iv) a
promotion of interband e-h coupling, (v) a modification in
hh-lh-so band mixing probabilities, (vi)a reduction in Fermi
factor, (vii) a shift of CB and VB quasi Fermi energy levels
towards the band edges, and reduction in quasi Fermi separ-
ation, (viii) an invariance in the charge density profile, (ix) a
redshift in peak photon emission energy in PL spectra, (x) a
widening of PL spectral linewidth owing to intraband scatter-
ing, (xi) an exponential fall in PL integrated intensity, and (xii)
a phenomenological evidence of reversible and irreversible
losses induced, which affects sample quality and dictates PL
traceability.

In conclusion, we have theoretically and experimentally
studied the temperature-dependent optoelectronic character-
istics of quasi-2D colloidal CdSe NPLs and established a
model to predict and study the electronic bandstructure and
PL spectra of NPLs at any arbitrary temperature, which can be
effectively used by experimentalists to optimize device design
iterations.

5. Experimental methods
5.1 Synthesis techniques

We have synthesized 4 ML colloidal CdSe NPLs using a syn-
thesis protocol similar to those used in ref. 38 and 40-42. The
following chemicals were used: cadmium acetate dihydrate
Cd(OAc),-2H,0, oleic acid, technical grade 1-octadecene,
cadmium nitrate, cadmium nitrate, n-hexane, powder form sel-
enium and myristic acid sodium salt. These were procured
from Sigma Aldrich. The first step is to synthesize cadmium
(myristate), by dissolving 1.23 g of cadmium nitrate in metha-
nol (40 mL). This was followed by dissolving sodium myristate
(3.13 g) in methanol (250 mL) for 60 min with continuous stir-
ring. When the two solutions were mixed, a white precipitate
was formed after full dissolution. This precipitate was washed
with methanol and dried under vacuum for about 24 h. 12 mg

6604 | Nanoscale, 2017, 9, 6595-6605
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(0.15 mmol) of selenium (Se) and 170 mg (0.3 nmol) of Cd
(myristate), were introduced in a three-neck flask along with
15 mL of octadecene (ODE) and degassed under vacuum.
Under an argon (Ar) flow, the mixture was heated up to 240 °C,
and maintained at it for 10 min. When the color of the solu-
tion became yellowish, at ~195 °C, 80 mg (0.30 mmol) of
Cd(OAc),-2H,0 was introduced. 5 mL of n-hexane and 0.5 mL
of oleic acid were added at the end of the synthesis, and the
solution was allowed to cool down to RT. A centrifuge was
used to precipitate the NPLs before storing them in hexane.
This synthesis also produces some 5 ML NPLs and spherical
nanocrystals with distinctly different emission wavelengths.
The 4 ML NPLs were separated from the rest using selective
precipitation.

5.2 Purification and film preparation

The synthesized NPLs were centrifuged for 5 min at 4500 rpm,
followed by removal of the supernatant solution. Nitrogen was
used to dry the precipitate, before dissolving it in hexane for
centrifugation for 10 min at 4500 rpm. The supernatant solu-
tion was made turbid by addition of ethanol, followed by cen-
trifuging again for 10 min at 4500 rpm. Finally, using a
0.20 pm filter, the dissolved precipitate in hexane was filtered.
Later, piranha solution was used for 30 min to clean quartz
substrates of 1.5 x 1.5 c¢cm size followed by DI-water. This was
dried at 80 °C for 30 min in an oven and the filtered solution
was spin-coated for 1 min at 2000 rpm to prepare solid thin-
films of NPLs.

5.3 TEM and optical characterization

High-resolution transmission electron microscopy (TEM)
images of NPL samples were taken on a JEOL JEM-2010 HR
TEM operating at 200 kV, which has a resolution of ~0.22 nm.
Steady state PL spectra measurements were done using a
cooled iDus CCD system. The time resolved PL measurements
were done with a Becker & Hickl DCS 120 confocal scanning
FLIM system with an excitation laser of 375 nm. The system
has temporal resolution of 200 ps.
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