Area and thickness dependence of Auger recombination in nanoplatelets
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The ability to control both the thickness and the lateral dimensions of colloidal nanoplatelets offers a test—
bed for area and thickness dependent properties in 2D materials. An important example is that of Auger
recombination, which is typically the dominant process by which multiexcitons decay in nanoplatelets. Herein,
we uncover fundamental properties of biexciton decay in nanoplatelets by comparing the Auger recombination
lifetimes based on interacting and noninteracting formalisms with measurements based on transient absorption
spectroscopy. Specifically, we report that electron—hole correlations in the initial biexcitonic state must be
included in order to obtain Auger recombination lifetimes in agreement with experimental measurements and
that Auger recombination lifetimes depend nearly linearly on the lateral area and somewhat more strongly
on the thickness of the nanoplatelet. We also connect these scalings to those of the area and thickness
dependencies of single exciton radiative recombination lifetimes, exciton coherence areas, and exciton Bohr

radii in these quasi—2D materials.
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I. INTRODUCTION

Colloidal semiconductor nanoplatelets (NPLs) are
quasi—2D materials with thicknesses that can be con-
trolled with monolayer (ML) precision and lengths and
widths that can be controlled on the nanometer scale.' 3
The ability to vary the synthesis to separately yield NPLs
of 2 through 8 ML thickness, with 3, 4, and 5 ML thick-
nesses the most well studied, opens the door to tuning the
properties of the quasi—2D semiconductor NPL by just
changing their thickness.*® The most obvious property
that can be tuned is that of the optical gap (i.e. absorp-
tion and emission energies), as the thickness is the pri-
mary determinant of the degree of quantum confinement
in NPLs.2378 A more subtle aspect of the emission that
also changes upon a change in the thickness is the rate of
radiative recombination. Not only does the radiative re-
combination rate depend on the thickness, it also depends
on the lateral area of the NPL.11 An additional aspect
related to applications of NPLs, ranging from lasers to
photocatalysts, is that multiple excitons are required to
be present in the NPL at the same time.”'2716 Thus,
it is of general interest to understand how the lifetime
of multiexcitonic states depends on the lateral area and
thickness of NPLs.
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Herein, we focus on the decay of biexcitonic states via
Auger recombination (similar to exciton—exciton annihi-
lation). Auger recombination (AR) is a nonradiative pro-
cess in which one electron—hole pair recombines by trans-
ferring its energy to an additional quasiparticle (Fig. 1A)
and is typically the dominant mechanism by which mul-
tiexcitonic states decay in semiconductor nanomaterials,
making it of central importance to many nanomaterial—
based applications.!”'® Therefore, a fundamental under-
standing on how the AR lifetime (7ar) depends on the
size and dimensionality of nanomaterials is of broad in-
terest.

In quasi-0D quantum dots, the AR lifetime (see Eq.
(1)) depends linearly on the nanocrystal volume and
has become known as the “universal volume scaling
law.”17:19-22 For quasi-1D nanomaterials, the AR lifetime
scales linearly with the length of the nanorod and nearly
quadratically with its diameter, thereby approximately
following the universal volume scaling law.?%23 The situa-
tion is somewhat more evolved for quasi-2D CdSe NPLs.
Most recently, Li and Lian?* reported that the AR life-
time scales linearly with the lateral area, A = L, L, (see
sketch in Fig. 1B). This linear dependence was rational-
ized by thinking of AR in NPLs as a classical collision of
two particles in which the frequency of collision is limited
by their spatial diffusion. Because electron—hole pairs are
known to form bound Wannier excitons that are nearly
spherical with average in—plane separation distances of
approximately 1 — 2 nm in CdSe NPLs,2%26 the classi-
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Figure 1. (A) Schematic of an Auger recombination event.
The initial biexcitonic state is shown as two spatially uncor-
related excitonic states and the final states are shown as un-
bound electron-hole pairs. The hole (electron) channel on
the left (right) shows the hole (electron) receiving a majority
of the energy from the recombining exciton. (B) Represen-
tation of a 3 ML (L. = 0.91 nm) CdSe nanoplatelet with
L, = L, =8 nm. Cd (Se) atoms are shown in yellow (green).

cal picture of AR as a collision between two independent
particles where the particles are excitons is reasonable at
first glance. Underlying this picture of AR are the as-
sumptions that the biexciton binding energy is negligible
such that the two excitons do not form a bound biexci-
ton. And that the excitons are not coherent throughout
the NPL and, therefore, diffuse in the NPL. A linear de-
pendence of the AR lifetime on the lateral area was also
recently reported for CsPbBrs perovskite NPLs.?” These
studies contradict an earlier report by She et al.” which
found that the AR lifetimes are independent of area. It
is important to note that the two studies on CdSe per-
formed their studies using similarly sized NPLs.”-2* In
contrast to the volume (i.e. Tar o Al) or sub-volume
(tar o A®) scaling of AR lifetimes with respect to the
lateral area of NPLs, the scaling of the AR lifetime as a
function of the NPL thickness (L) or number of mono-
layers (MLs) was reported to obey a seventh power de-
pendence, Tar x L7, in CdSe NPLs, a super—volume
dependence.?*

In this study, we provide an alternative mechanism
that leads to similar area scaling for AR lifetimes in
NPLs, which is based on the traditional scattering pic-
ture within lowest order perturbation theory coupling the
initial biexcitonic state with the final electron—hole pair.
A similar approach has been successfully applied to de-
scribe AR lifetimes in 0D quantum dots and quasi—1D
nanorods, with very good agreement in comparison to

experimental results over a wide range of system sizes.??

Here, we focus on the regime A < 100 nm? which is
suitable for this coherent scattering picture and study
the AR lifetimes for different CdSe NPLs shapes and
thicknesses by applying our recently developed stochas-
tic approach.?® We uncover the underlying physics that
cause the particular scaling in this coherent scattering
picture. In addition, we analyze the thickness—dependent
AR lifetimes in quasi-2D NPLs (as well as other prop-
erties, such as electron and hole kinetic energy, exciton
binding energy, exciton Bohr radius, and screening), and
provide reasonings for the mild thickness dependence ob-
served in the coherent scattering picture as well as in
other experiments on similar NPLs.

Il. COMPUTATIONAL METHOD

AR is commonly described as a Coulomb—mediated
scattering process for which an initial biexcitonic state
(|B)) of energy Ep decays into a final excitonic state (|.S))
of energy Fg via Coulomb (V) scattering (Fig. 1). An
AR lifetime (7or) for a nanostructure can be calculated
using Fermi’s golden rule where we average over ther-
mally distributed initial biexcitonic states and sum over
all final decay channels into single excitonic states:22:2°
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In the above, the delta function (6 (Ep — Es)) en-
forces energy conservation between the initial and fi-
nal states and the partition function (Zp) is for the
initial biexcitonic states (we assume biexcitons follow
Boltzmann statistics). Utilizing the interacting, exciton—
based framework, previously developed by Philbin and
Rabani,?? a deterministic calculation of an AR lifetime
can be performed using
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where Fs = ¢, — ¢; and V.4 is the Coulomb coupling
given by
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In the above equations, ¢, (r) are quasiparticle states for
electrons (r € a,b,c,...) or holes (r € i,j,k,...) and the
coefficients (c,’ k) in Eq. (2) are determined by solving
the Bethe-Salpeter equation.?® The above approach in-
cludes spatial correlations within the electron—hole pairs




but ignores correlations between the excitons®' and in
the final electron—hole pair. It was previously shown that
this interacting formalism predicts quantitively accurate
AR lifetimes for quantum dots, nanorods and core/shell
quantum dots.?22® On the other hand, noninteracting
formalisms that ignore all electron—hole interactions in
the initial biexcitonic state do not predict accurate AR
lifetimes except for quantum dots in the very strong con-
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In Eq. (4), the indices 4,34 and a’, ' are sampled final
states from the complete set of single excitonic states
(a,i pairs) in Eq. (2) and the notation (...). denotes an
average over Ny stochastic orbitals. The RS, matrices are
calculated using

RS, = / b (1) 67 (1) 6 () P, (5)

where 6¢ (r) is a stochastic representation of the Coulomb
integral given by>?
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where ¢ (k) is a random phase between 0 and 27 at each
k-space grid point, uc (k) = 47 /k? is the Fourier trans-
form of the Coulomb potential. The computational cost
of Eq. (4) is drastically lower than Eq. (2) for large sys-
tems sizes, scaling as O (N?) instead of O (N®). For
more details on the computational methods, see our pre-
vious works.?2:28

I1l.  RESULTS
A. Comparison to experimental measurements

To begin to understand biexciton AR in CdSe NPLs,
we compare the calculated AR lifetimes using both a non-
interacting, free carrier—based formalism and an interact-
ing, exciton-based formalism?® to experimental measure-
ments performed herein using transient absorption spec-
troscopy and to past measurements”?* for 4 ML (L, =
1.21 nm) CdSe NPLs with various lateral areas (A =

finement regime?® — highlighting the importance of ex-
citon formation in nanocrystals. However, a major draw-
back of the interacting formalism for calculating AR life-
times (Eq. (2)) is the computational cost, which scales
with the system size (N) as O (N®). To reduce the com-
putational cost, we utilize a stochastic formulation of Eq.
(2) to calculate AR lifetimes for the CdSe NPLs studied
in this work:%®
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L,L,). NPLs were synthesized according to previous re-
ports™33:34 using reaction time and temperature to ad-
just the lateral areas, later determined via transmission
electron microscopy. For transient absorption measure-
ments, samples were excited at 1 kHz using the 400 nm,
frequency—doubled output of a 35 fs Ti:sapphire laser and
probed using white light generated by passing 800 nm
light through a sapphire plate. Scans were acquired at
fluences corresponding to very low ((Nexc (t = 0)) < 0.1)
to moderate ({Nexc (t =0)) = 0.2 — 0.5) average number
of initial excitons ({Nexc (t = 0))). Kinetics at the bleach
maximum were normalized at 1.5 — 2.0 ns, where dynam-
ics are dominated by single exciton recombination, and
then differenced to separate out biexciton—only dynam-
ics. Biexciton dynamics were fit to a single exponential,
and this process was repeated for multiple measurements
at moderate fluences to yield an average AR lifetime.
As expected, the inclusion of electron—hole correlations
in the initial biexcitonic state drastically impacts both
the predicted AR lifetimes and scaling of the AR life-
times with respect to the NPL lateral area. Specifically,
Fig. 2 shows that the noninteracting (free carrier—based)
method predicts AR lifetimes that are 1 — 2 orders of
magnitude longer than those predicted by the interact-
ing, exciton—based formalism (Eq. (2)). For example, the
AR lifetime of the 4 ML (L, = 1.2 nm) CdSe NPL with
L, = 4nm and L, = 10 nm has a calculated AR life-
time of ~ 3800 ps using the free carrier-based formalism
and an AR lifetime of ~ 90 ps using the exciton—based
formalism. Fig. 2 also highlights the general accuracy
of the atomistic electronic structure calculations. Specif-
ically, exciton-based AR lifetime (green circles) calcu-
lations appear to provide quantitative agreement com-
pared to our measurements (black squares) and previ-
ous measurements (blue and brown squares).”2* Impor-
tantly, both theory and experiments predict an increase
in the AR lifetime as the area of the NPL increases for
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Figure 2. Biexciton Auger recombination lifetimes (7ar)

for 4 ML CdSe NPLs calculated using both noninteracting,
free carrier—based (red circles) and interacting, exciton—based
(green circles) formalisms. The AR lifetimes predicted by the
free carrier—based formalism are 1 — 2 orders of magnitude
longer than those predicted by the exciton—based formalism
and those measured experimentally.”?* The experimentally
measured lifetimes are shown using square symbols and cal-
culated lifetimes are shown using circular symbols.

A < 100 nm?. For larger lateral areas, at this point
not accessible by the current theory, there seems to be a
change in behavior in some of the experiments (see dis-
cussion below).

The disagreement between the free carrier—based and
exciton—based formalisms arises from two primary rea-
sons. The first is that the attractive Coulomb interac-
tion that is responsible for exciton formation between the
band—edge electron and band—edge hole mixes in band—
edge states that have large momentums into the lowest
energy excitonic states which facilitates momentum con-
servation in Auger processes.?43° The second reason de-
rives from the free carrier—based formalism neglecting the
large electron—hole attractive interaction on the single ex-
citon level. This leads to an overestimation of the exciton
Bohr radius (apexc) and the root-mean-square exciton

radius (ren = 1/<(re — rh)2> where r. and r}, are the

coordinates of the electron and hole, respectively) when
electron—hole interactions are ignored. Fig. 3 shows that
the noninteracting formalism predicts that 7.y is nearly
proportional to the square root of the NPL area, and, in
contrast, that 7.y, is nearly independent of the NPL area
when electron—hole interactions are taken into account
by solving the Bethe-Salpeter equation as is done using
the interacting formalism. This overestimation of r.., by
noninteracting formalisms leads to an underestimation
of the Coulomb matrix elements in Eq. (3) and, thus,
an overestimation of AR lifetimes by free carrier—based
formalisms (Fig. 2).
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Figure 3. Root-mean—square exciton radii (ren =

\/{(re —r1)?)) for 3 ML (bottom), 4 ML (middle), and 5 ML
(top) thick CdSe NPLs as a function of the area of the NPLs.
The red triangles show the calculated value using noninteract-
ing (i.e. free—carrier) electron—hole pair states and the green
circles show the calculated value using the interacting (i.e.
excitonic) electron-hole pair states.

B. Lateral area dependence of Auger recombination

Fig. 4 shows a nearly linear dependence of the AR life-
times on the lateral area (A = L,L,) for 3, 4, and 5 ML
CdSe NPLs. The linear dependence on the NPL area is
in agreement with recent experimental reports for both
CdSe NPLs and CsPbBrs perovskite NPLs.2%27 Inter-
estingly, both the coherent scattering mechanism used in
our calculations and the exciton diffusion-based model?*
described previously lead to linear dependencies with the
lateral area.

The results of She et al.” are not necessarily at odds
with this linear dependence. In fact, She et al. reported
that the AR lifetime increases upon increasing the lateral
area of 4 ML CdSe NPLs from 72 nm? to 133 nm?, which
is consistent with results presented in this work for the
size regime that we focus on (A < 100 nm?). At larger
areas, She et al. reported a plateau of the AR lifetime,
whereas Li and Lian?* do not observe a plateauing of
the AR lifetime, even for NPLs with lateral areas greater
than 200 nm?. At this point, our computational tech-
nology is still limited to the size regime of A < 100 nm?
and further developments are required to address larger
areas.

C. Thickness dependence of Auger recombination

An important aim of this work was to determine and
understand the prediction of the exciton—based, interact-
ing formalism for the thickness (L,) dependence of AR
in CdSe NPLs. The only previous experimental work on
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Figure 4. Auger recombination lifetimes, 7ar, for CdSe NPLs
as a function of the area of the NPL. Power law fits, 7ar
A%, are also shown for each set of AR lifetimes with o =
1.2,1.3, and 1.8 in descending ML thickness.

this found a seventh power dependence (7ar o< L7). Fig.
5 shows the calculated AR lifetime as a function of the
thickness for six different lateral dimensions that were
kept fixed upon changing the thickness. The power law
fits for each set of three thicknesses studied here (cor-
responding to 3, 4, and 5 MLs) give a calculated AR
lifetime dependence on the thickness ranging from 0.6
to 1.6 (tar oc L%6716). While this is a rather large
range of power dependence on thickness, it is certainly
a milder dependence than reported previously.?* In fact,
it is rather close to the scaling that would be predicted
by the universal volume scaling law (i.e. 7ar o L1Y).
The increase of the AR lifetime upon increasing NPL
thickness is intuitive as thinner NPLs have larger exciton
binding energies and smaller exciton Bohr radii. Both of
these result in an increase of the Coulomb coupling ma-
trix elements which overtakes the decrease in the density
of states, thus leading to shorter AR lifetimes for thinner
NPLs.

Experimentally, it is difficult to perform a systematic
study of the thickness dependence, as control over NPL
lateral area is more difficult to achieve than thickness
control. In particular, 3 ML. NPLs tend to have larger
lateral dimensions than those of 4 and 5 ML CdSe NPLs
using presently available syntheses, making it difficult
to compare thickness independent of lateral area.”36:37
That being said, we determined AR lifetimes for many
4 and 5 ML CdSe NPLs and consistently found longer
AR lifetimes for the 5 ML. NPLs, which is also consistent
with the work of She et al.” and Li and Lian.?* Therefore,
we conclude that AR lifetimes increase upon increasing
thickness based on our experimental measurements and
calculations; however, we believe that the dependence on
the thickness is milder than previously reported.2*
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Figure 5. Auger recombination lifetimes (7ar) for CdSe NPLs
as a function of the thickness of the NPL. Power law fits,
Tar x L7, are also shown for each set of AR lifetimes. The
lateral dimensions are shown as L, X Ly in nm.

IV. DISCUSSION
A. Lateral area dependence

We begin the discussion of the lateral area dependence
of AR lifetimes predicted by our Coulomb-mediated scat-
tering approach by introducing an important concept of
the exciton coherence area (Aexc) and its lateral area de-
pendence in CdSe NPLs. The exciton coherence area is
a measure of the area over which the center of mass of
the exciton undergoes coherent motion.?83% An implicit
assumption of our model (Eq. (2)) is that the two ex-
citonic states that comprise the initial biexcitonic state
are coherent throughout the NPL. This is shown picto-
rially in Fig. 6. Specifically, the electron (red) and hole
(blue) densities without (top panel) and with (bottom
panel) electron-hole interactions included in the calcu-
lation of the low lying excitonic states are shown for a
3 ML (L, = 0.91 nm) CdSe NPL with L, = L, = 8 nm.
It can be seen in Fig. 6 that in both the noninteract-
ing and interacting cases the electron and hole densities
look similar: they both are delocalized over almost the
entire NPL area and the electron density is composed
primarily of S—type atomic orbitals and the hole density
is composed primarily of P-type atomic orbitals. The de-
localization of their projected densities and similar spa-
tial extent suggest that the exciton center—of-mass co-
herence area is similar and is almost equal to the entire
size of the NPL. This result makes sense as our calcula-
tions were performed with the 0 K atomic configuration
and, even if considered at room temperature, the exciton
coherence area measured experimentally is greater than
or equal to the NPL areas for which we have calculated
AR lifetimes.39:40

The fact that the exciton is coherent throughout the
entire NPL highlights the wave-like nature of electron—
hole pairs in CdSe NPLs. As a side note, this wave-like
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Figure 6. Electron (red) and hole (blue) carrier densities
for the lowest lying noninteracting (top, red box) and in-
teracting (bottom, green box) excitonic state for a 3 ML
(L. = 0.91 nm) CdSe nanoplatelet with L, = L, = 8 nm.
The quasiparticle densities are integrated over all possible
locations of the other quasiparticle for the interacting (i.e.
correlated electron—hole pair state). The densities are visual-
ized by looking down the x—axis and z—axis to show that the
exciton coherence areas extend throughout a majority of the
NPLs and the total area does not change much upon inclusion
of electron—hole correlations.

nature of electron—hole pairs is also very important in
single exciton decay as it, together with the small av-
erage electron—hole separations shown in Fig. 3, is re-
sponsible for the giant oscillator strengths of NPLs as
the radiative decay rate is proportional to the ratio of
the exciton coherence area to the square of the exciton
Bohr radius.'%4143 In terms of our calculations of AR
lifetimes, the linear dependence of the AR lifetime on
the lateral area observed in our calculations arises from
the Coulomb coupling between initial biexcitonic states
and final excitonic states decreasing upon increasing area
and not from the collision frequency of the two excitons
decreasing upon increasing area as previously used to ex-
plain the measured linear area dependence.?*2” Thus,
the measurement of a linear area dependence cannot dis-
tinguish between the two mechanisms, and the coherent
mechanism developed here is an alternative picture that
seems consistent with the exciton coherent areas of the
CdSe NPLs studied in this work (A < 100 nm?).39:40

Switching our focus to the disagreement with an earlier
report that measured area-independent AR lifetimes,”
the question that arises is why the exciton—based formal-

ism given in Eq. (2) predicts a linear dependence and not
an area independent AR lifetime? This can be addressed
by analyzing the initial biexcitonic states. In Eq. (2), the
initial biexcitonic state is given by

B)™ =YY evjcenajaala|0) ® xs),  (7)
b,j c,k

where |B)®* denotes the initial biexcitonic state within
the exciton—based (interacting) formalism and |y g) is the
spin part of the biexciton. Eq. (7) does not include spa-
tial correlations between the excitonic states; correlations
are only included within the single excitons by the two
index coefficients (¢ ; and ¢ ). On the other hand, a
fully—correlated biexcitonic state,

|B>biexc _ Z Cb,j,c,kazajalak |0> & |XB> ) (8)
b,j,c,k

includes spatial correlations between all four quasiparti-
cles by using four index coefficients, (cp j.cx). Unfortu-
nately, the calculation of the four index coefficients in Eq.
(4) is currently not feasible for NPLs. However, the biex-
citon binding energy is believed to be comparable to kgT'
at room temperature where kg is the Boltzmann con-
stant and T is the temperature in CdSe nanocrystals**
and quasi-2D materials,”*® implying that two excitons
do not bind to form a stable biexciton. Thus, the com-
bination of large coherence lengths of single excitons on
the order of hundreds of nanometers in II-VI 2D materi-
als®® and the relatively small biexciton binding energies
should make Eq. (7) a good approximation of the initial
biexcitonic states involved in AR. If, on the other hand,
the biexciton binding energy were large”!?45 and the lat-
eral dimensions of the NPL were larger than the biexci-
ton Bohr radius, then one could imagine that the initial
biexcitonic state would stop changing as the NPL lateral
dimensions increase beyond the biexciton Bohr radius.
This could lead to a plateauing of the AR lifetime with
increasing lateral area. Currently, it is unclear if this is
the regime the experiments have been in (A ~ 200 nm?
and T = 298 K).

B. Thickness dependence

An important aspect of the calculations shown in Fig.
5 is that the dielectric constant (e) used to obtain the co-
efficients (c?,) in Eq. (4) by solving the Bethe—Salpeter
equation was set to a fixed value of 5 for all NPLs. We
believe that the use of ¢ = 5 is justified because the
screening in the Bethe—Salpeter equation arises from the
electron motion (i.e., not the ions) and the larger optical
gap of confined systems combine to reduce the screening
compared to bulk CdSe. That being said, we calculated
the AR lifetime for NPLs with L, = L, = 6 nm for the
three thicknesses (L, = 0.91,1.21,1.52 nm) for dielectric
constants ranging from 4 to 6 to test if these changes in
the dielectric constant would change the predicted thick-
ness dependence of AR lifetimes in CdSe NPLs. If we



were to assume that the dielectric constants were 4 for
3 ML NPLs, 5 for 4 ML NPLs, and 6 for 5 ML NPLs,
the thickness dependence is TaAr o L2, suggesting that
dielectric changes can make the thickness dependence of
AR lifetimes a bit steeper in NPLs. However, this is a
far from comprehensive study on how the dielectric con-
stant changes as a function of NPL thickness and how
these changes impact AR lifetimes. Furthermore, our
calculations neglect the dielectric mismatch between the
NPLs and the surrounding environment, which is known
to have important consequences on the electronic struc-
ture of excitons in NPLs.4" 4% Altogether, this suggests
a more detailed investigation of the impact of dielectric
changes and dielectric mismatch on AR lifetimes in nano-
materials along with more experiments to better under-
stand the scaling with respect to the NPL thickness.

V. CONCLUSIONS

In summary, we report the first atomistic, electronic
structure based calculations of AR lifetimes in quasi—2D
NPLs. We find that electron—hole correlations in the ini-
tial biexcitonic state are necessary to obtain AR lifetimes
that are in agreement with experimental measurements.
The AR lifetimes show an increase with the lateral area
for NPLs in the regime A < 100 nm? according to both
our theory and current and previous measurements.” 24
For larger lateral areas (A > 150 nm?), not accessible by
current computational technology, two distinct behaviors
were observed. The current work suggests that AR life-
times plateau with increasing area, consistent with the
measurements of She et al.,” while previous experiments
observed a linear increase with area.?%2” The linear in-
crease of the AR lifetime with area was previously ex-
plained using an exciton diffusion-based mechanism.?*27
Our theory provides an alternative explanation based
on a coherent scattering mechanism that seems consis-
tent with exciton coherent lengths in CdSe NPLs*® and
shows a nearly linear increase of AR lifetimes with lat-
eral area. In addition, we find that the AR lifetimes de-
pend on the NPL thickness with a power law of L172,
depending on the shape of the NPL, which is milder
than previously reported.?* This milder thickness depen-
dence together with the nearly linear lateral area depen-
dence are consistent with the universal volume scaling
law observed in quasi-0D quantum dots and quasi—1D
nanorods.17:19:22:23
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