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Tuning the Inter-Nanoplatelet Distance and Coupling
Strength by Thermally Induced Ligand Decomposition

Shuai Chen, Samir H. Al-Hilfi, Guangbo Chen, Heng Zhang, Wenhao Zheng,
Lucia Di Virgilio, Jaco | Geuchies, Junren Wang, Xinliang Feng, Andreas Riedinger,

Mischa Bonn, and Hai I. Wang*

CdSe nanoplatelets (NPLs) are promising 2D semiconductors for
optoelectronic applications, in which efficient charge transport properties are
desirable. It is reported that thermal annealing constitutes an effective
strategy to control the optical absorption and electrical properties of CdSe
NPLs by tuning the inter-NPL distance. Combining optical absorption,
transmission electron microscopy, and thermogravimetric analysis, it is
revealed that the thermal decomposition of ligands (e.g., cadmium myristate)
governs the inter-NPL distance and thus the inter-NPL electronic coupling
strength. Employing ultrafast terahertz spectroscopy, it is shown that this
enhanced electronic coupling increases both the free carrier generation
efficiency and the short-range mobility in NPL solids. The results show a
straightforward method of controlling the interfacial electronic coupling
strength for developing functional optoelectronic devices through thermal

1. Introduction

Colloidal nanocrystals (NCs) are solution-
processable building blocks for cost-
efficient electrical and optoelectronic
devices,'?! including field effect transis-
tors, light-emitting diodes, photovoltaics,
and photodetectors.*”]  Among differ-
ent NCs (0D quantum dots (QDs),®l 1D
nanorods, etc.),®) CdSe nanoplatelets
(NPLs) are promising 2D semiconductors
with lateral extension up to over 100 nm?
and an atomically precise thickness.!1%12]
The confinement in the thickness direction,
which is tunable by controlling the NPLs’
layer numbers, has been shown to domi-
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nate the electronic and optical properties

of CdSe NPLs.'**] Due to 2D quantum

confinement and reduced dielectric screen-

ing, photogenerated electrons and holes

in NPLs are subject to enhanced Coulomb

interactions. This leads to the formation
of strongly bound electron-hole pairs, so-called excitons in NPLs.
So far, an extremely high exciton binding energy, that is, the ion-
ization energy needed to dissociate excitons into free carriers, on
the order of over 100s of meV has been reported in CdSe NPLs
(e.g., #170 meV for four monolayer (ML) NPLs).[>1¢] The strong
exciton effect results in excellent optical properties including gi-
ant oscillator strength,!'718] and strong fluorescence quantum
yields!™! (up to unity, which is highly desirable for light emission
applications).

In conjunction with the thickness-tunable excellent optical
properties, the 2D geometry makes NPLs ideal materials to po-
tentially conduct charge carriers for light-to-electrical energy con-
version applications, including solar cells and light detectors. In
this regard, understanding the exciton dissociation and free car-
rier generation mechanism in NPLs solids is fundamentally im-
portant for high-performance electronic and optoelectronic de-
vices.

The key to achieving efficient free carrier generation and en-
hanced charge transport properties (e.g., high carrier mobility)
lies in “connecting” the NCs to allow sufficiently strong inter-
NC electronic coupling. The coupling strength between NCs has
been well-known and shown to increase exponentially with de-
creasing NC-NC distance.??% In the QD community, so far,
two methods have been demonstrated to effectively modulate the

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Characterizations of four ML CdSe NPLs. a) Atomic structure illustration of four ML CdSe NPLs, which contain five ML of Cd atoms and
four ML Se in the structure. The chelating carboxylate ligand is bound to the surface Cd atom to make the system charge neutral. b) The TEM image
of face-down four ML CdSe NPLs. c) Absorption (black) and PL emission (red) spectra of four ML CdSe NPLs. d) Temperature-dependent absorption
spectra and e) the inferred absorption peaks of four ML CdSe NPLs in air. f) Raman spectra of the four ML CdSe NPLs film with native ligands (black),

annealing at 250 °C (red), 300 °C (blue), and 350 °C (olive) in the air.

distance between NCs and thus their coupling strength: lig-
and exchange and thermal annealing. First, replacing the
lengthy native ligands (e.g., cadmium myristate) with shorter
ones (including both organic and inorganic) has been widely
investigated.?!>?’] For instance, Talapin et al. employed short
inorganic ligands (S?-, SnS¢*", Te?~, Se?”, or HSe™) to cap
QDs and achieved band-like transport in their solids with
high electron mobility and photoconductivity.?#?°1 Second, the
key idea behind the thermal annealing strategy lies in remov-
ing surface ligands to gradually “fuse” QDs, which leads to
an enhanced photoresponse. For instance, octylamine-capped
PbS NCs annealed at 220 °C were reported to show a 200-
fold increase in the short circuit current3®) CsPbX; NCs
were shown to possess significantly increased photocurrent af-
ter annealing.[?132] CdSe NCs exhibited excellent electrochem-
ical photocurrent, even after a mild heating treatment at
200 °C.133I

In comparison to the QD field, there are fewer experimen-
tal efforts toward fabricating strongly coupled NPL solids and
understanding their charge transport properties. In this direc-
tion, some preliminary work has been done by employing lig-
and exchange in 2D NPLs. For instance, Nadja et al. synthe-
sized polymer-encapsulated NPL stacks and then manipulated
the NPL-NPL distance. Reducing the inter-NPL distance, as ex-
pected, increases the photocurrent in devices.[?°! While effort is
still needed to understand the ligand exchange in 2D NPLs, even
less research effort has been made to understand one of the most
intuitive ways for linking NPLs: thermal annealing. This method
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should allow modulating inter-NC distance, and thereby optical
properties and charge transport, in a very straightforward man-
ner.

In this work, we combine optical absorption, transmission
electron microscopy (TEM), and thermogravimetric analysis with
mass spectroscopy (TGA-MS), and provide experimental evi-
dence that the thermal stability of the surface ligands (e.g.,
their thermal decomposition) governs the inter-NPL distance and
thus electronic coupling strength. Employing ultrafast terahertz
(THz) spectroscopy, we show that the enhanced electronic cou-
pling increases the free carrier generation efficiency as well as
the short-range mobility in NPL solids. Our study provides a new
insight for employing thermal treatments as an intuitive and ef-
fective method to tune the optical and electrical properties of NPL
solids.

2. Results and Discussion

2.1. Synthesis and Characterization

In the study, we used four ML CdSe NPLs with zinc blende
structure, which were prepared following the method reported by
Ithurria.['% As illustrated in Figure 1a, the NPLs consisted of 4.5
CdSe monolayers. The TEM images revealed rectangular-shaped
4 ML CdSe NPLs with lateral sizes of 12.0 + 3.4 by 15.7 + 2.6 nm
(Figure 1b). The absorption spectra possess two pronounced ex-
citonic peaks at 512 and 480 nm as shown in Figure 1c, which
can be assigned to the heavy hole (HH) and the light hole
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(LH) transitions respectively.33*] The photoluminescence (PL)
emission peak at 513 nm has a full width at half-maximum
(FWHM) below 9 nm (equivalently, 32.5 meV) (Figure 1c). Both
absorption and PL data are consistent with results previously re-
ported for 4 ML CdSe NPLs.[!2]

To understand the effect of different annealing treatments on
the ligand thermal stability and tuning the inter-NPL distance
(and thus the electronic coupling strength), we combine optical
absorption, TEM, TGA, and THz spectroscopy to characterize 4
ML CdSe NPLs in thin-films using different annealing temper-
atures (T). The samples are prepared by drop-casting 20 uL so-
lutions of as-synthesized 4 ML CdSe NPLs (1.07 x 10° M, esti-
mated from the absorption spectrum) on fused silica substrates
(1 cm x 1 cm). The as-prepared NPLs film was annealed in a tube
furnace heated to a target T between 200-350 °C for 30 min in
the air (for more details, see the supporting information). Sam-
ples are then cooled down to room temperature in 120 min for
further characterization.

2.2. UV-Vis Analysis

As shown in Figure 1d, increasing the annealing T leads to a
gradual change in the optical absorption including a significant
redshift of the lowest exciton (i.e., the HH transition) transition,
when going beyond ~250 °C. Annealing treatments are expected
to reduce the distance between the NPLs by presumably remov-
ing the capping ligands (see the discussion on the detailed mech-
anism later).1?*35-38] This results in enhanced inter-NPL coupling
strength and thus loosened quantum and dielectric confinement
in NPLs, which explains the absorption changes. Above 340 °C,
a gentle increase of annealing T (e.g., from 340 to 350 °C) trig-
gers a sudden transition from a sharp excitonic-like transition to
a broader absorption feature with an absorption onset shift from
543 to ~700 nm. The inferred bandgap energy (see the Tauc plot
in Figure S1, Supporting Information) is 1.70 eV for the sample
which was annealed at 350 °C and is close to the bandgap of the
bulk CdSe (1.74 eV or ~#710 nm).3%*% This result indicates that
NPLs are fused into bulk-like aggregates (see TEM images below
and in Figure S2, Supporting Information) above an annealing T
of 340 °C.

2.3. Raman Spectroscopy Analysis

To further shed light on the thermal annealing procedure, we per-
formed Raman spectroscopy on NPLs film under different an-
nealing T (Figure 1f). Two characteristic Raman modes at ~208
and 410 cm™! can be well assigned to the longitudinal optical (LO)
and 2 LO phonon modes of 4 ML CdSe NPLs, which is consistent
with literature reports.[*!l By annealing the NPL film at 350 °C,
we observe three newly emerged peaks at 290, 392, and 938 cm ™!
(marked in green) which can be attributed to CdO.[*?l Together
with the absorption data, we can conclude that along with the for-
mation of bulk CdSe, oxide formation takes place simultaneously
by annealing at 350 °C. Formation of CdO likely takes place at the
surface of the CdSe aggregates following (partial if not complete)
ligand removal.
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2.4. TEM Analysis

We performed TEM on NPLs films to obtain direct information
on the morphology change (e.g., the inter-NPL distance change)
after the thermal treatment. The as-prepared 4 ML CdSe NPLs
films assemble in an edge-up geometry with a 3.8 + 0.5 nm face-
to-face stacking distance, as shown in Figure 2a,b. This inter-
NPL distance is slightly higher than twice the Cd-myristate lig-
and length (nominally ~1.7 nm).[*}] By further increasing the an-
nealing T, as shown in Figure 2c (for 250 °C) and Figure 2e (for
300 °C), the edge-up configuration is maintained. The inter-NPL
distance gradually drops with increasing T. More precisely, we
observe that the first decrease in inter-NPL distance occurs at al-
ready atalow T, at #80 °C (from 3.8 to #2.5 nm), which is slightly
above the evaporation point of the solvent used to disperse the
NPLs (hexane, 69 °C). This effect may be related to the evapora-
tion of solvent molecules trapped in the voids of the NPL film, in
line with previous reports.l*’] By further increasing T, the distance
remains nearly unchanged until 250 °C, after which it decreases
further to below 1 nm at 340 °C. Although irregularly shaped ob-
jects were observed at 300 and 340 °C (Figure 2g,i), further XRD
studies confirm that the main crystal phase remains zinc blende
CdSe NPLs (Figure S5a,b, Supporting Information). These irreg-
ularly shaped substances may be assigned to aggregates of de-
composed ligands. Finally, the film annealing at 350 °C results
in the formation of clusters or the “necking” of NPLs leading to a
fused solid (Figure S2, Supporting Information). In this narrow T
range, combining the absorption result (i.e., the sudden changes
from weak “excitonic” to bulk-like absorption), Raman data (i.e.,
the emergence of oxidation signal), and TEM analysis, we con-
clude that ligands are gradually removed from the NPL surface
between 250 and 340 °C, and undergo a remarkably sudden re-
moval of residual ligands between 340 and 350 °C.

2.5. Thermogravimetric Analysis with Mass-Spectrometry
(TGA-MS) Analysis

To better understand the desorption of the potent myristic acid-
related capping ligands, we conducted TGA-MS to study the de-
composition of Cd(myr),. In an ideal situation, we would have
conducted the study for Cd(myr), capped 4 ML CdSe NPLs, but
we have insufficient CdSe NPLs to do so. Such a simplified study
can still provide molecular insights into the effects of thermal
treatment. This is because although technical grade oleic acid was
applied in the NPL synthesis, a high content of myristic acid is ex-
pected to cover the NPLs’ surface. Therefore, we believe that the
simplified thermogravimetric experiments of myristic acid lig-
ands (without NPLs) should be justified to study the surface lig-
and decomposition at NPL surfaces. Figure 3a presents the nor-
malized T-dependent gas release kinetics. First, the TGA curve
shows two important weight loss steps, with the first step at a
temperature range of ~#250-350 °C with 62 wt. % loss (the T range
that is relevant to our studies). In this region, the recorded gases
detected by MS include various oxygen-containing molecules of
organic molecules (i.e., CO, CO,, and H,0), and carbon-rich frag-
ments (such as CH;, CH,, C,H;, and C,H,). Increasing the tem-
perature from 355 to 475 °C results in a second weight loss step
with 11% more weight loss (Table S1, Supporting Information).
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Figure 2. TEM images of four ML CdSe NPLs as-synthesized a), after annealing at 80 c), 250 e), 300 g), and 340 °C (i). The NPL-NPL distances are
3.8+ 0.5nma), 2.5 + 0.4 nmc), 2.5 + 0.5 nme), 1.5 + 0.4 nm g), and 1.0 + 0.2 nm i), respectively. Histograms of the NPL-NPL distance of four ML
NPLs as-synthesized b), after annealing at 80 d), 250 f), 300 h), and 340 °C (j). Approx 100 NPL-NPL distances were analyzed.

The released gases in the second step are only C and CO,. We
believe the first decomposition reactions happen during the first
step, as most ligands were lost from the NPL solid and turned
to gases. Furthermore, based on the MS signals, all the C—H
containing parts of the ligands were released in the first step as
well, while only C and C—O species were detected in the second
step. Finally, given the varied gases (for both oxidized and C-based
ones) releases and their similar kinetics, we exclude a scenario in
which all the ligands decompose simultaneously in a step-by-step
fashion, by losing —CH,;, or —CH,- groups (by simple decompo-
sition or oxidation) one by one.

When we thermally anneal the ligand-capped NPL film in the
air, we propose that O, oxidizes the Cd-myristate ligands to lib-
erate gases. As a result, the ligand density decreases at high
temperatures, thus gradually decreasing the inter-NPL distance.
This proposal is consistent with previous reports. David et al. re-
ported the decomposition and fragmentation products of CdSe
QDs with the tert-butylthiol ligand.*}] Isobutene and isobutane
were observed as the major volatile products during TGA mea-
surements, and C,H, was removed first. This provides a fine con-
trol on inter-NPL distance. In addition, SEM-EDX analysis shows

a similar Cd/Se ratio for annealed NPLs, and a reduced amount
of C content with increased annealing T, further supporting the
conclusion of selectively removing ligands during the thermal
annealing process (Table 1). In Figure 3b, we demonstrate that
the weight loss by heat treatment can correlate perfectly with the
NPL-NPL distance (by TEM) and shifts in the absorption, pro-
viding a direct correlation between the thermal decomposition
of ligands to the morphology modulation, and as a result, to the
physical properties of NPL solids.

2.6. Photoconductivity Measurements by THz Spectroscopy

To investigate the effect of the shortened ligand length on the
optoelectronic properties following thermal annealing at var-
ied T, we employ contact-free, optical pump-THz probe (OPTP)
spectroscopy to measure the time- and frequency-resolved pho-
toconductivity with sub-ps time resolution. The pump-induced
change in the conductivity, that is, photoconductivity Ac, is pro-
portional to the photoinduced THz absorption (AE = E,,,, —
E) at varying pump-probe delays, where E,,,.., and E represent
the transmitted THz field with and without photoexcitation (See
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Figure 3. a) Thermogravimetric Analysis with Mass-Spectrometry curve for the decomposition of Cd(myr),. b) Correlation between the TGA weight loss
and the NPL-NPL distance versus the excitonic absorption peak for treatments until 340 °C.

Small 2024, 20, 2308951

2308951 (4 of 7)

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3 |qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO ol 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//SdNY) SUOTIPUOD Pue SWie | 8u 89S *[202/50/80] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq TS680£202 |IWS/Z00T 0T/I0p/uod A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘9T ‘%202 '6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

smidll

www.advancedsciencenews.com

Table 1. Elemental compositions of as-prepared CdSe NPLs, NPLs-Air-
250°C, and NPLs-Air-300 °C determined by SEM-EDX analysis.

4 ML CdSe NPLs Cd Se C Cd:Se
Native Myristate Ligand 13.5T wt.% 10.81 wt.% 75.67 wt.% 1.25
250 °C in the air 22.63 wt.% 18.44 wt.% 58.93 wt.% 1.23
300 °C in the air 36.71 wt.% 29.63 wt.% 33.66 wt.% 1.24

Experimental Section). Figure 4a compares the photoconductiv-
ity dynamics of NPL films annealed at different T, normalized to
the absorbed photon densities (N,,). Though displaying a simi-
lar dynamic evolution within 10 ps, the different films show dis-
tinctly varied intensities. Specifically, in line with all the structure
and thermal analysis above, with increasing T over 250 °C, the
OPTP intensity increases substantially, which is further demon-
strated clearly in Figure 4b. Since (Ac)/N,,, is proportional to the
product of the photon-to-free-carrier quantum yield ¢ and charge
mobility p, the enhanced OPTP signal at elevated annealing T is
attributed to a higher free carrier population and/or improved
charge transport properties. As the averaged ligand length be-
comes shorter with annealing, the electronic coupling between
the adjacent layers increases, which could give rise to an en-
hanced out-of-plane dielectric screening and reduced quantum
confinement. These effects will greatly reduce the exciton bind-
ing energy and, thus, raise the proportion of the free electrons
and holes. Besides, the out-of-plane charge transport across the
adjacent NPLs will increase because of the enhanced inter-NPL
electronic coupling. The increase in the carrier mobility observed

www.small-journal.com

athigh temperatures is indeed a promising development for elec-
tronic devices, such as LEDs, where efficient charge transport is
critical. However, it appears that for LED applications, additional
measures may be required to passivate defects formed during an-
nealing (Figure S7, Supporting Information), to recover the emis-
sion properties.

To confirm and disentangle these two contributions from the
free carrier density and charge mobility, we conducted THz
time-domain spectroscopic (THz-TDS) analysis at a given pump-
probe delay time. THz-TDS provides the frequency-resolved
complex photoconductivity spectra, including the real and imag-
inary parts, as shown in Figure 4c—e. At RT, the photoconductiv-
ity spectrum shows an exciton-dominated response with a finite
real part and a pronounced negative imaginary part, which can
be described by a Lorentz model.[*] This is in line with the large
exciton binding energy of 170 meV in 4 ML CdSe NPLs with na-
tive ligands, which leads to a dominant exciton population. At
high annealing T, the photoconductivity spectra change, as illus-
trated in Figure 4d,e, and are dominated by the real component,
indicating the free-carrier-dominated dynamics. The conductivity
dispersion can be adequately described by the so-called Drude-
Smith model:1*®]

wfjeor c
Drude—Smith 1 —iwr ( 1 -iwt ( )

Here, 7, w,, and ¢, are the effective scattering time, plasma
frequency, and vacuum permittivity, respectively. In this model,
free carriers dominate the photo-response and experience
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Figure 4. a) Annealing-T-dependent photoconductivity dynamics by optical-pump-THz probe (OPTP) spectroscopy following 3.10 eV photoexcitation.
b) Normalized OPTP peak in (a) as a function of annealing T. Frequency-resolved photoconductivity spectra of ¢) 4 ML CdSe NPLs with native ligand, d)
NPLs-300 °C and e) NPLs-350 °C, respectively. The data are measured at 0.2 ps after the OPTP peak. The data are fitted by the Drude-Smith model, as
described in the main text. The red and black solid lines represent the real and imaginary parts of the complex THz photoconductivity as modeled with
the Drude-Smith model, respectively.
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Table 2. The obtained Drude-Smith parameters for different temperatures.

Annealing temperature [°C] 7 [fs] c Carrier density [m™]

250 43+3  —095+0.01 4.17x10?"+ 1 x 10"
300 44+2 -087+001 835x10%+ 2 x 10"
325 47+5 -089+003 854x102"+ 5 x10"
335 49+4 —083+001 9.08x 10"+ 3 x10"
350 69+5 —067+002 12.10x 102"+ 2x 10"

preferential back-scattering resulting from spatial confinement
due to, for example, grain boundaries or interfaces.[*>*¢] This ef-
fect is evaluated quantitatively by the parameter ¢ ranging from
—1to 0. When ¢ = 0, the free carriers undergo a Drude-like trans-
port with a momentum-randomizing scattering; for c= —1, these
free carriers are subject to a complete back-scattering with strong
confinement. As shown in Table 2, the extracted parameter ¢
from the fits increases with increasing the annealing T, which
indicates reduced confinement of the photogenerated free carri-
ers as the interlayer distance becomes smaller. When T = 350 °C,
there is a significant and sudden jump of the parameter ¢ and
scattering time: for the former, it reduces from close to —0.95 to
—0.67, and for the latter, there is a large increase from 40-50 to
~70 fs. This result is in line with our expectation, in which a struc-
tural transition from quasi-2D to 3D with the complete removal
of the interlayer ligands. Both parameters have changed in a di-
rection to substantially enhance the short-range charge carrier
mobility at the dc limits, following y = ;—T (1 + ¢), by increas-
ing the annealing T from 250 to 350 °C. The free carrier density
density increases gradually by T, and the free carrier generation
quantum increases by a factor of 3 by comparing the carrier den-
sity generated at 250 to that at 350 °C based on the fitting result
in Table 2.

3. Conclusion

In summary, we report that thermal annealing represents an ef-
fective strategy to tune the optical absorption and electrical prop-
erties of NPL assemblies by controlling the inter-NPL distance.
The underlying mechanism for such morphology control lies in
the stability of the surface ligands: we observe a direct correlation
between the T-dependent ligand decomposition and the NPL-
NPL distance shortening (by TEM), the strong red-shift in the
absorption band edge (by UV-vis studies), and furthermore, the
enhanced electrical transport within the NPL films. Our results
illustrate a straightforward manner to control the interfacial elec-
tronic coupling strength for developing functional optoelectron-
ics through thermal treatments.
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