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ABSTRACT 

Colloidal semiconductor nanoplatelet (NPL) with broad ligand-semiconductor interface is an 

ideal system for surface science investigation, but the study regarding depletion effects in NPLs 

remains lacking. Herein we explore such effects in colloidal CdSe NPLs through Br-ligation. Apart 

from improved brightness and redshifted optical features, we also experimentally observed 

abnormal negative thermal quenching phenomena in bromide-ligated CdSe NPLs over 200 K 

under cryogenic environment and up to 383 K under ambient environment, which was absent in 

pristine NPLs. We speculate that the surface depletion effect shall account for these anomalous 

phenomena due to the susceptibility of surface depletion region on photoexcited carrier 

concentration and surface condition. The existence of depletion layer in NPLs is also validated 

quantitatively with k·p simulation. Besides offering an alternative explanation on the redshifted 

optical properties of CdSe NPLs by Br-ligation, our findings pave the new route towards solution-

processed NPLs-based optoelectronics with boosted thermal resistance. 
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Two-dimensional (2-D) colloidal semiconductor nanostructures, also identified as 

nanoplatelets (NPLs), have raised increasing research interests in fundamental photophysical 

properties1-4 as well as developments of optoelectronic devices5-7 with exceptional performance 

thanks to their remarkable attributes such as narrow photoluminescence (PL) linewidths8, giant 

oscillator strengths9 and broad spectral tunability10 along with the scalable solution-

processability11 for mass production. Among all 2-D NPLs family, well-studied CdSe NPL has 

become a representative of 2-D system in the research field thanks to its mature synthesis protocol 

with better reproducibility and pronounced stability.5 However, due to the large surface-to-volume 

ratio in NPLs, the abundant unpassivated dangling or broken bonds on the NPLs’ flat surfaces act 

as trap states, which induces ubiquitously observed PL quenching via non-radiative recombination 

processes12-14 and deteriorates the operation of NPLs-contained devices. Consequently, practical 

synthesis protocols to suppress the density of uncoordinated surface atoms and in-depth physical 

understanding of surface-state behaviors are tremendous priorities for scientists. In order to 

mitigate surface trapping level, time-consuming and sophisticated preparation protocols of NPL-

heterostructures, analogous to the conventional epitaxial quantum well, with inorganic shell 

surrounded core NPLs have been proposed since 2012 to obtain CdSe-based NPLs with efficient 

quantum yield and improved colloidal stability.15-17 On the other hand, halogenated ligation has 

been identified as an efficient approach of improving the performance of optoelectronic devices 

made from various active materials18-21. In the field of colloidal CdSe nanoplatelets, besides the 

function of passivating surface trap states18, halide ligands can act as a refiner tuning tool for 

manipulating the light emission wavelength19-23. 

Compared to the exploration of the growth and property modification of core/shell CdSe 

NPLs, investigation of the underlying physics behind the ligand-exchanged NPLs remains in the 
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initial stage. Due to the minor chemical composition change and easy postsynthesis treatment 

relative to heterostructure counterparts as well as better surface passivation effects, halides-treated 

CdSe NPLs become ideal systems for the exploration of surface-state behaviors. Pointedly, halide-

treated CdSe NPLs manifest obvious bathochromic optical features, which was tentatively 

attributed to the thickness expansion in combination with strain relaxation.18, 24, 25 These 

hypotheses, however, neglect the influence of alternation of terminated ligands on the modification 

of the energy barrier profiles in close proximity to the interfaces, especially for 2-D NPLs with 

broad planes possessing large density of surface states. Thus, the origin of the recorded redshifts 

and improved quantum yield of halide-exchanged CdSe NPLs needs more quantitative 

investigation. 

In this report, we quantitatively investigate the effects of Br-ligation on the optical properties 

of colloidal CdSe NPLs. Besides the commonly observed PL wavelength redshift, we observed 

abnormal temperature dependence of the PL intensity. In particular, Br-treated NPLs demonstrated 

enhanced intensity at temperature as high as 383 K and full PL intensity recovery even after three 

rounds of thermal cycling up to 373 K, which is very significant for practical optoelectronic 

devices. The observed negative thermal quenching phenomena with high brightness even under 

383 K in the case of bromide-capped NPLs cannot be explained by previously proposed plausible 

mechanisms. Instead, we employ an alternative model to consistently interpret all the experimental 

observations. In our model, surface depletion layer could be the dominant factor that affacts optical 

recombination processes. For NPLs after bromide treatment, lower depletion field and narrower 

depletion width lead to large exciton delocalization and improved quantum yield, which is in 

consistence with our experimental results and theoretical simulation derived from k·p calculation. 

Furthermore, based on our model, the narrowing of depletion width accompanied with temperature 
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increments may account for the observed abnormal negative PL quenching effects during heating 

experiments. Our work not only provides new insight into ligand chemistry in anisotropic 

nanostructures but also offers a hitherto underutilized pathway to realize real-world NPLs-based 

optoelectronics under high operation temperature. 

Two batches of pristine carboxylates-capped CdSe NPLs were prepared by referring to 

previous report.9 The different NPLs populations, 4-ML and 5-ML CdSe NPLs in our work, are 

distinguished by the total number of selenium atomic layers since two final layers terminated on 

both large basal planes are cadmium-rich.8 Consequently, complete surface ligation is essential for 

charge neutrality and colloidal stability in CdSe NPLs. Cadmium bromide was used during ligand 

exchange reaction in our work owing to the best surface coverage of bromide ligation on NPL 

basal planes.18 Amounts of added bromide salts have been optimized to obtain the final Br-treated 

CdSe NPLs with the highest photoluminescence quantum yield (PLQY). Details of the bromide 

ligand exchange procedure could be found in the Supporting Information. Optical absorption and 

PL spectra as well as PLQY values of 4ML and 5ML CdSe NPLs before and after bromide 

treatments are displayed in Figure 1a. Consistent with the previous reports, two well-resolved 

redshifted interband transitions along with the increased PLQYs upon bromide ligand exchange 

are observed. Transmission electron microscopy (TEM) images shown in Figure 1b confirm the 

preservation of 2D-shape after post ligand-exchange reaction.  
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Figure 1. Fundamental spectroscopic measurements and geometric characterization of CdSe 

NPLs samples. (a) Emission and absorption spectra of pristine CdSe NPLs (4ML and 5ML) and 

bromide-treated NPLs (4ML-Br and 5ML-Br). Corresponding PLQYs are indicated in the graph. 

(b) TEM images of each batch of CdSe NPLs of interest. Scale bars are 50 nm. 

Systematic temperature-dependent spectroscopic measurements have been conducted to 

investigate the influence of surface coverage of bromide ligation on the exciton recombination 

process. The low temperature-dependent PL spectra of drop-casted 4ML and 4ML-Br CdSe NPLs 

films are displayed in Figures 2a and 2b, respectively. In line with the previous reports26-31, two 

well-separated PL peaks at temperature below 140 K are observed in the case of 4ML CdSe NPLs 

film. The origin of these two well-resolved PL peaks will be discussed below. It is noted that 

positive thermal quenching behavior in which the reduction of PL intensity with the increase of 

temperature is dominant over the whole cryogenic temperature range for 4ML NPLs owing to the 

rapid thermal activation of non-radiative recombination process and carrier trapping. In contrast 

to the emission properties of carboxylates-terminated NPLs, PL spectra of Br-treated 4ML CdSe 
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NPLs in Figure 2b show two deviant behaviors: only one PL emission peak over the whole 

cryogenic temperature range and the abnormal negative thermal quenching phenomenon with 

stronger PL intensity at elevated temperature in the range from 240 K to 300 K. The low 

temperature-dependent PL spectra of 5ML and 5ML-Br CdSe NPLs shown in Figure S1 also 

manifest similar trends as the 4ML counterparts. The temperature-varying excitonic peak positions 

in 4ML-Br CdSe NPLs extracted from Figure 2b are plotted in Figure 2c and fitted with widely-

used Bose-Einstein model3, 12, 32 describing as: 
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In which E(0) refers to the exciton energy at temperature 0 K, aep accounts for the exciton-

phonon coupling strength and θ represents phonon temperature. Temperature-dependent 

absorption results of 4ML-Br NPLs were displayed in Figure S2 and the temperature-dependent 

energy positions of electron-heavy hole excitonic transition were extracted and fitted with Bose-

Einstein equation. The fitting results displayed in Figure S2b present comparable fitting values 

obtained by the PL spectrum analysis presented in Figure 2c, which confirms the physical origin 

of emission peak in Figure 2b as the neutral exciton. Moreover, the larger aep , θ and smaller E(0) 

in the case of Br-capped NPLs compared to that in 4ML CdSe NPLs retrieved from previous 

literature3 indicate the improved exciton-phonon interactions and reduced quantum confinement 

effects after Br-ligands passivation. For the purpose of in-depth exploration of negative thermal 

quenching behavior observed in judiciously bromide-treated CdSe NPLs, the low temperature-

dependent PL measurements of 4ML-Br CdSe NPLs under different power conditions were carried 

out with detailed PL spectra plotted in Figure S3. The temperature-dependent integrated intensity 

of excitonic recombination extracted from PL spectra of 4ML and 4ML-Br under three different 
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power densities (0.05 mW, 0.1 mW and 7.5 mW) is summarized in Figure 2d. It is also noted that 

although the unusual negative thermal quenching behaviors are observed in all three cases of Br-

treated NPLs irrespective of excitation powers, the abnormal thermal quenching effect is more 

pronounced under moderate excitation intensity (0.1 mW) with PL intensity at 300 K much higher 

than that at 12 K. The less obvious negative thermal quenching features under low and high 

excitation intensity may due to the less amounts of photogenerated carriers and more rapid non-

radiative recombination process resulting from strong laser thermal effects, respectively.  
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Figure 2. Systematic PL study of 4ML CdSe NPLs before and after bromide treatments at 

cryogenic temperature. (a, b) Temperature-dependent PL spectra of drop-casted 4ML and 4ML-

Br CdSe NPLs films under 0.1 mW laser excitation, respectively. (c) Temperature-dependent PL 

peak position of 4ML-Br CdSe NPLs with the fitted curve (black line) and the results of fitted 

parameters from Bose-Einstein model. (d) Evolution of temperature-dependent integrated PL 

intensity of 4ML CdSe NPLs and 4ML-Br CdSe NPLs under different excitation power. All curves 

are normalized at the first data point for clarity.  

Colloidal nanostructure materials synthesized by hot injection methods usually contain 

substantial amounts of surface dangling bonds. Although surface ligands have been introduced 

into reaction solution to passivate these uncoordinated states, it is hard to obtain nanostructures 

with complete surface passivation. Thus, the unpassivated surface states will act as shallow trap 

centers within the bandgap, which triggers the formation of spatially extended space-charge layer 

beneath the nanostructure’s outer layer for surface charge neutrality.33, 34 In other words, the 

existence of depletion layer penetrating the surface into nanostructures helps to balance the charge 

of surface states and consequently, governs the optoelectronic properties with the occurrence of 

upward bended-energy band at the ligand-nanostructure interface. As band diagrams illustrated in 

Figure 3, Fermi level EF appears near to the bottom of the conduction band Ec owing to the slightly 

n-type nature of CdSe NPLs confirmed by several experimental techniques including scanning 

tunnelling spectroscopy30, electrolyte gating measurement35 as well as X-

ray/ultraviolet photoelectron spectroscopy photoelectron spectroscopy15. The existence of 

depletion zone near both outer planes with screening length ld and potential barrier Vd leads to 

upward band bending for charge balance. According to the previous literature36, the detailed 

expression of ld is as follow: 
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Where ԑ, e and N refer to the dielectric constant, charge and concentration of carriers, 

respectively. Equation 3 is a well-known formula for the concentration of majority charge carriers 

for the n-type semiconductor in which α, KB are constants and ΔΕ refers to the energy difference 

between the Ec and donor energy level. Ellipsometry technique was conducted to measure the 

permittivity of 4ML CdSe NPLs and detailed characterization procedures can be found in our 

previous work9. The results of complex dielectric functions are displayed in Figure S4. The close 

values of dielectric constants for these two types of 4ML NPLs emphasize that different carrier 

concentration might be the key factor for the appearance of the observed abnormal thermal 

quenching features in Br-capped CdSe NPLs. As illustrated in Figure 3a, under low temperature, 

EF approaches downward and ld increases accompanied with the reduction of Vd for charge balance. 

As a result, the number of photoexcited exciton in neutral region is greatly reduced, leading to the 

lower emission intensity at low temperature. As the temperature increases, narrower ld results in 

broad neutral region for stronger emission according to Figure 3b. However, it is noted that the 

net PL intensity is actually the result of interplay between temperature-varying depletion effects 

and rapid thermal activation of non-radiative recombination centers which contribute to positive 

thermal quenching effects. In this regard, although one previous literature28 has observed negative 

thermal quenching of CdSe NPLs below 120 K, the absence of negative thermal quenching feature 

of pristine NPLs in our work might be ascribed to the dominant non-radiative recombination 

process at higher temperature, which is supported by the poor surface passivation in primitive 
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CdSe NPLs. Our proposed surface-depletion model also offers significant implications for the 

interpretation of the origins of two well-separated emission peaks in pristine CdSe NPLs. Although 

the high-energy peak is usually attributed to exciton recombination, the physical origin of the low-

energy peak is still under active debate. Several hypotheses regarding the source of this low-energy 

emission have been proposed including longitudinal optical phonon replica31, surface state-related 

emission28, excimer emission of close-packed NPLs stacks27 and charged exciton recombination26, 

29. As discussed earlier, since the pronounced exciton-phonon coupling is expected in Br-treated 

CdSe NPLs, the absence of the additional emission feature on the low-energy side in these Br-

capped NPLs implies that the origin of the low-energy peak for pristine NPLs is not ascribed to 

the phonon-assisted emission. Furthermore, since the NPLs films are all prepared by drop-casting 

high-concentrated NPLs dispersion onto quartz substrates, which also rules out the collective 

effects from excimer-like emission hypothesis. According to our experimental results and 

proposed surface-depletion model, the formation of resident charged excitons or the surface 

localized excitons, resulted from rapid trapping of photogenerated carries into surface trap states 

accompanied with the broader depletion zone under low temperature, possibly facilitates the 

occurrence of the additional emission peak on the low-energy side in primitive CdSe NPLs with 

poor surface passivation. 



 12 

Figure 3. Schematic band diagram of colloidal CdSe NPLs considering surface-depletion effects 

at (a) lower and (b) higher exposure temperatures. 

Besides the cryogenic temperature-varying PL study, the other way to examine the surface-

depletion effects is to compare the emission properties of NPLs with and without improved surface 

passivation. As shown in Figures 4a and 4b, Br treatment helps to reduce the uncoordinated 

surface states and consequently flats up the band structure up to the ligand-NPL interface by the 

reduction of both ld and Vd, which leads to the improved emission efficiency and bathochromic 

shifts of excitonic transitions observed in the case of Br-treated CdSe NPLs. In order to obtain a 

quantitative picture of the energy band diagram of NPLs, values of both ld and Vd for different 

populations of CdSe NPLs have been tentatively computed via 8-band k·p modelling of theoretical 

absorption spectra shown in Figures 4d-e in agreement with the experimental results. The 

depletion field is assumed with parabolic band bending in our k·p simulation and details of 8-band 

k·p method could be found in previous literature.37 Values of ld and Vd are extracted from k·p 

model and plotted in Figure 4e which shows that thicker NPLs or Br-capped NPLs present thinner 

ld and lower Vd  owing to better surface passivation, which is in line with the surface depletion 

model. Previous literatures18, 24, 25 usually attribute these red-shifted optical features in Br-CdSe 
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NPLs to the ligand-induced strain effects including thickness expansion and the concomitant 

biaxial strain-induced delocalization effect. However, none of them have considered the band-

bending structure and their proposed mechanisms have failed to explain the negative thermal 

quenching features observed in our study. Furthermore, one recently published literature has 

reported the strong unexpected confinement constraining carriers’ motion in CdSe NPLs by 

utilizing low temperature scanning tunnelling spectroscopy30, which indicates the existence of 

depletion layer in these CdSe NPLs to restrict the carriers’ motion as estimated by our surface-

depletion model. 

 

Figure 4.  Study of surface-depletion effects of CdSe NPLs before and after bromide-

treatment. Schematic band structures of (a) carboxylates-capped and (b) bromide-capped CdSe 

NPLs. Simulated absorbance spectra of (c) 4ML CdSe NPLs family and (d) 5ML CdSe NPLs 
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family calculated from k·p method. (e). Values of the derived parameters including depletion width 

(ld) and depletion field (Vd) of the corresponding CdSe NPLs from k·p simulation.  

In terms of the commercialized optoelectronic devices with operating temperature over 370 

K, rapid PL quenching under elevated temperature is still a big challenge.38 Thus, motivated by 

the boosted PL intensity of Br-CdSe NPLs at higher temperature in the cryogenic regime, 

temperature-dependent PL at elevated temperature range from 298 K to 383 K under ambient 

environment was carried out subsequently. The detailed experimental setup is discussed in 

Supplementary Information. Figures 5 shows the static PL results with cyclical heating approach 

of the primitive, Br-capped and core/shell CdSe NPLs in thin-film phase. In agreement with the 

previous literatures12, 39, PL intensity of the carboxylates-capped and core/shell NPLs film 

decreases with ascending heating temperature. Negative thermal quenching behavior is still 

observed even over 370 K, which is the operating temperature range for most of optoelectronic 

devices, in the case of 4ML-Br CdSe NPLs and 5ML Br-CdSe NPLs films as displayed in Figure 

S5. The observation of positive thermal quenching effect during the second and third heating 

cycles in bromide-treated CdSe NPLs is mainly ascribed to the progressive activation of surface-

quenching sites resulting from the combined effects of surface contamination in the humid air 

condition and gradual desorption of Br ligands after several heating cycles. Capsulation or 

introduction of heat sink could alleviate these problems. The temperature-dependent PL decays of 

the corresponding NPLs films are displayed in Figure S6 and fitted with biexponential functions 

A1𝑒−𝜏1𝑡+ A2𝑒−𝜏2𝑡. According to previous literatures39, 40, A1 and τ1 are attributed to amplitude and 

lifetime of excitons with quenching site while slow component A2𝑒−𝜏2𝑡 corresponds to decay of 

excitons without quenching center. All parameters of biexponential behavior are extracted and 

displayed in Figures 5d and 5e. Apparently the percentage of excitons without quenching centers 
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is inspected to increase in 4ML Br-CdSe NPLs under elevated temperature compared to that in 

pristine counterparts, which implies the suppressed depletion region with the increment of 

temperature in Br-capped NPLs. Although previously the surface depletion model was also 

employed to explain the presence of quantum confinement effects in CdS nanobelts with sizes 

beyond the quantum confinement regime41 and the PL enhancement in ZnO nanowires with 

polymer coverage42, all these observed depletion-induced behaviors took place under cryogenic 

temperature and the physical dimension of these materials of interests are larger than their 

corresponding excitons’ Bohr radius. To the best of our knowledge, this is the first time to report 

negative thermal quenching phenomenon over 370 K and to adopt surface depletion model to 

interpret both PL enhancements and redshifted optical features for the family of colloidal 2D 

semiconductor nanostructures with strong quantum confinement. Our work also demonstrates that 

post-synthesis bromide treatment could be an effective way to address the rapid PL quenching 

issue for NPLs-based miniatured photonic devices.  

In conclusion, thermal quenching behaviors have been experimentally observed in all 

bromide-treated CdSe NPLs with different vertical monolayer-thickness while are absent in 

primitive CdSe NPLs with poor surface passivation. Further fluence-dependent PL studies also 

emphasize the strong dependence of the number of photogenerated carriers on the NPLs’ abnormal 

quenching dynamics. Thus, surface depletion model has been proposed to interpret such observed 

peculiar thermal quenching features in Br-CdSe NPLs since surface depletion region formed by 

compensating equal amount charges from surface states is strongly affected by the surface states’ 

condition and carrier concentration. This surface depletion model could not only offer significant 

implications for the origin of the additional emission peak on the lower energy side in low-

temperature PL spectra of pristine CdSe NPLs film, but also explain the reported redshifted PL 
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peak as well as boosted PLQY of CdSe NPLs after bromide-ligand exchange. The rationale of 

surface depletion model is also verified by calculating the theoretical band-bending structure of 

CdSe NPLs before and after bromide treatment via simulating experimental absorption spectrum 

with 8-band k·p method. It is also believed that the surface depletion effects exist in most 

nanomaterials owing to the intrinsic nature of large amounts of unpassivated surface states and 

two-dimensional nanostructures exhibit the most pronounced surface depletion phenomena owing 

to the exceptionally large surface/volume ratio. Last but not the least, the negative thermal 

quenching effects could extend to heating temperature over 383 K under ambient environment, 

which makes post-synthesis bromide treatment a powerful strategy for scalable NPLs-based high-

temperature integrated microdevices.  
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Figure 5. PL study of 4ML CdSe NPLs family under heating in ambient environment. (a, b, 

c) Temperature-dependent integrated PL intensity of drop-casted 4ML, 4ML-Br CdSe NPLs films 

and 4ML-core/shell CdSe/CdZnS NPLs films under 0.17 mW 325 nm CW-laser excitation, 

respectively. Insets are static PL spectra of corresponding films subjected to cyclical heating. (d, 

e) Evolution of lifetimes of fast and slow components as a function of varying temperature in the 

cases of drop-casted 4ML and 4ML-Br CdSe NPLs, respectively.   
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