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İrfan Selim Bozdoğan
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ABSTRACT 

COLLOIDAL SYNTHESIS OF Ag(I)-DOPED CdSe 
NANOPLATELETS WITH PARTIAL CATION 

EXCHANGE METHOD 
 

İrfan Selim Bozdoğan 

M.S. in Material Science and Nanotechnology 

Advisor: Hilmi Volkan Demir 

January 2019 

Colloidal nanoplatelets (NPLs) exhibit strong one-dimensional quantum confinement 

in the vertical direction. This makes them a highly attractive host system for studying 

variable doping techniques and effects without variation in the quantum confinement 

effect. Earlier, core-only CdSe NPLs were converted into Cu2Se and HgSe NPLs, and 

also CdSe/CdS core/shell NPLs were transformed into Cu2Se/Cu2S, ZnSe/ZnS, and 

PbSe/PbS NPLs by using full cation exchange (CE) methods. Recently, core-only 

CdSe NPLs have been doped with Cu(I) ions using high-temperature nucleation 

doping and post-synthesis partial CE approaches. On the other hand, unlike Cu(I),  

such monovalent doping with Ag(I) ions has previously not been possible in NPLs as 

a host system, although silver doping had been widely studied in other host systems. 

Therefore, there has been no previous report on the doping of Ag(I) into CdSe NPLs 

to date. To address this gap, in this thesis, Ag(I) doping in CdSe NPLs by using a post-

synthesis partial CE technique was developed. A systematic study was carried out to 

investigate the effects of dopant precursor reactivities, reaction timing, and 

temperature on the evolution of  dopant-related emission as compared to the excitonic 

emission. In controlled experiments, the excitonic emission peak was eliminated and 

only dopant-related emission peak was successfully obtained. Finally, temperature-

dependent emission kinetics of the as-synthesized Ag(I)-doped CdSe NPLs at varied 

temperatures ranging from 25 to 298 K were investigated. It was observed that both 

excitonic and dopant-related emission peaks were blue-shifted and their intensities 

were considerably increased with the decreasing temperature. As a new dopant-host 
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system, these Ag(I)-doped CdSe NPLs hold a great promise for further systematic 

spectroscopic studies and possibly various optoelectronic applications. 
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ÖZET 

GÜMÜŞ-KATKILI CdSe NANOLEVHALARIN KISMİ 

KATYON DEĞİŞİMİ METODU İLE KOLLOİDAL 

SENTEZİ  

İrfan Selim Bozdoğan 

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans 

Tez Danışmanı: Hilmi Volkan Demir 

Ocak 2019 

Kolloidal nanolevhalar dikey yönde kuvvetli tek boyutlu quantum sınırlaması 

gösterirler. Atomik olarak düz bu nanolevhaların dikey yöndeki sınırlaması, kuantum 

sınırlama etkisinde değişiklik yapmadan, değişik katkılama tekniklerini ve etkilerini 

incelemek için, bu nanolevhaları oldukça çekici bir mesken sistem yapmaktadır. Tam 

katyon değişimi (KD) metotları kullanılarak, CdSe çekirdek nanolevhalar Cu2Se ve 

HgSe nanolevhalara; CdSe/CdS çekirdek/kabuk nanolevhalar ise, Cu2Se/Cu2S, 

ZnSe/ZnS, and PbSe/PbS nanolevhalara dönüştürülmüştür. Yakın zamanda, CdSe 

çekirdek nanolevhalar yüksek sıcaklıkta çekirdekleşme ve kısmi KD yaklaşımları ile 

Cu(I) ile katkılanmıştır. Öte yandan, Cu(I)’in aksine, gümüşün diğer mesken 

sistemlerde genişçe çalışılmasına rağmen, nanolevhaların mesken bir sistem olarak 

daha önce tek değerli gümüş iyonları ile katkılandırılması mümkün olmamıştır. Bu 

yüzden bu güne kadar daha önce hiçbir çalışmada CdSe nanolevhaların gümüş 

katkılamasının izine rastlanmamaktadır. Bu ihtiyacı gidermek için, bu tezde, ilk defa, 

Ag(I) nin kısmi katyon değişimi metodu kullanılarak, CdSe nanolevhalarına 

katkılanması metodu geliştirilmiştir. Öncü katkılayıcıların reaktiviteleri, reaksiyon 

süreleri ve sıcaklığın etkileri için katkılayıcı-bağlantılı ışımanın gelişimi eksitonik 

ışımaya kıyaslanması sistematik çalışmalar yapılarak araştırılmıştır. Kontrollü 

deneyler ile eksitonik ışıma tepesi ortadan kaldırımış ve katkılayıcı-bağlantılı ışıma 

tepesi başarıyla elde edilmiştir. Son olarak, Ag(I)-katkılı CdSe nanolevhalarının 25-

298 K aralığındaki sıcaklığa bağlı ışıma kinetiği incelenmiştir. Gözlemlenenlere göre 

düşük sıcaklıkta hem eksitonik hem de katkılayıcı-bağlantılı tepeler maviye kaymış ve 

şiddetleri gözle görülür şekilde artmıştır. Yeni katkılayıcı-mesken bir sistem olarak 
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Ag(I)-katkılı CdSe nanolevhalar ileri sistematik spektroscopik çalışmalara ve çeşitli 

optoelektronik uygulamalar  için çok gelecek vaadeden malzemelerdir. 
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Chapter 1 

Introduction 

Use of transition metal ions as dopants in semiconductor colloidal quantum dots has 

attracted a great deal of interest for various applications [1-9]. Such doped colloidal 

quantum dots exhibit novel optical and electronic properties. To study and explore 

these properties and their optoelectronic applications, new synthesis methods for 

doping in colloidal quantum dots have been investigated [8, 10-14]. Various methods 

e.g. doping based on pre-doped precursors, nucleation doping, growth doping, ion 

exchange and diffusion have been reported for the synthesis of these doped colloidal 

quantum dots from molecular precursors [8, 15-19]. In all of these methods, 

nucleation, growth and surface chemistry should be controlled carefully for obtaining 

the required optical and electronic properties [20, 21]. 

Among the doping methods, cation-exchange is a simple method for the synthesis of 

new colloidal nanomaterials [22, 23]. In this method, undoped nanocrystals are pre-

synthesized and then the doping is performed by using post-synthesis cation-exchange 

[22-25]. This method separates doping and nucleation process of nanoclusters which 

leads to controlled doping in pre-determined sized/shaped nanocrystals. In this 

approach, complete or partial cation-exchange can be possible. Recently, for the 

electronic doping of colloidal quantum dots, the partial cation-exchange has been used 

as a secondary method [4, 26]. In the partial cation-exchange, less number of cations 
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are exchanged by the cations in the host nanocrystals lattice. This process enables to 

impart novel electronic, magnetic and optical features to the starting colloidal quantum 

dots. 

The doping of different amounts Ag (I) ions into CdSe colloidal quantum dots by 

controlled cation-exchange and the doping of Ag (I) and Cu (II) ions into CdSe 

colloidal quantum dots by using the partial cation-exchange reactions have previously 

been reported. They studied electronic doping effects in a very low doping regime. 

Therefore, these studies by partial cation-exchange methods do not show dominant 

and Stokes-shifted emission which is widely reported for doping in nanocrystals by 

high temperature methods [4, 26]. 

Colloidal nanoplatelets (or also known as colloidal quantum wells) have gained a great 

deal of attraction because of strong 1D confinement in the vertical direction [27, 28]. 

Giant oscillator strengths, linear and non-linear absorption cross-sections, 

inhomogeneous broadening suppression and spectra of narrow spontaneous emission 

can be mentioned in superior optical properties for nanoplatelets [29-32]. In recent 

years, CdSe nanoplatelets have been exchanged to Cu2-xSe and HgSe nanoplatelets by 

using complete cation-exchange methods [33, 34]. Generally, in 0D nanocrystals, 

understanding of doping effects are compromised by particle size distribution [35, 36]. 

Here, narrow emission line-widths due to strong vertical confinement in colloidal 

quantum wells and their non-size distribution effect enables them to be an important 

form of nanocrystals which can offer the investigation of doping effects under strong 

quantum confinement regimes. Recently, the Cu(I) doping in CdSe nanoplatelets by 

using a high-temperature nucleation doping [37] and the post-synthesis partial 

cation-exchange methods [35] have been carried out in our research group. Here, 

partial cation-exchange method helps to understand the doping mechanism and their 

efficient dopant related emissions, whereas the high temperature method provides near 

unity efficient dopant induced emission which was successfully utilized in luminescent 

solar concentrator applications. Like, Cu(I), Ag(I) doping in 0D nanocrystals by high 

temperature method shows dominant Stokes-shifted emission. Furthermore, they are 

shown to possess tuneable electrical property ((n-type vs p-type) depending upon the 

nature of doping (interstitial vs substitutional). However, in order to separate particle 

size distribution effects from doping effects (optical, electrical) and understand Ag(I) 

doping under strong quantum confinement, Ag(I) doping in nanoplatelets is needed. 
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To date, there has been no report on the doping of Ag(I) into such CdSe nanoplatelets 

by using the partial cation-exchange method. To address this need, in this thesis, Ag(I)-

doped CdSe nanoplatelets by using a post-synthesis partial cation-exchange method is 

proposed and developed. A comprehensive study is carried out to find out the Ag 

doping into the nanoplatelets using of varying amounts of Ag(I) ions. To measure and 

characterize these nanomaterials, several techniques such as steady-state absorption 

spectroscopy, steady-state photoluminescence (PL) spectroscopy, X-ray photoelectron 

spectroscopy (XPS), time-resolved fluorescence (TRF) spectroscopy and transmission 

electron microscopy (TEM) has been used to show Ag(I) doping into these CdSe 

nanoplatelets and understand the mechanism and origin of their dopant related PL 

emission. 

 

1.1  Organization of the Thesis 

The organization of the remaining of this thesis is shown as follows. 

In Chapter 2, the main themes of colloidal semiconductor nanocrystals and the 

colloidal nanoplatelets and their excitonic and optical properties are presented. 

In Chapter 3, characterizations of the synthesized colloidal nanoplatelets by different 

optical and structural techniques.  

In Chapter 4, the synthesis of Ag(I) doped CdSe nanoplatelets using partial 

cation-exchange method and their optical and structural studies are presented. The 

effects of different experimental factors on the synthesis and their optical properties 

has been elaborated. In addition, temperature-dependent PL properties of doped 

nanoplatelets are also studied. 

In Chapter 5, final comments and future works are presented. 
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Chapter 2 

Scientific Background 

In this chapter, basic concepts of colloidal semiconductor nanocrystals with the 

colloidal synthesis are presented. As a quasi-2D family of nanocrystals, the colloidal 

nanoplatelets are also discussed and their excitonic and optical properties are 

compared to those of the other semiconductor nanocrystals. 

 

2.1.  Colloidal Semiconductor Nanocrystals 

Colloidal semiconductor nanocrystals are small crystalline particles with typical 

dimensions ranging from 2 to 20 nm [38, 39]. Bulk semiconductors are characterized 

by their band gap energy. In bulk semiconductors, conduction and valence bands have 

continuous energy levels. However, semiconductor nanocrystals have discrete energy 

levels in their band structures because of their quantum confinement energy 

discretization, as illustrated in Figure 2.1 [40]. 

If a photon with energy greater than the band gap of a semiconductor is absorbed by 

this semiconductor, the electron leaves an orbital hole in the valence band. The 

negatively charged electron and positively charged hole form a pair through Coulomb 

attraction, which is known as an exciton. Relaxation of the excited electron from the 

conduction band to the valence band annihilates the exciton and may result in the 

emission of a photon. This process is known as radiative recombination. The size of 
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exciton is defined by exciton Bohr diameter and depends intrinsically on the material. 

If the size of a semiconductor nanocrystals is smaller than the size of the exciton, the 

charge carriers are spatially confined. This raises their energy. This effect is known as 

quantum confinement [40]. 

 

Figure 2.1: Band gap diagrams of bulk and colloidal semiconductor nanocrystals. 

Reprinted from Ref. [40]. 

 

If the dimensions of nanocrystals are smaller than exciton Bohr diameter, they 

demonstrate size-dependent absorption and fluorescence spectra with discrete 

electronic transition (see Figure 2.2). Because of their discrete energy levels, 

semiconductor nanocrystals show narrower emission linewidth, wider spectral 

tunability, and faster fluorescence lifetime. 
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Figure 2.2: Quantum dot and their absorption and fluorescence peaks. Reprinted from 

Ref. [41]. 

 

2.2.  Colloidal Synthesis 

Three main constituents required for colloidal synthesis of semiconductor nanocrystals 

are ligands, solvents and precursors [42-44]. For the nucleation and growth, molecular 

precursors are broken down to monomers. Ligands are the organic molecules that are 

used to obtain uniform, monodisperse and stable nanocrystals. Solvents dissolve the 

molecular precursors and provide the colloidal stability of nanocrystals. For the 

colloidal synthesis of nanocrystals, the nucleation and growth model are developed by 

La Mer and Dinegar [45]. According to this model, steps of nucleation and growth 

should be separated to obtain monodispersed colloidal nanocrystals as shown in 

Figure 2.3. To synthesize, firstly, molecular precursor is injected into the hot reaction 

solution. This precursor is then decomposed, and a supersaturated solution is obtained. 
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Figure 2.3:  Nucleation and growth model for colloidal nanocrystals. Reprinted with 

permission from Ref. [45]. 

 

First, smaller size nanocrystals provide the faster rate that is compared to the larger 

size nanocrystals at the beginning of the growth stage. Then, depletion of monomers 

is occurred at the end of the growth stage. Due to the higher surface energy, smaller 

size nanocrystals are dissolved, and bigger size nanocrystals are grown. Therefore, 

increasing of size distribution is observed. All the above process is Ostwald ripening. 

When the Ostwald ripening can be controlled during a synthesis, monodisperse 

colloidal semiconductor nanocrystals are obtained. Furthermore, the temperature and 

the growth time decide the size of the inorganic core. For this reason, longer growth 

time and higher temperatures result in larger particles [40]. 

 

2.3. Colloidal Nanoplatelets 

Atomically flat colloidal nanoplatelets were first synthesized by Ithurria and 

Dubertret [27]. These colloidal nanoplatelets are similar to the quantum wells, thus 

also called colloidal quantum wells. These colloidal nanoplatelets have atomic-scale 
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vertical thicknesses and lateral dimensions with tens of nanometres. The vertical 

thicknesses and lateral dimensions of nanoplatelets can be controlled by changing the 

injection temperature and growth time. Figure 2.4 shows the schematic of a 4 

monolayer (ML) thick CdSe nanoplatelets. Colloidal CdSe nanoplatelets have zinc 

blende crystal structure. These nanoplatelets were synthesized by slightly changing the 

method of CdSe colloidal quantum dots [40]. 

 

Figure 2.4: Schematic representation of 4 ML CdSe nanoplatelets where red spheres 

can be Zn or Cd and grey spheres can be S, Se or Te. 

 

The lateral dimensions of nanoplatelets are greater than the exciton Bohr diameter. 

Therefore, nanoplatelets show strong quantum confinement typically only in their 

vertical thicknesses. These nanoplatelets have quasi-2D structure and possess distinct 

electronic and optical properties, which do not present similarity with colloidal 

quantum dots [28]. Because of their quantum-well like electronic structure, their 

absorption spectra exhibit a table-top profile below the band-edge with excitonic 

transitions related the transitions of heavy-hole and light hole. 

Figure 2.5 shows the absorption and PL spectra of 4 ML thick CdSe nanoplatelets. The 

transitions from the conduction band to the heavy and light-holes are observed at ~512 

and ~482 nm, respectively. These nanoplatelets exhibit almost zero Stokes-shift along 

with narrow full-width-at-half maximum (FWHM) of about 10 nm in their emission 

spectrum. This narrow emission linewidth indicates the absence of inhomogeneous 

broadening [46]. Because of their strong quantum confinement effects, these 

atomically flat nanoplatelets have ultrafast radiative lifetimes as well as large linear 

and nonlinear absorption cross-sections [29, 30]. 
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Figure 2.5: (a) Absorption and (b) PL spectra of 4 ML CdSe nanoplatelets. 

 

These nanoplatelets have strong quantum confinement in the vertical direction. 

Therefore, these colloidal nanoplatelets have discrete absorption and 

photoluminescence spectral properties almost independent of lateral dimensions. If the 

vertical thickness of the nanoplatelets is increased, the quantum confinement is relaxed 

and excitonic features of the nanoplatelets are shifted to the lower energies. Figure 2.6 



10 
 

shows a set of absorption and PL spectra of CdSe nanoplatelets having various 

thicknesses. 

 

Figure 2.6: Absorption and PL spectra of CdSe nanoplatelets having various 

thicknesses. Reprinted with permission from Ref. [40]. 

 

Previously, CdSe nanoplatelets have been exchanged to Cu2-xSe and HgSe 

nanoplatelets by using a complete cation-exchange method [33, 34]. CdSe@CdS 

core@shell nanoplatelets were also exchanged to Cu2Se@Cu2S, ZnSe@ZnS and 

PbSe@PbS [25]. 3-5 ML of CdSe nanoplatelets were doped with Cu(I) ions by using 

high-temperature nucleation and partial cation-exchange methods [37]. Cu(I)-doped 

1D confined CdSe nanoplatelets enables optical features such as the large Stokes-shifts 
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and absorption cross-sections, the tuneable PL emissions, and high QY. These 

Cu(I)-doped nanoplatelets have been shown to make excellent luminescent solar 

concentrators. 
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Chapter 3 

Characterization Techniques of 

Colloidal Nanoplatelets 

The structural and optical characterization techniques are presented in this chapter.  

 

3.1. Optical Characterization Techniques 

To understand and measure the steady-state excitonic properties of the synthesized 

colloidal nanoplatelets, absorption, photoluminescence, photoluminescence excitation 

and time-resolved fluorescence spectroscopy techniques were used in this study. 

 

3.1.1. Absorption Spectroscopy 

The absorption behaviour of nanoplatelets was measured by using the steady-state 

absorption spectroscopy technique. In these measurements, the synthesized samples of 

nanoplatelets were used for measuring the absorption spectra in the ultra-violet to 

visible range. These measurements were conducted with a Carry 100 model UV-Vis. 

Spectrometer. All samples in dispersion form were used for measuring the absorption 
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spectra in the absorbance mode configuration of the instrument. Absorbance is given 

by Beer-Lambert Law: 

                                                          𝐴 = 𝜖𝑙𝐶                                                              (3.1) 

where 𝐴 is the absorbance (unitless), 𝜖 is the molar extinction coefficient (L/mol cm), 

𝑙 is the width of the cuvette (cm), and 𝐶 is the concentration (mol/L).  

 

Figure 3.1: Absorption spectrum of 4 ML CdSe nanoplatelets, e-hh is electron heavy 

hole and e-lh is electron light hole. 

 

Figure 3.1 represents the absorption spectrum of 4 ML core-only CdSe nanoplatelets. 

Excitonic transitions from the valence band to the conduction band of the CdSe 

semiconductor are seen in this spectrum. Conduction and valence bands are formed by 

Cd 5s and Se 4p orbitals, respectively. The p-orbitals are degenerated. Therefore, there 

are heavy hole, light hole and split-off bands in the valence band. In the absorption 

spectrum, the first (~512 nm) and second (~480 nm) excitonic peaks correspond to the 

electron-heavy hole and the electron-light hole transitions, and the third peak is called 

split-off band. The peak positions of these excitonic bands depend on the vertical 

thickness of the nanoplatelets due to their quantum confinement effect and do not 



14 
 

depend on the lateral dimensions when larger that exciton Bohr diameter. If the 

thickness of the nanoplatelets increases, the spectrum red-shifts. As a result, the 

vertical thicknesses of the nanoplatelets can be estimated by absorption spectroscopy 

[28, 40]. 

 

3.1.2. Photoluminescence Spectroscopy (PL) 

In the PL emission measurements, nanoplatelets samples in the dispersion form are 

excited by a fixed excitation wavelength. As a result, electron-hole pairs are formed. 

When these electrons recombine radiatively, the process results in photoluminescence. 

For the PL measurements in this thesis, Cary Eclipse model fluorescence spectrometer 

was used. Figure 3.2 shows the PL spectra of 4 ML CdSe nanoplatelets which exhibits 

a sharp emission peak centred at 515 nm with narrow emission linewidth (~10 nm). 

Such atomically flat nanoplatelets suppress the inhomogeneous broadening and gives 

the narrow emission linewidth.  

 

Figure 3.2: PL spectrum of 4 ML CdSe nanoplatelets. 
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