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Synopsis 

This thesis focuses on AgInS2 and CuInSe2 based I-III-VI semiconductor nanocrystals (NCs). 

Colloidal synthesis of NCs, surface modification, understanding of luminescence, and 

fabrication of NC sensitized solar cells are the major topics discussed in this thesis. Particular 

emphasis is on studying how the defect levels, both inside and on the surface of I-III-VI NCs, 

govern the photophysics and optoelectronic properties. Throughout the thesis, advantages and 

disadvantages in optoelectronic properties of our NCs have been compared with those of II-

VI semiconductor NCs. Some of these I-III-VI semiconductor NCs have the potential to be 

environment friendly efficient optoelectronic materials, in comparison to Cd and Pb based 

NCs. At last, the comparison between Ag-based and Cu-based I-III-VI NCs have been made 

in the outlook and future direction section.  

Chapter 1. Introduction: In this chapter, a brief introduction about various topics related to 

semiconductor NCs have been discussed. Only those topics were chosen which are relevant 

to this thesis. We have started discussing from basics such as the effect of size on optical 

properties of II-VI semiconductor NCs through quantum confinement effect. The detrimental 

effect of surface of NC on photoluminescence (PL) properties and strategies to improve the 

PL efficiency by making hetero structures are discussed. Tuning optical properties by 

changing the composition of NC, and Mn doping are discussed. I-III-VI NCs have tunable 

band gaps in the visible to near infrared region and reasonably small effective masses of 

charge carriers similar to that of II-VI NCs. But, some of the intrinsic photophysics are 

different. A detailed comparison between the photophysics and optoelectronic properties of 

II-VI and I-III-VI semiconductor NCs has been studied. In I-III-VI, luminescence is governed 

by defects, unlike the band-edge or excitonic emission in II-VI semiconductor NCs. The 

point defects located inside the NC are more abundant in I-III-VI NCs compared to II-VI 

NCs. Finally we have discussed the scope of my thesis work, where the effect of defects on 

luminescence and solar cell properties of AgInS2 and CuInSe2 based I-III-VI NCs have been 

studied and optimized for better performance. Moreover, we have discussed the principles of 

quantum dot sensitized solar cell, and photocatalytic H2 evolution.  

Chapter 2: Origin of Photoluminescence in AgInS2 Nanocrystals: In this chapter, we 

have studied the origin of PL in AgInS2 NCs. Bulk AgInS2 has a band gap of ~2 eV. AgInS2 

NCs absorbs visible light and exhibit reasonably high PL quantum yield. However, the 

understanding of photophysics is far from being complete. For example, AgInS2 NCs exhibit 
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>300 meV (~100 nm) broad PL with large Stoke’s shift (200-300 meV) compared to 

absorption spectrum. In prior literature, this broad PL has been assigned to transitions 

between localised states (Donor-Acceptor (D-A)) within the band gap with PL lifetime >250 

ns. However, D-A model could not explain the size dependent shift in PL peak by 0.35 eV. In 

order to understand the origin of PL in AgInS2 NCs, we have prepared (ZnS)1-x(AgInS2)x 

alloy NCs keeping size of all the samples constant ~5 nm. This constant size allows us to 

assume that the D-A distance is similar in all the samples. These NCs show a shift in PL peak 

by 0.57 eV for x = 1 to 0.33, which cannot be explained by D-A model. Interestingly, the 

shift in PL of alloy NCs is similar to shift in their optical band gap. PL decay profile of these 

NCs show two radiative lifetimes ~25 ns and ~250 ns. We have assigned these two radiative 

lifetimes to two paths. Path-1 corresponds to ~25 ns lifetime where at least one delocalised 

state (conduction band (CB) or valance band (VB)) is involved in the PL. Path-2 correspond 

to ~250 ns lifetime, in which localised (D-A) states are involved. Moreover, for x = 0.33 

composition, the contribution from path-2 decreased significantly, with path-1 being the 

major contributor. Therefore, we concluded that, the PL in AgInS2 NCs is originating from 

the contribution of at least one delocalised state (CB/VB) along with D-A states. Typically, 

participation of such delocalized states lead to efficient charge transfer from NC to electron 

and/or hole acceptors in solar cells and other photocatalytic processes. 

Chapter 3. Synthesis of Organic-Free AgInS2 and Other Metal Sulfide Nanocrystals 

for Solar Cell: In this chapter, we have synthesized organic-free AgInS2 NCs along with 

with other organic-free CdS, ZnS, Zn1-xCdxS, and Mn-doped Zn1-xCdxS NCs. Quantum dot 

sensitized solar cell (QDSSC) using organic-free AgInS2 NCs has also been prepared. 

Typically, colloidal NCs are capped with long hydrocarbon ligand. Such insulating ligands 

inhibit the charge transfer from NC to TiO2 resulting into poor photoconversion efficiency 

(PCE). In order to overcome this problem, we have synthesized organic-free AgInS2 NCs for 

the first time using a direct method that does not require post-synthesis surface modification. 

To establish and understand the synthesis, initially we prepared simpler metal sulfide like 

CdS NCs. Then the generic nature of the synthesis protocol was verified by preparing variety 

of other metal sulfide NCs, including AgInS2 NCs. The essential parameter for the 

preparation of stable organic-free AgInS2 NCs (and other metal sulfides) is their non-

stoichiometric surface. Excess sulphur on the surface provides negative charge to these NCs 

and get stabilised by electrostatic repulsive forces among NCs in polar solvents. We made 

QDSSC with organic-free AgInS2 NCs. Our best solar cell shows better PCE (0.8%), 
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compared with prior report of organic cap AgInS2 NCs (0.06%). However, the obtained PCE 

from organic-free AgInS2 NCs is still far behind than that of II-VI based NCs. This is because 

of both insufficient absorption of near infrared solar light and high defect density in AgInS2 

NCs. The advantage of our organic-free NCs is better charge transfer at device interface, but 

these NCs suffer from higher level of defect density compared to organic capped NCs.  

Chapter 4. Photoluminescence and Solar Cell from Ag2S-AgInS2 Hetero Dimer 

Nanocrystals: In this chapter, we have prepared oleylamine capped Ag2S-AgInS2 hetero 

dimer NCs (HDNCs) in order to absorb both visible and near infrared (NIR) light, and to 

explore the possibility of nanoscale p-n junction at Ag2S-AgInS2 interface. In Ag2S-AgInS2 

HDNCs, AgInS2 can act as n-type semiconductor and Ag2S may act as p-type semiconductor. 

However, cyclic voltammetry (CV) results indicate that the band alignment is type-I at the 

Ag2S-AgInS2 interface. Steady state PL of Ag2S-AgInS2 HDNCs show peak at a lower 

energy than that of AgInS2 NCs and at a higher energy than that of Ag2S band gap. This 

suggests that mid-gap defects are responsible for PL in Ag2S-AgInS2 HDNCs. Interestingly 

Ag2S-AgInS2 HDNCs show 13 µs long PL lifetime suggesting effective electron hole 

separation, similar to type-II band alignment. Such defect mediated type-II alignment or 

possibility of p-n junction can also be beneficial for solar cell applications. Therefore, we 

have fabricated QDSSC using Ag2S-AgInS2 HDNCs along with AgInS2 NCs for a 

comparative study. The obtained PCE from Ag2S-AgInS2 HDNCs and AgInS2 NCs (different 

fabrication from chapter 3) stands at 1.3% and 0.4% with external quantum efficiency (EQE) 

of 25% and 10% at 500 nm, respectively. Indeed, the improvement in PCE of Ag2S-AgInS2 

HDNCs compared to AgInS2 NCs indicates that the defect mediated electron hole separation 

helps in achieving higher PCE. However, the obtained PCE values from Ag2S-AgInS2 

HDNCs are still low. This is due to the fact that the EQE spectrum showed no photocurrent in 

NIR region corresponding to Ag2S, which is a consequence of conduction band minimum 

(CBM) of Ag2S is lower in energy than that of TiO2. This improper band alignment of Ag2S 

with respect to TiO2 does not allow the electron injection from Ag2S to TiO2.  

Chapter 5. Colloidal CuInSe2 Based Nanocrystals for Solar Cell: In this chapter we 

have fabricated CuInSe2 based NC sensitized solar cell. To circumvent the problem, which 

rose in Ag2S-AgInS2 HDNC sensitized solar cell (chapter 4), oleylamine capped CuInSe2 

based NCs have been prepared. CuInSe2 NCs absorbs from visible to NIR region along with 

suitable band alignment with respect to TiO2. However, as prepared CuInSe2 NCs show PL 

with less efficiency, which is not a good indicator for solar cell applications. In order to 
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enhance the PL efficiency, we have extended our synthesis to other compositions like 

(Zn)0.24(CuIn)0.76Se2 and (Zn)0.42(CuIn)0.58Se2 NCs. Among these, (Zn)0.24(CuIn)0.76Se2 NCs 

with optical band gap of 1.5 eV show the highest PL intensity. Therefore, 

(Zn)0.24(CuIn)0.76Se2 NCs were chosen for making of QDSSC. Surface of (Zn)0.24(CuIn)0.76Se2 

NCs were modified from oleylamine to mercapto propanoic acid capped NCs. This facilitates 

both NC loading and injection of photo-generated electrons from NC to TiO2. In order to 

reduce the recombinations at NC sensitised TiO2 electrodes (photoanode) and electrolyte 

interface, photoanode was treated with 8 cycles of ZnS by employing successive ionic layer 

adsorption and reaction (SILAR). Using these photoanodes, we achieved PCE 3.6% using 

Cu2S as a counter electrode. 

Appendix. Visible Light Induced Hydrogen Generation Using Colloidal 

(ZnS)0.4(AgInS2)0.6 Nanocrystals Capped by S2- Ions: In this appendix we have used S2- 

capped (ZnS)0.4(AgInS2)0.6 NCs (discussed in chapter 2) for visible light driven H2 generation 

owing to their  suitable band gap and band alignment. Here, we have modified the surface of 

(ZnS)0.4(AgInS2)0.6 NCs from oleylamine to S2- capped. S2- capping helps in better charge 

extraction and injection at the NC surface, along with dispersion of NCs in water medium, 

required for reduction of H+ to H2.  A high activity of 5.0 mmolg-1h-1 is achieved using S2- 

capped (ZnS)0.4(AgInS2)0.6 NCs as photocatalyst without using any co-catalyst. 
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Semiconductor nanocrystals (NCs) are tiny crystalline particles at the nanoscale regime (less 

than 100 nm in diameter). Typically, semiconductor NCs exhibit fascinating properties 

compared to their bulk counterparts. One of such property is tuning the band gap by changing 

the size of NC within quantum confinement regime.1 These NCs exhibit high absorption 

coefficient values and result into high photoluminescence quantum yield (PL QY). 

Consequently, NCs have been used in various applications such as light emitting diode 

(LED), lasing, bio-imaging, photodetector, photocatalysis, and solar cell.2-7 Furthermore, NCs 

show multiple exciton generation (MEG) where using one photon more than one exciton can 

be formed. Thus, using NCs, there is a theoretical possibility to achieve higher solar cell 

efficiency than the Shockley-Queisser limit.8 In addition to all these interesting properties, 

solution processability of NCs enables the NC based devices cost-effective along with ease of 

processing.9 

Research in the field of nanoscience was started in early 1980s by few pioneers such as 

Ekimov,10 Hanglein,11 Efros,12 and Brus.13 Since then, researchers are finding ways to 

synthesize high quality nanomaterials and investigating their photophysical properties. 30 

years of research on semiconductors lead to commercial applications of semiconductor NCs. 

For example, Sony Company in 2013 announced the incorporation of semiconductor NCs in 

television technology for high definition display.14 

Since last three decades, researchers have explored different compound semiconductor NCs 

such as group II(Zn, Cd, Hg)-VI (S, Se), IV (Pb)-VI (S, Se) and III (In, Ga)-V (P, As). These 

NCs showed promising applications in opical and opto-electronic properties.15-18 However, 

the toxicity of Cd and Pb is a concern. Later, group I (Cu, Ag)-III (In, Ga)-VI (S, Se) 

semiconductor NCs have emerged as potential alternative to II-VI NCs due to the following 

reasons. I-III-VI semiconductors are analogues to II-VI in terms of their crystal structure. The 

band gap can be tuned in the visible to near infrared (NIR) region and these semiconductors 

have high (105 cm-1) absorption coefficient values and high PL QY (>50%).19 Moreover, the 

small effective masses of charge carriers of I-III-VI semiconductors may lead to high carrier 

mobility, which is an essential parameter for opto-electronic applications. Thus, being 

environmentally benign nature I-III-VI based semiconductors are an interesting system for 

opto-electronic applications.7 

My thesis work is on synthesis, photophysics, solar cell and photo-catalytic applications of I-

III-VI semiconductor NCs. Particularly, we worked on AgInS2 and CuInSe2 based NCs. In 
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the subsequent sections of this chapter 1 will discuss a few topics of semiconductor NCs that 

are relevant to my research area followed by discussion on the scope of my thesis work.       

1.1 Effect of nanocrystal size on optical properties 

Bulk semiconductors contain a forbidden energy gap between valance band maximum 

(VBM) and conduction band minimum (CBM), known as the band gap. When a 

semiconductor absorbs a photon with energy greater than or equal to band gap, an electron 

get promoted to the conduction band (CB) leaving behind a hole in the valance band (VB) as 

shown by the Figure 1.1.  

 

Figure 1.1: Schematic of energy-momentum (E-k) diagram of a bulk semiconductor, 

representing electron at the conduction band minimum and hole at the valance band 

maximum which was created by photo-excitation. 

Coulombic attraction force between electron and hole leads to the formation of electron-hole 

pair termed as exciton. This electron-hole pair can be treated as analogous to a simple 

Hydrogen atom model where electron and proton are bound to each other by Coulombic 

forces. The distance between the electron and proton in the Hydrogen atom is known as Bohr 

radius (ao) whereas the distance between electron and hole in a bulk semiconductor is called 

Bohr exciton radius (aB). It can be calculated using the following equation. 

                                                                          𝑎𝐵 =  
ℏ2𝜀

µ𝑒2
                                                                     (1.1) 

Where 𝜀 dielectric constant of the material, µ reduced mass of electron and hole, and e is 

charge of an electron. Typically, high dielectric constant of semiconductors leads to larger 

Bohr exciton radius for semiconductors than that of Bohr radius of Hydrogen atom (0.529 Å). 

C.B.

V.B.

e-

h+

hʋ
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In other words, the binding energy of electron-hole pair in a bulk semiconductor is lesser than 

the binding energy of electron and proton in a Hydrogen atom.   

Interestingly, when the size (radius) of the bulk semiconductor is smaller than that of Bohr 

exciton radius of a particular semiconductor, then the charge carriers become spatially 

confined. Consequently, following changes takes place relative to bulk semiconductor; i) 

band gap increases, ii) continuum energy levels become discrete atomic like energy levels in 

the electronic band structure as shown in Figure 1.2, and iii) increase in the transition 

probability for absorption and emission across the optical band gap. This phenomenon is 

known as the quantum confinement effect.20 Usually, the Bohr exciton radius for different 

semiconductors is in the range of 2-50 nm. Semiconductor NCs which exhibit confinement 

effect in all three dimensions are called quantum dots (QDs). The band gap of a QD can be 

calculated by following the Brus and Kayanuma equation based on the effective mass 

approximation model.21,22,23 

                  𝐸𝑔(𝑄𝐷) =  𝐸𝑏𝑢𝑙𝑘 +
ℎ2

8𝑅2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) −

1.786𝑒2

4𝜋𝜀𝑜𝜀𝑟𝑅
− 0.248(𝐸𝑅𝑦

∗ )            (1.2) 

where h- Plank`s constant 

           R- radius of the QD 

            𝑚𝑒
∗- effective mass of excited electron 

           𝑚ℎ
∗  - effective mass of excited hole 

           𝜀𝑜- permittivity of vacuum 

           𝜀𝑟-  relative permittivity 

          𝐸𝑅𝑦
∗ - Rydberg energy 

First term of the right side of equation 1.2 represents the band gap of a bulk semiconductor, 

which is fixed for a particular material at a given temperature. Second term is the additional 

energy because of quantum confinement effect, in which energy is inversely proportional to 

both R2 and effective masses of charge carriers. Therefore, change in the size of a QD results 

in a considerable shift in the band gap. Third term corresponds to the Coulombic attraction 

between electron and hole (excitonic binding energy) with dependence of 1/R. Therefore, 

excitonic binding energy of NCs are greater than the corresponding bulk semiconductor.  

Higher excitonic binding energy increases both the cross section of light absorption and PL 

QY of NCs compared to bulk semiconductors.1, 24 The last term in the equation 1.2 
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corresponds to spatial correlation effect which is significant only in the case of low dielectric 

constant materials. Often, the band gap of a QD is governed by the first two terms in the right 

side of equation 1.2. 

 

Figure 1.2: Schematic representation of flat band diagram for bulk semiconductor (left) and 

QD (right). 

Figure 1.3a-b shows absorption and PL spectra for different sizes of CdSe NCs. The Bohr 

exciton radius of CdSe is ~6 nm.1 Therefore, CdSe NCs with size less than its Bohr exciton 

diameter show quantum confinement effect. In Figure 1.3a, 20 nm sized CdSe NCs show 

optical band gap ~700 nm, similar to that of bulk CdSe (band gap of bulk CdSe is 712 nm). 

On the other hand, the absorption spectra for NCs with size less than 7.3 nm show blue shift 

in band gap compared to the band gap of bulk CdSe. Thus, the optical band gap of CdSe NCs 

can be tuned in the entire visible range by controlling the size of NCs. Absorption of a photon 

results in the formation of an electron-hole pair, if the electron and hole recombination takes 

place via radiative pathway then it gives emission of photon. Thus, different sized NCs with 

different optical band gap emit lights of different colours under the quantum confinement 

region. Therefore, the PL also can be tuned throughout the entire visible range by controlling 

the size of NCs. Figure 1.3b shows the  PL tunability of different sizes of CdSe NCs.25 CdSe 

NCs exhibit PL with small (<100 meV) Stoke’s shift with respect to the corresponding 

C.B.

E Eg (Bulk)

V.B.

Eg (QD)

Bulk semiconductor

QD
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excitonic absorption. Such a PL is called excitonic or band-edge emission with a full width at 

half maximum (FWHM) 25-35 nm.   

 

Figure 1.3: (a) Absorption spectra of different sizes of CdSe NCs, and (b) the corresponding 

photoluminescence of CdSe NCs showing quantum confinement effect. Reprinted with 

permission from ref.25 Copy right @ 2010, American Chemical Society. 
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1.2 Effect of surface of nanocrystal on optical properties 

Optical properties such as band gap and PL depend mainly on the core of the NC. For 

example, size dependent optical properties due to quantum confinement effect. However, as 

the size of the NC decreases the contribution from NC surface increases, which can also 

influence the optical properties. Surface of a crystal means the termination of periodic 

arrangement of atoms, so it can be considered as defects. Atoms present on the surface are 

left-off with unsaturated chemical bonds known as dangling bonds.26 Often, these dangling 

bonds give rise to energy states within the conduction band minimum (CBM) and valance 

band maximum (VBM) of NC. Such kinds of defect states act as traps for charge carriers at 

the surface, thereby increasing the non-radiative decay of excitons reducing the PL QY.25, 27 

In order to passivate these dangling bonds on the surface of NCs, basic ligands with long 

hydrocarbon chain (organic capping) are typically used during synthesis of NCs. These 

ligands bind with cations at the surface of NCs as shown in Figure 1.4a for CdSe NCs. Thus, 

organic capping have the potential to remove Cd dangling bonds (electron traps) from the 

intra band gap region.25 However, organic capping is ineffective in removing Se dangling 

bonds (hole traps).28 For example, very small (2.1 nm) organic capped CdSe NCs often show 

two kinds of PL: one due to excitonic recombination, and the other due to recombination at 

sub band gap defect sites located on the surface shown by Figure 1.4b. However, addition of 

excess Cd2+ ions to the above sample can passivate some of the Se dangling bonds yielding 

cationic surfaces that can strongly bind to organic ligands. Figure 1.4b shows only single PL 

peak corresponds to band edge emission after treating with Cd2+ ions suppressing the hole 

trap emission at lower energy. Furthermore, organic capping provides stability to NCs in non-

polar solvents through hydrophobic interactions with the alkyl chain on the ligands.29  

However, it is not possible to passivate all kinds of trap states by organic capping ligands, 

because it depends on the nature of the passivating ligands30-31 and the steric hindrance of 

long alkyl chain.27 These residual traps results in reducing the PL QY. This problem can be 

largely overcome by making an inorganic shell of another semiconductor on top of the core 

part of a NC, which lead to the formation of hetero structured (core/shell) NCs. 
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Figure 1.4: Surface properties of CdSe NCs. (a) Illustrates the terminal dangling orbitals on 

different types of facets. (b) Schematic representation (left) showing the effects of surface 

hole traps on the photoluminescence spectra (right) of small 2.1 nm NCs. Reprinted with 

permission from ref.25 Copy right @ 2010, American Chemical Society. 

1.3 Tunability of optical properties by making hetero-structured                     

nanocrystals 

In order to overcome the surface defects which are energetically located within the mid-gap 

region, researchers developed hetero structured NCs. In a hetero structured NC more than one 

kind of inorganic part is present. The most popular variety of hetero structured NCs is 

core/shell NCs, where the core and shell materials are formed by different inorganic 

semiconductors. Depending on the band gaps and the relative band edge positions of the 

involved semiconductors, these core/shell materials are mainly classified into type-I, inverse 
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type-I, type-II and quasi type-II structures. The classification is depicted in the scheme shown 

in Figure 1.5. 

 

Figure 1.5: Band alignment of (a) type-I, (b) inverse type-I, (c) type-II and (d) quasi type-II 

core/shell NCs and (a, b, c, and d) representing the localisation of electron and hole in the 

respective VBM or CBM after excitation.  

In type-I core/shell NCs, band gap of shell material is larger than that of the core and CBM 

and VBM of core have higher and lower energies respectively, with respect to the CBM and 

VBM of shell material as shown in Figure 1.5a. Thus, the non-radiative states arising from 

dangling bonds on the surface of core part are passivated. On the other hand, both the 

electron and hole are confined in the core part, because both kinds of carriers have large 

energy barriers to transfer from core to shell part. Therefore, photogenerated electron and 

hole are spatially isolated from non-radiative defects located on the surface of shell material, 
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enhancing the PL efficiency. CdSe/ZnS and CdSe/ZnSe NCs are the examples for type-I 

core/shell NCs,32,33 in which electron and hole both are confined in CdSe core part. Thus, ZnS 

shell on CdSe NCs enhances the PL QY from <5% to 50%.34 In type-I systems, radiative 

recombination of electron and hole takes place with PL lifetime ~20 ns similar to that of core 

only NC. Shell growth leads to a small red shift in both excitonic absorption and the PL peak 

position. This small red-shift in absorption and PL can be attributed to the partial leakage of 

charge carriers into the shell material.  

In inverse type-I core/shell NCs the CBM and VBM of shell material lies within the band gap 

of core part as shown by the figure 1.5b. As a result, electron and hole wave functions are 

confined to shell material, and the emission takes place in shell material. CdS/CdSe,35 and 

ZnSe/CdSe36 core/shell NCs exhibit inverse type-I band alignment, in which by tuning shell 

thickness one can tune the emission wavelength in the broad range. In order to enhance PL 

QY and photostability of CdS/CdSe core/shell NCs another shell with wide band gap is 

coated on these NCs. These, CdS/CdSe/CdS NCs exhibit PL QYs over 40%. Therefore, this 

kind of band alignment is good for LED application because of the effective radiative 

recombination of electron- hole pair can lead to high intensity emitting diodes.36-38 

In type-II core/shell NCs, one of the charge carrier is located in the core and the other one is 

located in the shell material. Figure 1.5c shows one possibility where VBM and CBM of core 

are higher in energy compared to VBM and CBM of shell material, respectively. Similarly, 

VBM and CBM of core material can also be of lower energies than the CBM and VBM of 

shell material, respectively. Due to this band alignment, electron (hole) confined to core 

(shell) or vice versa, which leads to reduction in the spatial overlap between electron and hole 

wavefunction. Consequently, the transition probability of radiative recombination of electron 

and hole reduces resulting into long PL lifetime (~1 µs).39 The long excited state lifetime of 

type-II core/shell NCs helps collection of charge carriers from type-II systems, enabling them 

in solar cell application.40-41 CdSe/ZnTe,40 CdTe/CdSe,42 CdSe/CdTe,39 and CdTe/CdS43 are 

the examples for type-II core/shell NCs. If there is small energy barrier between CBM of core 

and shell material as shown in the Figure 1.5d, then electrons can delocalise in both core and 

shell material whereas hole remains confined in core material. This kind of band alignment is 

called quasi type-II alignment. CdTe/CdSe Core/Shell NCs is an example for quasi type-II 

core/shell NCs. Hetero structures with quasi type-II band alignment also can be used for solar 

cell application. However, type-II systems are preferable.44 
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1.4 Effect of composition on optical properties of semiconductor 

nanocrystals 

In section 1.1 it was discussed that the band gap engineering can be done by changing the 

size of the NCs. However, very smaller size of NCs prepared to exhibit PL in the higher 

energy range of visible spectrum suffer from problems of large density of surface defects (as 

a consequence of high surface to volume ratio) leading to lower PL QY.45 One can overcome 

this issue by changing the composition of NCs, where band gap can be increased with 

composition without decreasing the size of NCs. Therefore, making a solid solution with 

higher band gap semiconductor allows us tuning of band gap while maintaining high PL QY.  

 

Figure1.6: a) Absorption b) emission spectra of ZnxCd1-xSe NCs with Zn mole fractions of a 

(0), b (0.28), c (0.44), d (0.55) and e (0.67). c) Photograph of composition tunable emission-

color of alloy ZnxCd1-xSe NCs under UV light. Reprinted with permission from ref.45 

Copyright 2010, American Chemical Society.  

Figure 1.6 shows that the band gap can be tuned from blue to the red region of visible spectra 

by making an alloy of CdSe and ZnSe. For this, CdSe NCs were synthesized first by hot 

injection technique followed by the addition of Zn and Se precursors to the synthesized CdSe 

NCs at a high temperature (~300 oC).46 The amount of Zn and Se mole fractions can be 
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varied in the reaction mixture to prepare different compositions of ZnxCd1-xSe NCs. Figure 

1.6a-b show the corresponding change in the absorption and emission for ZnxCd1-xSe NCs 

with Zn mole fractions 0. 0.28, 0.44, 0.55, and 0.67. By increasing the Zn mole fraction from 

0 to 0.67 in ZnxCd1-xSe NCs, both the excitonic absorption and PL peaks were shifted by 

~120 nm. Also, the excitonic peak in the absorption spectra got broadened with increasing Zn 

content. Figure 1.6c shows photographs of composition-tunable emission of ZnxCd1-xSe alloy 

NCs across the visible spectral window.  It is clear that the systematic shift in the absorption 

onset and PL peak maxima is indicating the formation of a ZnxCd1-xSe solid solution, rather 

than the formation of separate individual NCs of CdSe and ZnSe or hetero structures such as 

core-shell (CdSe/ZnSe). Thus, the optical properties can be tuned by changing the 

composition of the NCs. 

 

Figure1.7: Powder X-ray diffraction patterns of ZnxCd1-xSe NCs with different Zn mole 

fractions of (a) 0, (b) 0.28, (c) 0.44, (d) 0.55, and (e) 0.67. Reprinted with permission from 

ref.45 Copyright 2010, American Chemical Society. 

o
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Figure 1.7 shows the powder X-ray diffraction (XRD) pattern of ZnxCd1-xSe NCs. An 

increase in the Zn content in CdSe NCs shifts XRD peaks to higher 2Ɵ values. This is 

because of the contraction of lattice parameter with incorporation of Zn. Further, change in 

inter planar spacing with Zn concentration follows the Vegard’s law suggesting 

homogeneous alloy formation. This ruled out the possibility of forming impurity phases 

corresponding to CdSe and ZnSe separately.  

The alloy of CdSe and ZnSe formation takes place by two step processes. Initially there is 

formation of core/shell NCs of CdSe/ZnSe with the addition of ZnSe to CdSe. Then further 

increase in the temperature leads to the diffusion of Zn2+ cations into the CdSe matrix 

resulting in the formation of ZnxCd1-xSe alloy NCs.47 

 

Figure1.8: A schematic representation of the kinetic alloying process from core-shell 

CdSe/ZnSe to alloyed ZnxCd1-xSe NCs. Reprinted with permission from ref.47 Copyright 

2003, American Chemical Society. 

The process of alloy formation of ZnxCd1-xSe NCs can also be done by taking ZnSe NCs as 

starting material followed by the addition of Cd. Consequently, the absorption onset and PL 

peak position shift to red region of the visible region.48 But, the formation of ZnxCd1-xSe 

alloy from ZnSe NCs was observed at lower temperature than that of CdSe NCs. This suggest 

that the cation exchange of Cd2+ ions in ZnSe lattice is more favourable than Zn2+ ions in 

CdSe lattice probably because of lower dissociation energy for Zn-Se (136 KJ/mole) bond 

than that of Cd-Se (310 KJ/mole). The emission from alloy NCs can be extended to NIR 

region (750-1200 nm) by making CdxHg1-xTe alloy NCs.49 The alloy formation can also takes 

place between two different anions with same oxidation state which allows us to tune the 

band gap. For example, CdSxSe1-x and CdSexTe1-x alloy NCs emits in the range 600- 850 

nm.50-51  

Alloying
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Figure1.9: Absorption and photoluminescence spectra of CuInS2 NCs with different [Cu]/[In] 

molar ratios. Reprinted from permission from ref.52 Copyright 2012 WILEY-VCH Verlag 

GmbH & Co. 

 

Figure1.10: (A) Absorption and (B) emission spectra of the Cu-Zn-In-S NCs with different 

Cu/Zn ratios prepared at 210 °C. (C) Photoluminescence quantum yield of the plain NCs vs 

the ratio of Cu to Zn. (D) PL lifetime decays of two typical samples with Cu to Zn ratios of 

1:3 and 2:1 under excitation wavelengths of 405 nm. (E) Digital pictures of the samples with 

different Cu/Zn ratios were taken under a 365 nm UV lamp (from left to right, 1:20, 1:5, 1:3, 

1:1, and 2:1). Reprinted with permission from ref.53 Copyright 2011, American Chemical 

Society.  
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Band gap of I-III-VI semiconductor NCs can also be tuned in the visible to NIR range 

maintaining high PL QY by controlling the composition. Along with these interesting optical 

properties, I-III-VI NCs are non-toxic in nature, motivating the use of these NCs in LED and 

biomedical imaging.2, 52-57 Unlike II-VI, I-III-VI semiconductors possess large structural 

tolerance to the off-stoichiometry; I-III-VI semiconductor like CuInSe2 and AgInSe2 are 

examples for this category. CuInSe2 and AgInSe2 can exist in different forms such as 

CuIn5Se8, CuIn3Se5, Cu2In4Se7 and Ag0.85In1.05Se2, Ag3In5Se9, AgIn3Se5, and AgIn11Se17.
58-59  

Thus, by varying the amount of Cu in CuInS2 and Ag in AgInS2, the absorption and emission 

can be tuned. For example, Figure 1.9 shows the tunability of absorption and emission 

spectra of CuInS2 NCs with the change in the Cu:In ratio.60 Typically, Cu deficient NCs 

exhibit high PL QY. But still the obtained PL QYs from these NCs are lower (up to 11%) 

suggesting the presence of high density of non-radiative trap states. Along with the band gap 

tunability, the PL QY of CuInS2 NCs can be enhanced by minimising the trap states by 

making Cu-Zn-In-S alloy NCs and CuInS2/ZnS core/shell NCs. For example, figure 1.10A-B 

show the tuning of absorption and emission by varying Cu:Zn ratio in the Cu-Zn-In-S NCs. 

In addition to this, the incorporation of Zn with respect to Cu in CuInS2 NCs eliminates the 

non-radiative trap states which leads to enhancement in the PL QY up to ~90% as evidenced 

by figure 1.10 C-D.53 Similarly, the trap states can be minimised by preparing core/shell NCs. 

For example, >80% PL QY can be obtained from core/shell NCs of CuInS2/CdS or 

CuInS2/ZnS.56 This, composition tuning can be extended to Ag based I-III-VI semiconductor 

NCs as well.61-63 Typically, I-III-VI semiconductor NCs exhibit PL with ~100 nm full width 

at half maximum (FWHM) in contrast to II-VI semiconductor NCs which exhibit PL with 

FWHM ~30 nm.64 In II-VI NCs, PL arises due to excitonic emission whereas in I-III-VI NCs 

sub-band gap states participate in PL along with VBM and CBM. Further details of PL 

mechanism of I-III-VI NCs will be discussed in the 2nd chapter of this thesis. 

1.5 Effect of Mn-doping on optical properties of semiconductor 

nanocrystals 

Purposeful incorporation of impurities into the lattice of a crystalline material is known as 

doping. Doping of a semiconductor with a heterovalent ion often provides extra electrons or 

holes that can lead to either n-type or p-type doping respectively, and thus an increase in 

carrier density. This high carrier concentration often leads to high conductivities in 

semiconductors. For example, doping boron and phosphorous in silicon gives rise to p-type 
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and n-type conductivities respectively. Such high conducting semiconductors are required for 

electronic device applications. On the other hand, doping semiconductor with a homovalent 

ion can also provide new properties. One benchmark example of such doping is incorporation 

of Mn2+ in group II-VI semiconductors including both bulk and NCs that can lead to novel 

magnetic, electronic, magneto optic and opto-electronic properties.65,66-68 Compared to bulk 

semiconductors, Mn2+-doping in quantum confined NCs exhibit superior optical properties. 

For example, Mn-doping in ZnS NCs exhibit stronger interaction of Mn localised d-states 

with s-p electronic states of the host. Quantum confinement of host electronic wavefunction 

results into efficient energy transfer from host to the dopant as shown in Figure 1.11a. 

Doping Mn2+ in group II-VI semiconductor NCs such as ZnS, ZnSe, CdSe and CdS have 

been extensively studied. Mn-doped NCs emit distinct PL peak at ~585 nm with high (>50%) 

PL QY.69 These highly luminescent NCs have been used in electroluminescent display 

technology and biological labelling.70-71  

The PL mechanism for Mn-doped NCs is as follows. Mn2+ has five d-electrons, and 

according to Hund’s rule, the ground state of Mn2+ is 6A1 in both tetrahedral and octahedral 

weak field geometries. The lowest energy excited state is 4T1. We have shown the ground 

state for total energy of the Mn-doped system in Figure1.11b as < 1 >. This energy level 

corresponds to host in the ground state (no electron-hole excitation) along with the ground 

state multiplet configuration of Mn2+ state, which is the 6A1 state. After excitation, electron-

hole pair formation takes place in host whereas Mn2+ is in its ground state configuration (6A1 

state), which is shown as energy level < 2 >. Then, in the de-excitation process, system goes 

to < 3 > state where host goes to ground state by non-radiative recombination of electron and 

hole. The energy during de-excitation process of host gets transferred to Mn2+ ground state 

(6A1) which in turn results in the population of 4T1 state of Mn2+. Eventually, excited state 

Mn2+ 4T1 state decays radiatively to ground state configuration of the 6A1 state by emitting 

yellow-orange light at ~585 nm.  

Often, surface and defect states in semiconductor NCs give rise to PL at lower energy than 

the band-edge emission. Such PL arise from the excited states which are populated by 

electrons or holes at total energy lower than electron-hole excitation of host as shown in 

Figure 1.11c. This population of defect states are attained by electron or hole or energy 

transfer. Therefore, one can show such transitions between these states in terms of total 

energy diagram shown in Figure 1.11c. This diagram does not distinguish between  
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Figure 1.11: (a) A model depicting the overlap of electron-hole wave function with a 

localized impurity potential in a nanocrystal. Adapted from ref.67 (b) Total energy diagram of 

(left) the excitation and (right) the de-excitation processes in Mn-doped NCs, as discussed in 

the text. < 1 > represents the ground state of the NC with Mn2+ in 6A1 state, < 2 > represents 

the host with an electron-hole excitation and the Mn2+ in the 6A1 state. < 3 > represents the 

total energy of Mn2+ in the 4T1 state but the host without any electron-hole excitation. States 

corresponding to < 1 >, < 2 >, and < 3 > can be thought of as (host + Mn), (host* + Mn) and 

(host + Mn*), respectively, where the * denotes an excited state. (c) Schematic representation 

of the total energy diagram of Mn-doped ZnS NCs in presence of surface/defect states: 

excitation and de-excitation processes for doped NCs. Figures b and c are adopted from ref.72 

Copyright 2011, American Chemical Society. 
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electron/hole/energy transfer and hence the same diagram can be represented in a compact 

way wherein all possible surface and defect state related emissions are depicted. When these 

excited defect states decay radiatively to ground state which results in emission of light at 

lower energy than that of optical gap as shown by blue arrow in Figure 1.11c. However, in 

Mn-doped NCs, Mn d-states undergo competition with the excited surface states as shown by 

blue diagonal arrow in Figure 1.11c leading to both surface and dopant state emission. 

However, excited state of Mn2+ is populated by both energy transfer from band gap 

excitations, and decay of excited surface states (depending on the energy difference of 

surface states).73 Therefore, NCs containing more number of surface states are able to exhibit 

intense Mn d-d emission. Thus, the population of Mn excited state (4T1) in both ways results 

in giving PL peak with high PL QY. 

Unlike the delocalized CB and VB states, the localised atomic like Mn d-states are spatially 

separated from the surface states. Therefore, surface states are less detrimental for PL arising 

from Mn d-d transition. Typically the PL lifetime of the Mn d-d emission are in few 

milliseconds owing to their spin-forbidden transitions.74 The long PL lifetime of Mn-doped 

NCs are now being utilized to enhance solar cell efficiency in the quantum dot based solar 

cell.68, 75 

1.6 Electronic band structure of II-VI and I-III-VI semiconductors 

I-III-VI semiconductors are analogous to II-VI semiconductors in terms of their crystal 

structure. In the unit cell of zinc blende crystal structure of ZnS, if the two Zn atoms are 

replaced by one Ag and one In and double the unit cell in the Z-direction then we get the unit 

cell of chalcopyrite AgInS2 as shown by the Figure 1.12.76 The lattice parameter c for AgInS2 

is not exactly 2a, due to the difference in the bond strengths and bond length of Ag-S and In-

S.    

Optical properties such as absorption and PL of a semiconductor are governed by the 

electronic band structure. In II-VI based semiconductors, for example in CdS, the VBM is  

mainly formed from the bonding orbitals of Cd (5s)-orbital and S (3p)-orbital whereas CBM 

is formed from the antibonding orbitals of Cd (5s)-orbital and S (3p)-orbital.1 The schematic 

representation for CdS is shown in the left side figure1.13. The band gap is governed by the 

bonding and antibonding orbitals of Cd and S. Therefore, Cd and S unpassivated bonds have 

more probability to lie energetically deep within the band gap. In II-VI semiconductors there 

are more chances of formation of trap states which are detrimental for efficient optical  
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Figure1.12: Unit cell of ZnS and AgInS2 where two Zn atoms have been replaced by one Ag 

and one In atoms. Reprinted with permission from ref.76 Copyright 2017, American Chemical 

Society.  

 

Figure 1.13: Schematic of bulk band structure of CdS and AgInS2, made from the refs. 1, 77 

properties such as high PL QY (as discussed in section 1.2). On the other hand, in I-III-VI 

semiconductors, there are two metal ions present. The valance orbitals of these metal ions 

undergo hybridization with valance orbitals of Se resulting in the formation of corresponding 

bonding and antibonding orbitals. For example, in AgInS2 the VBM is formed from 

antibonding orbital of Ag (4d)- and S (3p)-orbitals, whereas CBM is formed from the 

antibonding orbitals In(5s, 5p)- and S(3p)-orbitals.77 Thus, unlike II-VI semiconductors, in I-

III-VI semiconductors the band gap is governed only by the antibonding states. 

Consequently, chances of non-bonding (unpassivated) states from Ag, In and S forming deep 

trap states in the mid-gap region is less. Thus, I-III-VI system can be treated as a defect 

tolerant system, which is good for opto-electronic applications.78  
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1.7 Quantum dot sensitized solar cell 

Solar cell is a device which converts solar energy into electricity by photovoltaic effect. One 

of the effective way of utilisation of solar light is using semiconductors with band gap 1.1 to 

1.5 eV as photo absorbers.  In this regard, crystalline silicon (Si) and gallium arsenide (GaAs) 

based solar cells are well known examples. Single p-n junction Si and GaAs cells show PCE 

~30%.79 Si is an indirect band gap semiconductor (electron momentum state is different at 

VBM and CBM). Therefore, in order to absorb sufficient amount of sun light a thick (100-

500 µm) film of Si is needed. Preparation of crystalline Si requires expensive depositing 

techniques. On the other hand, GaAs is a direct band gap semiconductor so thin films (tens of 

µm) are sufficient enough to absorb good amount of sun-light. However, preparation of 

crystalline GaAs is also expensive. In order to prepare less expensive solar cells researchers 

developed poly-crystalline Si, CIGS, and copper zinc tin sulphide selinide (CZTSSe) based 

solar cells. These solar cells cost relatively lesser than single crystalline Si and GaAs based 

solar cell. In order to reduce the solar cell cost further down, different solution processable 

semiconductor came into the picture which are often NC based solar cell, or dye sensitized 

solar cell.80-81 NC based solar cells are promising because of large absorption coefficient, and 

tunable band gap. Also MEG process and utilisation of hot electrons (electrons which possess 

high kinetic energy) leaves room to increase the photo conversion efficiency (PCE) higher 

than the Shockley-Queisser limit (the maximum PCE 33.7% one can get from a single 

junction solar cell with a band gap 1.34 eV).8  

In my thesis, we have worked on semiconductor NC sensitised solar cell often termed as QD 

sensitized solar cell. So, here I will discuss about basic structure of a QD sensitized solar cell. 

Schematic of solar cell device of a QD sensitized solar cell is given below Figure 1.16.82 In 

which mainly three parts are there namely photo-anode, cathode, and electrolyte solution. 

Photo anode consists of NCs sensitized mesoporous TiO2 on conducting glass. Cathode 

material can be Pt or Au or Cu2S electrode and poly sulphide is used as electrolyte. Photo-

anode and cathode are assembled in sandwich fashion by keeping spacer in between for 

addition of few drops of polysulfide electrolyte solution. Then, anode and cathode electrodes 

connected to Keithley I-V source meter. The cell tested by illuminating the top of photo-

anode using a solar simulator (Xe-lamp).  
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Figure1.16: Schematic illustration of a function of quantum dot sensitised solar cell. 

Reprinted with permission from ref.82 Copyright © 2013, American Chemical Society 

Upon irradiation of solar cell by a Xe lamp, absorption of a photon takes place by a NC and 

generates an electron-hole pair. Electron from the CBM of a NC will get transferred to CBM 

of TiO2.The separation of electron and hole occur at the interface of NC and TiO2. This 

process has been shown in Figure 1.16 as step 1. From TiO2 electrons will reach to 

conducting glass, as shown by step 2 in Figure 1.16. On the other hand, hole at VBM will be 

regenerated by oxidising poly sulphide electrolyte as shown by step 3 in Figure 1.16. 

Electrolyte will be regenerated by the electron coming through outer circuit which is shown 

by step 4 in Figure 1.16. Thus, the separation and collection of charge carriers result in the 

creation of voltage and current from a NC based solar cell device. However, along with the 

above mentioned process there are some undesired recombination processes also take place in 

the device. Those are the recombination between electrons from the CBM of NC to 

electrolyte shown by step 5 in Figure 1.16. The recombination between electrons from the 

CBM of TiO2 to electrolyte shown by step 6 in Figure 1.16. Of course there are additional 

inherent recombination processes within the NC. These recombinations lead to reduction of 

efficient charge carrier separation and collection. Thus, recombination processes affects the 

final device performance. Solar cell can be characterised by current-voltage (I-V) plot which 

provides the efficiency of a solar cell. 

1.7.1 I-V characteristics of a solar cell device 

I-V characteristic of a solar cell under illumination is shown in Figure 1.17. Typically, the 

PCE is dependent on three parameters, short circuit current (Isc), open circuit voltage (Voc) 
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and fill factor (FF). Isc is the maximum current obtained from a solar cell at the short circuit 

condition (at V = 0). On the other hand, the maximum voltage obtained from a solar cell at 

condition Isc = 0 is called Voc. Power of a solar cell is the product of current and voltage. The 

maximum power obtained theoretically (PT) from a solar cell is the product of Isc and Voc. 

However, in practical the power obtained at Isc and Voc is zero. So the maximum power 

obtained from a solar cell is given by Pm and the corresponding current and voltage are 

shown in the Figure 1.17 are Im and Vm. 

 

Figure1.17: Schematic of I-V characteristic of a typical solar cell under illumination. 

FF is the ratio of maximum power (Pm) to the theoretical power (PT) or the small area under 

the curve to that of large area as shown in the Figure 1.17. FF indicates the Maximum output 

of a solar cell.   

                                                 𝐹𝐹 =  
𝑃𝑚

𝑃𝑇
=  

𝐼𝑚𝑉𝑚

𝐼𝑠𝑐𝑉𝑜𝑐
                                                             (1.3) 

The efficiency of a solar cell (ɳ) is the ratio between the output power (Pout) of a solar cell 

and input power (Pin) of sun light. Typically, in laboratory Xe lamp is used for illumination 

with 1 sun intensity (100 mW/cm2) under air mass 1.5 global illumination.  

                                                          ɳ =  
𝑃𝑜𝑢𝑡
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In the above equation Pin is constant and if we substitute the value of Pm using the equation 

1.3, then the final expression turns out to be  

                                                          ɳ =
𝐹𝐹×𝑉𝑜𝑐×𝐼𝑠𝑐 

𝑃𝑖𝑛
                                                                      (1.5) 

Where, Pin is constant which is treated as 1 owing to their 1 sun intensity. Therefore, ɳ is only 

depends on the product of FF, Voc, and Isc. 

1.8 Effective mass (m*) of electrons and hole of II-VI and I-III-VI 

semiconductors 

One of the important parameter which determines the performance of solar cell devices is the 

mobility of charge carriers (electrons and holes). Since mobility depends on effective mass 

(m*) of charge carriers, it is essential to have lower m* values for solar absorbing materials. 

For example, CdTe possess lower m* value along with suitable band gap for solar cell 

application. Indeed, CdTe based thin film solar cell shows the PCE 22.1%.83 I-III-VI 

semiconductors also exhibit similar m* values to that of II-VI semiconductors as given in the 

Table 1.1.84 CuInxGa1-xSe2 (CIGS) thin film solar cell also shows the PCE 22.6%.83 This 

suggests that similar to II-VI semiconductors, I-III-VI semiconductors are also a potential 

candidate for solar cell application. Along with strong absorption in the visible to NIR region, 

the low m* of charge carriers play a crucial role in achieving the high PCE. 

Table1.1: Comparison of effective masses of electron and hole of II-VI and I-III-VI 

semiconductor NCs.84,85,86-87 Bulk band gap values have been given in parenthesis of each 

system. In the Table, mo = rest mass of electron. 

Effective mass 

of charge carrier 

(m*) 

II-VI semiconductors I-III-VI semiconductors 

CdSe 

(1.74 eV) 

CdTe 

(1.5 eV) 

CuInSe2 

(1.1 eV) 

CuGaSe2 

(1.64 eV) 

AgInS2 

(1.87 eV) 

AgInSe2 

(1.2 eV)     

Electron 0.12 mo 0.096 mo 0.08 mo 0.14 mo 0.12 mo 0.2 mo 

Hole 0.4 mo 0.4 mo 0.71 mo 1.2 mo 0.59 mo ~0.39 mo 

 

1.9 Surface modification of nanocrystals 

Organic ligands with long hydrocarbon chains are typically used during the synthesis of NCs 

to passivate the surface of NCs.9 However, such organic ligands are typically insulating in 

nature and creates high energy barrier for charge transport in a NC film. Therefore, organic 
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capped NCs often show poor electronic and opto-electronic properties. For example, 

oleylamine capped AgInS2 NCs show poor PCE of 0.06 %. After removal of organic ligands 

from the surface of the NCs by annealing, the PCE was increased to 0.5 %.88 It proves that, 

the removal of organic ligands enhances the performance of a solar cell. Annealing of NCs at 

high temperature (>300 oC) may lead to cracks in the film which hinders the transport of 

charge carriers. Also such annealing may lead to a significant increase in the size of NCs. In 

order to improve the transport of the charge carriers in NC films without losing their intrinsic 

properties, researchers have developed post synthesis modification to get organic-free NCs.  

In this regard, Talapin et al; developed a protocol for II-VI type semiconductor NCs.89 The 

long chain hydrocarbon organic ligands were replaced by electronically conducting smaller 

inorganic ligands. As a result, NCs in a film come closer to each other reducing the barrier 

for charge transport as schematically shown in Figure 1.14a. Consequently, the mobility of 

charge carriers increases leading to an increase in conductivity values. For example, the films 

of dodecanethiol (DDT) capped Au nanoparticles show conductivity of 10-9 S/cm whereas 

Sn2S6
4- capped Au nanoparticles exhibit conductivity of 103 S/cm.89 The corresponding TEM  

 

Figure1.14: (a) Schematic representation of the electronic coupling of organic capped and 

organic-free NCs. TEM images for (b) DDT-capped Au nanoparticles, and (c) Sn2S6
4-capped 

Au nanoparticles. (b) and (c) are reprinted with permission from the ref.89 Copyright 2009, 

American Association for the Advancement of Science. 

Organic Capped NCs Organic-Free NCs

Electronically coupledElectronically not coupled

(a)

(c)(b)
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images of DDT capped Au nanoparticles and Sn2S6
4- capped Au nanoparticles shown in 

figure 1.14b-c. The strong electronic coupling among Sn2S6
4- capped Au NCs allows the 

enormous increase in the conductivity indicating the importance of organic-free NCs for 

electronic and opto-electronic applications. 

 In order to prepare organic-free NCs, one has to synthesise good quality organic capped NCs 

as shown by the Figure 1.15a and then surface modification has to be employed in the second 

step. Surface modification can be done by following three ways. i) Solution processing, in 

which NCs dispersed in a non polar solvents are treated with inorganic ligands in a polar 

solvent, for example, Figure 1.15b shows the surface modification of organic capped CdSe 

NCs to S2- capped CdSe NCs.90 ii) Film processing, in which films of organic capped NCs are 

treated with smaller organic ligands (L) such as L = C2H4(SH)2, N2H4N. iii) Simply annealing 

of NC based films at higher temperatures. Nevertheless, these post synthesis modifications 

are developed mostly for II-VI type semiconductor NCs. This sort of ligand exchange 

reactions have to be explored for I-III-VI type semiconductor NCs. Moreover, it would be 

better if one can synthesize organic-free NCs in a single step, which is not significantly even 

for well established II-VI NCs.   

 

Figure 1.15: (a) Schematic representation of synthesis of organic capped NCs. surface 

modification of organic capped NCs through (b) solution processing and (c) film processing. 

Figure (b) reprinted with permission from ref.90 Copyright © 2011, American Chemical 

Society. 
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1.10 Photocatalytic H2 generation using semiconductor nanocrystals 

The decomposition of water into H2 and O2 was first demonstrated by Fujishima and Honda 

through photoelectrochemical method using TiO2 as anode and Pt as cathode.91  A potential 

difference more than 1.23 V between the anode and cathode electrodes is necessary for 

electrochemical decomposition of water as shown in Figure 1.19. It corresponds to the 

positive free energy change ΔG0 = 237 kJmol-1 for decomposition of water 2H2O ⟶ 2H2 + 

O2, indicating a non-spontaneous process. In order to drive this reaction, semiconductors with 

band gap >1.23 eV is required. CBM of the semiconductor should be more negative potential 

than the reduction potential of water (0 V with respect to normal hydrogen electrode (NHE)) 

and VBM should be more positive than the oxidation potential of water (1.23 V with respect 

to NHE). Since, the band gap of bulk TiO2 is 3.2 eV,92 energy more than 3.2 eV is required to 

excite the electrons from VB to the CB. The electrons then reach to the Pt electrode through 

external circuit where the reduction of H+ to H2 takes place whereas at TiO2 electrode water 

gets oxidised to O2. This was the first demonstration of water splitting using a 

semiconductor.99 

 

Figure 1.18: Schematic description of photocatalytic H2 evolution using a semiconductor 

nanocrystal under illumination. Figure is adopted from the ref.93  

However, for TiO2 the band gap is 3.2 eV (380 nm) which is in the UV region.92 Due to the 

less availability of UV light (<5%) in the solar spectrum wide band gap semiconductors are 

not suitable for solar light driven photo-catalytic water splitting. In order to make the 

photocatalyst visible-light active, researchers focussed on the semiconductors with narrower 
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band gap. Band gap of semiconductor NCs can be tuned by controlling size and composition, 

which shifts the CBM typically higher in energy above the reduction potential of water. 

Moreover, high surface to volume ratio of NCs creates more number of active sites on the 

surface for water splitting. In my thesis we focus only on H2 evolution reaction using 

semiconductor NCs as photocatalyst. The Figure 1.18 shows the working mechanism of H2 

evolution using NC. Upon excitation of NC with appropriate wavelength of light, electron 

will go to the CB leaving behind hole in the VB. Then electrons move onto the surface of 

NCs where the reduction of H+ to H2 takes place and holes formed in the VB get reduced by 

sacrificial electron donors. Size of the NCs used for photocatalyst are typically in terms of 

nm, so the photogenerated electrons have to travel a smaller distance to reach surface.  Thus, 

NCs can be a better visible light driven photocatalyst for H2 production.  

1.11 Scope of the present work 

I-III-VI semiconductor NCs exhibit optical band gap and PL QY similar to that of II-VI 

semiconductor NCs as shown in the Table 1.2, and seems promising alternative to II-VI 

semiconductor NCs. There are also interesting intrinsic differences in the optical properties of 

both kinds of NCs. For example, II-VI NCs exhibit narrow PL width (FWHM 25-35 nm)  

Table1.2: Comparison of optical properties of II-VI and I-III-VI semiconductor NCs, taken 

from ref. 94 

Properties II-VI NCs I-III-VI NCs 

Spectral tunable window UV-vis-NIR   UV-vis-NIR 

PL QY% Oil-soluble >50% 

Water-soluble >30% 

  Oil-soluble >50% 

  Water-soluble 20-50% 

PL FWHM 25-35 nm   80-120 nm 

PL life times ~20 ns   100-300 ns 

Stokes Shift < 100 meV   200-300 meV 
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with Stoke’s shift < 100 meV whereas I-III-VI NCs exhib it broad PL width (FWHM 80-

120 nm) with Stoke’s shift 200-300 meV. Such differences in optical properties indicate that 

the origin of PL in I-III-VI NCs is intrinsically different than that of II-VI NCs. Such 

differences in PL properties needs to be understood. The large Stoke’s shift of PL peak in I-

III-VI NCs ruled out the possibilities of self-absorption and foster resonance energy transfer 

(FRET) which are often detrimental for opto-electronic applications. Furthermore, the long 

PL lifetimes (100-300 ns) of I-III-VI NCs is expected to be beneficial for separation of 

charge carriers which is desired for solar cell and photocatalytic applications. Due to the 

fascinating optical properties of I-III-VI NCs, we got motivated to work on I-III-VI 

semiconductor NCs. Importantly, I-III-VI NCs are environmentally benign compared to II-VI 

semiconductors. 

This thesis mainly deals with the understanding of photophysics of colloidal I-III-VI 

semiconductor NCs and their application in solar cell. Often, it is essential to have suitable 

optical properties for solar cell materials such as narrow band gap, high PL QY, long PL 

lifetime. CBM of NC should be above than CBM of TiO2 for efficient charge separation. 

Overall, point defects in I-III-VI semiconductor NCs are critical to control the optical and 

opto-electronic properties.  

AgInS2 NCs exhibit broad PL with large Stoke’s shift and it could not be explained based on 

size distribution. Prior literature assigned this broad PL of AgInS2 NCs to donor-acceptor 

transition. Donor (D) and acceptor (A) states lies in the mid gap region. However, D-A model 

failed to explain the size and composition dependent PL properties of AgInS2 NCs with shift 

in PL peak by 0.35 eV. This indicates that other states such as CB or VB are involved in the 

PL of AgInS2 NCs. In order to confirm the involvement of CB or VB in the PL mechanism of 

AgInS2 NCs, we have synthesized NCs with similar size but varying the CB and VB edges by 

changing the composition, x in (ZnS) 1-x(AgInS2) x alloyed NCs. These alloys allow us to 

assume not much change in distance between Donor and Acceptor. But shift in VBM and 

CBM allowed us to know the involvement of CB and VB in PL mechanism of AgInS2 NCs.  

The complete details will be discussed in chapter 2.   

Surface of NCs are passivated by organic ligands containg long hydrocarbon chain. Such 

ligands are insulating in nature. Therefore, efficiencies of opto-electronic properties decreases 

significantly because of such organic ligands. In order to overcome this problem, surface of 

NCs has to be modified. In this regard, we have reported for the first time organic-free 
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AgInS2 NCs and studied their optical properties. We have fabricated solar cell device out of 

these organic-free AgInS2 NCs. The obtained PCE from organic-free AgInS2 NCs is 0.8% 

which is more than ten times greater compared with organic capped AgInS2 NCs. But, still 

the obtained PCE values are lower than II-VI semiconductor NCs. The lower PCE values can 

be attributed to the higher density of defects in AgInS2 NCs. Also, the band gap of AgInS2 is 

relatively high and therefore do not absorb NIR light. Complete details will be discussed in 

chapter 3.  

 In order to absorb sun light in both visible and NIR spectral region, we have synthesized 

Ag2S-AgInS2 hetero dimer NCs (HDNCs) where band gap of bulk AgInS2 is ~2 eV and that 

of Ag2S is 1.1 eV.77, 95 Therefore, these HDNCs can absorb light from the NIR to visible 

range.  Prior literature suggests that the band alignment of HDNCs at the interface is a quasi-

type II which can partially separate electrons and holes in these HDNCs.96 After excitation, 

holes may stay in VB of Ag2S whereas electrons stay in CB of both AgInS2 and Ag2S Thus, 

Ag2S-AgInS2 HDNCs are potential material to form pseudo p-n junction at the interface of 

Ag2S and AgInS2. In our study we have observed type-I band alignment at the interface of 

HDNCs. Despite of having type-I band alignment at the interface, PL decay profile of 

HDNCs show defect mediated 13 µs long PL lifetime. Such long lifetime enhances the ease 

of charge carrier separation in solar cell device. We have checked this possibility by 

preparing QD sensitized solar cell. Complete details will be discussed in chapter 4. 

Though Ag2S-AgInS2 HDNCs absorb in the visible and NIR region, but the photocurrent in 

NIR region corresponding to Ag2S is negligible. This is because of the CBM of Ag2S is lower 

than that of TiO2 CBM. Therefore, inefficient electron injection takes place from Ag2S to 

TiO2. In order to absorb both visible and NIR photons, along with proper band alignment 

with respect to TiO2, we have chosen CuInSe2 based NCs exhibiting a band gap of 1.05 eV. 

Incorporation of Zn into CuInSe2 lattice and surface decreases the non-radiative trap states 

and shifts in the CBM to higher energy enhancing the efficiency of electron injection to TiO2. 

We have used mercaptopropionic acid capped (Zn)0.24(CuIn)0.76Se2 NCs in solar cell. 

However, the obtained values are still low (0.8 %) due to recombination of electrons from 

NC and TiO2 with electrolyte. In order to overcome this problem, ZnS treatment has been 

done over the photo-anode increasing the PCE of (Zn)0.24(CuIn)0.76Se2 NCs up to 3.6%. 

Inexpensive Cu2S was used as a counter electrode. Complete details will be discussed in 

chapter 5.  
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In addition to the five chapters, there is an appendix in my thesis showing the visible-light 

driven photocatalytic H2 generation using (ZnS)0.4(AgInS2)0.6  NCs. (ZnS)0.4(AgInS2)0.6  NCs 

exhibits band gap in the visible range along with its CBM energy higher than that of H+/H2 

reduction potential. So, photogenerated electrons can reduce H+ to H2 efficiently. Further, 

high surface area of NCs provides more active sites for H+ adsorption. However, 

(ZnS)0.4(AgInS2)0.6  NCs capped by oleylamine inhibit charge extraction and dispersion of 

these NCs in water. In order overcome these problems we have modified the surface of NCs 

from oleylamine to S2- capping. These S2- capped, non-toxic (ZnS)0.4(AgInS2)0.6  NCs have 

been used it for photocatalytic H2 generation. Complete details will be discussed in the 

appendix.  
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Summary 

Donor-Acceptor transition was previously suggested as mechanism for luminescence in 

AgInS2 nanocrystals. Here we show the participation of delocalized valence/conduction band 

in the luminescence of (ZnS)1-x(AgInS2)x nanocrystal with x = 0.33 to 1 . Two emission 

pathways are observed: path-1 involves transition between a delocalized state and a localized 

state exhibiting higher energy and shorter lifetime (~25 ns), and path-2 (donor-acceptor) 

involves two localized defect states exhibiting lower emission energy and longer lifetime 

(>185 ns). Surprisingly, Path-1 dominates (82% for x = 0.33) for nanocrystals with lower x, 

in sharp difference with prior assignment. Luminescence peak blue-shift systematically by 

0.57 eV with decreasing x, because of this large contribution from path-1. X-ray absorption 

fine structure (XAFS) study of (ZnS)1-x(AgInS2)x nanocrystals shows larger AgS4 tetrahedra 

compared to InS4 tetrahedra with Ag-S and In-S bond lengths 2.52 and 2.45 Å, respectively. 

Whereas Zn-S bond length is 2.33 Å along with the absence of 2nd nearest neighbor Zn-S-

metal correlation. 
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2.1 Introduction 

The band gap of bulk AgInS2 is 1.98 eV and 1.87 eV for orthorhombic and chalcopyrite 

crystal structure, respectively. The band gap of AgInS2 nanocrystals (NCs) further can be 

tuned in the visible range of spectrum by making  (ZnS)1-x(AgInS2)x solid solution therefore 

making them suitable for visible light driven optoelectronic and photocatalytic applications.1 

(ZnS)1-x(AgInS2)x NCs are being explored recently for various applications including 

photovoltaic,2-4 photocatalysis,5-6 photodetector7 and luminescence8-11. Till date, 

luminescence of (ZnS)1-x(AgInS2)x appears to be most promising property for application.  

Similar to band edge emission of cadmium chalcogenide based NCs,12-15,16 

photoluminescence (PL) of (ZnS)1-x(AgInS2)x NCs can be tuned over a wide range of 

wavelengths (500 to 750 nm), along with high quantum efficiency ~70%.8, 17-19 However, 

(ZnS)1-x(AgInS2)x  NCs exhibit some interesting and intrinsic differences from cadmium 

chalcogenide NCs: (i) (ZnS)1-x(AgInS2)x  is non-toxic as opposed to cadmium chalcogenide, 

(ii) (ZnS)1-x(AgInS2)x  NCs exhibit large Stokes shift between absorption and emission unlike 

band-edge emission of CdSe NCs, and therefore detrimental self-absorption and/or 

nonradiative Forster resonance energy transfer is less probable for (ZnS)1-x(AgInS2)x NCs, 

and (iii) (ZnS)1-x(AgInS2)x  NCs exhibit poorer color purity with larger full width at half 

maxima (FWHM ~100 nm). Another kind of bright NC emitter are doped NCs, particularly 

Mn-doped NCs,11, 20-21 that also exhibit large Stokes shift and large FWHM. However, unlike 

(ZnS)1-x(AgInS2)x NCs, ensembles of Mn-doped NCs typically show PL wavelength fixed 

around 580 nm, apart from a recent study22 showing the PL of single (not ensemble) Mn-

doped NCs tunable over a wide range. Furthermore, lifetime of Mn-related emission is close 

to a millisecond while that of (ZnS)1-x(AgInS2)x is around a few hundreds of nanosecond. 

Lower lifetime of (ZnS)1-x(AgInS2)x NCs is advantageous to produce high efficiency 

electroluminescence devices.23  

Here we describe the origin of luminescence in (ZnS)1-x(AgInS2)x NCs with x = 0.33 to 1 and 

explore the local structure of these NCs using X-ray absorption fine structure (XAFS). The 

origin of PL in (ZnS)1-x(AgInS2)x NCs was previously described as donor-acceptor (D-A) 

transitions involving two localized defect states, where the emission energy can be tuned 

through change in the coulomb interaction due to change in the distance between the D-A 

pair.5-6, 24-25 (ZnS)1-x(AgInS2)x NCs allow us to tune the band gap simply by varying the 

composition but without changing the size of NCs, and therefore not altering the D-A pair 

distance. Interestingly, the systematic blue-shift in band gap for decreasing x, leads to very 
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similar shift in PL peak, which cannot be explained by the D-A model. Furthermore, the PL 

shift of 0.57 eV by changing x from 1 to 0.33 is too large compared to D-A pair Coulomb 

energy. Our PL study shows that the luminescence has two components, (i) a faster (~25 ns) 

transition involving delocalized valence/conduction band and localized defects and (ii) a 

slower (>185 ns) transition involving localized D-A pair transition. The D-A pair 

contribution decreases drastically with decreasing x, and for x = 0.33, the other path, 

delocalized-localized transition dominates the PL. 

The electronic and optical properties depend strongly on the structure and surface chemistry 

of the NC. These NCs are too small to undergo  single-crystal x-ray diffraction (XRD) study, 

and even the powder XRD peaks broaden, sometimes making it difficult to distinguish 

between different crystal structures and compositions (homogeneous or heterogeneous).26-27 

In an effort to gain detailed insight about the local structure of (ZnS)1-x(AgInS2)x NCs we 

have performed XAFS study. Unlike XRD, XAFS does not rely on long-range ordering in a 

crystal. XAFS study on (ZnS)1-x(AgInS2)x NCs shows Ag-S, Zn-S and In-S bond lengths  to 

be 2.52, 2.33 and 2.45 Å respectively, similar to those in bulk ZnS and AgInS2 respectively. 

However, metal-metal 2nd nearest neighbor correlation is largely absent because of both small 

size of NCs and random occupation of the cation sites in the solid solution. To the best of our 

knowledge, XAFS study on (ZnS)1-x(AgInS2)x NCs for all x > 0 has not been reported before. 

2.2 Experimental section 

2.2.1 Synthesis of (ZnS)1-x(AgInS2)x NCs  

(ZnS)1-x(AgInS2)x NCs were synthesized following ref.28 by using single molecular precursor 

(AgIn)yZn2(1-y)(S2CN(C2H5)2)4, where x = y/[y+2(1-y)]. Reactions with molecular precursor 

composition y = 1, 0.75, and 0.5 is expected to yield (ZnS)1-x(AgInS2)x NCs with x = 1, 0.6 

and 0.33. The molecular precursor was prepared by mixing of a 50 mL aqueous solution of 

sodium diethyldithiocarbamate (DDTC) (0.05 mol/L) with 50 mL aqueous solution of 0.025 

mol/L metal ions containing AgNO3 : InNO3 : Zn(NO3)2 = y : y : 2(1-y). The obtained 

precipitate was washed with water and methanol three times and dried under vacuum at room 

temperature. Oleylamine capped (ZnS)1-x(AgInS2)x NCs were prepared via decomposing the 

molecular precursor. 50 mg molecular precursor was heated at 180 oC for 30 min in a three 

neck round-bottom flask maintaining inert atmosphere yielding brown powder. 3 mL 

oleylamine was injected and the reaction was carried out for another 3min at 180 oC. The 

resulting suspension was centrifuged at 2000 rpm for 2 min and the supernatant was 
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extracted. (ZnS)1-x(AgInS2)xNCs were precipitated from the supernatant using methanol as a 

non solvent and dispersed in toluene or chloroform for characterization. 

2.2.2 Characterisation  

UV-visible absorption and PL spectra of colloidal (ZnS)1-x(AgInS2)x NCs were recorded 

using a Perkin Elmer, Lambda-45 UV/Vis spectrometer and FluoroMax-4 spectrofluoremeter 

(HORIBA scientific), respectively. PL decay dynamics were measured using time correlated 

single photon counting (TCSPC) technique set up from Horiba Jobin Yvon at an excitation 

energy of 459 nm (2.70 eV). Powder XRD data were collected by using Bruker D8 Advance 

Powder XRD diffractometer using Cu K radiation (λ = 1.54Å). Transmission electron 

microscopy (TEM) data were obtained using a JEOL JEM 2100F microscope operated at 200 

kV.  

2.2.3 Extended X-ray absorption fine structure (EXAFS) and x-ray 

absorption near edge structure (XANES) 

EXAFS and XANES are comes under x-ray absorption spectroscopy (XAS). In XAS 

synchrotron source is used for generating different high energy x-rays. The range of X-rays in 

XAS is 200-35,000 eV. XAS is the measurement of x-ray absorption coefficient (µ(E)) of a 

material as a function of energy(eV). These measurements have been done in Argonne 

National Laboratory by Tomohiro Shibata and Soma Chattopadhyay at Argonne, Illinois in 

United States 

2.3. Results and discussion 

2.3.1 Tuning of band gap by changing composition  

Oleylamine capped colloidal (ZnS)1-x(AgInS2)x NCs were synthesized following ref.29 UV-

visible absorption spectra in Figure 2.1a-c show that the optical gap of NCs blue shifts 

systematically with increase in ZnS content, without exhibiting sharp excitonic feature 

similar to prior reports.5, 29 The optical band gap of direct gap semiconductor can be obtained 

by using the equation h = P(hν-Eg)
1/2, where,  is the absorption coefficient, hν is the 

photon  energy, Eg is the optical band gap and P is a constant.2, 30 We can replace α by 

absorbance A since optical path and concentration of sample are invariant here.4 Figure 2.1a- 

c show plots of (Ah)2 vs. h for NC samples with different compositions, x. Eg is obtained 

by extrapolating the linear portion of the plot at (Ah)2 = 0. Band gaps are found to be 2.07, 

2.37 and 2.59 eV for NCs with x = 1, 0.6 and 0.33, respectively. Band gap of 2.07 eV for   
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Figure 2.1:(a-c) UV-visible absorption data plotted as (Ahv)2 versus energy for colloidal 

(ZnS)1-x(AgInS2)x NCs with different x. Black dash line shows the extrapolation of the linear 

portion of the plot to (Ahv)2 = 0. (d) Transmission electron microscopy image of AgInS2 NCs. 

(e) Photoluminescence (PL) data for colloidal (ZnS)1-x(AgInS2)x NCs with different x, after 

excitation at 2.76 eV (450 nm); all the spectra were normalized at their respective maximum 

intensity. (f) Compares variation in band gap and PL peak position with composition x of 

(ZnS)1-x(AgInS2)x NCs.    

 

AgInS2 (x = 1) NCs is slightly higher than that of bulk AgInS2 (1.87 eV for chalcopyrite 

phase and 1.98 eV for orthorhombic phase)31 suggesting quantum confinement effect in our 

NCs. Size of NCs obtained from TEM remain similar (~5 nm) for all the three NC as shown 
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in Figure 2.1d for x = 1, in accordance with ref.,29 suggesting that the change in band gap is 

because of the change in composition of NCs.  

PL spectra (Figure 2.1e) of colloidal (ZnS)1-x(AgInS2)x NCs exhibit a significant blue shift 

with increase of ZnS content, similar to absorption spectra. Figure 2.1f shows a similar trend 

in the change of band gap and PL peak position with composition of NCs. However, the 

origin of PL appears to be different than band edge emission, exhibiting a large Stokes shift 

compared to band gap and also a broad FWHM. In fact, the origin of PL in these solid 

solution NCs has previously been assigned6, 24-25 to defect related D-A transitions which does 

not involve the valance band maximum and conduction band minimum. However, a similar 

shift in energy for both band gap and PL peak position is unexpected from D-A model. 

2.3.2 Origin of photoluminescence in (ZnS)1-x(AgInS2)x NCs  

Prior reports suggesting that the PL of AgInS2 NCs arising from transitions between localized 

(D-A) states which lies in the mid-gap region. In AgInS2 NCs, Ag, S interstial and Ag, S 

vacancies are responsible for mid-gap trap states. Ag interstial and S interstial act as donor 

and acceptor states, respectively. Unlike conduction band (CB) and valance band (VB), these 

mid-gap defects are point defects (localized in nature). Therefore, the probability of carriers 

in these states are mostly confined whereas VB and CB are delocalized in nature lead to the 

probability of charge carriers on the entire VB and/or CB, as shown in Figure 2.2a. Figure 

2.2a-b show schematic presentation of possible emission mechanism in terms of space and 

energy, respectively. Two kinds of defect related emissions are possible giving large Stokes 

shift. The first one involves transition between a delocalized state (valence band maximum or 

conduction band minimum) and a localized defect state as indicated by path-1, and the 

second one involves D-A transition between two localized states indicated as path-2. The 

energy of the D-A pair emission is given by23  

E = Eg – (EA+ ED) + e2/4εoεr 

here EA and ED are ionization energies of acceptor and donor respectively, r is the distance 

between donor and acceptor, e is the electron charge, ε is the dielectric constant and εo is the 

permittivity of vacuum.  The last term, e2/4εoεr, accounts for the Coulomb interaction 

between the donor and acceptor, and smaller r results in higher emission energy. Coulomb 

interaction energy = e2/4εoεr, for chalcopyrite AgInS2 has been calculated by using ε = 9.6,25 

after incorporating the standard values of e and εo. The calculated values of Coulomb 

energies for some D-A distances are tabulated in Table 2.1. However, the observed shift in 
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PL peak position with composition in Figure 2.1d is 0.57 eV, which is too high to attribute to 

Coulomb energy for D-A pairs (~0.15 eV for r ~ 1 nm, see Table 2.1). Also a possible change 

in ε with change in composition of NCs will be too small to account for the change in PL 

energy using D-A pair mechanism.  

 

Figure 2.2: (a) Schematic diagram explaining the luminescence mechanism of AgInS2 NCs in 

space where VB and CB are delocalized states and donor and acceptor states are localized 

states. (b-c) Schematic diagram explaining the luminescence mechanism of (ZnS)1-x(AgInS2)x 

NCs for (b) x = 1, and (c) x < 1. Valence band and conduction band systematically moves 

downward and upward respectively, with increase in ZnS content; deep mid-gap defect levels 

remain largely unaltered. This scenario leads to a systematic blue shift in emission path-1 

depending upon the shift in valence/conduction band with decreasing x, but energy of path-2 

remains unaltered for similar sized NCs. 
 

Table 2.1: Expected Coulomb energies for different D-A pair distance in AgInS2. 

 

D-A distance, r (nm) Coulomb energy, e2/4εoεr (meV) 

1 151 

2 76 

3 50 

4 38 

5 30 

6 25 

7 22 
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size of NCs remains unchanged, therefore with not much change in the D-A pair distance. 

Figure 2.2c shows the schematic energy level diagram for (ZnS)1-x(AgInS2)x (x <1) solid 

solution NCs in comparison with Figure 2.2a,b for AgInS2 (x = 1) NCs. There might be some 

spread in the energy level of defect states based on composition and local environment, 

however for simplicity we have not altered the defect state energies in both schematics in 

Figure 2.2b and 2.2c. Since both the size of the NC and hence distance between D-A pairs 

remains similar for all x, D-A pair transition (path-2) energy should not vary much with 

composition, as opposed to our observation in Figure 2.1d. Furthermore, the lifetime of path-

2 is also expected to be similar for all compositions, since there is no systematic change in the 

wavefunction overlap of D-A pairs for similar sized NCs. 

  
 

Figure 2.3: PL decay dynamics of colloidal (ZnS)1-x(AgInS2)x NCs for different x, after 

excitation at 2.7 eV (459 nm). Emission energies were fixed at the peak positions of 

corresponding steady state spectrum shown in Figure 2.1d. b) PL decay dynamics of colloidal 

(ZnS)0.4(AgInS2)0.6 NCs at three different emission energies of the broad spectrum. Excitation 

was at 2.7 eV (459 nm) for all three spectrum. The steady state PL of the sample is given in 

Figure 2.1d of the manuscript. 

 

Table 2.2: The best fit parameters of photoluminescence decay profiles of (ZnS)1-x(AgInS2)x 

solid solution NCs in Figure 2.3, using tri-exponential decay:  I (t) = a1exp(-t/1) + a2exp(-

t/2) + a3exp(-t/3).  
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Figure 2.3a shows the PL decay for (ZnS)1-x(AgInS2)x NCs with x = 1, 0.6 and 0.33. The 

emission energies were fixed at the corresponding emission maxima obtained from Figure 

2.1d. Clearly, the decay becomes faster with decreasing x. These decays can be fitted with 

three exponentials, and the best fit parameters are given in Table 2.2. For all samples, two 

radiative channels are observed with lifetimes 1 ~ 25 ns and 2 > 185 ns, similar to previous 

studies6, 10, 24. We assign the faster (1) decay to path-1 (delocalized-localized transitions) and 

slower (2) decay to path-2 (localized-localized transition). A sub-nanosecond (0 = ~0.9 ns) 

decay that typically arises from nonradiative decay channels is also observed, which is more 

prominent for x = 0.33 composition. The amplitude, a2 for 2 (path-2) sharply decreases with 

decreasing x. For x = 1, path-2 has 60% contribution in the overall PL decay which decreases 

systematically to only 8% for x = 0.33, suggesting a minor contribution of D-A transition in 

the PL for x = 0.33. Further, to compare the relative contributions only from radiative 

processes 1 and 2, excluding the non-radiative 0, %values for a1/(a1+a2)  and a2/(a1+a2) 

have been extracted from Table 2.2. It shows that the relative radiative contribution for path-

2, a2/(a1+a2) in %,  systematically decreases from  81% for x = 1 to 41% and 18% for x = 0.6 

and 0.33 respectively. In contrast, contribution from path-1 increases from 29% for x = 1 to 

60% and 82% for x = 0.6 and 0.33 respectively. These data suggest the light emission for x = 

0.33 (lower x) has very minor contribution from D-A pair transition, in sharp difference to 

prior reports5-6, 24-25, and instead almost entirely governed by path-1. This large contribution 

from path-1 can explain the similar trend in the change in band gap and PL peak position 

with different compositions shown in Figure 2.1f. Interestingly, the steady state PL spectra 

(Figure 2.1e and ref28) with intermediate compositions x, having comparable contributions 

from both emission paths 1 and 2, also show the possibility of convolution of two broad 

emission features.  It is to be noted that though majority of I-III-VI NCs reports suggest D-A 

pair transition as origin of PL,19 some reports18, 23, 32 also suggested path-1 type transitions in 

CuInS2 and CuInSe2 based NCs.  

It has been commonly observed that for a given sample of (ZnS)1-x(AgInS2)x NCs, the PL 

decay at lower energy end of the spectrum is slower, as shown in Figure 2.3b for x=0.6 

composition. Such inhomogeneous lifetimes at different energies of a given spectrum can 

also be explained within our model considering contributions from both path-1 and path-2 

(D-A pair) in Figure 2.2. The blue shift in PL observed for AgInS2 NCs with increasing 

excitation intensity shown in ref.24 can also be explained within our model. Lower energy 

transition path-2 with longer lifetime saturates faster with increasing excitation intensity 
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compared to path-1 having a shorter lifetime, therefore, effectively increasing the higher 

energy path-1 contribution at higher excitation intensity. Next we discuss the structural aspect 

of (ZnS)1-x(AgInS2)x NCs.  

2.3.3 Structural characterization of (ZnS)1-x(AgInS2)x NCs  

XRD patterns in Figure 2.4 show a systematic shift of peak position towards higher 2 values 

similar to previous report29 indicating the contraction of the lattice parameters with 

incorporation of ZnS. The broad nature of XRD pattern makes it difficult to distinguish 

between chalcopyrite and zinc-blende structure of (ZnS)1-x(AgInS2)x NCs, which makes the 

application of Vegard’s law33 of alloy formation somewhat uncertain. This XRD shift is also 

accompanied with systematic blue shift in absorption spectra with incorporation of ZnS 

suggest the formation of (ZnS)1-x(AgInS2)x solid solution. However, the formation of smaller 

AgInS2 core in AgInS2/ZnS core/shell NCs with increase in ZnS precursor cannot be 

excluded completely.34 Further, energy dispersive x-ray spectroscopy (EDS) data of these 

NCs found to be x = 1, 0.61 and 0.37, respectively for composition, x = 1, 0.6 and 0.33, also 

matches with precursor concentration. 

 

Figure 2.4: Powder XRD data for (ZnS)1-x(AgInS2)x NCs with different compositions x. 

Reference patterns for bulk ZnS and AgInS2 are also given. The patterns are shifted vertically 

for a clear representation.  
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measured using high brilliance synchrotron radiation at 10ID in Advanced Photon Source, 

Argonne National Laboratory. The Extended x-ray absorption fine structure (EXAFS) data 

were processed using Athena,35 by extracting the EXAFS oscillations χ(k) as a function of 

photoelectron wavenumber k following standard procedures.36 

 

Figure 2.5: (a-c) Ag K edge data for bulk Ag2S standard, AgInS2 NCs and 

(ZnS)0.67(AgInS2)0.33 NCs: (a) XANES, (b) k2 weighted χ(k) data and (c) magnitude of 

Fourier transformed data in R-space. (d-f) In K-edge data: (d) XANES, (e) k2 weighted χ(k) 

data and (f) magnitude of Fourier transformed data in R-space for NC samples and bulk 

standards. (g-i) Zn K-edge data for ZnS-AgInS2 NCs and bulk standards: (g) XANES, (h) k2 

weighted χ(k) data and (i) magnitude of Fourier transformed data in R-space. k2 weighted 

χ(k) data for AgInS2 NCs in (b) and (e) have shifted vertically by 1.5 for a better 

representation. Likewise, data for Ag2S, In2O3 and ZnS in (b), (e) and (h) have been shifted 

vertically by 3, 3.5 and 3 respectively.  

The theoretical paths were generated using FEFF6 code implemented in Artemis fitting 

software.35 The real (R) space data χ(R) were obtained by a Fourier transform of k2 weighted 
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χ(k). XAFS data of Ag K-edge, In K-edge, and Zn K-edge for (ZnS)1-x(AgInS2)x NCs (x = 1 

and 0.33) along with different bulk standards are shown in Figure 2.5a-c, Figure 2.5d-f, and 

Figure 2.5g-i respectively. Data for both (x = 1 and 0.33) NC samples were fitted and a 

representative fit for (ZnS)0.67(AgInS2)0.33 NCs for all three edges are shown in Figure 2.6. 

The obtained best fit parameters for both NC samples are tabulated in Table 2.3. 

Figure 2.6: Fitting of k2 weighted χ(k) data and magnitude of Fourier transformed data in R-

space for Ag (a and b), In (c and d) and Zn (e and f) for (ZnS)0.67(AgInS2)0.33 NCs.  R space 

data �̃�(𝑅) is obtained by Fourier transform of k2 weighted χ(k) data where k = 2-11Å-1 was 

transformed. In both k space and R space data, most of the contributions are from the first 

neighbors, and features from the farther neighbors (faster oscillations in χ(k)) are very small. 

Thus the data were fitted only for the first nearest neighbor. Note that due to the 

photoelectron phase shift (φj) the Fourier peaks appear at shorter distance than the actual 

bond lengths.  
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weighted χ(k) and R-space data (Figure 2.6a and b; Table 3) show nearest neighbor Ag-S 

bond length for both (ZnS)1-x(AgInS2)x NCs is about 2.52 Å, similar to bulk38 AgInS2. The 

coordination number (CN) for Ag-S is slightly smaller than the ideal CN of 4 expected from 

chalcopyrite or orthorhombic structure both with tetrahedral coordination. This small 

decrease in CN is probably due to surface termination of NCs where the metal ions do not 

have MS4 tetrahedron.39 The 2nd nearest neighbor Ag-S-metal correlation is weak for both the 

NC samples.    

Table 2.3: Best fit parameters for the first shell Ag-S, In-S and Zn-S for (ZnS)1-x-(AgInS2)x 

NCs with x = 1 and 0.33 by fitting R space data. The R space data were obtained by Fourier 

transform of k2 weighted χ(k) data where kmin = 2 Å-1, kmax = 11 Å-1 are transformed. The 

goodness of the fit (r factor) are less than 0.01. 

(N=Coordination Number, R=bond length, 2=mean square displacement of the distance 

between the atoms). 

NC Sample Bond N R ( Å) σ2(Å2) 

 

AgInS2 

Ag-S 3.47 ±0.27 2.523±0.009 0.009± 0.001 

In-S 3.66 ±0.67 2.447±0.017 0.004± 0.002 

 

(ZnS)0.67(AgInS2)0.33 

Zn-S 3.15±0.24 2.327±0.006 0.0075±0.0009 

Ag-S 3.48 ±0.36 2.504±0.009 0.010± 0.001 

In-S 3.86 ±0.59 2.452±0.017 0.004± 0.002 

 

In-edge energies of XANES (Figure 2.5d) of NC samples are similar to that of In2O3 and 

different from In metal suggesting In is in 3+ oxidation state in our NCs. k2 weighted χ(k) 

(Figure 2.5e) and R-space (Figure 2.5f) In-edge data are similar for both NC samples, and is 

clearly different from the standard In2O3. R-space data shows longer nearest neighbor In-S 

bond in NCs compared In-O bond lengths suggesting absence of any unwanted oxide 

formation, also 2nd nearest neighbor correlation is present in the standard In2O3 but absent in 

our NC samples. Fitting (Figure 2.6c and 2.d) of k2 weighted χ(k) and R-space data show 

nearest neighbor In-S bond length for both (ZnS)1-x(AgInS2)x NC samples is about 2.45 Å, 

with CN slightly lower than the ideal tetrahedral coordination. The smaller InS4 tetrahedra 

(In-S bond length 2.45 Å)  compared to AgS4 tetrahedra (Ag-S bond length 2.52 Å) is 

because of the smaller ionic radius of tetrahedral In3+  compared to tetrahedra Ag+.40 On the 

other hand S is expected to be surrounded by two Ag and two In, so the 2nd nearest neighbor 

metal-S-metal correlation is not expected to be prominent in the EXAFS of solid solution 
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nanocrystals. Further, the large surface/volume ratio of our NCs can contribute in the blurring 

of 2nd nearest neighbor correlation. 

Zn-edge XANES data for (ZnS)0.67(AgInS2)0.33 NCs in Figure 2.5g shows Zn is in 2+ 

oxidation state similar to reference ZnS. However, reference ZnS shows distinct feature at 

~9668.7 eV which got blurred for (ZnS)0.67(AgInS2)0.33 NCs. Similarly, R-space data (Figure 

2.5i) for Zn-edge also shows the absence of Zn-S-Zn 2nd nearest neighbor correlation for 

(ZnS)0.67(AgInS2)0.33 NCs ~4 Å, which is clearly visible for reference ZnS. Owing to small 

size, NC samples typically do not show second neighbor correlations, however, some NCs 

can show such correlations. Thus the complete absence of  second nearest neighbor 

correlations in our (ZnS)0.67(AgInS2)0.33 NCs may not be solely because of the size-effect, but 

also because of random occupation of second neighbor sites by Zn, Ag and In suggesting the 

formation of solid solution. Absence of this feature in our NC sample can be because of both 

formation of solid solution and small NC size. Fitting (Figure 2.6e and f) of k2 weighted χ(k) 

and R-space data yields Zn-S bond length 2.33 Å similar to that of ZnS reference (2.35 Å) 

and is smaller than that of both Ag-S (2.52 Å) and In-S (2.45 Å). The similarity in nearest 

neighbor (Zn-S) bond length between the solid solution and the end-member ZnS is rather 

commonly observed fact.41   

2.3.4 Photoluminescence vs structure 

PL depends on very small concentration of defects. On the other end, structural investigations 

based on XRD, high resolution TEM and EXAFS can be insensitive to probe defects at such 

smaller concentrations. However, our EXAFS results, in combination with XRD and UV-

visible data agrees with the formation of (ZnS)1-x(AgInS2)x solid solution NCs. Our detailed 

structural investigation showing no detectable phase separated products further builds the 

confidence of our PL analysis. In AgInS2 NCs, defects can originate from different bonding 

nature of Ag-S and In-S and typical defects can be Ag vacancy/interstitial, sulfur 

vacancy/interstitial, In in the place of Ag or vice-versa. Unfortunately, so far, not much is 

known about the exact nature of defects in AgInS2 NCs that is responsible for PL transitions. 

Incorporation of Zn in the lattice has been reported to reduce some of these defect densities,10 

which might reduce the contribution of path-2 with increasing ZnS content. Another 

possibility is that, as the energy difference between defects states and valence/conduction 

band increases with incorporation of ZnS, nonradiative relaxation of electron or hole to the 
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respective defect states can be slower requiring multiphonon processes,42 thereby, reducing 

contribution from path-2.  

2.4 Conclusions  

In conclusion, (ZnS)1-x(AgInS2)x NCs allowed us to change the band gap simply by changing 

the composition but without changing the size of the NCs ( ~ 5 nm). Therefore, if the 

luminescence mechanism is D-A pair transition, as suggested previously, the D-A pair 

distance is expected to be same for all NC samples with different x, and are anticipated to 

exhibit similar emission energy and lifetime. In sharp contrast, we observe a systematic 

change in PL peak position that is quantitatively comparable with the change in band gap 

with composition x, and also the PL decay is significantly faster for smaller x. Furthermore, 

the PL peak blue-shifts by 0.57 eV which is too high to be explained by any change in D-A 

pair Coulomb interaction energy. Clearly, these experimental observations cannot be 

explained by previously assigned D-A pair transition, instead, we put forward a new light 

emission mechanism that has contributions from two paths. 

Path-1 involves delocalized valence/conduction band and localized defect states exhibiting 

higher emission energy with smaller lifetime (~25 ns), and path-2 involves two localized 

donor and acceptor states with lower emission energy and longer lifetime (>185 ns). 

Contribution from path-1 increases systematically with decreasing x, and in fact for x = 0.33, 

the emission is mostly governed by path-1. This large contribution from path-1 can explain 

the large (0.57 eV) and systematic blue shift in PL spectra, similar to the change in band gap, 

with composition x. XANES and EXAFS results for Ag K-edge, In K-edge and Zn K-edge 

elucidates the local structure of (ZnS)1-x(AgInS2)x NCs for the first time for all x > 0. Nearest 

neighbor Ag-S and In-S bond lengths were found to be 2.52 and 2.45 Å respectively, for 

AgInS2 (x = 1) NCs and solid solutions having tetrahedral coordination. Zn-S bond length is 

found to be 2.33 Å for (ZnS)0.67(AgInS2)0.33 NCs, with no 2nd nearest neighbor Zn-S-metal 

correlation.  

 

 

 

 

 



Chapter 2. Origin of Photoluminescence in AgInS2 Nanocrystals 
 

55 
 

References  

1. Tsuji, I.; Kato, H.; Kobayashi, H.; Kudo, A. Photocatalytic H2 Evolution Reaction from 

Aqueous Solutions over Band Structure-Controlled (AgIn)(x)Zn2(1-x)S2 Solid Solution 

Photocatalysts with Visible-Light Response and Their Surface Nanostructures. J. Am. Chem. 

Soc. 2004, 126, 13406-13413. 

2. Peng, S. J.; Zhang, S. Y.; Mhaisalkar, S. G.; Ramakrishna, S. Synthesis of AgInS2 

Nanocrystal Ink and Its Photoelectrical Application. Phys. Chem. Chem. Phys. 2012, 14, 

8523-8529. 

3. Sasamura, T.; Okazaki, K.; Kudo, A.; Kuwabata, S.; Torimoto, T. Photosensitization of 

ZnO Rod Electrodes with AgInS2 Nanoparticles and ZnS-AgInS2 Solid Solution 

Nanoparticles for Solar Cell Applications. RSC Adv. 2012, 2, 552-559. 

4. Guchhait, A.; Pal, A. J. Copper-Diffused AgInS2 Ternary Nanocrystals in Hybrid Bulk-

Heterojunction Solar Cells: Near-Infrared Active Nanophotovoltaics. ACS Appl. Mater. 

Interfaces 2013, 5, 4181-4189. 

5. Takahashi, T.; Kudo, A.; Kuwabata, S.; Ishikawa, A.; Ishihara, H.; Tsuboi, Y.; Torimoto, 

T. Plasmon-Enhanced Photoluminescence and Photocatalytic Activities of Visible-Light-

Responsive ZnS-AgInS2 Solid Solution Nanoparticles. J. Phys. Chem. C 2013, 117, 2511-

2520. 

6. Uematsu, T.; Doko, A.; Torimoto, T.; Oohora, K.; Hayashi, T.; Kuwabata, S. Photoinduced 

Electron Transfer of ZnS-AgInS2 Solid-Solution Semiconductor Nanoparticles: Emission 

Quenching and Photocatalytic Reactions Controlled by Electrostatic Forces. J.  Phys. Chem. 

C 2013, 117, 15667-15676. 

7. Deng, M. J.; Shen, S. L.; Wang, X. W.; Zhang, Y. J.; Xu, H. R.; Zhang, T.; Wang, Q. B. 

Controlled Synthesis of AgInS2 Nanocrystals and Their Application in Organic-Inorganic 

Hybrid Photodetectors. CrystEngComm 2013, 15, 6443-6447. 

8. Torimoto, T.; Ogawa, S.; Adachi, T.; Kameyama, T.; Okazaki, K. I.; Shibayama, T.; Kudo, 

A.; Kuwabata, S. Remarkable Photoluminescence Enhancement of ZnS-AgInS2 Solid 

Solution Nanoparticles by Post-Synthesis Treatment. Chem. Commun. 2010, 46, 2082-2084. 

9. Chang, J. Y.; Wang, G. Q.; Cheng, C. Y.; Lin, W. X.; Hsu, J. C. Strategies for 

Photoluminescence Enhancement of AgInS2 Quantum Dots and Their Application as 

Bioimaging Probes. J. Mater. Chem. 2012, 22, 10609-10618. 

10. Tang, X. S.; Ho, W. B. A.; Xue, J. M. Synthesis of Zn-Doped AgInS2 Nanocrystals and 

Their Fluorescence Properties. J. Phys. Chem. C 2012, 116, 9769-9773. 



Chapter 2. Origin of Photoluminescence in AgInS2 Nanocrystals 
 

56 
 

11. Manna, G.; Jana, S.; Bose, R.; Pradhan, N. Mn-Doped Multinary CIZS and AIZS 

Nanocrystals. J. Phys. Chem. Lett. 2012, 3, 2528-2534. 

12. Murray, C. B.; Norris, D. J.; Bawendi, M. G. Synthesis and Characterization of Nearly 

Monodisperse CdE (E = S, Se, Te) Semiconductor Nanocrystallites. J. Am. Chem. Soc. 1993, 

115, 8706-8715. 

13. Talapin, D. V.; Nelson, J. H.; Shevchenko, E. V.; Aloni, S.; Sadtler, B.; Alivisatos, A. P. 

Seeded Growth of Highly Luminescent CdSe/CdS Nanoheterostructures with Rod and 

Tetrapod Morphologies. Nano Lett. 2007, 7, 2951-2959. 

14. Dias, E. A.; Sewall, S. L.; Kambhampati, P. Light Harvesting and Carrier Transport in 

Core/Barrier/Shell Semiconductor Nanocrystals. J. Phys. Chem. C 2007, 111, 708-713. 

15. Santra, P. K.; Kamat, P. V. Tandem-Layered Quantum Dot Solar Cells: Tuning the 

Photovoltaic Response with Luminescent Ternary Cadmium Chalcogenides. J. Am. Chem. 

Soc. 2013, 135, 877-885. 

16. Saha, A.; Chellappan, K. V.; Narayan, K. S.; Ghatak, J.; Datta, R.;Viswanatha, R. Near-

Unity Quantum Yield in Semiconducting Nanostructures: Structural Understanding Leading 

to Energy Efficient Applications. J. Phys. Chem. Lett. 2013, 4, 3544−3549.  

17. Xie, R. G.; Rutherford, M.; Peng, X. G. Formation of High-Quality I-III-VI 

Semiconductor Nanocrystals by Tuning Relative Reactivity of Cationic Precursors. J. Am. 

Chem. Soc. 2009, 131, 5691-5697. 

18. Li, L. A.; Pandey, A.; Werder, D. J.; Khanal, B. P.; Pietryga, J. M.; Klimov, V. I. 

Efficient Synthesis of Highly Luminescent Copper Indium Sulfide-Based Core/Shell 

Nanocrystals with Surprisingly Long-Lived Emission. J. Am. Chem. Soc. 2011, 133, 1176-

1179. 

19. Zhong, H. Z.; Bai, Z. L.; Zou, B. S. Tuning the Luminescence Properties of Colloidal I-

III-VI Semiconductor Nanocrystals for Optoelectronics and Biotechnology Applications. J. 

Phys. Chem. Lett. 2012, 3, 3167-3175. 

20. Pradhan, N.; Goorskey, D.; Thessing, J.; Peng, X. G. An alternative of CdSe Nanocrystal 

Emitters: Pure and Tunable Impurity Emissions in ZnSe Nanocrystals. J. Am. Chem. Soc. 

2005, 127, 17586-17587. 

21. Nag, A.; Chakraborty, S.; Sarma, D. D. To dope Mn2+ in a semiconducting nanocrystal. J. 

Am. Chem. Soc. 2008, 130, 10605-10611. 

22. Hazarika, A.; Layek, A.; De, S.; Nag, A.; Debnath, S.; Mahadevan, P.; Chowdhury, A.; 

Sarma, D. D. Ultranarrow and Widely Tunable Mn2+-Induced Photoluminescence from 

Single Mn-Doped Nanocrystals of ZnS-CdS Alloys. Phys. Rev. Lett. 2013, 110. 



Chapter 2. Origin of Photoluminescence in AgInS2 Nanocrystals 
 

57 
 

23. Tan, Z. N.; Zhang, Y.; Xie, C.; Su, H. P.; Liu, J.; Zhang, C. F.; Dellas, N.; Mohney, S. E.; 

Wang, Y. Q.; Wang, J. K.; Xu, J. Near-Band-Edge Electroluminescence from Heavy-Metal-

Free Colloidal Quantum Dots. Adv. Mater 2011, 23, 3553-3558. 

24. Ogawa, T.; Kuzuya, T.; Hamanaka, Y.; Sumiyama, K. Synthesis of Ag-In binary sulfide 

nanoparticles-structural tuning and their photoluminescence properties. J. Mater. Chem. 

2010, 20, 2226-2231. 

25. Hamanaka, Y.; Ogawa, T.; Tsuzuki, M.; Kuzuya, T. Photoluminescence Properties and 

Its Origin of AgInS2 Quantum Dots with Chalcopyrite Structure. J. Phys. Chem. C 2011, 115, 

1786-1792. 

26. Rockenberger, J.; Troger, L.; Kornowski, A.; Vossmeyer, T.; Eychmuller, A.; Feldhaus, 

J.; Weller, H. EXAFS Studies on the Size Dependence of Structural and Dynamic Properties 

of CdS Nanoparticles. J. Phys. Chem. B 1997, 101, 2691-2701. 

27. Nag, A.; Kumar, A.; Kiran, P. P.; Chakraborty, S.; Kumar, G. R.; Sarma, D. D. Optically 

Bifunctional Heterostructured Nanocrystals. J. Phys. Chem. C 2008, 112, 8229-8233. 

28. Torimoto, T.; Adachi, T.; Okazaki, K.-i.; Sakuraoka, M.; Shibayama, T.; Ohtani, B.; 

Kudo, A.; Kuwabata, S. Facile Synthesis of ZnS−AgInS2 Solid Solution Nanoparticles for a 

Color-Adjustable Luminophore. J. Am. Chem. Soc. 2007, 129, 12388-12389. 

29. Torimoto, T.; Adachi, T.; Okazaki, K.; Sakuraoka, M.; Shibayama, T.; Ohtani, B.; Kudo, 

A.; Kuwabata, S. Facile synthesis of ZnS-AgInS2 solid solution nanoparticles for a color-

adjustable luminophore. J. Am. Chem. Soc. 2007, 129, 12388-12389. 

30. Mao, B. D.; Chuang, C. H.; Wang, J. W.; Burda, C. Synthesis and Photophysical 

Properties of Ternary I-III-VI AgInS2 Nanocrystals: Intrinsic versus Surface States. J. Phys. 

Chem. C 2011, 115, 8945-8954. 

31. Shay, J. L.; Tell, B.; Schiavon.Lm; Kasper, H. M.; Thiel, F. Energy-Bands of AgInS2  in 

Chalcopyrite and Orthorhombic Structures. Phys. Rev. B 1974, 9, 1719-1723. 

32. Nose, K.; Omata, T.; Otsuka-Yao-Matsuo, S. Colloidal Synthesis of Ternary Copper 

Indium Diselenide Quantum Dots and Their Optical Properties. J. Phys. Chem. C 2009, 113, 

3455-3460. 

33. Vegard, L. Die Konstitution der Mischkristalle und die Raumfüllung der Atome. Z. Phys. 
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Summary 

We report here a different kind of binary and ternary colloidal inorganic nanocrystals, where 

no organic capping ligand is used. Surface of these organic-free nanocrystals were designed 

to exhibit negative charges, and therefore, electrostatically repel each other, forming a 

colloidal dispersion in a polar solvent. Undoped and Mn-doped ZnxCd1-xS nanocrystals were 

studied both in solution and close-packed films. While undoped samples exhibit poor 

luminescence because of surface defects, Mn-doped nanocrystals show strong luminescence 

both in solution (20% quantum efficiency) and film. Organic-free AgInS2 nanocrystals 

display significant defect-related sub-band gap photo-absorption in addition to the excitonic 

absorption. The post-synthesis annealing of the nanocrystal dispersion at 150 °C reduces the 

intrinsic defect density, and also increases the nanocrystal size (5.8 nm) thereby reducing surface 

related defects. Organic-free AgInS2 nanocrystals sensitized solar cell was fabricated which 

exhibit a maximum power conversion efficiency of 0.8% and an open circuit voltage of 0.45 V. 

The device performance is better compared to previous AgInS2 nanocrystal based solar cells, due 

to both the use of the organic-free nanocrystals that improve the charge transport and the post-

synthesis annealing which partially removes the mid-gap defect states. 

Graphical abstract 
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3.1 Introduction 

Synthesis of colloidal semiconductor nanocrystals (NCs) has been reported since 1982.1 

Subsequently, different organic capping ligands, particularly short-chain thiols and reverse 

micelles were developed for aqueous (polar solvent) synthesis of group II-VI semiconductor 

NCs.2-5 There are also few reports on non-generic synthesis of all-inorganic colloidal NCs,6-10 

for example,6 (NaPO3)6 passivated CdS NCs. Development of hot-injection technique (200-

360 oC) revolutionized the colloidal synthesis of NCs obtaining narrow size distribution, 

using long hydrocarbon chain organic capping.11-12 These colloidal NCs typically have an 

inorganic/organic hybrid structure. While the property of an individual NC is mainly 

governed by the inorganic core, its interaction with surrounding environment is governed by 

the organic capping ligand.  

Often, the organic ligands have long hydrocarbon chain (8-18 carbons), and are insulating in 

nature. Therefore, films of such hybrid NCs, irrespective of the nature (metallic or 

semiconductor) of the inorganic core, behaves like an insulator.13 Consequently, a post-

synthesis modification of NC surface is required in order to get rid of the insulating ligands,   

prior to their use in an electronic and optoelectronic device. Two major approaches have 

already been employed: in one, the surface modification is carried out after making the film 

of insulating organic capped NCs,14-19 and in the other approach,20-24 the modification is done 

in solution phase. There are some complications for film processing approach: (i) removal of 

organic ligands (~25 wt% loss) generates cracks in the film and tedious layer-by-layer film 

casting is required to obtain a crack-free film,18 (ii) small molecules like hydrazine that 

replaces bulky organic ligands are volatile in nature making the device unstable,16 and (iii) 

incomplete removal of organic species. Talapin et al. developed molecular metal 

chalcogenide (MCC)20 and simple chalcogenide22 ligands for modification of NC surface in 

the solution phase. Band-like electronic transport was observed from the film of In2Se4
2− 

MCC capped CdSe NCs providing a very high electronic mobility of 16 cm2V-1S-1 from a NC 

film.25 

All the surface modification approaches discussed above involves at least two steps. In the 

first step, insulating organic capped NCs were prepared, followed by a post-synthesis ligand 

exchange/removal reaction in the second step. This requirement of multiple steps is because 

of the absence of a generic synthesis protocol to prepare organic-free colloidal all-inorganic 

NCs. Here we report a different, but simple and generic single-step synthesis protocol for 

colloidal, all-inroganic or organic-free NCs. Binary and ternary metal sulfide NCs of group 
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II-VI and I-III-VI semiconductors were prepared. To verify the effectiveness of our synthesis 

protocol, first we prepared and studied simpler II-VI NCs like organic-free CdS, ZnS, and 

their alloy. Then, organic-free Mn-doped ZnxCd1-xS NCs were prepared, exhibiting strong 

luminescence from both solution and film. Finally non-toxic, organic-free AgInS2 NCs were 

prepared and studied in detail. Organic-free AgInS2 NCs display significant defect-related 

sub-band gap photo-absorption in addition to the excitonic absorption. The post-synthesis 

annealing of the nanocrystal dispersion at 150 °C reduces the intrinsic defect density, and 

also increases the NC size (5.8 nm) thereby reducing surface related defects. These organic-

free AgInS2 NCs used in preparing NC sensitized solar cell. 5.8 nm size, AgInS2 NCs 

sensitized solar cell exhibits photo conversion efficiency 0.8% and open circuit voltage 0.45 

V. To the best of our knowledge, the organic-free Mn-doped semiconductor NCs and 

organic-free AgInS2 NCs were not reported previously, even with multiple-step post-

synthesis surface modification.  

3.2 Experimental Section 

3.2.1 Synthesis of organic-free CdS nanocrystals (NCs) 

 In a typical reaction, Cd(ClO4)2.H2O (0.2 mmol, 0.0622 g) was dissolved in 10 mL 

formamide (FA) in a 50 ml three-neck RB flask. The flask was heated to 70 oC under N2 

flow, and degassed along with magnetic stirring for about 15 minutes. 100 L (NH4)2S 

solution (40-48% in water) was diluted by adding 1 mL FA and was injected drop by drop to 

this hot solution. CdS NCs forms immediately after the injection of S2- precursor and the 

reaction was carried out for 15 minutes. The reaction mixture was then cooled to room 

temperature by removing the heat supply, followed by precipitation and washing of NCs 

using acetonitrile. These NCs can be dispersed in different polar solvents like N-methyl 

formamide (NMF, dielectric constant,  = 186), FA ( = 106), water ( = 80), 

dimethylsulfoxide (DMSO,  = 47) and dimethylformamide (DMF,  = 36) for solution-based 

studies, and also can be dried under vacuum at room temperature for powder-based studies. 

3.2.2 Synthesis of organic-free ZnxCd1-xS NCs 

Y mmol of Zn(NO3)2.6H20 and (0.2 - Y) mmol of Cd(ClO4)2.H2O was used as a cationic 

precursor solution in 10 mL FA, such that total cationic precursor is 0.2 mmol. Rest of the 

synthesis procedures is similar to those of organic-free CdS NCs. 
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3.2.3 Synthesis of organic-free Mn-doped ZnxCd1-xS NCs 

Different amount of Manganese (II) nitrate hexahydrate (0.001, 0.002, 0.003, 0.004, 0.005, or 

0.010 mmol) in the range of 0.5 to 5% of 0.2 mmol (Y mmol of Zn(NO3)2.6H20 and (0.2 - y) 

mmol of Cd(ClO4)2.H2O) host cationic precursor was added in 10 mL of FA to constitute the 

cationic solution. Rest of the synthesis procedures is similar to the synthesis of organic-free 

CdS NCs. 

3.2.4 Synthesis of organic-free AgInS2 NCs 

A mixture of AgNO3 (0.1 mmol, 0.0169 g) and  In(NO3)3.H2O (0.1 mmol, 0.0300 g) were 

dissolved in 10 mL FA in a 50 ml three neck round bottom flask. The flask was heated up to 

70 oC under N2 flow, and   degassed along with magnetic stirring for about 15 minutes. 100 

µL (NH4)2S solution (40-48 wt% in water) was diluted by adding 1 mL FA and was injected 

slowly to this hot cationic precursor solution. The reaction was carried out for 15 minutes and 

cooled to room temperature by removing the heat supply. The reaction mixture was then 

centrifuged at 5000 rpm for 5 minutes, and the supernatant liquid was collected after 

discarding the precipitate. Acetonitrile was added to the supernatant liquid leading to second 

precipitation, followed by centrifugation. The obtained second precipitate is the final AgInS2 

NC product discussed in this chapter.  

3.2.5 Heat treatment of colloidal AgInS2 NCs 

The supernatant liquid obtained after 1st precipitation as discussed above was further diluted 

by two times by adding fresh FA. The dilute AgInS2 NC dispersion is put in to a three-neck 

round bottom flask maintaining inert atmosphere and subsequently heated to a desired 

temperature (up to 150 oC) for 15 minutes. 

3.2.6 Synthesis of oleic acid capped CdS NCs 

The synthesis was carried following a reported recipe.26 0.0496 g CdO, 0.5 ml of oleic acid 

and 10 mL 1-Octadecene was degassed with nitrogen for at 120 oC for 30 minutes. The 

reaction mixture was heated up to 300 oC forming a clear solution. 0.016 g sulfur was 

dissolved in 1 mL 1-octadecene. The sulfur solution is then quickly injected to the Cd 

solution kept at 300 oC. The reaction was carried out for ~5 minutes. The solution was cooled 

down to room temperature, diluted with ~10 mL toluene and precipitated by adding excess of 

ethanol. The precipitate was redispersed in toluene and again precipitated with acetonitrile, a 
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process that was repeated thrice. The precipitate was dried under vacuum at room 

temperature. 

3.2.7 Preparation of NC film  

NC films are prepared by drop-casting a concentrated solution of NCs on a quartz substrate 

followed by drying at room temperature. Oleic acid capped NCs were dispersed in hexane, 

whereas organic-free NCs were dispersed acetonitrile.  

3.2.8 Characterization 

UV-visible absorption and photoluminescence (PL) spectra of NCs were recorded using a 

Perkin Elmer, Lambda-45 UV/Vis spectrometer and FluoroMax-4 spectrofluoremeter 

(HORIBA scientific), respectively. PL quantum efficiency of NCs were measured by using 

Rhodamine 6G (QE = 95%) in ethanol as a reference dye. Fourier-transform infrared (FTIR) 

spectra were acquired in the transmission mode using a NICOLET 6700 FTIR spectrometer 

(Thermo scientific). Thermogravimetric analysis (TGA) data were measured under inert 

atmosphere using Perkin Elmer STA 6000, simultaneous thermal analyser. ζ-potential were 

calculated from measured electrophoretic mobility employing Henry’s equation in the 

Smoluchowski limit,27 using a Zetasizer Nano series, Nano-ZS90 (Malvern Instruments, 

U.K.). Powder x-ray diffraction (XRD) data were collected by using Bruker D8 Advance 

Powder XRD diffractometer. Transmission electron microscopy (TEM) data were obtained 

using a JEOL JEM 2100F microscope operated at 200 kV.  

3.3 Results and discussion 

3.3.1 Synthesis and characterization of organic-free CdS NCs 

Before synthesizing colloidal organic-free AgInS2 NCs which is a complex system, first we 

illustrate the synthesis of colloidal organic-free CdS NCs, which is a simple and well 

understood system. Simple addition of Cd2+ and S2- ions in a polar solvent like water leads to 

precipitation of CdS.  In order to achieve colloidal CdS NCs, a non-stoichiometric NC 

surface was formed, for example, by having excess of sulfide (CdS1+x) on the NC surface; 

schematic of such non-stoichiometric surface is shown in Figure 3.1a. This excess sulfide ion 

concentration gives rise to a negatively charged NC surface, which was experimentally 

configured by a negative zeta potential value of -40 mV (Figure 3.1b). The magnitude of this 

negative charge is large enough to resist agglomeration of NCs in a polar solvent like (FA, 

dielectric constant,  = 106) via electrostatic repulsion between individual NCs.  
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The negatively charged NC surface was achieved simply by adding excess S2- precursor 

compared to Cd2+ precursor. Equimolar concentration of Cd2+ and S2- leads to the 

precipitation of CdS under identical reaction conditions. It is to be noted that the non-

stoichiometric surface is required not only for the present organic-free colloidal NCs, but also 

for the traditional organic capped NCs, where the organic ligands are generally electron-rich, 

and thus bind to cation-rich NC surface.22, 24   Figure 3.1c shows UV-visible absorption 

spectrum of the CdS NCs synthesized at 70 oC. A blue-shift in excitonic absorption shoulder 

compared to the band gap of bulk28 CdS (2.42 eV, 513 nm) is observed as a result of quantum 

confinement in CdS NCs. The average size of CdS NCs is calculated29 using this absorption  

 

Figure 3.1: (a) Schematic diagram of a organic-free CdS NC with non-stoichiometric excess 

of S on the surface layer. (b) -potential of organic-free CdS NCs dispersed in formamide. 

Open circles are experimental data, whereas solid line is a guide to eye. (c) UV-visible 

absorption spectrum of organic-free CdS NCs dispersed in formamide. Inset shows the 

photograph of a dispersion of ligand-free CdS NCs in formamide. (d) XRD pattern of ligand-

free CdS NCs synthesized at 70 oC. 
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spectrum is 4.3 nm. Figure 3.1d shows powder x-ray diffraction (XRD) pattern of the CdS 

NCs corresponding to a predominant wurtzite phase of CdS NCs. Broadening of the XRD 

peaks owing to the small crystallite size makes the assignment of crystalline phase somewhat 

complicated.25 

3.3.2 Surface characterization of organic-free CdS NCs 

Thermogravimetric analysis (TGA) data in Figure 3.2a shows less than 4% weight loss upon 

heating the ligand-free CdS NC powder up to 550 oC. This weight loss is mainly because of 

the evaporation of residual FA solvents. However, decomposition of (NH4)2S in to gaseous 

species might also contribute to the weight loss. On the other hand, oleic acid capped CdS 

NCs of similar size shows a weight loss of 24%, mainly due to the 

decomposition/evaporation of organic capping ligand. A comparison of FTIR data between 

organic-free and oleic acid capped CdS NCs in Figure 3.2b shows the absence of CH2 

stretching bands around 2853 and 2920 cm-1 for organic-free NCs.  However, the FTIR 

spectrum for organic-free NCs shows features due to solvent (FA or water) molecules. The 

TGA and FTIR data reveal that our NCs are all-inorganic in nature. However, a small amount 

of the solvent is found in the NC powder, which can be either residual solvent and/or weakly 

bound solvent to the NC surface. 

 

Figure 3.2: (a) Comparison of TGA data of ligand-free and oleic acid capped CdS NCs of 

similar size. (b) Comparison of FTIR spectra of ligand-free CdS NCs with oleic acid capped 

CdS NCs. 

3.3.3 Phase-transfer reaction of negatively charged organic-free CdS NCs 

To probe the surface chemistry further with the idea that if the surface of NCs is negatively 
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Figure 3.3: (a) Photograph of a phase-transfer reaction of negatively charged organic-free 

CdS NCs after interacting with didecyldimethylammonium bromide (DDAB). (b) 

Comparison of UV-visible absorption spectra of ligand-free CdS NCs before and after 

treating with DDAB. (c) TEM image of DDAB treated CdS NCs. (d) HRTEM image of a 

DDAB treated organic-free CdS NC. (e) Gray value intensity line profile of the bright and 

dark spots along a red line taken from Figure 3.3d. (f) HRTEM image of another NC taken 

from the same sample. (g) FFT pattern of the image shown in Figure 3.3f. 
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polar phase and the NCs are dispersed in a polar phase. If the interaction between the NC and 

molecule is strong enough, then the NCs are expected to be transferred from the polar to non-

polar phase. S-rich CdS NCs with negatively charged bare surface bind readily with a 

positively charged quaternary ammonium salt, didecyldimethylammonium bromide (DDAB). 

S-rich CdS NCs are dispersed in FA, and is immiscible with the nonpolar solvent toluene 

(Figure 3.3a). However addition of DDAB quickly transfers the NCs in toluene phase 

because of the binding of DDAB on NC surface.30 This was evident from the change in -

potential value of NCs from -40 mV in FA to ~0 mV in toluene.  

The size of NCs remains unaltered during this phase transfer reaction as shown by the UV-

visible absorption spectra in Figure 3.3b.  TEM image S-rich CdS NCs after the phase 

transfer reaction with DDAB is shown in Figure 3.3c. NCs are spherical in shape with 

average diameter of 4.2 nm. The high resolution TEM (HRTEM) data in the inset of Figure 

3.3d shows a single crystalline CdS NCs with (100) lattice planes of wurtzite phase with an 

interplanar distance of 3.52 Å. Figure 3.3e shows the gray-value intensity line profile along 

the red line as shown in the HRTEM image in Figure 3.3d. The bright and dark spots in 

Figure 3.3d correspond to the peak and dip in gray-value intensity respectively, in Figure 

3.3e. The periodicity of the gray-value intensity throughout the NC indicates single 

crystalline nature of the organic-free CdS NC. HRTEM image of another NC from the same 

sample of S-rich CdS after phase transfer reaction with DDAB, along with its corresponding 

Fast Fourier Transform (FFT) pattern is shown in Figure 3.3f and 3.3g, respectively. FFT 

shows a hexagonal pattern. The obtained interplanar distance (3.52 Å) along with the 

hexagonal pattern correspond to (100) planes of wurtzite CdS NCs along the [001] zone axis.        

Electron rich molecules like oleic acid and dodecanethiol do not bind on the negatively 

charged CdS NC surface. Conversely, electron rich oleic acid and dodecanethiol bind to Cd-

rich CdS NCs, where electron deficient DDAB fails. We note that Cd-rich CdS NCs can be 

prepared by using excess of Cd2+ precursor, however, these NCs exhibit poor colloidal 

stability in FA 

3.3.4 Structural characterization of organic-free ZnxCd1-xS NCs and 

their optical properties 

After establishing the synthesis of organic-free CdS NCs, we verified the protocol for the 

synthesis of other metal sulfide NCs. The protocol developed for the synthesis of organic-free 

S-rich CdS NCs can be easily extended for the synthesis of ZnxCd1-xS NCs. The XRD 
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patterns (Figure 3.4a) of ZnxCd1-xS NCs shifts systematically from ZnS to CdS with a change 

in composition. Figure 3.4b-d show that the interplanar distances shifts linearly with 

composition, x, following Vegard’s law31 of alloy formation. 

 

Figure 3.4: (a) XRD patterns of ZnxCd1-xS NCs. (b) Variation of different interplanar 

distances (as indicated in the Y-axis label for each plot) with composition “x” for the zinc 

blende ZnxCd1-xS NCs, calculated from their corresponding XRD patterns shown in Figure 

3.4a. CdS (x = 0) NCs exhibit wurtzite structure, in difference with other compositions, and 

the interplanar distances for x = 0 is obtained from the standard zinc-blende pattern of bulk 

CdS. 

 

Expectedly, ZnxCd1-xS alloy NCs also show a systematic shift in the excitonic absorption 

energies with a change in composition as shown in Figure 3.5a. The optical band gap 

increases systematically as x in ZnxCd1-xS NCs increases from 0 to 1. Figure 3.5b shows the 

PL data of organic-free ZnxCd1-xS NCs which corresponds to weak surface-state emission. 

Often, the poor luminescence of NCs synthesized at a lower temperature (~100 oC) is 

attributed to a poor crystallinity of NCs resulting from the low-temperature reaction. 

However, certain highly luminescent NCs like CdTe NCs were earlier prepared using low-

temperature aqueous synthesis,32 suggesting that highly crystalline NCs can be achieved even 

at a lower reaction temperature. The poor luminescence of thiol-capped aqueous CdS and 

CdSe NCs is rather because of hole scavenging from the valence band of semiconductor NCs 

0.0 0.2 0.4 0.6 0.8 1.0

3.10

3.15

3.20

3.25

3.30

3.35

ZnxCd1-xS NCs

 Expt.

 Fit

Composition, x

d
(1

1
1
) 

(A
n

g
s
tr

o
m

)

0.0 0.2 0.4 0.6 0.8 1.0

1.89

1.92

1.95

1.98

2.01

2.04

 Expt.

 Fit

d
(2

2
0

) 
(A

n
g

s
tr

o
m

)

Composition, x

ZnxCd1-xS NCs

20 30 40 50 60

x = 0.25

ZnS
CdS

x = 1

x = 0.75

x = 0.5

x = 0

In
te

n
s
it

y
 (

a
. 
u

.)

2 (degree)

ZnxCd1-xS NCs

0.0 0.2 0.4 0.6 0.8 1.0

1.62

1.65

1.68

1.71

1.74

 Expt.

 Fit

d
(3

1
1

) 
(A

n
g

s
tr

o
m

)

Composition, x

ZnxCd1-xS NCs

(a)

(d)(c)

(b)



Chapter 3. Synthesis of Organic- Free AgInS2 and Other Metal Sulfide Nanocrystals for Solar Cell Applications 

70 
 

by the ligands, which is energetically not favorable for the case of CdTe NCs.33Our results 

and previous results suggest that poor emission of organic capped ZnxCd1-xS is probably 

because of the poor passivation of S-dangling bonds on the surface of NCs. Core of the NCs 

exhinbit good crystallinity as suggested by the HRTEM images in Figure 3.3. To check it 

further whether deects in core or surface of NCs is mainly quenching the PL efficiency, we 

prepare Mn-doped NCs.  
 

 

Figure 3.5: a) UV-visible absorption spectra of ZnxCd1-xS NCs dispersed in formamide. All 

spectra were normalized at their corresponding maximum absorbance for a better 

comparison. (b) PL data of colloidal organic-free ZnxCd1-xS NCs in formamide. 
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3.3.5 Mn doping in organic-free ZnxCd1-xS NCs  

In order to explore the possibility of strong luminescence from organic-free NCs, we have 

doped the lattice of ZnxCd1-xS NCs with Mn2+ ion. Mn2+ ion in a tetrahedral coordination 

exhibit an atomic-like inner-core d-d transition (4T1 to 6A1),
34 emitting light. These d-

electrons are largely localized in the Mn2+ ion and do not spread over the entire NC. Thus 

emission coming from a Mn2+ ion doped inside the core of a NC is expected to be less 

susceptible to the surface trap states compared to the excitonic and surface state emission of  

 

Figure 3.6: (a) PL data of undoped and 1% Mn-doped Zn0.75Cd0.25S NCs dispersed in 

formamide. Insets show photographs of luminescence from 1% Mn-doped Zn0.75Cd0.25S NCs 

in formamide solution and after casting a film on a quartz substrate. 365 nm UV light was 

used to excite the NCs, which is slightly smaller than the optical gap and falls in the tail of  

absorption spectra.  (b) Comparison of PL spectra of ligand-free 1% Mn doped Zn0.75Cd0.25S 

NCs dispersed in formamide with that of NC film on quartz substrate. (c) Comparison of PL 

spectra of 1% Mn doped Zn0.75Cd0.25S NCs dispersed in formamide and water. (d) 

Comparison of PL data of 1% Mn-doped ZnxCd1-xS NCs with different host compositions. PL 

intensities for all samples were normalized by their corresponding absorbance at the 

excitation wavelength. 
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the host. Figure 3.6a compares the PL spectra of undoped and 1% Mn-doped Zn0.75Cd0.25S 

NCs after normalizing the spectra with corresponding absorbance at their excitation 

wavelength of 350 nm. Clearly, a strong emission peak is observed with a maximum at 588 

nm for Mn doped sample.35-36 The best sample shows a quantum efficiency of 20%, when 

measured using Rhodamine 6G as a reference dye. Insets of Figure 3.6a show photographs of 

luminescence from both solution and film of the Mn-doped NCs after excitation with 365 nm 

UV light. PL spectra for both solution and film are similar as shown in Figure 3.6b. 

Interestingly, the NC precipitate obtained after synthesis in FA, can be re-dispersed in water 

(which is an essential solvent for biomedical applications), without decreasing the Mn2+ 

emission intensity as shown in Figure 3.6c. 

Figure 3.6d shows that Mn2+ emission intensity is the highest emission intensity for x = 0.75. 

This highest emission intensity 1% Mn doped Zn0.75Cd0.25S NCs is not because of different 

extent of Mn doping in different hosts. Instead, because of higher energy of the surface state 

emission for x = 0.75 (Figure 3.5b) compared to the energy of Mn d emission, that allows 

energy transfer from surface states to Mn d states. Such an energy transfer process populates 

excited Mn d states, which then de-excited by emitting light. Surface state energies red-shift 

with decreasing x, and can even have lower energies compared to the Mn d emission energy, 

where energy transfer from surface states to Mn d states is suppressed. However, the 

excitonic energy transfer from host to Mn is possible for all three hosts with x = 0.25, 0.5, 

0.75. It is to be noted that, for a given composition of the host (x = 0.25 or 0.5 or 0.75), 

maximum PL intensity is observed for about 1% Mn doping, when the doping level is varied 

step-wise between 0.5 to 5%. Similar results were obtained previously for organic capped 

NCs as well, thereby, suggesting that the non-interacting Mn2+ ions are the most luminescent 

ones.37 The % of Mn mentioned here are the precursor concentrations of Mn.   

3.3.6 Electronically coupled NC films 

Measuring the electron (hole) mobility by making a filed effect transistor (FET) is one of the 

popular method to quantitatively measure electronic communication in NC films.25 Here we 

present preliminary qualitative data on possible electronic coupling between adjacent NCs by 

measuring excitonic absorption of NCs in their dilute dispersion and in close-packed film.20 

Figure 3.7a shows that UV-visible absorption spectra of oleic acid capped CdS NCs are 

similar for both dilute dispersion and film. However, a red-shift is observed in absorption 

spectrum of film of organic-free CdS NCs compared to their dispersion in FA (Figure 3.7b). 

Dispersion of organic-free NCs exhibits an optical gap of 478 nm (2.59 eV), whereas the film 
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exhibit a gap of 487 nm (2.54 eV). Interestingly, re-dispersing the NC film in FA, reversibly 

change the absorption spectrum back to the original one with 478 nm optical gap. This 

reversible red-shift in absorption spectrum of the film of organic-free NCs suggests possible 

electronic coupling between adjacent NCs in their film.20 In a close packed film of organic-

free NCs, the tail of electronic wavefunctions can spread over multiple adjacent NCs, and 

consequently, exhibit a red-shift in excitonic absorption. No such red-shift is observed for the 

film of oleic acid capped NCs because of insulating organic ligand that inhibit spreading of 

electronic wavefunctions between adjacent NCs. Thus, organic-free NCs can be promising 

candidates for solar cell applications. We reemphasize that our results only suggest a possible 

electronic coupling between organic-free NCs, however, transport measurements are required 

in order to draw an unambiguous conclusion.  

 

Figure 3.7: (a) Comparison of UV-visible absorption spectrum of oleic acid capped CdS NCs 

dispersed in toluene with that of NC film on quartz substrate. (b) Comparison of UV-visible 

absorption spectra of ligand-free NCs in different forms: formamide solution, film on a quartz 

substrate, and after redispersing the NC film in formamide. 
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chalcogenides. Therefore, we have extended the organic-free synthesis further to group I-III-
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VI based semiconductor NCs. Organic-free AgInS2 NCs were prepared by reacting a solution 

of Ag+ and In3+ with excess of S2- in a polar solvent like FA at 70 oC. Figure 3.8a shows the 

XRD pattern for organic-free colloidal AgInS2 NCs which corresponds to the orthorhombic-

phase AgInS2 (JCPDS 025-1328) NCs. Figure 3.8b shows TEM image of organic-free 

AgInS2 NCs and size of NCs is 2.5 nm. Figure 3.8c shows selected area electron diffraction 

(SAED) pattern which also shows the formation of orthorhombic phase of AgInS2 NCs. 

These NCs exhibit a negative -potential of -39 mV shown by Figure 3.9d. Hence, similar to 

previously discussed II-VI semiconductor NCs, AgInS2 NCs form colloidal dispersion in a 

polar solvent via electrostatic repulsions between NCs.  

 

Figure 3.8: (a) XRD pattern, and (b) TEM image of organic-free AgInS2 NCs. (c) Selected 

area electron diffraction pattern of organic-free AgInS2 NCs showing planes corresponding to 

orthorhombic phase. (d) -potential of organic-free AgInS2 NCs dispersed in formamide; 

open circles are experimental data, whereas solid line is a guide to eye.  
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The FTIR spectrum in Figure 3.9a shows that the NCs are largely organic-free, with 

negligible contributions from CH2 stretching bands around 2853 and 2920 cm−1, however, the 

-750 -500 -250 0 250 500 750

Potential  

   -39 mV

In
te

n
s

it
y

 (
a

. 
u

.)

Potential (mV)

20 30 40 50 60 70

In
te

n
s

it
y
 (

a
. 
u

.)

2(degree)

 AgInS2 NCs

Ref. bulk AgInS2

400 500 600 700 800

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

(a)

(c) (d)

(b)

-750 -500 -250 0 250 500 750

Potential  

   -39 mV

In
te

n
s
it

y
 (

a
. 
u

.)

Potential (mV)

20 30 40 50 60 70

In
te

n
s

it
y
 (

a
. 
u

.)

2(degree)

 AgInS2 NCs

Ref. bulk AgInS2

400 500 600 700 800

P
L

 i
n

te
n

s
it

y
 (

a
.u

.)

A
b

s
o

rb
a
n

c
e

Wavelength (nm)

(a)

(c) (d)

(b)
(b)

(d)(c)



Chapter 3. Synthesis of Organic- Free AgInS2 and Other Metal Sulfide Nanocrystals for Solar Cell Applications 

75 
 

signature of the FA solvent molecules is present. However, the FTIR spectrum for organic-

free AgInS2 NCs shows features due to solvent (FA or water) molecules. The TGA plot in 

Figure 3.9b shows ~4% weight loss upon heating the ligand-free AgInS2 NC powder up to 

500 °C, and the weight loss is mainly due to the evaporation of the residual FA solvents. This 

weight loss is significantly small compared to the ~25% weight loss that typically arises from 

organic capped NCs of a similar size. These negatively charged surface of AgInS2 NCs binds 

readily with DDAB molecules similar to Figure 3.3a. These results confirm that formation of 

organic-free AgInS2 NCs. 

 

Figure 3.9: (a) FTIR, and (b) TGA data of organic-free AgInS2 NCs synthesized at 70 oC.   
 

3.3.9 Light absorption of organic-free AgInS2 NCs 

UV-visible absorption spectrum (Figure 3.10a) of AgInS2 NCs shows a broad featureless 

spectrum. Unlike II-VI semiconductor NCs, AgInS2 NCs rarely exhibit sharp excitonic 

features.39, 42, 45-47 Absence of sharp excitonic features might be because of both broad particle 

size distribution and/or large density of defect states in the mid-gap region. PL spectrum in 

Figure 3.10a shows a peak at about 570 nm with full width at half maximum (FWHM) of 110 

nm. Such broad emission of AgInS2 NCs was attributed to two kinds of transitions: i) 

transition between at least one delocalized state (either CB or VB) and localized state, and ii) 

Transition between two localized states (donor-acceptor type transition) as discussed in the 

chapter 2. Compared to CdSe NC based emitters, AgInS2 NCs are non-toxic, however, the 

obtained PL efficiency is <5% when measured using Rhodamine 6G as a reference dye 

suggesting that many non-radiative defects are present within the band gap of as prepared 

AgInS2 NCs. 

The broad absorption feature can typically arise from NCs with a very broad size distribution. 

However, in the present case, a significant absorption is observed at energies even below the 
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band gap of bulk of AgInS2, which cannot be explained by a broader size distribution. Also, 

the NCs forms a stable colloidal solution even after centrifuging at 7000 rpm for 10 minutes, 

suggesting the lower energy absorption tail is not arising from scattering of light by 

agglomerated NCs. Interestingly, when we anneal the colloidal NCs at a higher temperatures 

such as 125 oC and 150 oC for 15 minutes each, the absorbance of the tail below bulk band 

gap decrease, appearing to be a blue shift in the absorption onset shown in Figure 3.10b. 

AgInS2 NCs heated at 150 oC shows appearance of excitonic absorption feature around 2.1 

eV, which is higher than the band gaps of both orthorhombic and chalcopyrite AgInS2, 

suggesting confinement of charge carries in our NCs. 

 

Figure 3.10: (a) UV-visible absorption and PL (excitation at 400 nm) spectra of organic-free 

colloidal AgInS2 NCs dispersed in formamide. (b) The UV-visible absorption spectra of the 

colloidal AgInS2 NCs annealed at different temperatures. The NCs were dispersed in a 

formamide solvent. The inset shows the same absorption spectra but the Y-axis is plotted in a 

logarithmic scale.  

 

 

3.11: (a) TEM images of AgInS2 NCs after annealing at 150 oC. (b,c) SAED patterns of 

AgInS2 NCs synthesized at 70 oC and after annealing at 150 oC, respectively.  
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Figure 3.11a shows TEM image of AgInS2 NCs after annealing at 150 oC. The average 

diameter of the NCs is 5.8 nm which is larger in size than the NCs prepared at 70 oC (2.5 

nm). Therefore, the blue-shift in absorption onset in Figure 3.10b is not because of decrease 

in NC size with increasing processing temperature, in contrast, NC size increased with 

temperature. SAED patterns in Figures 3.11b and 3.11c show that the crystal structures of 

NCs remains the same orthorhombic phase during the heat treatment. Therefore, there is no 

possibility of different crystal structure modifying the band gap during the heat treatment. 

The absorption tail at energies lower than the band gap has been observed previously in 

doped/disordered semiconductors, and is often termed as Urbach tail.48,49 The absorption 

coefficient (h) ~ exp (h/Eu) over some energy ranges below the band gap, where Eu has 

been termed as Urbach energy. Plots (inset to Figure 3.10b) of absorbance in logarithmic 

scale vs photon energy show somewhat linear regions below bulk band gap suggesting the 

possibility of Urbach tail in our AgInS2 NCs. However, conclusive assignment is not possible 

from these data since the typical UV-visible absorption spectrometer cannot measure 

absorbance over several orders of magnitude, which is required to study Urbach tail. Such a 

tail arises from light absorption involving localized states in the mid gap region. Ag-S and In-

S bonds have different strengths, and are known to generate various defects like interstitial 

Ag, Ag vacancy, S vacancy and interstitial S in bulk AgInS2 crystal.50-51 These defect states 

are localized states with poor overlap of electronic wave-functions and typically have a poor 

absorption coefficient. However, for 2.5 nm AgInS2 NCs, a larger part of the crystal is 

constituted by surface and sub-surface region having higher defect density. The high defect 

density, and consequently, closer proximity of defect states, both owing to small NC size, 

lead to measurable defect-state related absorption in our NCs. In fact, the possibility of 

Urbach tail from surface defects have been discussed even in the absorption spectrum binary 

CdSe NC film, where intrinsic defects inside the crystal is minimal, unlike the case of ternary 

AgInS2 NCs.52 As the processing temperature of NCs is increased, a systematic decrease is 

observed in the absorption tail. Increase in processing temperature can (i) improve the 

crystallinity reducing intrinsic defects, and (ii) increase the NC size reducing surface related 

defects. In addition to the reduction of defect density resulting lesser number transitions 

responsible for light absorption, larger size and lesser defect density can increase the spatial 

separation between defect sites, which reduces the absorption coefficient. Consequently, the 

final NCs annealed at 150 oC show a small increment in the PL intensity. 
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3.3.10 AgInS2 NCs sensitized solar cell    

Having band gap in visible range with high absorption coefficient values and reasonable QY 

AgInS2 NCs can be promising material in solar cell application. In addition to this, organic-

free AgInS2 NCs are expected to allow the charge carrier injection (extraction) from (to) NC 

to TiO2 with reasonably good efficiency. We have fabricated sensitized solar cell   using 

organic-free AgInS2 NCs as photo absorber. Figure 3.12a shows the working principle of NC 

sensitized solar cell. Photo anode made by coating organic-free AgInS2 NCs on top of the  

 

 

Figure 3.12: a) A schematic diagram representing the working principle of a quantum dot 

sensitized solar cell (QDSSC). (b) The J–V characteristics of QDSSCs fabricated using two 

differently processed organic-free AgInS2 NCs: colloidal NCs prepared at 70 °C and 

annealed at 150 °C. The effective area is 0.16 cm2 for both cells.  

Note: Solar cell device fabrication was carried out by Dr. Padmashri Patil, in the laboratory 

of Dr. Souvik Datta from Physics Department of IISER-Pune. The complete details can be 

found in her Ph.D thesis. 
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TiO2 film (TiO2 film made by coating TiO2 nanoprticals on top of the conducting glass). Poly 

sulfide was used as an electrolyte and Au electrode (deposited on cleaned FTO glass by dc 

sputtering) was used as counter electrode. The cell was tested by assembling photo anode and 

counter electrode using a 50 micron thick scotch tape spacer along with a 10 micro-liter 

polysulfide electrolyte under Xe-lamp. 

Figure 3.12b shows the current density-voltage (J-V) plot for organic-free AgInS2 NCs 

processed at 70 oC and 150 oC. Table 3.1 shows the corresponding solar cell parameters such 

as short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and photo 

conversion efficiency (PCE). The PCE values clearly indicating that AgInS2 NCs annealed at 

150 oC shows better performance than NCs synthesized at 70 oC. This trend in the PCE 

values can be explained by defect density present in the mid gap region as shown by the 

Figure 3.10b. NCs having more mid gap defects exhibit low PCE due to mid gap defects act 

as non-radiative trap states do not allow the separation of charge carriers. As a result, the 

performance of solar cell is poor for AgInS2 NCs annealed at 70 oC.   

 

Table 3.1: The solar cell parameters obtained from the J–V characteristics of respective cells 

in Figure 3.12b. 

 

NC annealing temperature/size Jsc (mA/cm2) Voc (V) FF PCE (η %) 

70 oC/2.5 nm 2.3 0.26 0.32 0.2 

150 oC/5.8 nm 4.62 0.45 0.39 0.8 

 

As expected our organic-free AgInS2 NCs show superior performance than previously 

reported organic capped AgInS2 NCs. For example in ref. 43, authors made NC sensitized 

solar cell using organic capped AgInS2 NCs which shows low Jsc = 0.91 mA/cm2 due to the 

insulating nature of organic capping on the surface of the NC. Lower Jsc effects other solar 

cell parameters resulting into very low PCE of 0.06%. However, the PCE values obtained for 

best samples of organic-free AgInS2 NCs (0.8%) is still lower than group II-VI (CdS) based 

semiconductor NCs due to high density of defects in our AgInS2 NCs. The defect density was 

decreased by annealing colloidal NCs at 150 oC, but further decrease in defect density is 

required to improve the solar cell efficiency. cannot be done by simple annealing at higher 

temperatures (>150 oC) because of limitation of boiling point of solvent (FA) which was used 

it for annealing of NCs. 
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3.4 Conclusions 

We have shown a generic synthesis protocol for organic-free, all-inorganic metal sulfide NCs 

that forms a colloidal dispersion in a polar solvent. The surface of these NCs is designed to 

have excess sulfide ions compared to the cationic species, therefore, providing a negatively 

charged NC surface. These negatively charged NCs electrostatically repel each other 

providing colloidal stability in a polar solvent like FA. Different NC systems, namely, CdS, 

ZnS, ZnxCd1-xS alloys, Mn-doped ZnxCd1-xS and AgInS2 have been synthesized. Organic-free 

Mn-doped ZnxCd1-xS NCs, both in solution and film exhibit strong luminescence, whereas 

corresponding undoped samples show poor luminescence. The strong Mn emission (d-d 

transition) is attributed to the localization of d-electrons largely within the Mn2+ ions and thus 

interact less with the non-radiative decay channels on the surface of NCs. organic-free 

AgInS2 NCs show significant defect-related photoabsorption at energies below the bulk band 

gap, probably leading to an Urbach tail. Defects in the AgInS2 NCs can arise from both 

surface termination and intrinsic defects within the crystal because of the difference in the 

Ag–S and In–S bonds. The low-energy absorption tail decreases systematically as the 

annealing temperature is increased from 70 to 150 °C, which is also accompanied by an 

increase in the NC size from 2.5 nm to 5.8 nm. A higher annealing temperature reduces the 

intrinsic defects, and at the same time the formation of larger NCs reduces the surface defect 

contribution. Organic-free AgInS2 NCs exhibit broad luminescence similar to prior reports. 

NC sensitized solar cell prepared using AgInS2 NC dispersion after annealing at 150 °C show 

higher values of PCE (0.8%), VOC (0.45 V) and JSC (4.62 mA cm−2 ) as a consequence of the 

partial removal of the defect states compared to NCs annealed at 70 °C (0.2%, 0.26 V and 2.3 

mA cm−2 ). The obtained solar cell parameters are superior than the previous reports of 

AgInS2 NC based solar cells, owing to the organic-free nature of our NCs facilitating charge 

transport, and the partial removal of defect states following post-synthesis annealing. 

However, further improvement of device performance is essential for practical use, and the 

major step would be synthesizing intrinsic defect-free AgInS2 NCs. 
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Separation in Colloidal Ag2S–AgInS2 Hetero Dimer Nanocrystals Tailoring Luminescence 

and Solar Cell Properties. J. Phys. Chem. C 2016, 120, 19461-19469.Copy right permission 

has been taken from American Chemical Society for entire manuscript.  
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Summary 

Nanoscale heterojunctions with type-II band alignment can efficiently separate 

photogenerated electron-hole pair, and therefore find applications in solar cells and 

photocatalysis. Here we prepare a nano-junction in the form of Ag2S-AgInS2 hetero dimer 

nanocrystal that does not contain toxic Cd and Pb. A combination of photophysics, cyclic 

voltammetry and nanocrystal sensitized solar cell properties show that the junction/interface 

has a type-I band alignment, but still electron-hole separation takes place with efficacy across 

the interface because of defect states. The electron gets localized in a defect state within 

AgInS2 part and the hole resides in the Ag2S part of the hetero dimer nanocrystal. This type-

II-like defect mediated electron-hole separation, irrespective of the nature interfacial band 

alignment, is an interesting phenomenon, and can be utilized to tune optoelectronic properties 

of heterostructured nanocrystals. For example, very long (13 S) photoluminescence lifetime 

has been observed for Ag2S-AgInS2 hetero dimer nanocrystals because of this defect-

mediated spatial separation of electron and hole wavefunctions, which in turn improve the 

solar cell efficiency by more than three times compared to AgInS2 nanocrystals.        

Graphical abstract 
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4.1 Introduction 

Heterostructure nanocrystals (NCs) have at least two chemically distinct compositions 

separated by an interface within a single NC. Such interfaces control electronic, optical and 

optoelectronic properties of a semiconductor heterostructured NC.1-5 For example, (i) type-I 

alignment across the interface of CdSe/ZnS core/shell NCs gives superior PL efficiency 

compared to both CdSe and ZnS NCs,6-7 (ii) type-II band alignment across CdTe/CdSe NCs 

can create a nanoscale p-n junction improving efficiency for charge separation,8-9 which is 

essential for applications such as photovoltaics and photocatalysis. In most heterostructured 

NCs, the nature of interface is controlled by the band offsets at the interface, i.e. the energy 

difference between valence and conduction band edges of both component semiconductors. 

Here we present an interesting example of Ag2S-AgInS2 hetero dimer NCs (HDNCs) where 

band offsets suggest type-I interface (not favoured for charge separation), but the intrinsic 

defects leads to a type-II like properties exhibiting efficacy for charge separation. 

Environmentally benign colloidal I-III-VI semiconductor NCs namely CuInE2, and AgInE2 

(E = S, Se, and Te) are being studied extensible because of their interesting optical and 

optoelectronic properties in the visible and near infrared (NIR) region.10-17  Orthorhombic 

AgInS2 and monoclinic Ag2S NCs exhibit band gaps of 1.98 and 1.1 eV respectively.18-19 

High luminescence efficiency of AgInS2 was tuned throughout the visible region forming 

alloy with ZnS,20-21 and is a potential candidate for light emitting diodes. Various other 

applications such as photovoltaic,22 and visible-light driven photocatalytic H2 production,23-24 

are now being explored using AgInS2 based NCs which do not contain toxic Cd and Pb. On 

the other hand, luminescence of Ag2S NCs was tuned in the NIR region by tuning the size of 

NCs.25-26 Such NIR emitting Ag2S NCs are presently being investigated for application as a 

biocompatible fluorescence probe.27-28 Also, Mn-doping in Ag2S-ZnS heterostructured NCs 

exhibit their optical properties from visible to NIR range.29 These successes have motivated 

researchers to prepare heterostructured Ag2S-AgInS2 HDNCs.30 Pradhan et al recently 

showed the interface in Ag2S-AgInS2 HDNCs can form a p-n junction exhibiting 0.56 % 

photo conversion efficiency.31 However, the nature of the interface is far from being 

sufficiently understood.  

In this chapter we prepared colloidal Ag2S-AgInS2 HDNCs employing a single-step reaction 

using single molecular precursors. Mechanistic studies show that Ag2S NCs forms first 

followed by nucleation and growth of AgInS2 phase. Cyclic voltammetry (CV) results show a 
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type-I band alignment across the interface of Ag2S-AgInS2 HDNCs. Interestingly, we 

observed defect-related NIR photoluminescence (PL) from HDNCs for the first time, and 

exhibit a long PL lifetime of 13 S. This combination of CV results and long PL lifetime 

suggest localization of charge carriers into two different components of the HDNC because 

of defect mediated separation of electron and hole. Such electron-hole separation typically 

happens in an interface with type-II band alignment, however we observe here a relatively 

new phenomena where defects lead to electron-hole separation across the interface in spite of 

having type-I band alignment. The efficacy of this defect mediated electron-hole separation 

was also demonstrated by increases the efficiency of Ag2S-AgInS2 HDNC sensitized solar 

cells to 1.3% compared to 0.4 % efficiency of AgInS2 NC sensitized solar cells. This 

possibility of achieving type-II like electron-hole separation behaviour through defect states 

will be useful to design future materials.  

4.2 Experimental section 

4.2.1 Preparation of molecular precursor 

The molecular precursor powder was prepared by following prior literature20 where mixing 

50 mL aqueous solution of sodium diethyldithiocarbamate (DDTC) (0.05 mol/L) with 50 mL 

aqueous solution of 0.025 mol/L metal ions. For synthesis of Ag2S and In2S3 NCs, the metal 

ion solution was made of AgNO3 and InNO3, and the obtained molecular precursors are 

termed here as Ag(DDTC) and In(DDTC)3 respectively. Whereas, for the synthesis of AgInS2 

NCs and Ag2S-AgInS2 HDNCs, the metal ion solution contained a mixture of 0.0125 mol/L 

AgNO3 and 0.0125 mol/L InNO3, and the obtained precursor was termed as AgIn(DDTC)4. 

The precipitate obtained after mixing DDTC and metal ion solution was washed with water 

and methanol three times, and dried under vacuum at room temperature. 

4.2.2 Synthesis of AgInS2 NCs 

AgInS2 NCs have been prepared by following ref20. 50 mg  AgIn(DDTC)4 precursor powder 

was transferred into a three-neck round bottom (RB) flask and  heated at 180 oC for 30 

minutes in the N2 atmosphere. 3 mL oleylammine was added to the above heated powder and 

the reaction was continued for 3 minutes at 180 oC.  The reaction mixture was allowed to cool 

naturally and then supernatant was extracted from the suspension after removing the larger 

particles. Methanol was added as non-solvent to the above obtained supernatant followed by 

centrifugation. This washing was repeated twice, and the obtained NCs were re-dispersed in 

chloroform for characterization and solar cell fabrication.  
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4.2.3 Single-step synthesis of Ag2S-AgInS2 HDNCs 

40 mg AgIn(DDTC)4  powder was mixed with 2.0 mL of oleylamine. Vacuum was applied to 

this mixture for 15 minutes followed by flow of N2 gas for 5 minutes with vigorous stirring at 

room temperature. The mixture was then injected into the three-neck RB flask containing 10 

mL 1-octadecene (ODE) at 250 oC with stirring under N2 atmosphere. The reaction was 

carried out for 1 hour, and then allowed to cool naturally to ~100 oC, followed by injection of 

toluene (10 mL) and subsequent cooling to room temperature. The product Ag2S-AgInS2 

HDNCs were precipitated by adding ethanol as a non-solvent, and re-dispersed in 

chloroform. This NC dispersion was centrifuged at 5000 RPM for 5 minutes precipitating out 

the larger NCs, and the obtained filtrate was used for further measurements and solar cell 

fabrication. 

4.2.4 Synthesis of Ag2S NCs and subsequent two-step synthesis of Ag2S-

AgInS2 HDNCs  

This two step process was employed only to understand underlying mechanism behind the 

formation of Ag2S-AgInS2 HDNC following the above mentioned single-step reaction. Ag2S 

NCs were prepared following a synthetic protocol similar to that of AgInS2 NCs, but with 

only difference in precursor powder. Ag(DDTC) was used for the synthesis of Ag2S NCs. 

The obtained Ag2S NCs were re-dispersed in 2 mL toluene, and was used for the two-step 

synthesis of Ag2S-AgInS2 HDNCs. The above Ag2S NC dispersion was transferred to 50 mL 

RB containing 10 mL ODE. Vacuum was applied at 120 oC to get rid of the toluene from the 

reaction mixture then the temperature was raised up to 250 oC under N2 atmosphere. 50 mg 

In(DDTC)3 precursor powder in 2 mL of oleylamine was added drop wise to the above 

mixture (ca. 5 minutes was taken for addition), then the reaction was continued for another 

15 minutes. The obtained HDNCs were washed with same procedure as mentioned above for 

single-step synthesis of Ag2S-AgInS2 HDNCs. 

4.2.5 Electrochemical measurements 

CV measurements were performed with the help of PAR Potentiostat/Galvanostat (model 

PARSTAT 2273). A commercial Pt disk electrode (CHI Instruments, USA, 2-mm diameter), 

Ag wire, and Pt-wire loop were used as working, quasi reference, and counter electrodes, 

respectively. Prior to use, the working electrode was polished over 0.5 μm alumina powder 

and rinsed with milli-Q water. Further it was pre-treated electrochemically with 0.5 M H2SO4 
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by cycling the potential for several times between 1.2 V and -0.55 V (scan rate of 1 V s-1).32 

Typically 3 µL sample dispersion was drop casted on the Pt working electrode surface and 

dried under the vacuum, this drop casted Pt electrode was used as working electrode.33-34 

Blank measurements were recorded without drop casting the sample. After fixing all the 

electrodes to the cell, 0.171 g of tetrabutyl ammonium perchlorate (TBAP) was transferred 

and cell was air tight inside the glove-box. The cell was then taken out, and TBAP was 

vacuum dried at 80 ˚C. The cell was allowed to cool down to room temperature naturally and 

vacuum was then relived through high purity N2 gas. 5 mL anhydrous acetonitrile was 

injected into the cell. All the electrochemical measurements were performed under a slight 

positive pressure of N2 gas. Oxidation and reduction peak potentials were used to calculate 

the energy of valance band maximum (VBM) and conduction band minimum (CBM) 

respectively and difference between oxidation and reduction peak potential has been consider 

as electrochemical band gap.35 At the end of each set of experiments, the potentials were 

calibrated with respect to the normal hydrogen electrode (NHE), using ferrocene as an 

internal standard.36 

4.2.6 Porous TiO2 electrode preparation  

F-doped SnO2 (FTO) coated glass with resistance 7 Ω/Sq was cleaned sequentially with soap 

solution water, distil water and ethanol (each wash for 30 minutes) using ultra sonication bath 

followed by heating at 450 oC for 10 minutes in order to get rid of the organic contaminants. 

The compact layer of TiO2 was made on the top of the conducting surface of  FTO coated 

glass by treating with 0.04 M TiCl4 aqueous solution at 80 oC for 30 minutes then cleaned 

with distil water and ethanol. The mesoporous TiO2 active layer prepared on the compact 

layer by using commercial TiO2 paste (Dyesol DSL-18NR-T, diameter ∼20 nm) through 

doctor blading technique followed by sintering at 450 oC. The resultant thickness of the 

active layer was ~10 µm, measured by scanning electron microscopy (SEM). Over this active 

layer a scattering layer of TiO2 (Dyesol WER2-O, diameter 150-250 nm) was doctor bladed 

followed by sintering at 450 oC. The thickness of the scattering layer was ~ 5 µm measured 

by using SEM, which is shown in the Figure 4.1. Thus obtained films were again treated with 

aqueous solution of 0.04 M TiCl4 and then sintered at 450 oC for 30 minutes to get rid of the 

pin holes and cracks formed in the film.  
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Figure 4.1: Cross section SEM image of TiO2 electrode where regions A and B are 

representing the active layer and scattering layer respectively. 

4.2.7 Fabrication of AgInS2 NC and Ag2S-AgInS2 HDNC sensitized solar 

cell 

Porous TiO2 electrodes were made following prior literature37 and the details are given in the 

above paragraph. For sensitization, hot TiO2 electrode (at 60 oC) was dipped into oleylamine 

capped Ag2S-AgInS2 HDNCs (or AgInS2 NCs) dispersed in CHCl3 and kept in dark for 72 

hours at room temperature. For better charge transport, the oleylamine capped NCs sensitized 

TiO2 electrode was allowed to stay in S2- solution (0.8 M Na2S in 1:1 v/v methanol: water 

solution) for 48 hours at room temperature in dark.24, 38  The final photoanode was cleaned 

with water then ethanol and dried at 80 oC under N2 environment for 30 min. 

NC sensitized solar cells were assembled by sandwiching the photoanode with Pt counter 

electrode, spatially separated (~80 μm) by parafilm spacer and electrically connected through 

10 μL sulphide/polysulfide electrolyte.  Sulfide/polysulfide electrolyte used in our work was 

prepared by  following ref39, where Na2S (0.5 M), sulfur (2 M), KCl (0.2 M) and NaOH (0.5 

M) were mixed in mixture of methanol : water in 7 : 3 v/v. Current-voltage (I-V) 

measurements were performed using Keithly 2611 source meter. Xe lamp 150 W fitted with 

AM 1.5 filter was used for illumination in all the solar cell measurements. Intensity of the 

lamp was adjusted to 1 sun (100 mW/cm2) by using NREL-calibrated silicon solar cell. The 

active area of the solar cell measurement was 0.16 cm2.   
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4.2.8 Characterization 

 UV-visible-NIR absorption spectra were recorded using a lambda-45 UV/vis spectrometer. 

Steady state photoluminescence (PL) and PL decay dynamics (time correlated single photon 

counting (TCSPC)) were measured using FLS 980 (EDINBURGH Instruments). Powder x-

ray diffraction (XRD) data were recorded using a Bruker D8 Advance X-ray diffractometer 

using Cu Kα radiation (1.54 Å). Transmission electron microscopy (TEM) and scanning 

transmission electron microscope - annular dark-field (STEM - ADF) imaging were carried 

out using a JEOL, JEM 2100 F, Field Emission TEM. Field emission scanning electron 

microscopy (FESEM) was carried out using a Zeiss Ultra Plus scanning electron microscope. 

External quantum efficiency (EQE) was measured using Newport IPCE system over the 

range of 350- 1000 nm. 

4.3 Results and discussion 

4.3.1 Synthesis and characterization of Ag2S-AgInS2 HDNCs 

We have prepared colloidal Ag2S-AgInS2 HDNCs by thermal decomposition of single 

molecular precursor AgIn(DDTC)4 in the presence of oleylamine and ODE at 250 oC. TEM 

and STEM images in Figure 4.2a-b show each single NC contains two parts with different 

contrast. This contrast difference suggest two different compositions, phase separated within 

a single NC.  High resolution TEM (HRTEM) image in Figure 4.2c shows two different 

interplanar distances, suggesting both composition phases are highly crystalline. The obtained 

interplanar distances (d) 0.33 nm and 0.24 nm correspond to (200) plane of orthorombic 

AgInS2 and (121) plane of monoclinic α-Ag2S respectively. This finding also explain the 

contrast difference in Figure 4.2a, where smaller and darker part of a NC corresponds to 

Ag2S and larger part of the NC with less contrast is assigned to AgInS2. Ag2S is known to 

exhibit more contrast in TEM image because of higher electron density compared to 

AgInS2.
31  

Microscopic data suggest the formation of Ag2S-AgInS2 HDNCs following our single-step 

reaction. Though there are inhomogeniety in size and shape of these HDNCs, the size-

distribution plots in Figure 4.2d-e shows that the Ag2S part has a diameter 4  0.8 nm and 

AgInS2 part exhibit a diameter 7.9  2.8 nm, considering distorted spherical particles. Further 

structural characterization of the sample using XRD patterns (Figure 4.2f) exhibiting intense 

peaks for orthorhombic AgInS2, along with less intense additional peaks for monoclinic α-

Ag2S. In order to assign the less intense additional peaks, inset to Figure 4.2f compares a  
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Figure 4.2: (a) TEM, (b) STEM – ADF (colour image shown for better presentation), and (c) 

HRTEM micrographs of Ag2S-AgInS2 HDNCs. (d, e) Size distribution plots for Ag2S and 

AgInS2 parts of Ag2S-AgInS2 HDNCs, respectively. There are irregularity in NC shape, so 

we measured the length of each NC in two perpendicular directions, and the average length 

has been considered here as diameter of the distorted spherical (non-spherical) NCs. (f) 

Comparison of XRD pattern of Ag2S-AgInS2 HDNCs with bulk references of orthorhombic 

AgInS2 (JCPDS No: 25-1328) and monoclinic α-Ag2S (JCPDS No: 14-0072). Inset shows the 

magnified view in the 2 range 31-35 degree. 

magnified view of the XRD pattern of the NC sample in the range 2 = 31- 35 degree, with 

that of reference bulk monoclinic α-Ag2S. This comparison shows that the less intense XRD 
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peaks originates from Ag2S component of the NCs. These two different crystalline phases, 

along with their intensity ratios in XRD peaks agrees with the HRTEM data in Figure 4.2c, 

where smaller Ag2S phase contributes less in the XRD intensities compared to the larger 

AgInS2 phase. 

4.3.2 Mechanistic insights on the formation of Ag2S-AgInS2 HDNCs  

4.3.2.1 Single-step reaction of Ag2S-AgInS2 HDNCs 

 The molecular precursor AgIn(DDTC)4 used in the synthesis has pre-bonded Ag-S and In-S 

moieties, which can lead to the nucleation of Ag2S and In2S3 NCs. Depending on the rates of 

nucleation and growth of these two components along with their lattice strain, homogeneous 

alloy like AgInS2, or hetero-structures like onion type core/shells and dimers, or a mixture of 

two different NCs can form. In this sub-section, we will discuss about why Ag2S-AgInS2 

HDNCs are selectively formed within our reaction conditions, excluding other possibilities.   

To start with, control reaction using only In(DDTC)3 molecular precursor do not form In2S3 

NCs. On the other hand, Ag2S NCs forms easily when only Ag(DDTC) molecular precursor 

was used, keeping all other reaction conditions identical. These observations give a 

preliminary indication that when AgIn(DDTC)4 precursor was used for the synthesis of Ag2S-

AgInS2 HDNCs, Ag2S nucleates first, and subsequently activates the nucleation of In-S or 

Ag-In-S moieties on its surface.  This possibility has been verified below using different sets 

of experimental data.  

Figure 4.3a shows UV-vis-NIR absorption spectra of aliquots taken from reaction mixture of 

Ag2S-AgInS2 HDNCs, at different time intervals during the reaction. Inset of Figure 4.3a 

shows the NIR region of these spectra. All aliquots, starting from 20 sec reaction time exhibit 

NIR absorption probably because of the formation of Ag2S NCs, since the band gap of bulk 

monoclinic α-Ag2S is 1127 nm (1.1 ev).19  A shoulder appears at ~ 600 nm as early as 20 sec 

of reaction, and can be attributed to AgInS2. As the reaction time increases to 60 min, the 

absorbance contribution from this shoulder increases, without exhibiting any considerable 

change in the optical gap. These results are tempting to be interpreted as (i) size of AgInS2 

component remains constant during the reaction period, and/or (ii) contribution from AgInS2 

component increases with reaction time. However, such interpretation is not straightforward 

for AgIn2S and CuInS2 NCs, which are notoriously known for contribution of mid-gap defect 

states complicating the absorption spectrum.40 For example, defect related absorption can 

overlap with excitonic transition blurring the excitonic peak/shoulder, and the excitonic 
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feature can become more prominent with reaction time simply because of the decrease in 

defect concentration with annealing time.41 XRD patterns (Figure 4.3b) of samples prepared 

at 20 sec and 60 min show peaks correspond to both Ag2S and AgInS2. However, 

contribution from AgInS2 peaks relative to that of Ag2S is more for sample obtained after 60 

min. These UV-vis-NIR absorption and XRD results taken during the progress of reaction are 

not conclusive enough, but still agrees with the idea that Ag2S NCs forms first, followed by 

the formation of AgInS2 on its surface.  

 

Figure 4.3: (a-b) Ag2S-AgInS2 HDNCs prepared in a single-step reaction; (a) UV-Vis-NIR 

absorption spectrum of Ag2S-AgInS2 HDNCs, at different intervals of time. Inset in the 

figure (a) is enlarged version of HDNCs in the range of 700 to 1100 nm as in figure (a) 

without vertical shift in the absorption which represents the absorption corresponds to Ag2S.  

(b) XRD pattern of Ag2S-AgInS2 HDNCs at 20 sec and 60 min along with reference data 

corresponds to Ag2S and AgInS2.  

4.3.2.2 Confirmation of initial formation of Ag2S followed by AgInS2/ 

Ag2S-AgInS2 HDNCs by a two-step synthesis 

In order to verify this idea in a different way, we employed a two-step synthesis where Ag2S 

NCs were prepared first using Ag(DDTC) precursor, and subsequently In(DDTC)3 precursor 

were reacted with the already formed Ag2S NCs. XRD pattern in Figure 4.4a shows the 

formation of Ag2S NCs in the first step, and after adding In(DDTC)3 precursor to the Ag2S 

NCs in the second step, the sample shows contributions from both AgInS2 and Ag2S as 

shown in Figure 4.4b. TEM image of this sample obtained after second step indeed suggest 

the formation of Ag2S-AgInS2 HDNCs as shown in Figure 4.4c with ~6 nm Ag2S part and 

~13 nm AgInS2 part as shown in Figure 4.4d. These results suggest that Ag2S NCs promotes 

the nucleation and growth of AgInS2 phase similar to the findings reported in ref30.  
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Figure 4.4: (a) XRD pattern of Ag2S NCs. (b) XRD pattern of Ag2S-AgInS2 HDNCs formed 

upon addition of In(DDTC)3 to Ag2S NCs. (c) TEM image of Ag2S-AgInS2 HDNCs prepared 

in two-step reaction. (d) Size distribution plots for Ag2S-AgInS2 HDNCs prepared. We 

measured the length of each NC in two perpendicular directions, and the average length has 

been considered as diameter of the distorted spherical NCs (e) UV-Vis-NIR absorption 

spectrum, and (f) PL spectrum of Ag2S NCs and Ag2S-AgInS2 HDNCs, respectively. Here, 

Ag2S-AgInS2 HDNCs have been prepared using a two-step reaction. Inset in Figure (f) shows 

PL corresponds to Ag2S-AgInS2 HDNCs formed in single-step.    
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Furthermore, the evidence for Ag2S-AgInS2 HDNCs formation can be shown by optical 

properties as well. For example, in Figure 4.4e Ag2S NCs show featureless absorption 

spectrum from UV-vis to NIR region with negligible PL as shown in Figure 4.4f. But, after 

addition of In(DDTC)3 precursor to the Ag2S NCs, an excitonic peak is obtained at ~600 nm 

along with  broad absorption in UV-vis-NIR spectral window (similar to Figure 4.3a) suggest 

that the formation Ag2S-AgInS2 HDNCs. Interestingly, these obtained Ag2S-AgInS2 HDNCs 

show PL peak in NIR region as shown in Figure 4.4f, which is similar to PL of Ag2S-AgInS2 

HDNCs prepared by single-step reaction as shown in  the inset of Figure 4.4f. However, the 

PL intensity of resultant Ag2S-AgInS2 HDNCs is less than ten times of magnitude compared 

with that of Ag2S-AgInS2 HDNCs obtained by single-step. On the other hand, Ag2S NCs 

exhibit a featureless absorption spectrum without any measurable PL. These results of (i) 

two-step reaction (Figure 4.4a-f), (ii) change in the NC characteristic during the reaction time 

in single-step reaction (Figure 4.3a-b), and (iii) absence of any crystalline product for a 

control reaction with only In(DDTC)3 precursor, suggest that in the single-step reaction using 

AgIn(DDTC)4 precurssor, Ag2S forms first promoting the nucleation of AgInS2 phase on 

Ag2S NCs, yielding the Ag2S-AgInS2 HDNCs as the final product.  

4.3.3 Band alignment using electrochemical measurements 

Electronic, optical and optoelectronic properties of Ag2S-AgInS2 HDNCs, will strongly 

depend upon the alignment of VBM and CBM at the interface of Ag2S and AgInS2. We have 

elucidated the band alignment by performing CV measurements on the Ag2S NCs, AgInS2 

NCs and Ag2S-AgInS2 HDNCs as shown in Figure 4.5a. In case of Ag2S and AgInS2 while 

scanning the potential from 0 V to more positive side one anodic peak (A1) is observed, 

similarly on reversal of cycle, one cathodic peak (C1) is observed. These anodic and cathodic 

peaks were assigned to the electron transfer between NCs and working electrode via VBM 

and CBM respectively.35, 42 The obtained CBM for AgInS2 NCs is about 0.22 eV higher in 

energy compared to that of Ag2S NCs, and the VBM of AgInS2 is 0.67 eV lower in energy 

compared to that of Ag2S NCs. These results suggest that if AgInS2 and Ag2S share an 

interface, a type-I band alignment will be obtained, with a small barrier for electron transfer 

across the interface, and therefore can be even termed as pseudo type-II band alignment.31  

In the case of our Ag2S-AgInS2 HDNCs, while scanning the potential from 0 V to more 

positive side two anodic peaks (A1 and A2), and on reversal of cycle, two cathodic peaks (C1 

and C2) were observed. Comparing with cyclic voltammograms of Ag2S and AgInS2, A1 and  
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Figure 4.5: (a) Cyclic voltammograms recorded on Ag2S NCs, AgInS2 NCs and Ag2S-AgInS2 

HDNCs. Scan rate used is 50 mV/s for all samples. Cathodic current direction shown in the 

figure by upward arrow. (b) Band alignment diagram in Ag2S-AgInS2 HDNCs constructed on 

the basis of CV data.  

 

C1 in HDNCs correspond to VBM and CBM of Ag2S component, whereas, A2 and C2 

correspond to VBM and CBM of AgInS2 component. These assignments of CV response lead 

to Figure 4.5b showing band alignment diagram of Ag2S-AgInS2 HDNCs.  A type-I band 

alignment was observed at the interface, with a small barrier for electron transfer. The band 

gap (2.04 eV) obtained from CV for the AgInS2 component of the HDNCs, agrees with 

optical bandgap (~2.06 eV) in Figure 4.3a. Likewise, inset of Figure 4.3a suggests an optical 

gap of ~1000 nm (~1.24 eV) for Ag2S component of the HDNCs, which also agrees with the 

CV band gap of 1.01 eV, keeping in mind the experimental uncertainties and differences in 

methodologies of both measurement techniques. It is to be noted that though CV shows the 

type-I (or close to pseudo type-II) band alignment at the interface of Ag2S-AgInS2 HDNCs, 

the spatial separation and/or recombination of electron-hole pair will depend strongly on the 

presence of mid-gap trap states.     

4.3.4 Luminescence of Ag2S-AgInS2 HDNCs 

 To the best of our knowledge, luminescence from Ag2S-AgInS2 HDNCs are reported here for 

the first time, which in turn provided insights about mid-gap trap states that are crucial for 

optoelectronic applications. Figure 4.6a compares PL spectra of Ag2S-AgInS2 HDNCs with 

that of AgInS2 NCs, whereas, Ag2S NCs prepared in this method do not exhibit measurable 

PL. PL intensity of both samples were normalized by the corresponding absorbance at the  
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Figure 4.6: (a) PL spectra of AgInS2 NCs and Ag2S-AgInS2 HDNCs. Intensity of PL 

spectrum for Ag2S-AgInS2 HDNCs has been multiplied by 10 times for a better 

representation. Inset shows UV-visible-NIR spectra of AgInS2 NCs and Ag2S-AgInS2 

HDNCs. (b-c) PL decay profile of AgInS2 NCs and Ag2S-AgInS2 HDNCs was collected at 

their PL peak position 825 nm and 970 nm respectively, after excitation with 405 nm using 

(b) nanosecond LASER source and (c) microsecond flash lamp. (d) Schematic diagram 

explaining the mechanism of luminescence in Ag2S-AgInS2 HDNC. 
 

excitation wavelength 450 nm. Inset of Figure 4.5a shows UV-vis-NIR spectra for Ag2S-

AgInS2 HDNCs and AgInS2 NCs. Broad PL spectrum, shifted towards lower energy (longer 

wavelength) compared optical gap is observed for AgInS2 NCs, which is characteristic defect 

related emissions in I-III-VI NCs, as discussed in prior literature.20-21, 43-44 Interestingly, 

Ag2S-AgInS2 HDNCs also exhibit a similar broad PL spectrum, but with lower intensity. To 

understand the mechanism of electron-hole recombination, we have studied PL decay 

dynamics (Figure 4.6b) keeping emission wavelength fixed at the peak positions 825 nm and 

970 nm for AgInS2 NCs and Ag2S-AgInS2 HDNCs, respectively. The decay profile for 

AgInS2 NCs was fitted using a tri-exponential decay with lifetimes 54±20 ns (14±1.1% 

contribution), 520±70 ns (46±6% contribution), and 1.37±0.11 µs (40±7.5%). As suggested 

in ref21, long lifetimes over many hundreds of ns can be attributed to donor-acceptor kind of 
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transitions involving localized traps within the bandgap, and tens of ns lifetime is observed 

for transitions involving one delocalized state (VBM or CBM) and a localized trap state of 

AgInS2 NCs.On the other hand PL decay profile (Figure 4.6b) for Ag2S-AgInS2 HDNCs, is 

orders of magnitude slower with minimal decrease in intensity till 8 s. Consequently, we 

used microsecond flash lamp for collecting the complete decay using multichannel scaling 

technique, where the time scales was measured up to sub-milliseconds as shown in Figure 

4.6c. This PL decay of HDNCs was fitted using a bi-exponential decay curve with lifetimes 

5.1±0.5 S (30±5% contribution) and 14.67±0.5 S (70±5% contribution), yielding an 

average lifetime of 13 s. Please note that the time resolutions of the PL decays in Figures 

4.6b-c is not small enough to probe the sub-nanosecond (non-radiative) decay channels. This 

s long lifetime clearly signifies that the PL of HDNCs does not arise from band-edge 

transitions of both AgInS2 and Ag2S components, since band edge (or excitonic) transition 

from these systems has lifetime in the range of few tens of ns.26 So the PL cannot be directly 

explained by the type-I band alignment of Ag2S-AgInS2 HDNCs, as suggested by the CV 

results (Figure 4.5b). Another possibility is since the band offset for CBM is smaller at the 

interface, electron can be delocalized over the entire HDNC, but the hole is localized only in 

the Ag2S component, resulting into a pseudo type-II band alignment. Prior reports on similar 

pseudo type-II systems such as CdSe/CdS core shell NCs shows an increase in lifetime from 

20 to over 100 ns because of decrease in overlap of electron and hole wavefunctions.45-46 

Furthermore, in a typical type-II alignment, for example in the case of CdTe/CdSe and 

CdS/ZnSe NCs also the lifetime is <100 ns.47-48 Therefore, the observed average lifetime of 

13 s for our Ag2S-AgInS2 HDNCs cannot be explained by transitions involving CBM and 

VBM of two components, irrespective of the type of interfacial band alignment.  

These results indicate that the PL involves mid-gap trap states. Lifetime of PL involving such 

localized mid-gap states in AgInS2 are orders of magnitude smaller (Figure 4.6b) compared to 

lifetimes of Ag2S-AgInS2 HDNCs. On the other hand, the PL peak energy of HDNCs appears 

to be little higher or comparable to the optical gap for Ag2S component, and also prior 

literature26 suggest ~11 ns lifetime for excitonic PL from Ag2S NCs. Therefore, the longer 

lifetime of 13 s indicates that the PL of Ag2S-AgInS2 HDNCs is very much different from 

that of the individual components AgInS2 and Ag2S NCs. We attribute this 13 s long 

lifetime of Ag2S-AgInS2 HDNCs to spatial separation of the defect-related electron and hole 

wavefunctions, where one of the defect-bound carrier is localized in the AgInS2 part and the 

other one is in the Ag2S part. Please note that these spatial separation of electron is not 
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because of type-II band alignment, but because of defect-mediated charge trapping which is 

possible even within the type-I alignment of Ag2S-AgInS2 HDNCs, as suggested by our CV 

data.  

Ref31 reported scanning tunnelling spectroscopy (STS) data of Ag2S-AgInS2 HDNCs 

showing Fermi level of AgInS2 component slightly moves towards its CBM, whereas the 

Fermi level of Ag2S part moves significantly closer to the VBM. These results can be 

explained by the formation of a deep electron donor states in the AgInS2 component, and 

shallow electron acceptor states in the Ag2S components of Ag2S-AgInS2 HDNCs. However 

further experimental studies are needed to know the location of donor and acceptor defect 

states.  After combining this information with our PL results, a schematic showing plausible 

mechanism for PL in HDNCs is shown in Figure 4.6d. After excitation of a HDNC, an 

electron can get trapped to a localized defect state in AgInS2, whereas the hole resides either 

in a shallow trap (or VBM) of Ag2S. Radiative recombination of these spatially separated 

electron and hole gives rise to PL with 13 s long lifetime.  

4.3.5 AgInS2 NCs and Ag2S-AgInS2 HDNCs sensitized solar cell 

 

Figure 4.7: (a) Schematic of typical mesoporous-TiO2 based nanocrystal sensitized solar cell. 

(b) J-V characteristics of AgInS2 NCs and Ag2S-AgInS2 HDNCs measured by Xe lamp at 

standard conditions AM 1.5 G. The active area of the solar cell was 0.16 cm2. 

It is well understood that electron-hole separation by type-II band alignment across the 

interface of two materials is beneficial for solar cell application. Our Ag2S-AgInS2 HDNC 

represents a unique situation, where defect-mediated spatial separation of electron and hole 
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occurs, in spite of having a type-I band alignment. Importantly, PL lifetime of HDNCs is long 

(13 S), and it has been recently reported that the long PL lifetime of Mn2+ doped CdSe 

based NCs suppress charge recombination improving solar cell efficiencies.49-51 To 

investigate the influence of defect-mediated electron-hole separation, we prepared NC 

sensitized solar cells using both AgInS2 NCs and Ag2S-AgInS2 HDNCs, the typical solar cell 

device is shown by the schematic figure 4.7a. Figure 4.7b shows the corresponding current 

density (J) - voltage (V) plots for un-optimized champion cells.  The obtained solar cell 

parameters short circuit current density (Jsc), fill factor (FF), and open circuit voltage (Voc), 

resulting into the overall power conversion efficiency (PCE, ), are given in the Table 4.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Comparison of solar cell parameters: (a) short circuit current density (Jsc), (b) fill 

factor (FF), (c) open circuit voltage (Voc), and (d) power conversion efficiency, between 

AgInS2 NC and Ag2S-AgInS2 HDNC sensitized solar cells. Histograms were made based on  

performance of 20 cells.  
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Table 4.1: Solar cell parameters obtained for champion cells from J-V plots shown in Figure 

4.6. The statistics of solar cell parameters are shown in the parenthesis.  

 

Sample Jsc (mA/cm2) Fill Factor (FF) Voc (V)  (%) 

AgInS2 NCs 2.8 (2.1±0.6) 0.35 (0.3±0.04) 0.37 (0.33±0.05) 0.4 (0.2±0.1) 

Ag2S-AgInS2 

HDNCs 

 

5.7(3.9±1.1) 

 

0.43 (0.38±0.03) 

 

0.52 (0.47±0.04) 

 

1.3 (0.7±0.3) 

 

Interestingly, all these solar cell parameters are significantly superior for the champion Ag2S-

AgInS2 HDNC sensitized solar cells compared to the champion AgInS2 NC sensitized cells.  

For a more reliable comparison of the solar cell parameters (Jsc, FF, Voc, and ),  statistics on 

20 such solar cells have been presented using bar diagrams in Figure 4.8 and the final statistic 

values have been given in the parenthesis of Table 4.1.52  This statistics clearly show that 

Ag2S-AgInS2 HDNCs perform better for solar cell with  mean  = 0.7  0.3 and mean Voc = 

0.47  0.04, which are significantly larger than the parameters for AgInS2 NC sensitized solar 

cell (mean  = 0.2  0.1 and mean Voc = 0.33  0.05). 

 

Figure 4.9: External quantum efficiency (EQE %) spectra of Ag2S-AgInS2 HDNCs and 

AgInS2 NCs. 

 

Figure 4.9 shows that the EQE for the HDNCs (25%) is also higher compared to AgInS2 NCs 

(~10%) at 500 nm. EQE data shows that photocurrent of HDNCs is dominated by photo-
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absorption because of the AgInS2 component with little contribution in the NIR absorption by 

Ag2S. This data agrees with the fact that UV-vis-NIR spectrum of HDNCs is also dominated 

by the AgInS2 components, and furthermore, Ag2S NCs prepared under similar conditions do 

not exhibit any PL suggesting faster (sub-ns) non-radiative electron-hole recombination in 

Ag2S part of the HDNCs, and therefore, exhibit inefficient generation of photocurrent.  

The improvement in solar cell parameters for Ag2S-AgInS2 HDNCs compared to AgInS2 

NCs can also be explained by the schematic energy level diagram shown in Figure 4.6d. The 

excited electrons located in AgInS2 part transfers to TiO2 electrode, whereas, the hole 

residing in Ag2S part transfers to the redox couple S2-/Sn
2-. This spatial separation of electron 

and hole, yielding longer PL lifetime, is known to increase Jsc, which in turn increases Voc, 

since Voc is proportional to the logarithm of Jsc. Eventually, the PCE for Ag2S-AgInS2 

HDNCs is 1.3 %, which is 3 times higher compared to that of AgInS2 NC sensitized solar 

cell. To the best of our knowledge, this 1.3% PCE is the high reported value so far for NC 

sensitized solar cell fabricated using both Ag2S NCs, and AgInS2 NCs.26, 41 Further 

optimization of device fabrication, with better selections of electrolytes and electrodes is 

expected to improve the efficiency of Ag2S-AgInS2 HDNC based solar cell.   

4.4 Conclusions 

Colloidal Ag2S-AgInS2 HDNCs have been prepared in a single-step reaction using 

(AgIn)(DDTC)4 precursor at 250 oC in presence of oleylamine. Though the precursors were 

added in a single-step, the formation of Ag2S-AgInS2 HDNCs involved multiple steps, where 

Ag2S nucleates first, which then promote the nucleation and growth of AgInS2 part. CV 

shows the interface has a type-I band alignment with CBM of AgInS2 component is 0.44 eV 

higher in energy than that of Ag2S component, and VBM of AgInS2 exhibit 0.61 eV lower 

energy compared to that of Ag2S component. This type-I alignment suggest both electron and 

hole will reside in the Ag2S component, and expected to recombine fast. But in the contrary, 

a very long PL lifetime (13 S) was observed for Ag2S-AgInS2 HDNCs. To the best of our 

knowledge, PL has been observed from Ag2S-AgInS2 HDNCs for the first time, and the 

observed lifetimes are orders of magnitude higher than the PL from both AgInS2 NCs and 

Ag2S NCs. This long PL lifetime along with observed type-I band alignment suggest defect-

mediated charge separation across the interface of the HDNCs, where the photo-excited 

electron gets trapped by a defect state inside the AgInS2 component, and the hole resides 

either in VBM or shallow defect states of Ag2S component. The efficacy of such defect 
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mediated electron-hole separation was also tested by fabricated NC sensitized solar cell 

where the photo conversion efficiency (1.3%) of Ag2S-AgInS2 HDNCs is more than three 

times higher than that of AgInS2 NCs (0.4%). This possibility of achieving type-II like 

electron-hole separation via defect states, irrespective of the nature of band offsets at the 

interface, can lead to new ways to tailor material properties by employing controlled doping 

strategies manipulating the defect states.  
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Summary 

Optical band gap of CuInSe2 NCs is 1.3 eV, which is sufficient to absorb solar-light from 

visible to near-infra red (NIR) region. Also, energy of conduction band minimum (CBM) of 

CuInSe2 NCs is just higher than that of TiO2, so that it can be fine tuned for efficient electron 

transfer from CuInSe2 to TiO2. In addition, CuInSe2 is environmentally benign. With these 

properties in mind, we prepared colloidal (Zn)x(CuIn)1-xSe2  (x = 0, 0.24, 0.42) NCs, and 

studied their photophysical properties. Incorporation of Zn in the CuInSe2 lattice tunes the 

band gap, shifts the CBM to somewhat higher energies, and modifies defect densities both in 

the core and on the surface of NCs. (Zn)0.24(CuIn)0.76Se2 NCs exhibit the highest PL intensity 

among the all three aforementioned compositions, and exhibit a band gap of 1.5 eV, which is 

suitable for quantum dot sensitized solar cell (QDSSC). Therefore, (Zn)0.24(CuIn)0.76Se2 NCs 

were used to fabricate QDSSC device. Photoconversion efficiency (PCE) obtained from 

(Zn)0.24(CuIn)0.76Se2  NCs is 0.8%, which is low suggesting that too many electron-hole 

recombination centres are there in these NCs. In order to improve the PCE from these NCs, 

we have coated ZnS on (Zn)0.24(CuIn)0.76Se2  NCs sensitised TiO2 electrode by employing 

successive ionic layer adsorption and reaction (SILAR) technique. Eventually, ZnS coated 

photoanode shows the PCE of 3.6% under AM 1.5G one sun illumination, confirming that 

ZnS coating reduces the unwanted recombination processes.   

Graphical abstract 
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5.1 Introduction 

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) are one of the 

interesting, efficient and low-cost materials for solar cell applications. QDs exhibit size- 

tunable band gaps, high absorption cross section, and high photoluminescence quantum yield 

(PL QY).1-4 Furthermore, QDs exhibit multiple exciton generation (MEG) process and slow 

hot electron cooling time, which lead to the theoretical photo conversion efficiency (PCE) 

values more than the Schokley-Quassier limit.5-7 Therefore, one of the promising way to 

generate electricity from solar energy is using quantum dot sensitized solar cell (QDSSC). In 

this regard, Cd-based and Pb-based QDSSC are well studied, and the PCE values have been 

significantly improved from less than 1% to 11%.8-13  

This improvement in PCE can be attributed to minimization of unwanted losses in QDSSC at 

each part of the QDSSC right from photoabsorber, to photoanode, to counter electrode. Let us 

first discuss the case of photoabsorber. The preparation of highly crystalline NCs at higher 

reaction temperatures leads to reduction of crystal defects that trap charge carriers. Dangling 

bonds on the surface of NC act as another source of non-radiative trap states. In order to 

passivate these dangling bonds, often a thin shell with higher band gap material coated.14 

Such treatments decrease the non-radiative trap states. But, care should be taken in the design 

of these treatments such that the efficiency of charge injection (or extraction) process to 

(from) NCs are not significantly reduced. The efficiency of charge separation can be 

enhanced by making hetero structured NCs like hetero dimer NCs with type-II band 

alignment. In addition to these strategies, doping of Mn2+ ion in NCs also helps in enhancing 

the carriers state lifetimes of carriers.15-17 Thus, enhancing the probability of extraction of 

charge carriers from these NCs.  

To make an efficient photoanode, we need to load more NCs on TiO2 and improve the 

electron transfer rate from NCs to TiO2. To achieve both these functionalities, organic ligands 

with long hydrocarbon chain are replaced from the surface of NCs with smaller organic 

ligands (for example; 3-mercaptopropionic acid, MPA) and/or inorganic ligands such as 

S2O3
2- and S2- by post synthesis modification.18-19 These  surface modifications offer the 

dispersion of NCs in polar solvents leading to both better loading of NCs onto the polar 

surface of TiO2 electrode,20 and enhanced electron transfer rate from NCs to TiO2.
21 

However, post synthesis surface modifications sometimes result in creating new mid-gap trap 

states, which hinder the transport and transfer of charge carriers.1 In order to overcome this 

issue, often TiO2 electrode sensitized by QDs (photoanode) are treated with wide band gap 
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materials such as ZnS and CdS by successive ionic layer adsorption and reaction (SILAR) 

process including coating of few amorphous layers of SiO2 and TiO2.
11-12 Such treatment 

reduces interfacial recombination and increases charge collection efficiency by passivating 

the surface of both NCs and uncovered TiO2 portions.12  

Now, we discuss about the role of counter electrodes in governing PCE values. Initially Pt 

was used in QDSSC as counter electrode. Though Pt exhibit high conductivity and catalytic 

activity, polysulfide electrolytes get chemically adsorbed and corrode Pt counter electrode. 

These reasons led to the usage of Au counter electrode in QDSSC. However, the solar cell 

performance was not so high using Au counter electrode. Also, noble metals like Au and Pt 

are expensive. Later, metal sulphide were studied as possible inexpensive and stable counter 

electrodes for QDSSC.22-23 Other inexpensive systems like carbon derivatives,24 and 

polymers25 are also being used as counter electrodes. Recently, Ti mesh supported 

mesoporous carbon has been used as counter electrode in QDSSC and reported one of the 

highest PCE values of 11.16% for QDSSC by Du et al.13 Many of the aforementioned studies 

were carried out for toxic Cd and Pb based NCs. Group I (Cu, Ag)-III (In, Ga)-VI (S, Se) 

semiconductor NCs are emerging as environment friendly NCs for QDSSC.26      

Bulk CuInSe2 exhibit a narrow direct band gap of 1.04 eV,26 which can absorb light starting 

from 1200 nm to visible range with high (105 cm-1) absorption coefficient values.27 The larger 

exciton Bohr diameter (~20 nm) of CuInSe2 compared with other I-III-VI semiconductors 

allows the shifting of conduction band minimum (CBM) of CuInSe2 NCs to higher energies 

by decreasing the size of NCs. Increase in the energy of CBM of CuInSe2 compared to that of 

TiO2 enhances the efficiency of electron injection from CuInSe2 to TiO2.
28

 It has been shown 

that CuInSe2 NCs exhibit MEG with external quantum efficiency (EQE) above 120%.5 Often, 

PL of I-III-VI based NCs involves localized (donor-acceptor) states along with delocalized 

states. In CuInSe2 Oikkonen et al reported that there is no deep levels in the mid-gap region 

corresponding to vacancies of Cu and In. However, acceptor level corresponding to Se 

vacancy lie in the mid-gap region.29 The smaller band gap of CuInSe2 is also advantageous 

for not having deep defect states. Thus, CuInSe2 is relatively more defect tolerant compared 

to other I-III-VI materials. These properties motivated us to use CuInSe2 QDs for solar cell 

applications. Moreover, the elements are environmentally benign for real life applications. 

In this work, we have synthesized chalcopyrite structure of oleylamine capped CuInSe2 NCs 

with size ~ 6 nm at a reaction temperature of 180 oC. A small amount of diphenyl phosphine 

(0.6 ml diphenyl phosphine (DPP) in 10% of hexane) was used for dissolution of Se. CuInSe2 
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NCs exhibit band gap 1.3 eV showing quantum confinement effect. PL from CuInSe2 NCs 

exhibit defect related luminescence with ~ 300 nm full width at half maximum (FWHM). To 

optimize energy of CBM and PL efficiency, we have prepared alloy of Zn0.24(CuIn)0.76Se2 

and Zn0.42(CuIn)0.58Se2 NCs. The composition of Zn0.24(CuIn)0.76Se2 NCs show relatively 

more PL intensity and less (~ 180 nm) FWHM than other two compositions along with a 

suitable band gap (1.5 eV) for  QDSSC. Subsequently, we have modified the surface of the 

oleylamine capped Zn0.24(CuIn)0.76Se2 NCs to MPA capped NCs, which allows redispersion 

of NCs in water. The optical properties remains similar after the surface modification. We 

have used these MPA capped Zn0.24(CuIn)0.76Se2 NCs in QDSSC. ZnS treatment has been 

done for QD sensitized TiO2 electrode. The PCE for Zn0.24(CuIn)0.76Se2 QDs using Cu2S as 

counter electrode with polysulfide electrolyte is 3.63%.  

5.2 Experimental section 

5.2.1 Synthesis of CuInSe2 NCs 

0.01 mmol (19.2 mg) copper iodide (CuI), and 0.01 mmol (30 mg) indium acetate In(OAc)3 

were taken in a three neck round bottom flask (RB) containing a mixture of 2 mL octadecene 

(ODE) and 2 mL oleylamine. The above reaction mixture was kept under vacuum and then 

the temperature was increased from room temperature to 100 oC. Vacuum was continued for 

another 20 mininutes at 100 oC. Then the temperature of reaction mixture was increased 

to180 oC under N2 atmosphere. Selinium (Se) precursor was prepared by mixing of ~23 mg 

Se powder with 0.3 mL oleylamine and 0.6 ml DPP in 10% hexane inside a N2 filled glove 

box. The colourless solution of Se was injected into the RB drop-wise at 180 oC and the 

reaction was continued for 15 minutes. After that, the reaction was quenched by removing the 

heat supply, and the temperature was quickly reduced to 90 oC by using ice bath. At this 

temperature 10 mL hexane was injected into the solution followed by cooling down the 

reaction mixture to room temperature. The obtained NCs were precipitated by adding mixture 

containing equal volume of ethanol and acetone, followed by centrifugation at 5000 rpm for 5 

minutes. The supernatant liquid was discarded and the obtained precipitate was re-dispersed 

in 5 mL chloroform (CHCl3). To the above solution, 10 mL methanol was added and 

centrifuged again at 5000 rpm for 5 minutes. The precipitate obtained after discarding the 

supernatant liquid is CuInSe2 NCs which were re-dispersed in CHCl3 for optical studies.  
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5.2.2. Synthesis of (Zn)0.24(CuIn)0.76Se2 NCs 

To prepare  (Zn)0.24(CuIn)0.76Se2 NCs, 0.08 mmol (50 mg) zinc stearate (Zn(C18H35O2)2), 0.06 

mmol (11.9 mg) CuI and 0.06 mmol (18.1 mg) In(OAc)3 were taken in three neck RB which 

contains 4 mL ODE and 2.5 mL oleylamine. Se concentration and other experimental 

procedures were same as CuInSe2 NCs synthesis. 

5.2.3 Synthesis of (Zn)0.42(CuIn)0.58Se2 NCs 

To prepare (Zn)0.42(CuIn)0.58Se2 NCs, 0.12 mmol (75 mg) zinc stearate (Zn(C18H35O2)2), 0.04 

mmol (7.3 mg) CuI and 0.04 mmol (11.6 mg) of (In(OAc)2 were taken in three neck RB 

which contains 4 mL ODE and 2.5 mL oleylamine. Remaining experimental procedures were 

same as CuInSe2 NCs synthesis. 

5.2.4 Phase transfer reaction of oleylamine capped NCs 

(Zn)0.24(CuIn)0.76Se2 NCs were dispersed in 5 mL CHCl3 solution. To this dispersion, 1 mL 

methanol, 0.3 mL deionized water and 0.5 mL MPA (pH of MPA was maintained at ~ 12 by 

adding 10% NaOH solution) were added and stirred for 1 hour. NCs transfer from organic 

phase to aqueous phase leaving oleylamine in CHCl3. Colourless organic part was removed. 5 

mL acetone was added to the remaining aqueous solution, and was centrifuged at 5000 rpm 

for 5 min. The obtained precipitate was redispersed in deionized water. 120 µL MPA 

(maintaining pH ~12) was added to the NCs in water medium and this solution was used for 

sensitization of NCs on TiO2 electrode.   

5.2.5 Preparation of Cu2S counter electrodes  

 

Figure 5.1: (a) Photograph of brass plate. (b) Plates after treating wih HCl at 80 oC. (c) 

Photograph of Cu2S coated brass plates obtained by drop casting Na2S/S solution on treated 

brass plates shown in Figure (b).  
 

2 × 1.5 cm2 brass plates as shown Figure 5.1a were rubbed with sand paper for 15 minutes 

followed by heating the brass plates in 35% HCl at 80 oC for 30 min. In this process, the light 

yellowish colour of brass transformed to brown colour as shown Figure 5.1b, indicating the 

removal of Zn from top of brass plates. The obtained brown colour plates were sonicated in 

80 oC Na2S/S

HCl

(a) (b) (c)
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deionized water for 2-3 minutes in order to remove the residuals of acid. Then 50 µL 

polysulfide solution was drop casted on brown coloured plates. The plates now become black 

in colour, indicating the formation of Cu2S films on top of treated brass plates,30 as shown in 

Figure 5.1c.   

5.2.6 Fabrication of Zn0.24(CuIn)0.76Se2 NC sensitized solar cell 

Mesoporous TiO2 electrode were prepared following reported procedure,31 discussed in 

chapter 4. These electrodes were heated at 80 oC for 10 min and dipped in MPA capped 

Zn0.24(CuIn)0.76Se2 QD solution for 48 hours. The colourless TiO2 electrode turned into dark 

brown indicating the sensitization of QDs. After sensitization, the electrodes were washed 

with water and ethanol and dried at 110o C for 10 mins. Then, ZnS coating was done on the 

electrodes by following successive ionic layer adsorption and reaction (SILAR) method by 

alternatively dipping (1 min/dip) the electrode in solutions of Zn2+ and S2- ions. Solution for 

Zn2+ was prepared by dissolving 0.1mmol Zn(OAc)2 in methanol, whereas S2- solution was 

prepared by dissolving 0.1 mmol Na2S.9H2O in 1:1 volume mixture of methanol and water. 8 

cycles of ZnS coating were carried out following ref.32  After the SILAR coating of ZnS, 

electrodes were washed with deionised water and methanol respectively. 

QDSSCs were assembled by sandwiching the photoanode with Cu2S counter electrode, 

spatially separated (~80 μm) by cello tape spacer and electrically connected through 20 μL 

polysulfide electrolyte.  Polysulfide electrolyte used in our work was prepared by  following 

ref33, where Na2S (1 M), sulfur (1 M), KCl (0.1 M) were mixed in mixture of methanol : 

water in 7 : 3 v/v. Current-voltage (I-V) measurements were carried out using Keithly 2611 

source meter. 150 W, Xe lamp fitted with AM 1.5 filter was used for illumination in all of the 

solar cell measurements. Intensity of the Xe lamp was adjusted to 1 sun (100 mW/cm2) by 

using NREL-calibrated silicon solar cell. The active area of the solar cell measurement was 

0.25-0.3 cm2.    

5.2.7 Characterization  

UV-visible-NIR absorption spectra were measured using a lambda-45 UV/vis spectrometer. 

Steady state PL and PL decay dynamics (time correlated single photon counting (TCSPC)) 

were recorded using FLS 980 EDINBURGH Instruments. Powder x-ray diffraction (XRD) 

data were recorded using a Bruker D8 Advance X-ray diffractometer using Cu Kα radiation 

(1.54 Å). Transmission electron microscopy (TEM) was carried out using a JEOL, JEM 2100 
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F, Field Emission TEM. Field emission scanning electron microscopy (FESEM) was carried 

out using a Zeiss Ultra Plus scanning electron microscope.  

5.3. Results and Discussion 

5.3.1. Synthesis and structural characterization of Znx(CuIn)1-xSe2 NCs   

Oleylamine capped Znx(CuIn)1-xSe2 NCs have been prepared with x = 0, 0.24 and 0.76 

compositions. CuInSe2 with x = 0 composition was prepared by following ref.28 Other 

compositions, x = 0.24 and 0.42 were prepared after modifying the procedure for x = 0 

composition.  Table 5.1 shows elemental analysis of product NCs using energy dispersive X-

ray spectroscopy (EDS). Increasing the amount of Zn from x = 0, 0.4, and 0.6 in the 

precursor solution result into forming CuInSe2, (Zn)0.24(CuIn)0.76Se2, and (Zn)0.42(CuIn)0.58Se2 

NCs, respectively.  

Table 5.1: EDS results comparing the elemental ratio Zn : (Cu + In ) in precursor solution 

and final nanocrystal. Note that the ratio of Cu : In remains ~ 1 for precursor and product 

NCs for all the samples.  

 

Precursor concentration EDS for product 

Zn Cu + In Zn Cu + In 

0 1 0 1 

0.4 0.6 0.24 0.76 

0.6 0.4 0.42 0.58 

 

Figure 5.2a shows the XRD patterns of Znx(CuIn)1-xSe2 NCs for all three compositions. The 

broadness of XRD peaks corresponds to smaller size of NCs. XRD pattern of CuInSe2 (x = 0) 

NCs is matches with that of bulk CuInSe2 showing chalcopyrite crystal structure. An increase 

in x, shifts the XRD patterns towards higher 2θ values, suggesting a decrease in lattice 

parameters. This shift in 2θ indicates the formation of Znx(CuIn)1-xSe2 alloy NCs. An 

increase in Zn content systematically reduces the volume of unit cell causing the shift in 2θ. 

This shift in XRD patterns in Figure 5.2a also agrees with EDS of Znx(CuIn)1-xSe2 NCs given 

in Table 5.1. Figure 5.2b shows TEM image for x = 0.24 composition in Znx(CuIn)1-xSe2 

NCs. Distorted spherical shape of NCs are observed. Figure 5.2c shows the size distribution 

plot for Zn0.24(CuIn)0.76Se2 NCs. Diameter of the NCs calculated to be 6.4 ± 1.3 nm. Sizes of 

the NCs for other two compositions are also similar to that of x = 0.24 (data not shown). 
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Figure 5.2: (a) XRD patterns of Znx(CuIn)1-xSe2 NCs with x = 0, 0.4 and 0.6 compositions. 

(b) TEM image of oleylamine capped Zn0.4(CuIn)0.6Se2 NCs. (c) Size distribution plot for 

Zn0.4(CuIn)0.6Se2 NCs.  
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5.3.2 Absorption and photoluminescence from Znx(CuIn)1-xSe2 NCs   

 

Figure 5.3: (a-c) UV-visible absorption data for colloidal (Zn)x(CuIn)1-xSe2 NCs for 

compositions, x = 0, 0.24, and 0.42, respectively. (d) Photoluminescence (PL) data for 

colloidal (Zn)x(CuIn)1-xSe2 NCs for all the three compositions after excitation at 2.48 eV (500 

nm). PL spectra were normalized by the absorbance at their excitation wavelength.  
  

Figure 5.3a-c show the UV-visible-near infrared (NIR) absorption spectra for colloidal 

(Zn)x(CuIn)1-xSe2 NCs for  three different compositions, x = 0, 0.24, and 0.42. The absorption 

spectra of these NCs blue shifts systematically with increase in x owing to the formation of 

alloy NCs, as suggested by EDS and XRD patterns. Figure 5.3d shows PL spectra of colloidal 

Znx(CuIn)1-xSe2 NCs exhibiting a significant blue shift in peak position with increase in Zn 

content. Absence of sharp band edge transition in the absorption spectra makes it difficult to 

estimate the band gap. The optical band gap of Znx(CuIn)1-xSe2 semiconductor NCs can be 

obtained by Tauc plot with some uncertainty, by using the equation h = C(hν-Eg)1/2, 

where,  is the absorption coefficient, hν is the photon  energy, Eg is the optical band gap and 

C is a constant.34-35 We can replace α by absorbance A since optical path and concentration of 

sample are invariant here.36 Figure 5.4a-c show the plots of (Ah)2 vs h where Eg is obtained 
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by extrapolating the linear portion of the plot at (Ah)2 = 0. Optical band gaps are found to be 

1.3, 1.5 and 1.7 eV for NCs with x = 0, 0.24 and 0.42, respectively, as shown in Figure 5.4d. 

 

Figure 5.4:(a-c) UV-visible absorption data plotted as (Ahv)2 versus energy for colloidal 

(Zn)x(CuIn)1-xSe2 NCs with compositions, x = 0, 0.24, and 0.42. Red colour dashed lines 

show the extrapolation of the linear portion of the plot to (Ahv)2 = 0. (d) Optical band gap of 

(Zn)x(CuIn)1-xSe2 NCs with x = 0, 0.24, and 0.42. Circles show data points whereas line is 

just a guide to eye. 
 

Optical band gap of 1.3 eV for CuInSe2 (x = 0) NCs is higher than that of bulk CuInSe2 (1.01 

eV for chalcopyrite crystal phase)26 suggesting quantum confinement effect in our NCs. Size 

of NCs obtained from TEM remain similar (~6 nm) for all the three compositions. Therefore, 

the change in optical band gap with composition of NCs is because of the alloy formation 

without much contribution from size induced quantum confinement. Znx(CuIn)1-xSe2 NCs 

exhibit broad PL with  large Stoke’s shift compared to band gap similar to prior reports 

suggesting the involvement of both delocalized states and localized states in PL.37-38 

Znx(CuIn)1-xSe2 NCs with x = 0.24 composition shows highest PL intensity among all three 

compositions, suggesting lower density of non-radative traps in Zn0.24(CuIn)0.76Se2 NCs. 

Having suitable band gap of 1.5 eV with less trap states, we have chosen Zn0.24(CuIn)0.76Se2 

NCs for fabricating QDSSC. 
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5.3.3 Surface modification of oleylamine capped Zn0.24(CuIn)0.76Se2 

NCs   

Prior to the use of Zn0.24(CuIn)0.76Se2 NCs in QDSSC one need to remove the long 

hydrocarbon chain oleylamine ligand from the surface of NCs for better transport of charge 

carriers.39 In order to do this, oleylamine capped Zn0.24(CuIn)0.76Se2 NCs were first dispersed 

in nonpolar solvent such as CHCl3. To this colloidal solution, a mixture of MPA, water and 

methanol was added. Here, pH of MPA was maintained at ~12. These mixture was stirred for 

1 hour resulting into the transfer of NCs to aqueous medium. The phase transfer of NCs is 

shown in the Figure 5.5. –SH group of MPA is known to bind with NC surface, while the –

COO- end of MPA interact with polar water molecules.10 These colloidal NCs are stable for 

few months. This surface modification process was done by following reported procedure.10 

 

 
 

Figure 5.5: Photographs showing the phase transfer reaction of oleylamine capped 

Zn0.24(CuIn)0.76Se2 NCs dispersed CHCl3 to MPA capped Zn0.24(CuIn)0.76Se2 NCs dispersed 

in aqueous medium.  

 

In order to check the change in the optical properties after replacing the ligand on the surface 

of the NC, absorption and PL spectra of these NCs were measured. Figure 5.6a shows UV-

visible-NIR absorption spectra for both oleylamine and MPA capped Zn0.24(CuIn)0.76Se2 NCs. 

From the spectra it is clear that there is not much change in the optical band gap with surface 

modification. PL peak positions are also similar for both types of NCs but with a small 

decrease in PL intensity for MPA capped Zn0.24(CuIn)0.76Se2 NCs. This small decrease in PL 

intensity is common in such phase transfer reactions and it can be attributed to some of the 

trap states that might get introduced during the phase transfer reaction which quenches the 

PL.    
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Figure 5.6: (a) UV-visible-NIR absorption spectra of oleylamine and MPA capped 

Zn0.24(CuIn)0.76Se2 NCs. Spectrum for MPA capped NCs has been shifted vertically up for 

better representation. (b) The corresponding PL spectra of both oleylamine and MPA capped 

NCs. 

5.3.4 Immobilisation of NCs onto TiO2 surface 

 

 

Figure 5.7: Cross section SEM image of TiO2 electrode consists of two layers. One is active 

layer and other is scattering layer with thickness of 12 µm and 5 µm, respectively. 

 

Mesoporous TiO2 electrode was prepared using standard protocol (similar to 4th chapter). 

Figure 5.7 shows the cross section image of TiO2 electrode on FTO substrate where 

Thickness of active layer of TiO2 is 12 µm. Such thick layer can allow high loading of NCs 

on the pores of TiO2. On top of the active layer, 5 µm thick TiO2 scattering layer has been 

coated in order to trap sun-light. 
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In order to sensitize the NCs onto mesoporous TiO2 electrode, these electrodes were dipped 

in MPA capped Zn0.24(CuIn)0.76Se2 NCs solution for 2 days. NCs go through the pores and 

get adsorbed on TiO2 particles in active layer. Such NCs transfer process onto TiO2 is 

become faster and efficient due the strong affinity of –COO- group towards TiO2.
40-41 as 

shown in Figure 5.8. Length of the alkyl chain is limited to two carbon atoms in MPA. This 

short chain lead to efficient charge carrier injection from NC to TiO2. Thus, MPA capping 

allows both more loading of NCs on TiO2, and better charge transfer at NC – TiO2 interface. 

NC sensitised TiO2 electrode is called photoanode.  

 

 
 

Figure 5.8: Schematic representation showing the immobilisation of MPA capped 

Zn0.24(CuIn)0.76Se2 NCs to TiO2 nanoparticals. Figure has been drawn following ref.41 

 

5.3.5 Zn0.24(CuIn)0.76Se2 NCs sensitized solar cell 

Solar cells were made by assembling photoanode and Cu2S counter electrode in a sandwich 

approach as shown in Figure 5.9a. J-V measurements were carried out by irradiating the cell 

with Xe lamp. Figure 5.9b shows J-V plot for MPA capped Zn0.24(CuIn)0.76Se2 NCs. The 

obtained solar cell parameters, namely short circuit current density (Jsc), open circuit voltage 

(Voc), fill factor (FF) and power conversion efficiency (PCE, ), are given in the Table 5.1. 

             Zn0.24(CuIn)0.76Se2 NCs have suitable band gap, band alignment, and short chain 

ligand on the NC surface. But still the obtained PCE is low (0.8%). It suggests that less 

separation of charge carriers in the device. In other words more numbers of carrier 

recombinations at different interfaces as shown by the schematic in Figure 5.10a. In solar cell 

device, upon irradiation with Xe lamp electron-hole pair formation takes place in NCs. Then, 

some of the electrons transfer to TiO2 whereas holes in the VB are regenerated by oxidising 

electrolyte. However, electrons from TiO2 may recombine with oxidised electrolyte or with 

holes in VB of NC. In addition to this, electrons from NC may recombine with oxidised 

electrolyte instead of going to TiO2. Of cource, the recombination within the NC cannot be 

excluded. All these recombination processes are detrimental for the solar cell performance. 

+
NC TiO2 TiO2NC
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Figure 5.9: (a) Schematic of a NC sensitized solar cell, where Cu2S is used as counter 

electrode. (b) J-V characteristics of Zn0.24(CuIn)0.76Se2 NCs measured by using Xe lamp at 

standard conditions AM 1.5 G. 

Table 5.1: Solar cell parameters obtained for champion cells from J-V plots shown in Figure 

5.9.  

 

Sample Jsc (mA/cm2) Voc (V) FF PCE (η %) 

Zn0.24(CuIn)0.76Se2 NCs 4.26 0.37 0.47 0.8 

 
 

 
 

Figure 5.10: (a) Schematic showing recombinations of electron and hole in quantum dot 

sensitized solar cell upon irradiating by Xe lamp. (b) Schematic showing the control of 

recombinations of electron and hole after ZnS coating on photoanode. Figure (b) adapted 

from ref.42 
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Figure 5.11: Current density-Voltage (J-V) characteristics of Zn0.24(CuIn)0.76Se2 NCs before 

and after ZnS treatment. 

 

These recombination process taking place at different interfaces can be reduced and the 

charge carrier collection efficiency can be increased by ZnS SILAR treatment. ZnS treatment 

helps in reducing the recombination at interfaces of NC and TiO2 by creating high energy 

barrier as shown by schematic in Figure 5.10b. Moreover, ZnS treatment reduces the surface 

contribution of both TiO2 and NC. Thus, ZnS treatment helps in reducing recombinations and 

increasing the charge carrier separation efficiency. We have coated 8 ZnS cycles on 

photoanode following prior report and tested these ZnS treated photoanode in solar cell 

device.32  Figure 5.11 comparess the J-V plots for Zn0.24(CuIn)0.76Se2 NCs before and after 

ZnS treatment. Indeed, the plots show a significant increase in Jsc and Voc after ZnS treatment. 

Table 5.2 compares the solar cell parameters such as Jsc, Voc and FF before and after ZnS 

treatment. The increase in the three solar cell parameters lead to increase in the overall PCE 

of Zn0.24(CuIn)0.76Se2 NCs to 3.6%. Figure 5.12 shows statistics of Jsc, Voc, FF, and η obtained 

from 15 solar cells treated by ZnS. However, the obtained PCE from CuInSe2 based NCs is 

still lower than recent report by Zhong et al,28 where they have achieved PCE of 11.6% using 

CuInSe2 based NCs where Ti mesh supported mesoporous carbon was used as counter 

electrode. This Ti/C counter electrode is a robust carbon film and provides better electrical 

conductivity than our Cu2S counter electrode.28 However such Ti/C electrode is highly 

expensive. Further work of improving PCE using cost-effective counter electrodes is in 

progress.  
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Table 5.2: Solar cell parameters obtained for champion cells from J-V plot shown in Figure 

5.11.  

 

Zn0.24(CuIn)0.76Se2 NCs Jsc (mA/cm2) Voc (V) FF PCE (η %) 

Before ZnS treatment 4.26 0.37 0.47 0.8 

After ZnS treatment 12.84 0.52 0.543 3.6 

 

 
 

Figure 5.12: Statistics of solar cell parameters: (a) short circuit current density (Jsc), (b) open 

circuit voltage (Voc), (c) fill factor (FF),  and (d) power conversion efficiency,  of 

Zn0.24(CuIn)0.76Se2 NC sensitized solar cells after ZnS treatment. Histograms were made 

based on performance of 15 cells. 

 

In this chapter using CuInSe2 based NCs of QDSSC we have obtained PCE up to 3.6%. We 

have overcome a few problems which have been raised in earlier chapters for AgInS2 

QDSSC. Light absorption was limited to visible range for AgInS2 NCs. The optical band gap 

of AgInS2 is too high to absorb NIR part of solar spectrum, as discussed in chapter 3. In order 

to absorb NIR light along with visible-light we synthesized Ag2S-AgInS2 hetero dimer NCs 

in chapter 4, where Ag2S is responsible for absorption of NIR light. Interestingly, defects in 

Ag2S-AgInS2 hetero dimer NCs lead to type-II band alignment with PCE of 1.3%. However, 
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CBM of Ag2S part is lying below the CBM of TiO2. Therefore, contribution to photocurrent 

from Ag2S is not significant. CuInSe2 based NCs with optical band gap 1.3 eV overcome both 

issues of poor NIR absorption, and charge transfer across NC – TiO2 interface.  Prior reports 

suggested that CBM of CuInSe2 NCs is higher in energy than CBM of TiO2. Incorporation of 

Zn in CuInSe2 lattice shift the CBM to even further higher energy, which helps in efficient 

injection of electrons.  

5.4 Conclusions 

We have prepared colloidal oleylamine capped (Zn)x(CuIn)1-xSe2 (x = 0, 0.24, 0.42) NCs and 

studied their optical properties. The obtained size of NCs is ~ 6 nm with chalcopyrite crystal 

structure for all compositions. (Zn)0.24(CuIn)0.76Se2 NCs shows a optical band gap of 1.5 eV, 

which is suitable for solar cell applications. Also, shows the highest PL efficiency among all 

the three compositions. Therefore, we use (Zn)0.24(CuIn)0.76Se2 NCs for QDSSC. In order to 

extract the charge carrier from NCs and increase in the NC loading onto mesoporous TiO2 

electrode, post-synthesis surface modification of NCs was carried out using MPA. 

Oleylamine ligands were replaced from the surface of NCs by MPA ligands maintained at pH 

~ 12. Absorption spectrum of MPA capped NCs is similar to that of oleylamine capped NCs 

but a small decrease in PL intensity is observed after MPA capping. MPA capping also result 

into good NC loading into mesopores of TiO2 electrode. As prepared photoanode was tested 

in a sandwich fashion using Cu2S counter electrode and polysulphide electrolyte. The 

obtained PCE from these QDSSC is 0.8%. This low value of PCE is attributed to efficient 

recombinations of electrons and holes at the different interfaces. In order to suppress such 

unwanted recombinations, we have coated ZnS on photoelectrodes. ZnS treated solar cell 

shows improvement in the PCE of 3.63% under AM 1.5 G one sun illumination. 
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Using Colloidal (ZnS)0.4(AgInS2)0.6 Nanocrystals 

Capped by S2- Ions 
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Generation Using Colloidal (ZnS)0.4(AgInS2)0.6 Nanocrystals Capped by S2- ions. J. Mater. 

Chem. A 2015, 3, 8276-8279. Reproduced with permission from the Royal Society of Chemistry 

Declaration: Photocatalytic H2 evolution study (Figure A.3, A.4 and A.5) was carried out by 

Dr. Sunita Dey in the laboratory of Prof. C. N. R. Rao, at JNCASR Bangalore. 



Appendix. Visible Light-Induced Hydrogen Generation Using Colloidal (ZnS)0.4(AgInS2)0.6 Nanocrystals 
Capped by S2- Ions 
 

134 
 

Summary 

In chapter 2, we discussed about synthesis and optical properties of oleylamine capped 

(ZnS)1-x(AgInS2)x nanocrystals (NCs). Among various compositions, (ZnS)0.4(AgInS2)0.6 

NCs exhibit the appropriate band gap and band alignment for visible-light driven 

photocatalytic H2 evolution. Here we replaced the oleylamine ligand with S2- ions. S2- 

ions helps the NCs to be dispersed in aqueous medium and better charge extraction and 

injection required for reduction of H+ to H2. A high activity of 5.0 mmol g-1h-1 is 

achieved using non-toxic (ZnS)0.4(AgInS2)0.6 NCs as photocatalysts without the need of a 

noble metal co-catalyst.     
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A.1 Introduction 

Production of H2 is important since it provides clean and renewable energy, particularly for 

use in fuel cells. The best possible scenario will be to produce H2 using sunlight and water, 

both of which are available in plenty. 1-6 In this regard, semiconductors that absorb sunlight 

producing electrons in the conduction-band (CB) and holes in the valence-band (VB), have 

emerged as photocatalysts for the reduction of H+ to H2 via donation of the CB electrons. The 

thermodynamic requirement of such photocatalyst is that the CB minimum is more negative 

than the reduction potential of H+/H2 (0 V vs NHE). Good performance of a catalyst also 

depends upon other factors such as efficient exciton dissociation, migration of electrons to the 

surface of NCs and active surface sites where the H+ ions can be reduced. Oxides such as 

TiO2 can be used as catalysts, but they do not absorb visible sunlight. Similar high band gap 

(>3 eV) catalysts absorb UV-light, and are not suitable for sunlight driven photocatalysis 

since sunlight mainly consists of visible and infrared light along with only 5% of UV-light. 

Doping foreign elements in to an active high band gap catalyst provides levels at the mid-gap 

region, thereby absorbing visible light. However, such mid-gap states can also trap the 

photogenerated electrons.7-9 Another strategy is to make a solid solution, for example, 

(ZnS)x(AgInS2)1-x where the band gap can be tuned between the high bandgap of ZnS (3.68 

eV) and the low bandgap of AgInS2 (1.87 eV) by controlling the composition.10     

We have employed S2- capped (ZnS)x(AgInS2)1-x nanocrystals (NCs) visible-light catalysis. 

The S2--capped NCs optimizes, (i) size and composition dependent bandgap, (ii) high surface 

area, (iii) S2- (-) rich surface that can facilitate H+ adsorption, and (iv) water solubility 

resulting into a non-toxic, efficient visible-light for H2 evolution catalyst in the absence of a 

co-catalyst.   

A.2 Experimental section 

A.2.1 Synthesis of oleylamine capped (ZnS)0.4(AgInS2)0.6 nanocrystals 

(NCs) 

(ZnS)0.4(AgInS2)0.6 NCs were synthesized by following ref11 using single molecular 

precursor (AgIn)xZn2(1-x)(S2CN(C2H5)2)4, where x = 0.75. The molecular precursor was 

prepared by mixing 50 mL aqueous solution of 0.025 mol/L metal ions (AgNO3 : InNO3 : 

Zn(NO3)2 = x : x : 2(1-x)) with 50 mL aqueous solution of sodium diethyl dithiocarbamate 

trihydrate (0.05 mol/L). The resultant precipitate was washed several times with methanol 
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and water mixture and dried under vacuum at room temperature. 50 mg of precursor powder 

was taken in a three neck round bottom flask and was heated at 180 oC under Ar atmosphere 

for 30 minutes followed by injection of 3.0 mL of oleylamine and the reaction was continued 

for another 3 minutes. The obtained suspension was centrifuged at 2000 rpm for 2 minutes 

and the supernatant was collected by removing the larger particles. Sufficient amount of 

methanol was added to the supernatant containing NCs followed by centrifugation at the 

speed of 5000 rpm for 5 min. The obtained NC precipitate was redispersed in non-polar 

solvents like toluene and chloroform for further processing.  

A.2.2 Ligand exchange of oleylamine capped (ZnS)0.4(AgInS2)0.6 NCs 

using (NH4)2S 

Ligand exchange reaction was carried out under ambient conditions. Oleylamine capped 

(ZnS)0.4(AgInS2)0.6 NCs were dispersed in 3 mL toluene in a glass vial. 3 mL formamide 

(FA) and 130-150 µL aqueous (NH4)2S were added to the NC dispersion and magnetically 

stirred for 5 min.  NCs were transferred into FA phase leaving a colorless toluene phase. The 

toluene phase was removed, followed by addition of pure toluene and stirring. The pure 

toluene removes any remaining organic molecules in FA phase, and this washing was 

repeated thrice. The resultant NCs in FA phase were precipitated by centrifugation after 

adding acetonitrile as a non-solvent. The obtained precipitate could be redispersed in FA or 

water for studying different properties. 

A.2.3 Characterization 

UV-visible absorption and photoluminescence (PL) spectra of (ZnS)0.4(AgInS2)0.6 NCs were 

recorded using a Perkin Elmer, Lambda-45 UV/Vis spectrometer and FluoroMax-4 

spectrofluoremeter (HORIBA scientific), respectively. PL decay dynamics were measured 

using time correlated single photon counting (TCSPC) technique set-up from Horiba 

JobinYvon at an excitation energy of 459 nm (2.70 eV). Fourier-transform infrared (FTIR) 

spectra were acquired in the transmission mode using a NICOLET 6700 FTIR spectrometer 

(Thermo scientific). Powder X-ray diffraction (XRD) data were collected by using Bruker D8 

Advance Powder XRD diffractometer using Cu K radiation (λ = 1.54Å). Transmission 

electron microscopy (TEM) images were obtained by using a JEOL JEM 2100F microscope 

operated at 200 kV. 
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A.3 Results and discussion 

A.3.1 Synthesis of oleylamine capped (ZnS)0.4(AgInS2)0.6 solid solution 

NCs 

Colloidal oleylamine capped (ZnS)0.4(AgInS2)0.6 solid solution NCs were prepared following 

ref.11 This specific composition was selected in order to have appropriate optical band gap 

that absorbs both visible light and exhibit suitable band alignment for photocatalytic H2 

evolution from aqueous solution. XRD patterns in Figure A.1a show the lattice parameters of 

the NCs to be in between those of ZnS and AgInS2 suggesting the formation of solid solution 

NCs, similar to prior reports.11-12 TEM image in Figure A.1b shows the average particle size 

to be 4.5 nm.  

 

Figure A.1: (a) Powder XRD pattern of (ZnS)0.4(AgInS2)0.6 NCs along with standard patterns 

for bulk AgInS2 and  ZnS. (b) TEM image of colloidal (ZnS)0.4(AgInS2)0.6 NCs. 
 

A.3.2 Surface modification of oleylamine capped (ZnS)0.4(AgInS2)0.6 

NCs  

These oleylamine capped NCs are not miscible with aqueous solution, and more importantly, 

the long hydrocarbon chain in oleylamine is insulating in nature. Therefore, extraction 

(injection) of charge carriers from (into) the NC surface is inhibited. Photocatalytic H2 

evolution require injection/extraction of charge carriers to/from NCs, and therefore, we 

replaced the insulating oleylamine from NC surface with electronically transparent S2- ions.13         

A.3.The ligand exchange reaction is simple and is carried out under ambient conditions. 

Figure A.2a shows oleylamine capped NCs dispersed in non-polar toluene phase showing the 

color of NCs, and the formamide (FA) phase is colorless suggesting the NCs are immiscible 
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to the polar FA solvent. However, the NCs transfer to the FA phase within 5 minutes after 

addition of (NH4)2S solution. The NCs in the FA phase were washed, precipitated and used 

for different measurements. 

 

Figure A.2: (a) Yellow-orange colloidal (ZnS)0.4(AgInS2)0.6  NCs undergo the phase transfer 

from toluene to formamide (FA) after replacing the original oleylamine ligands on the NC 

surface with S2- ligands. (b) Comparison of the Fourier-transform infrared (FTIR) spectra of 

oleylamine and S2- capped (ZnS)0.4(AgInS2)0.6  NCs. (c) -potential of S2- capped 

(ZnS)0.4(AgInS2)0.6  NCs dispersed in FA. Inset shows schematic of S2- capped NCs. 

Comparison of (d) UV-visible absorption, (e) photoluminescence (PL) and (f) PL decay 

dynamics of oleylamine and S2- capped (ZnS)0.4(AgInS2)0.6  NCs. 
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FTIR spectra in Figure A.2b show strong doublet features at 2852 and 2925 cm-1 for 

oleylamine capped NCs corresponding to C-H stretching. However, the C-H stretching 

features vanish after the ligand-exchange reaction, suggesting a near complete removal of the 

native oleylamine ligand from the NC surface. This ligand exchange reaction using (NH4)2S 

is expected to replace oleylamine with S2- (or S-) on the NC surface, as shown by the 

schematic model in the inset of Figure A.2c.  Indeed, -potential data in Figure A.2c show 

that the NCs possess a negative charge on the surface, agreeing with the schematic in the 

inset. The negative charge on NC surface provide colloidal stability of S2- capped NCs in a 

polar solvent like FA and water via electrostatic repulsion among NCs.     

UV-vis absorption spectra (Figure A.2d) of (ZnS)0.4(AgInS2)0.6 NCs before and after the 

ligand exchange reaction are similar suggesting that the size  and composition of the NCs are 

intact during the ligand exchange reaction. The S2- capped NCs exhibit an optical gap of 520 

nm (2.39 eV) (Figure A.2d), therefore exhibiting a significant absorption of visible light. PL 

spectra in Figure A.2e show a decrease in PL intensity for the S2- capped NCs without 

altering the emission energy. PL decay curves in Figure A.2f show increased contribution 

from faster decay for S2- capped NCs compared to oleylamine capped NCs. PL decay plots 

were fitted using tri-exponential decay model and best-fit parameters are given in Table A.1. 

Fitting results are similar to ref 12 (chapter 2) with two radiative lifetimes (~30 ns and 240 

ns) and along with faster (~1 ns) non-radiative lifetime. The origin of different PL lifetimes 

resulting in to broad and intense PL from (ZnS)x(AgInS2)1-x NCs has been discussed earlier in 

ref12. Though the faster decay and lower intensity suggest the formation of new non-radiative 

decay channels after the ligand exchange (surface modification) reaction, still the retention of 

intense PL for S2- capped NCs suggest less abundance of trap states that can be detrimental 

for photocatalytic reactions. 

Table A.1: Best-Fit parameters of PL decay profiles of (ZnS)0.4(AgInS2)0.6 NCs capped with 

different ligands for the corresponding data shown in Figure A.2f of the main manuscript. A 

tri-exponential decay, I(t) = a1 exp(−t/τ1) + a2 exp(−t/τ2) + a3 exp(−t/τ3) was used where i 

correspond to ith lifetime component, and ai is contribution of ith lifetime. 

Capping ligand 1 (ns) a1 (%) 2 (ns) a2 (%) 3 (ns) a3 (%) 

Organic Capped 1.7 32 32 32 242 37 

S2- Capped 1.8 49 27 34 236 17 
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A.3.3 Photocatalytic H2 evolution from S2- capped (ZnS)0.4(AgInS2)0.6 

NCs 

We have investigated photocatalytic H2 evolution of S2- capped (ZnS)0.4(AgInS2)0.6 NCs 

under visible light irradiation. Photocatalytic H2 evolution experiments were conducted in a 

stoppered quartz vessel. Schematic of the experimental setup is shown in Figure A.3. The 

catalyst (10 mg) was dispersed in 50 ml aqueous solution along with 0.25 (M) Na2SO3 and 

0.35 (M) Na2S. Samples were irradiated under 400 W Xe lamp (Newport 6280) equipped 

with water filter for IR removal and a 400 nm cut-off filter blocking UV lights. H2 evolved 

was quantified using gas chromatography (Perkin Elmer, Clarus 580 GC) equipped with GC-

TCD detector by manually injecting 1 ml of evolved gases from headspace of the quartz 

vessel over a constant period of time. Turn over frequency (TOF), turn over number (TON) 

and apparent quantum yield (AQY) were calculated by the equations given A.1-A.3. 

 

Figure A.3: Schematic representation of experimental setup for photocatalytic H2 evolution 

from water. A: Xe lamp (working at 400 W); B: IR cut-off filter; C: UV cut-off filter 

(Newport) to allow λ> 400 nm; D: reaction vessel containing aqueous solution of 

photocatalyst; E: stirring at room temperature; F: Septum to keep the reaction vessel air-tight; 

G: GC equipped with TCD. Distance between C and the exposed face of reaction vessel is 

maintained at 15 cm. 
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                  TON (h-1) = 
moles of hydrogen evolved (fixed time)

moles of active catalysed used
                  (A.2) 

Apparent quantum yield (AQY) is defined by the following equation, 

              AQY (%) = 
The number of evolved H2molecules × 2

The number of incident photons
 100          (A.3) 

 

Figure A.4: (a) H2 production as a function of time using (ZnS)0.4(AgInS2)0.6 NC 

photocatalyst under the irradiation of visible light ( > 400 nm). 0.35 (M) Na2S and 0.25 (M) 

Na2SO3 were added as sacrificial electron donors. (b) Recyclability test of the same 

photocatalyst under identical reaction conditions. Symbols are data, and solid lines are just 

guides to eye. 

Figure A.4a shows the H2 evolution profile of an aqueous solution of S2- capped 

(ZnS)0.4(AgInS2)0.6 NCs. The activity is around 5.0 mmol/g/h. TON defines the amount of H2 

evolved in the expense of molar quantity of (ZnS)0.4(AgInS2)0.6  used, is around 16 at the end 

of 14 hrs of reaction and shows a steady nature even after long reaction hours. Present study 

shows the photocatalytic H2 evolution activity obtained with (ZnS)0.4(AgInS2)0.6 NCs is better 

than most of such catalysts reported in the literature (Table A.2). Importantly, 

(ZnS)0.4(AgInS2)0.6 NCs show superior activity even without the loading of any co-catalyst or 

noble metal. It is to be noted that AgInS2 and ZnS NCs are not active under visible light 

exposure, however, the solid solution optimizes the band gap yielding an efficient visible 

light photocatalyst. AQY is estimated to be 9% and is quite significant considering the 

absence of both toxic Cd and expensive co-catalyst like Pt. Na2SO3 and Na2S together act as 

electron donor, and playing an important role in the present photocatalytic study. 

Photogenerated electrons are accepted by H2O reducing H+ to H2 whereas the holes oxidize 

SO3
2- and S2- as given by equations A.4-A.9. 
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Table A.2: Comparison of visible-light catalytic H2 evolution data of the present study with 

the similar systems reported in literature. 

 

a: weight of catalyst, b: power of light source, c: wavelength () of light, d: electrolyte. 

 

𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ → 𝑒−(𝐶𝐵) +  ℎ+(𝑉𝐵)                      (A.4) 

2𝐻2𝑂 + 2𝑒− →  𝐻2 +  2𝑂𝐻−                                              (A.5) 

𝑆𝑂3
2− + 𝐻2𝑂+ 2ℎ+ →  𝑆𝑂4

2−+ 2𝐻+                                     (A.6) 

2𝑆2− + 2ℎ+ → 𝑆2
2−                                                               (A.7) 

𝑆2
2− + 𝑆𝑂3

2− → 𝑆2𝑂3
2− + 𝑆2−                                                (A.8) 

𝑆𝑂3
2− + 𝑆2− + 2ℎ+ →  𝑆2𝑂3

2−                                               (A.9) 

 

Photcatalyst Activity 

(mmolg-1h-1) 

TOF 

(h-1) 

Reaction Condition and 

Reference 

 

(ZnS)0.4(AgInS2)0.6 

NCs 

5.0 1.05 10 mg,a  400W,b  λ ≥ 400 nm, c  

Na2S + Na2SO3,
d Present work 

(AgIn)0.22Zn1.56S2 1.1 0.24 0.3 g,a 300W,b  λ ≥ 420 nm,c  

Na2S + K2SO3,
d ref10 

(AgIn)0.22Zn1.56S2 + 3 

wt% Pt 

3.2 0.69 0.3 g,a 300W,b  λ ≥ 420 nm,c 

Na2S + K2SO3,
d ref10 

(CuAg)0.15In0.3Zn1.4S2 

+ 1.0 wt% Pt 

1.1 0.24 0.3 g,a 300W,b  λ ≥ 420 nm,c 

Na2S + K2SO3,
d ref14 

(CuIn)0.09Zn1.82S2 + 

0.5 wt% Pt 

2.3 0.46 0.3 g,a 300W, b λ ≥ 420 

nm,cNa2S + K2SO3,
d  ref15 

CdS + 3 wt% Pt 1.2 0.17 0.3 g,a  300W,b  λ ≥ 420 nm,c 

Na2S + K2SO3,
d ref10 

Cd0.8Zn0.2S  0.9 0.15 0.1 g,a  500W,b  λ ≥ 420 nm,c  

Na2S+ Na2SO3,
d ref16 

CdS NCs trace ---- 1.4 mg,a  300W,b  λ  ≥ 420 nm,c  

Na2S + Na2SO3,
d ref17 

CdS Nanosheets 41.1 5.93 1.4 mg,a  300W, b  λ≥420 nm,c  

Na2S + Na2SO3,
dref17 

Cu2ZnSnS4 0.06 0.03 40 mg,a  300W,b  λ ≥ 420 nm,c 

Na2S+Na2SO3,
dref18 
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We have investigated recyclability of activity and irradiation stability of the 

(ZnS)0.4(AgInS2)0.6 NC photocatalyst over a fixed period of time under the identical reaction 

conditions, > 400 nm light irradiation using Na2SO3 and Na2S hole scavenger  (Figure A.3b). 

It illustrates the recyclability of present catalyst in H2 evolution. A gradual decrease in H2 

production activity and TOF is observed in successive runs (Table S2 in ESI). However, 

decomposition of the hole scavenger and photo corrosion of the catalyst seem to be possible 

reasons for lowering it activity.  

Table A.3: Activity of H2 evolution and Turn over frequency (TOF) obtained during three 

successive cycles for (ZnS)0.4(AgInS2)0.6 NC photocatalyst. 

 

 

 

 

 

 

 

Figure A.5: Action spectrum of H2 evolution for (ZnS)0.4(AgInS2)0.6 NC photocatalyst. 

Comparison of UV-visible absorption spectrum (dashed line) with moles of H2 evolved 

(open circles, solid line is just a guide to eye) by 10 mg photocatalyst under illumination for 2 

hrs. Inset shows the variation of apparent quantum yield (AQY) with cut-off wavelength. 
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Figure A.5 presents the action spectrum of (ZnS)0.4(AgInS2)0.6 NC catalyst corresponding to 

the H2 evolution upon irradiating using various cut-off wavelengths by use of filters. The 

action spectrum shows maximum H2 evolution due to the absorption at 400-425 nm region 

followed by a sharp decrease in the tail region (450-550 nm). This wavelength dependence of 

the action spectrum resembles that of the visible light absorption spectrum of the 

photocatalyst, confirming that the inter-band excitonic transition leads to the photoactivity of 

the (ZnS)0.4(AgInS2)0.6 NC catalyst. The variation of AQY with the cut-off wavelength is 

presented in the inset of Figure 3 and supporting our conclusion. It is to be noted that the 

AQY of ~9% using a 400 nm cut-off filter is significantly high considering the fact that the 

irradiations with wavelengths longer than 550 nm do not lead to significant H2 production. 

We note that XRD pattern shown in Figure A.6 and band gap of NC catalyst remained 

unchanged after the H2 evolution reaction suggesting good stability of our catalyst. 

 

 

 

 

 

 

 

Figure A.6: Comparison of powder XRD pattern of as synthesized oleylamine capped 

(ZnS)0.4(AgInS2)0.6 NCs with that of S2- capped NCs after photocatalytic H2 evolution 

reaction. These XRD patterns show that the structure and composition of NCs remain intact 

after both surface modification and catalysis reaction. 

 

The photocatalytic activity of (ZnS)0.4(AgInS2)0.6 NCs (5.0 mmol g-1h-1) is significantly 

higher compared to its bulk counterpart10 (1.1 mmol g-1h-1). This increased activity for NCs is 

because of (i) increase in active sites resulting from both high specific surface area, and large 

fraction of under-coordinated surface atoms, (ii) easy transport of photo-generated charge 

carriers from NC core to the active surface because of both small distance between core and 

surface of a NC, and also, lattice defects that trap charge carriers can be easily removed,19 

and (iii) improved water solubility of NC catalysts compared to bulk catalysts along with 
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reduced scattering of visible light. Also, 4.5 nm (ZnS)x(AgInS2)1-x NCs exhibit quantum 

confinement of charge carriers.12 Therefore, the absorption coefficient for NCs might be 

higher compared to the bulk sample. Furthermore, since electrons with lower effective mass 

typically feels the confinement effect more strictly compared to heavier holes, the conduction 

band minimum is expected to preferentially shift towards more negative potential providing 

the driving force for photocatalytic reduction of H+. We note that the discussed possibility of 

enhancing photocatalytic activity of our NCs using quantum confinement effect is just an 

assumption at present.   

A.4 Conclusions  

S2- capped (ZnS)0.4(AgInS2)0.6 NCs are shown to be efficient visible-light catalysts for the 

generation of H2 from water with Na2SO3 and Na2S as sacrificial hole scavengers. The 

specific composition of the solid solution NC leads to a suitable electronic band structure for 

both absorption of visible light and sufficiently negative conduction band minimum for 

reduction of H+ to H2. On the other hand, S2- ion is one of the smallest capping ligand 

possible for such NCs, and helps the extraction of photogenrated charge carriers from 

nanocrystals, which is utilized for reduction of H+ to H2. Photocatalytic activity for these NCs 

is 5.0 mmol g-1h-1 which is significantly higher than its bulk counterpart (1.1 mmol g-1h-1). 

The higher activity of NCs results mainly from (i) increased density of surface active sites, 

(ii) easier transport of photo-generated charge carriers from core to the surface of NCs, and 

(iii) improved water solubility along with reduced visible light scattering. Table-1 shows that 

our S2- capped (ZnS)0.4(AgInS2)0.6 NC is one of the best visible-light catalyst for H2 evolution, 

particularly, for a catalyst that is free from both toxic Cd-compounds and expensive noble 

metal co-catalyst. 
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Research content     

Group II-VI vs I-III-VI semiconductor nanocrystals (NCs) 

Group II-VI based colloidal semiconductor nanocrystals (NCs) are well established system 

for various applications. However, there are concerns about the toxicity of Cd. In order to 

surpass this issue, alternatives to II-VI system come into the picture, for example, by 

replacing two group II cations by one group I cation and group III cation. Such a replacement 

leads to the formation of I-III-VI type system which exhibit band gap and effective masses of 

charge carrier similar to that of II-VI semiconductors. I-III-VI type semiconductors are non-

toxic in nature. These two types (II-VI and I-III-VI) of NCs exhibit similar PL intensities in 

polar and non-polar solvents. In difference with II-VI semiconductor NCs, I-III-VI 

semiconductor NCs exhibit broad photoluminescence (PL) (full width at half maximum 

(FWHM) ~100 nm) with large (200-300 meV) Stoke’s shift and long PL lifetimes. Such large 

Stoke’s shift helps in avoiding non-radiative processes like self-absorption and Forster 

resonance energy transfer (FRET), which are detrimental for opto-electronic applications.  

Opto-electronic properties of Ag and Cu based I-III-VI NCs 

In my thesis, we work mainly on Ag based I-III-VI semiconductor NCs which are less 

explored compared to Cu based semiconductor NCs. Ag based I-III-VI semiconductors 

exhibit higher band gap than relatively more studied I-III-VI CuInS2 and CuInSe2 

semiconductors. For example, bulk AgInS2 exhibit band gap of ~2 eV1 whereas band gap of 

bulk CuInS2 and CuInSe2 is 1.5 eV and 1.05 eV, respectively.2 Therefore, NCs of AgInS2 and 

alloy of (ZnS)x(AgInS2)1-x shows further blue shift in optical band gap with high PL intensity. 

These NCs can be promising for white light generation and visible light driven photocatalytic 

water splitting. Therefore, understanding and optimization of photophysics of the colloidal 

Ag based NCs is essential. However, AgInS2 NCs alone cannot be appropriate for solar cell 

applications because of its limited absorption of sun light up to ~600 nm and the involvement 

of mid-gap localized (donor-acceptor (D-A)) states in PL, which may acts as traps for charge 

carriers.3 On the other hand, CuInSe2 based NCs can be promising material for sensitized 

solar cell, though the PL of CuInSe2 NCs is also mediated by the mid-gap localized states 

along with involvement of delocalized states.4 In this regard, Oikkonen et al, calculated the 

energetics of vacancies of Cu and In from hybrid functional calculations and showed that 

these levels are not located in the mid-gap region apart from one deep acceptor level 

corresponding to Se vacancy.5 Other reason for less deep defects is the band gap of bulk 
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CuInSe2 is small. Thus, CuInSe2 can be a potential material for solar cell. Furthermore, by 

controlling the stoichiometry of these NCs one can prepare either p-type or n-type materials.6 

The combination of wide band gap Ag based NCs and narrow band gap Cu based NCs might 

be useful for tandem solar cells for harvesting broad range of light energy.7  

Methodology development 

In order to address the better charge transport from AgInS2 NCs we have prepared organic-

free AgInS2 NCs in a direct synthesis. The key point in the synthesis of organic-free AgInS2 

NCs is the excess sulphur on the surface of NCs and gives rise to negative charge on the 

surface, which can provide colloidal stability to these NCs in a polar solvent due to repulsion 

among negatively charged NCs. Details are given in the 3rd chapter. 

In order to absorb wide range of light along with efficient charge separation, we have 

synthesized Ag2S-AgInS2 hetero dimer nanocrystals (HDNCs) in a single step using single 

molecular precursor containing Ag-S, In-S moieties in presence oleylamine. In this reaction 

condition, Ag2S nucleates first which allow further the formation of Ag2S-AgInS2 HDNCs. 

Details are given in the 4th chapter. 

CuInSe2, (Zn)0.24(CuIn)0.76Se2 and (Zn)0.42(CuIn)0.58Se2 NCs have been prepared with a 

modified procedure which was reported in the prior literature.8 Details are given in the 5th 

chapter. 

Relevance of the results 

In this thesis, we have understood the origin of PL of AgInS2 NCs wherein along with 

localized D-A states involvement, at least one delocalized state (CB or VB) is also involving 

in the PL mechanism. Here, our finding is the involvement of delocalized states in the PL of 

AgInS2 NCs. Such understanding helps the transfer of charge carriers from the I-III-VI NCs 

to TiO2 at the interface and which can be responsible for attaining high PCE values in I-III-VI 

semiconductor NCs based quantum dot sensitized solar cell (QDSSC). First time, we have 

reported the synthesis of organic-free AgInS2 NCs. QDSSC prepared using organic-free 

AgInS2 NCs. The lack of organic capping on the surface of the NC improves the charge 

transfer from NCs to TiO2. This results in increase of photo conversion efficiency (PCE) 

values more than 10 times compared with organic capped AgInS2 NCs. Though the synthesis 

of organic-free AgInS2 NCs was successful, but our lower temperature synthesis leads to 

significant mid-gap defects in the obtained organic-free AgInS2 NCs. Wide band gap and 

large defect density of organic-free AgInS2 NCs result in lower PCE values. In order to push 
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PCE values further high we have prepared Ag2S-AgInS2 HDNCs in a single step expecting 

broad absorption of light and efficient charge separation (p-n junction or type-II band 

alignment at the interface). From CV measurements, the band alignment at the interface is 

found to be type-I. Interestingly, for the first time we have observed defect related PL having 

long 13 µs PL lifetime following type-II band alignment from our HDNCs. This long PL 

lifetime is not arising because of the type-II band alignment at the junction of Ag2S and 

AgInS2 rather mid-gap defects are mediating in the separation of electron and hole. 

Interestingly, this defect mediated electron-hole separation also showed improvement in the 

PCE of 1.3% from our HDNCs, which is the high value from Ag2S-AgInS2 HDNCs in the 

literature. It suggests that defects can help in designing materials with type-II like electron 

hole separation for solar cell applications. However, still the obtained PCE values from 

HDNCs are lower due to no photocurrent observed from Ag2S component of Ag2S-AgInS2 

HDNC. This is due to the conduction band minimum (CBM) of Ag2S is below than that of 

CBM of TiO2. Therefore, we prepared CuInSe2 based NCs with suitable band gap and band 

alignment for QDSSC. Finally, we have achieved PCE of 3.6% using (Zn)0.24(CuIn)0.76Se2 

NCs and low cost Cu2S as a photo-absorber and counter electrode, respectively. However, the 

highest PCE of ~11% using CuInSe2 based NCs with expensive Ti mesh supported 

mesoporous carbon counter electrode has been reported.8 This thesis deals with the relevance 

of mid-gap defect states in optical and solar cell applications of colloidal I-III-VI 

semiconductor NCs.  

Future direction 

Applications of I-III-VI semiconductor NCs in luminescent solar 

concentrators 

So far the most prominent property from colloidal semiconductor NCs is luminescence. In 

order to consume more amount of sun-light, large area photovoltaic module is needed.  If it is 

Si based cell then along with large area, thicker films are also required owing to the indirect 

band gap of Si. Instead of making large area and/or thicker films, one can increase the 

photovoltaic efficiency with small area photovoltaic cell using luminescent solar 

concentrators (LSCs) which can reduce the cost of solar energy conversion to electricity.9 

LSC can be obtained by incorporation of luminescent NCs in a polymer or glass wave guide. 

These NCs collect solar energy by absorption of incident photons. Then, NCs will emit light 

in wave guide and which directs the light to the edges of wave guide. On these top of the 
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edges solar cell will be fixed as shown in Figure 1. Due to the high PL intensity with large 

Stoke’s shift, I-III-VI semiconductor NCs such as AgInS2 and CuInS2 based NCs in wave 

guide can concentrate the emission at the edges of wave guide with less loss in intensity of 

emitted light. On the other hand, losses are more for II-VI semiconductor NCs because of 

small Stoke’s shift between emission and absorption leading to efficient self-absorption and 

FRET. It has been shown by Gamelin et al that the incorporation of CuInS2 NCs results into 

better performance in LSCs than that of CdSe/CdS core/shell NCs.10  

 

Figure 1: A typical planar LSC configuration in which a luminophore (yellow spheres) is 

incorporated into a waveguide material surrounded on all edges by solar cells. Figure has 

been adopted from ref.11 Copyright 2015, American Chemical Society. 

Effect of defects on opto-electronic applications    

Emission of I-III-VI NCs at lower energy than optical band gap suggests that involvement of 

mid-gap defect states in PL decay dynamics. However, these defect states can be either deep 

or shallow. If defect states are shallow then the effect of such states are less on the 

performance of opto-electronic properties. But if the defects are deep localized states, then it 

traps the charge carriers, hindering optoelectronic processes. For example, if in NCs excited 

electrons are delocalized in CB but holes are getting trapped by deep localized traps, then, 

access to such holes by an electrolyte is not allowed. As a result holes cannot be refilled by 

an electrolyte, which leads to decrease in Voc in QDSSC.12-13 But, the radiative recombination 

of charge carriers via localized and delocalized states is somewhat good for luminescence 

based applications. Therefore, it is important to understand the nature of defects. The 

knowledge of how defects control the optical and opto-electronic properties is crucial to 

develop efficient devices. 

The control over these defect states of I-III-VI semiconductor NCs is still in its infancy. 

Difference in bond strengths of Ag-S and In-S is believed to form Ag interstitial, Ag vacancy, 

S vacancy and S interstitial defects. These defects may act as localized trap states and can be 

located at random positions inside NCs. As a result PL spectrum from the ensemble of these 
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NCs is broad. One way of reducing the defect density is by controlling the reactivity of Ag 

(group I metal ion) and In (group III metal ion) towards S2- anion. A better insight about the 

energies of these defect states can be experimentally obtained by a combination of cyclic 

voltammetry and single NC spectroscopy of AgInS2 NCs. Of course, computational work is 

needed to understand the experimental observations.14 The understanding and control of 

defects in colloidal I-III-VI semiconductor NCs is the key to achieve efficient optical and 

opto-electronic applications using these environmentally benign NCs.  
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