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ABSTRACT 

 

With the aim to equalize solar energy and the energy production cost of fossil fuels, researchers 

had turned their efforts towards the development of new generations of solar cells. The synthesis 

of new materials with remarkable characteristics has been a major goal for the research commu-

nity in order to overcome the limitations that had prevented the solar energy to displace the fossil 

fuels as our primary source of energy. Several materials are in the spotlight for its promising prop-

erties such as perovskites and chalcogenides. Among the available inorganic compounds, Cu-

based chalcogenides are especially attractive for photovoltaic applications do to their potential to 

extend light harvesting into the near infrared region of the solar spectrum, their optical and elec-

trical characteristics and large variety which includes earth-abundant, nontoxic and inexpensive 

elements.  

In this work, several routes for the synthesis of copper-antimony-sulfide/selenide compounds are 

explored such as ligand exchange, where organic fatty ligands that surround the surface of nano-

crystals are removed and replaced by shorter inorganic ones; molecular inks, where bulk materi-

als are dissolved in a thiol-amine mixture at low temperatures allowing a complete solution pro-

cess fabrication; and cation exchange, which is a post-synthetic strategy for the fabrication of 

ionic nanocrystals that allows the total or partial replacement of host cations in the lattice of a pre-

synthesized parent system. Herein, the whole process of the solar cell is covered: Synthesis, 
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characterization and fabrication.  

The most remarkable finding in this work is the effect of the volume change (ΔV) in the crystal 

structure between the parent nanocrystal and the final composition on the morphology of cubic 

berzelianite Cu2-xSe nanoparticles while inducing partial cation exchange with Ge4+ and Sb3+. We 

found that in the case of Ge4+(ΔV 11.3%), the nanoparticles’ size and shape remained basically 

the same, but when CE with Sb3+ was performed, monocrystalline nanoplates of around 200 nm 

were obtained. We observed that when Sb3+ goes inside the lattice of the Cu2-xSe nanoparticles, 

it triggers a reorganization of the anion framework because of the high stress induced in the lattice. 

As these metastable nanoparticles gain energy as Sb3+ continues to substitute Cu+ ions, the na-

noparticles start to orient and attach as a way to reduce their surface stress and energy, thus 

forming the nanoplates. This new approach for growing larger crystals can help to overcome the 

limitations of small nanoparticles and to broaden even further the sea of possibilities to synthesize 

more and more complex materials. 
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INTRODUCTION 

 

With the aim to equalize solar energy and the energy production cost of fossil fuels, researchers 

had turned their efforts towards the development of new generations of solar cells1. Among the 

inorganic compounds, metal chalcogenides are especially attractive for photovoltaic applications 

do to their potential to extend light harvesting into the near infrared region of the solar spectrum2. 

Their optical and electrical characteristics and large variety which includes earth-abundant, non-

toxic and inexpensive elements have positioned metal chalcogenides as promising candidates to 

overcome the drawbacks of previous generations of solar cells.  

Copper antimony sulfide (CAS) is a I-V-VI type metal chalcogenide based on low-toxic and earth-

abundant elements that can be synthesized in four main phases: CuSbS2 (chalcostibite), 

Cu12Sb4S13 (tetrahedrite), Cu3SbS3 (skinnerite), and Cu3SbS4 (fematinite). All four phases of CAS 

exhibit p-type semiconducting behavior with an optical band gap ranging from 0.5 to 2 eV and a 

high absorption coefficient between 104 and 105 cm-1. Despite of its attracting optical and electrical 

properties, CAS NCs have been rarely studied for solar cell applications achieving, up to now, a 

power conversion efficiency record of 0.01%3. 

One of the main drawbacks of NCs in solar cell applications is the utilization of large organic 

ligands required for stability. However, these organic ligands act as insulators that hinder NCs-

based solar cells’ performance. In this work, we synthesize CuSbS2 and Cu12Sb4S13 using the 

ligand exchange approach in which Cu2S nanoparticles (NPs) capped with fatty ligands are used 

as a template to further remove the organic ligands and replace with Sb2S3 inorganic ones. By 

controlling the amount of antimony ligand it is possible to tune the CAS phase. In this experiment, 

two different ligand exchange approaches were used: the first one consists in dispersing the Cu2S 

NPs in toluene and stir along with Sb2S3 ligand in formamide. The polarity of the solvents is used 
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to separate the Cu2S NPs once the ligand exchange takes place. The second approach consists 

in depositing via spin-coating a thin film of Cu2S NPs onto the substrates and then dipping in a 

Sb2S3 ligand in formamide solution in order to remove the organic ligands and attach the inorganic 

ones. This process is repeated until we obtain the desired thickness. Furthermore, a complete 

solution process was performed by the fabrication of inorganic molecular inks of Cu2S and Sb2S3 

using a thiol-amine mixture to dissolve the bulk powders. With this approach specular films were 

spin coated and used for solar cell fabrication. 
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EXPERIMENTAL SECTION 

 

Chemicals. Copper(II) acetylacetonate (99.99%), ammonium diethyldithiocarbamate, copper(II) 

sulfide (Cu2S, 99.99), antimony (III) sulfide (Sb2S3, 99.995%), (oleylamine (OAm, 70%), oleic acid 

(OA, 90%), 1-dodecanethiol (1-DDT, >98%), 1,2-Ethylenediamine (99.5%), 2-mercaptoethanol 

(99.0%), acetonitrile (99%) were all used as received from Sigma Aldrich. Toluene and ethanol 

(HPLC grade) were purchased from Samchun Chemicals, Korea.    

Synthesis of Cu2S NPs. 1.25 mmol of ammonium diethyldithiocarbamate along with 10 ml of 1-

DDT and 17 ml of OA were loaded onto a 3-neck flask. The solution was heated up to 110°C 

under nitrogen flow, followed by a quick injection of a suspension of 1 mmol of copper(II) acety-

lacetonate and 3 ml OA. Then, the solution was quickly heated to 180°C and kept at this temper-

ature for 10-20 min, followed by cool down to room temperature. The reaction product was purified 

by three washing cycles of precipitation and re-dispersion with ethanol and hexane. The obtained 

NPs were stored inside a glove box for the next experiments.  

Preparation of CuSbS2 ink. 22.7 mg (0.143 mmol) of Cu2S and 53.7 mg (0.158 mmol) of Sb2S3 

were dissolved in 0.8 mL 1,2-Ethylenediamine and 0.2 mL of 2-mercaptoethanol using sonication 

and vigorous stirring at 70°C in a glove box. The resulted mixture was filtered and a clear yellow 

solution was obtained.  

Ligand exchange. For the ligand exchange experiments, in a 10 mL vial the following chemicals 

were added: formamide (2 ml), desired amount of Sb2S3 ligand, toluene, Cu2S nanoparticles dis-

persed in toluene. The previous solution was stirred for 10 min approximately until the upper part 

(toluene) was clear (indicating that the nanoparticles had been ligand-exchanged). The bottom 
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dark solution was extracted from the vial with a micropipette and washed with acetonitrile three 

times. All the previous procedures was carried out in a nitrogen-filled glove box.      

Structural Characterization and Elemental Analysis. X-ray Diffraction (XRD) Measurements. 

X-ray diffraction patterns were obtained by using a Rigaku MiniFlex 600 diffractometer, equipped 

with a Cu Kα X-ray source (λ=1.5418 Å). Samples for XRD analysis were prepared by depositing 

the purified nanocrystals/solution onto a glass substrate.  

Transmission Electron Microscopy (TEM). TEM, High-resolution TEM (HRTEM) images, selected 

area electron diffraction (SAED) patterns, STEM Energy Dispersive X-ray Spectroscopy (EDS) 

mapping were performed on a Hitachi HF-3300 microscope operating at 300 kV. TEM Samples 

were prepared by dropping the diluted colloidal nanocrystals onto carbon coated 200 mesh nickel 

grids. 

Scanning Electron Microscopy (SEM). Images were obtained using a Hitachi SU 8020 scanning 

at 3kV.  
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RESULTS AND DISCUSSION 

 

Ligand Exchange 

For the first set of experiments, Cu2S nanoparticles were synthesized using the hot-injection 

method described in the experimental section. As can be appreciated from Figure 1, the nanopar-

ticles are monodispersed and with an average size of around 6nm.  

 

 

Figure 1. TEM image of the synthesized Cu2S nanoparticles. 
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The idea of using the ligand exchange approach to synthesize copper antimony sulfide (CAS) in 

different phases arose due to the difficult conventional synthesis of stable and well-define CAS 

nanocrystals.  

 

Figure 2. Schematic representation of the ligand exchange process. Cu2S NPs capped with organic ligands 

(blue) undergo ligand exchange with inorganic Sb2S3 ligand (yellow).   

 

The ligand exchange process is illustrated in Figure 2. Different molar concentrations of Sb2S3 

were prepared ranging from 0.1 M to 1 M. It was observed that the high concentrated antimony 

ligand was difficult to dissolve even after one week of continued stirring. The molar concentration 

of the antimony ligand was fixed at 0.5 M and different amounts were used in order to explore the 

possibility to synthesize different phases of CAS. After several experiments, it was determined 

that 0.2 mL of the aforementioned antimony solution was enough to produce pure-phase 

Cu12Sb4S13 and more than 0.5 mL was required to achieve CuSbS2 as demonstrated by the XRD 

diffractogram in Figure 3. For the XRD measurements, the obtained nanocrystals were drop-

casted onto glass and annealed at 350°C for 1 hour under nitrogen atmosphere.  
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Figure 3. XRD of the Cu12Sb4S13 (A) and CuSbS2 (B) films obtained after ligand exchange and annealing.  

  

By this method, it was not possible to produce uniform films by spin-coating due to the instability 

of the CAS after the ligand exchange since the monodispersity of the nanoparticles was lost as 

well as the well-defined morphology. The reason was found to be related with the use of 1,2-

Ethylenediamine in the preparation of the antimony ligand as it is well known that amines can 

easily bind and extract copper. Then, the nanoparticles were being dissolved when the ligand 

exchange was taking place. Due to this inconvenient, a new approach was designed to synthesize 

CAS and make a uniform film. In the next experiment a “solution” ligand exchange approach was 

attempted as the represented in Figure 4. 

Highly concentrated Cu2S NPs dispersed in toluene were spin coated onto FTO/TiO2 at 1000 rpm 

for 30 seconds to form a uniform thin film. After drying the solvent at 150°C for 5 minutes, the 

films were allowed to cool down to room temperature and dipped in a solution containing forma-

mide and the desired amount of antimony ligand. The films were spin coated one more time to 

remove the excess ligand under the same time and speed condition and let dry in a hot-plate at 

200°C. specular films were obtained after the described process and a hard annealing treatment 

at 350°C for one hour. The films fabricated with both procedures mentioned before were charac-

terized by SEM as can be seen in Figure 5. In the case of the thin film obtained via solution ligand 
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exchange (Figure 5A), the thickness was calculated to be around 200 nm. When comparing the 

grain size, the solution ligand exchange process produced a larger grain size but unfortunately, 

an interface issue was detected in both methods. The gap that can be seen from the SEM images 

between the TiO2 layer and the CAS was not possible to decrease despite of multiple techniques 

employed such as low annealing temperatures, changes in the intermediate temperatures (soft 

annealing) and surface treatment with ozone and plasma. Furthermore, the stoichiometry of the 

films was not always the same since the batch-to-batch variation in the synthesis and the prepa-

ration of the ligands make difficult to reproduce the exact same results. Because of the previously 

mentioned problems, a new approach to synthesize CAS was explored and is explained in the 

following section.  

 

 

Figure 4. Representation of the “solution” ligand exchange approach. Cu2S NPs are spin coated to make 

a uniform film onto FTO/TiO2 coated substrates, then the film is dipped in a solution containing antimony 

ligand and annealed afterwards. 
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.  

Figure 5. Cross-section SEM image of the thin films fabricated via solution ligand exchange (A) and con-

ventional ligand exchange (B).  

 

Solution processed CuSbS2  

The use of common solvents to dissolve bulk materials has been attracting attention since the 

pursue for easier and cheaper processes is in high demand for the fabrication of optoelectronic 

devices4. In the last five years, the use of thiol-amine mixtures has gained attention since the 

short chain alkanethiol and ethylenediamine have proved to possess the ability to rapidly dissolve 

bulk materials under ambient conditions and favor the solution processability because of the ap-

propriate solvent volatility, and upon thermal annealing at low temperatures, give phase-pure 

semiconductor thin-films5. This experiment was based on the work of McCarthy et al.5 for the 

synthesis of CuSbS2 with the only difference that the Cu2S was dissolved in a separate vial than 

the Sb2S3 in order to have a better control over the desired phase. The Cu2S and Sb2S3 were 

mixed in different ratios with the aim of synthesizing different phases but only CuSbS2 was possi-

ble to synthesize without any impurity. By spin coating the obtained CAS molecular ink onto 

glass/FTO/TiO2 substrates at 2000 rpm for 60 seconds and after annealing at 200°C in a nitrogen-

filled glove box, 250 nm thin films of CuSbS2 were obtained as can be seen from the SEM image 

in Figure 6. This process resulted in highly uniform, dark and specular thin films (inset in Figure 
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6) and with no interfacial problems between the CAS and the TiO2.  

  

 

Figure 6. Cross-section SEM image of the CuSbS2 thin film obtained via molecular inks synthesis. Inset 

shows the specular obtained films. 

 

Since the obtained results were promising, it was decided to fabricate solar cells following the 

configuration in Figure 7. The devices annealed at 500° and 600°C showed a clear decomposi-

tion/evaporation of the constituent elements changing from a dark black to almost transparent 

color (Figure 8). 
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Figure 7. Solar cell structure to follow for the fabrication of devices using CAS molecular ink as absorber.  

Eight devices were fabricated at different annealing temperatures (250°, 300°, 400°, 500° and 600°C).  

 

Despite of the promising looking of the fabricated devices, no efficiency was obtained in this ex-

periment. After taking a closer look at the CuSbS2 film, it was possible to notice that the material 

grows in a porous structure and not in a compact film as depicted in Figure 9 where a top view of 

the CuSbS2 film is showed. The porosity of the film can be seen as plenty surface defects that 

hinder the correct transport of the free carriers from the CuSbS2 to the respective electrodes, 

which explains why the devices showed no efficiency.  
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Figure 8. Solar cells fabricated at 300°, 400°, 500° and 600°C (starting up-left to down-right) in the structure 

glass/FTO/TiO2/CuSbS2 (200 nm)/P3HT/Au.  

 

Taking advantage of the porosity of the films, heterojunction organic-inorganic solar cells were 

attempted using Spiro MeOTAD, P3HT, PCBM and PEDOT:PSS but no efficiency was obtained, 

strengthening our theory of the large amount of recombination sites in the CuSbS2 film that inhibit 

the correct transport.  
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Figure 9. Top view of the CuSbS2 thin film showing a considerable amount of surface defects.   
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CONCLUSIONS 

 

In this first part of the thesis, copper antimony sulfide thin films were fabricated through different 

methods. By using a ligand exchange approach, it was possible to synthesize Cu12Sb4S13 and 

CuSbS2. A certain degree of melting of the Cu2S NPs was caused by the use of 1,2-Ethylenedia-

mine in the preparation of the antimony ligand, which caused the loss of the nanoparticles’’ mor-

phology and stability. This situation forced us to try a solution ligand exchange in which a film of 

Cu2S NPs is firstly spin-coated and then dipped in a solution containing the Sb2S3 ligand. This 

method resulted in large-grain thin films of around 200 nm with a specular appearance. In both 

ligand exchange experiments, an interfacial problem with the TiO2 was detected which forced us 

to find another approach to produce the CAS films.   

In this part, also, CuSbS2 thin films of 250 nm were fabricated using the molecular ink route. Bulk 

Sb2S3 was dissolved in a thiol-amine mixture which was further spin-coated and annealed at 

350°C for one hour in order to produce uniform-specular films. Despite of the promising results, 

no solar cell efficiency was obtained through these experiments.  
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Part II. 

 

 

Synthesis of Cu3SbSe3 and Cu2GeSe3 Nanocrys-

tals via Partial Cation Exchange Reactions 
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INTRODUCTION 

 

Despite of the multiple advantages of traditional methods for colloidal synthesis of nanocrystals 

(NCs) such as heat-up and hot-injection, the ability to expand the synthesis to complex structures 

and phases has been limited by the kinetics of the crystal growth. In this context, cation exchange 

reactions (CE) emerged as a post-synthetic strategy for the formation of ionic nanocrystals that 

allows the total or partial replacement of host cations in the lattice of a pre-synthesized parent 

nanocrystal, thus, broadening the panorama of possibilities and giving access to the formation of 

new phases and compositions which are challenging to achieve via conventional methods6-11. 

This approach has been extensively studied since the beginning of this century and its application 

expanded to several fields such as biological imaging12 supercapacitors13, 2D Materials14, 15, op-

toelectronics16-18 and photovoltaics19. For example, in the quantum dots (QDs) research line, CE 

was recently used to add Ga3+ ions in pristine InZnP QDs resulting in an improvement in the 

photoluminescence quantum yield and photostability20. Also, it was used as a part of a new strat-

egy for controlling and narrowing the size distribution of lead chalcogenide QDs21. 

Even though CE has been widely used among the research community, it has not been until 

recent years that comprehensive studies about mechanisms and the role of the main variables 

involved in the reactions have been carried out. The role of the ion coordination number22, cation 

valency23, crystal structure of the parent NCs24, lattice strain and ligands25 are some of the most 

remarkable studies recently published. Among those main variables, the volume change (ΔV) in 

the crystal structure between the parent NC and the final composition has been reported as an 

important parameter since it is related with the morphology preservation in the cation exchange 

reactions. Wark, Hsia and Son firstly introduced the concept of the volume change in metal chal-

cogenide NCs while doing cation exchange from CdE (E = S, Se, Te) to MxEy (M = Pd, Pt). They 

found that depending on the stress developed in the crystal lattice of the reactant system caused 

by the guest cations (e.g. contraction of the anion framework by about 30% in the CdSe → PdSe 

CE reaction), a certain degree of morphological change can arise such as the formation of voids 

and fragmentation26. Another report regarding ΔV was published by De Trizio et al.23 while ex-

plaining the Sn cation valency dependence in CE reactions with Cu2-xSe NCs, where the differ-

ence in the unit cell volumes (contraction of 4% in the Cu2-xSe → Cu2SnSe3 and expansion of 7% 

in Cu2-xSe → SnSe) was not enough to produce substantial morphological changes. From these 
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studies, one important question arises: Is it possible to induce a significant morphological change 

by stressing the crystal lattice with cation exchange reactions? 

 

 

Figure 10. Representation of the crystal structure and partial cation exchange from cubic Cu2-xSe (center) 

to cubic Cu2GeSe3 (left) and Cu3SbSe3 (right). 

 

In this work, we investigate the effect of the crystal structure and specifically ΔV on the mor-

phology of cubic berzelianite Cu2-xSe NCs by inducing partial cation exchange with Ge4+ and Sb3+. 

Both reactions were carried out under the exact same temperature, reaction time and cation solv-

ation conditions in order to put aside the influence of these parameters so the obtained results 

are a direct consequence derived only from the effect of the exchange of Cu+ for the other cations. 

In the case of the partial CE with Ge4+ (Scheme 1 left), cubic Cu2GeSe3 was obtained after a 

minor contraction of the crystal lattice (ΔV -9.61%), while the NPs size and shape remained al-

most the same. On the other hand, when CE with Sb3+ (Scheme 1 right) was performed, ortho-

rhombic Cu3SbSe3 was obtained as a result of an expansion in volume of more than 200% (con-

sidering only one cubic unit cell). This huge stress in the crystal lattice of the Cu2-xSe NPs resulted 

in the formation of single-crystalline Cu3SbSe3 nanoplates of around 200 nm. To the best of our 

knowledge, neither cation exchange with Sb3+ nor such morphology transformation through CE 

reactions have been reported. With the aim of investigating the formation of the nanoplates, we 

tracked the growing mechanism since the injection of Sb3+. We found that when Sb3+ goes inside 

the lattice of the Cu2-xSe NPs, it triggers a crystal structure transition (going from cubic to ortho-

rhombic) in order to host the incoming cations inducing, at the same time, a phase transition from 

Cu2-xSe to metastable Cu3-xSb1-ySe3-z. As this metastable NPs gain energy as Sb3+ continues to 

substitute Cu+ inside the lattice, the NPs start to orient and attach to each other as a way to reduce 
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their energy, thus starting the formation of the nanoplates. To back up our theory, several charac-

terization techniques were employed such as transmission electron microscopy, X-Ray diffraction, 

optical emission spectrometry, elemental analysis and mapping.  

Since chalcogenides have been in the spotlight as their optical and electrical properties have 

positioned them as a promising alternative for high-cost, rare-earth and toxic materials27, 28, using 

CE reactions as a tool to grow chalcogenide nanostructures can help to overcome the limitations 

of small NCs and to broaden, even further, the sea of possibilities to synthesize more and more 

complex materials. Besides of the growth mechanism analysis presented in this study, we show 

that our Cu3SbSe3 nanoplates have potential as solar cell absorber due to its optical bandgap of 

1.32eV and photoresponse, which is consistent with previous theoretical reports29, 30.    
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EXPERIMENTAL SECTION 

 

Chemicals. Copper (I) iodide (CuI, 99.998%) from Alfa Aesar, germanium (IV) iodide (GeI4, 

99.99%), antimony (III) chloride (SbCl3, 99.95%), selenium powder (Se, 99.99%), oleylamine 

(OAm, 70%), oleic acid (OA, 90%), 1-dodecanethiol (1-DDT, >98%) were all used as received 

from Sigma Aldrich. Toluene and ethanol (HPLC grade) were purchased from Samchun Chemi-

cals, Korea.    

Synthesis of Cu2-xSe NPs. 0.4 mmol CuI together with 10 mL of OAm and 4 mL of OA were 

loaded into a three-neck round-bottom flask (50 mL) at room temperature. The mixture was de-

gassed under vacuum with vigorous stirring at 180 °C for 1 h. The solution colour changed from 

blue to clear yellow. The solution was then purged with nitrogen and temperature decreased to 

120°C. As soon as the solutions reached the desired temperature, the Se precursor prepared by 

ultrasonication of 0.3 mmol of Se powder in a mixture of 0.5 mL OAm and 0.5 mL 1-DDT was 

quickly injected. This produced a colour change from clear yellow to dark green. After stirring at 

120 °C for 1 h, the mixture was cooled to room temperature. This mixture containing Cu2-xSe NPs 

was directly used for the further cation exchange reactions described below. For characterization, 

the Cu2-xSe NPs were precipitated with ethanol and collected by centrifugation at 3,500 r.p.m. for 

3 min and cleaned by repeated precipitation with ethanol and redispersion in Toluene for three 

times until the supernatant came clear. The final Cu2-xSe NPs were dispersed in toluene and 

stored in a nitrogen-filled glovebox.  

Cation exchange with Ge4+. For the synthesis of Cu2GeSe3 NPs, the aforementioned mixture 

containing Cu2-xSe NPs was cooled to room temperature and 0.2 mmol GeI4 was added directly 

to the reaction flask. The mixture was resealed and heated to 100 °C under vacuum for 2 mins. 

After filled with nitrogen, the mixture was heated to 210 °C and kept at this temperature for 2 

hours. The product was purified using the same procedure as for the initial Cu2-xSe NPs.  

Cation exchange with Sb3+. For the synthesis of Cu3SbSe3 nanoplates, the previously synthe-

sized Cu2-xSe NPs were kept at 120°C and 0.2 mmol SbCl3 (previously dissolved in a 1 M con-

centration with OA) was injected. The mixture was heated to 210 °C under nitrogen atmosphere 

and kept for 2 H. The product was purified using the same procedure as the initial Cu2-xSe NPs. 

Structural Characterization and Elemental Analysis. X-ray Diffraction (XRD) Measurements. 

X-ray diffraction patterns were obtained by using a Rigaku MiniFlex 600 diffractometer, equipped 
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with a Cu Kα X-ray source (λ=1.5418 Å). Samples for XRD analysis were prepared by depositing 

the purified nanocrystals dispersed in toluene onto a glass substrate.  

Transmission Electron Microscopy (TEM). TEM, High-resolution TEM (HRTEM) images, selected 

area electron diffraction (SAED) patterns, STEM Energy Dispersive X-ray Spectroscopy (EDS) 

mapping were performed on a Hitachi HF-3300 microscope operating at 300 kV. TEM Samples 

were prepared by dropping the diluted colloidal nanocrystals onto carbon coated 200 mesh nickel 

grids. For the size distribution calculation, a script in Matlab was implemented. First of all, the 

original TEM image is converted into gray scale and the equivalent in pixels of the scale bar is 

obtained. Then, a function to detect circles is used and the radius of each approximated circle 

calculated. Images of the process can be seen in Figure S8.  

 

 

Figure 11. Process to calculate the nanoparticles’ size distribution in Matlab. 

 

Optical Spectroscopy. UV-vis-NIR Spectroscopy. Absorbance spectra of the nanocrystals dis-

solved in toluene were measured in 1 cm path length quartz cuvettes using a Cary 5000 UV-vis-

NIR (Agilent Technologies) spectrophotometer. 

X-ray Photoelectron Spectroscopy (XPS). XPS data were collected with a MultiLab ESCA 2000 

spectrometer equipped with a monochromatic Al Kα X-ray source and a concentric hemispherical 

analyzer. 

ICP-OES. Optical Emission Spectroscopy analyses were performed with an iCAP7400 (Thermo 

Scientific). For the preparation of the samples, the obtained nanocrystals were dried under vac-

uum and dissolved in 2 ml of HNO3+3HCl. The resultant solution was diluted with 18 ml of DI water 

and filtered.  
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RESULTS AND DISCUSSION 

 

In order to investigate the effects of the volume change (ΔV) in the crystal structure between 

the parent nanocrystal and the final composition and its relation to the morphology preservation, 

it was necessary to find an adequate host system. Among the available nanocrystals previously 

employed for the study of cation exchange reactions, the use of Cu-based dichalcogenides high-

lights as the exchange from Cu cations to other M+ ions is facilitated by the soft acidity of Cu+. It 

was also necessary to use a non-stoichiometry compound since NCs with a high density of Cu 

vacancies have been found to boost and promote cation exchange reactions by vacancy diffusion 

as demonstrated by Lesnyak et al. This necessity arises solely from the fact that in this study we 

do not add soft base exchange promoters like tri-n-octylophospine to the reactions as it has been 

found that they can not only dilate the unit cell but also partially etch the nanocrystals,31 and as in 

this study the morphology of the nanocrystals is investigated, we wanted to delimit the effects on 

the morphology to the mere cation exchange reactions. Finally, we opted for Cu2-xSe nanoparti-

cles to be used as the parent system for this investigation because they also remain stable in the 

cubic berzelianite phase along a wide range of copper stoichiometries. 

The parent Cu2-xSe nanoparticles were synthesized following a procedure developed by us 

(With a slight change in the reaction temperature)32 in which monodisperse spherical nanoparti-

cles of around 5.6 nm are obtained after 1 hour of reaction at 120°C as revealed by the TEM 

image and inset in Figure 12A. EDS analysis of the nanoparticles confirmed the non-stoichiometry 

Cu:Se ratio to be 1.82:1 (Figure 12B) and the purity of the phase was also corroborated with XRD 

as depicted in Figure 12C, where the XRD pattern of the Cu2-XSe nanoparticles (blue line) 

matches the berzelianite phase (JCPDS 6-680).  

 

Cation exchange with Ge4+  

As a first experiment, we validated the thermal stability of the Cu2-xSe NPs under the tempera-

ture and time conditions at which the further cation exchange reactions would be carried out. After 

the regular synthesis of the Cu2-xSe NPs described in the experimental section of this article, the 

temperature was increased to 210°C and kept for 2 hours. TEM images in Figure 13 show that 

the Cu2-xSe NPs remained monodispersed and spherical despite of the considerable increase in 



- 23 - 

 

temperature. However, a growth of around 2 nm and an improvement in the size distribution was 

observed, indicating that Ostwald ripening took place in the reaction.  

 

Figure 12. Low-resolution TEM images and EDS of the parent Cu2-xSe NPs (A-B) and the obtained 

Cu2GeSe3 NPs (D-E) after partial cation exchange. XRD patterns (C) of the Cu2-xSe (blue line) and 

Cu2GeSe3 (red line) NPs. The Inset in A and D shows the particle size distribution.  
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Figure 13. Low resolution TEM of the Cu2-xSe NPs after 2 hours at 210°C (A) and its size distribution(B) 

showing that the NPs remain spherical and monodisperse with an average size of 7.7 nm. 

 

After the thermal stability of the Cu2-xSe NPs was established, we proceeded to perform cation 

exchange with Ge4+. The TEM image in Figure 12D displays the obtained nanoparticles and the 

inset its size distribution. EDS analysis in Figure 12E revealed that the final product has a stoichi-

ometry of Cu2Ge0.95Se3 and the phase was confirmed by the XRD in Figure 12C (red line) to match 

with cubic Cu2GeSe3 (JCPDS 89-2878). 

When comparing the TEM images of Cu2-xSe and Cu2GeSe3, it is possible to distinguish a small 

difference in size and morphology. The Cu2GeSe3 NPs are in average 0.7 nm larger than the Cu2-

xSe but this difference in size cannot be attributed to the cation exchange itself but rather to the 

temperature at which the reaction was carried out as it has been proven that temperature in-

creases the Cu2-xSe NPs size. What can be linked to the cation exchange reaction, however, is 

the apparent loss of the sphericity of the nanoparticles as a more triangular shape can be ob-

served from the TEM.  Minor differences in the morphology of nanocrystals that have undergone 

cation exchange is common, and can usually be attributed to either the collapse of unit cells during 

the reaction due to lack of incoming cations33 or to small volume changes between the parent 

nanocrystal and final composition26. Taking a closer look at the characteristics of the cations and 

the crystal structures involved in this experiment, Cu2-xSe and Cu2GeSe3 share the same face 

centered cubic crystal structure and F-43m space group. Regarding the effective ionic radii, Ge4+ 

is smaller than Cu+ (53 and 60 pm for Z=4, respectively)34, suggesting that the exchange reaction 

is mediated by diffusion of Cu vacancies and interstitial diffusion of the Ge4+ ions into the lattice 



- 25 - 

 

of the Cu2-xSe NPs23. From the lattice parameters summarized in Table 1, it is possible to appre-

ciate that the crystal structure of the Cu2-xSe NPs suffers a contraction after the diffusion of Ge4+, 

which is consistent with the XRD in Figure 12C as the (111), (220) and (311) planes of Cu2GeSe3 

are shifted towards higher angles. In terms of volume change, there is a difference of 18.17 Å³, 

which represents a contraction of 9.61% between the Cu2-xSe and the Cu2GeSe3 unit cells. This 

volume change can be considered small, and is consistent with previous reports where volume 

changes of -4% and 7% were found to slightly affect the morphology of the nanocrystals after 

cation exchange but insufficient to produce substantial morphological changes23. Partial cation 

exchange with Ge4+ was used to establish a basis in which the ability of the Cu2-xSe NPs to un-

dergo cation exchange and retain basically its shape and size after a small volume change was 

proven. This experiment will be used for comparison in the subsequent part of the thesis.  

 

Table 1. Structure, lattice parameters, unit cell volume and fractional volume for the host and final 

compositions. 

Material Structure Lattice  parameters V (Å³) ΔV/V (%) 

Cu2-xSe Cubic a=5.74 189.12 Host 

Cu2GeSe3 Cubic a=5.55 170.95 -9.61 

Cu3SbSe3 Orthorhombic 

a=7.99  

b=10.61  

c=6.84 

579.85 206.60 

 

Cation exchange with Sb3+  

In this experiment, Sb3+ ions were added to the parent Cu2-xSe NPs under the same conditions 

as the previous experiment with Ge4+. In this case, nanoplates of around 200 nm (Figure 14A) 

were obtained after cation exchange. This result caught our attention since such morphological 

change is unprecedented in cation exchange reactions to the best of our knowledge.  More low-

resolution TEM images are provided in Figure 15, where it can be appreciated that the thickness 

of the nanoplates ranges from ~25 to 35 nm. The synthesized material was firstly identified by X-

ray diffraction (Figure 14B) which was found to precisely match with the Cu3SbSe3 crystal phase 

without the formation of impurities. STEM-EDS mapping (showed as inset in Figure 14A) was 

used to verify the uniform distribution of Cu, Sb and Se along the whole nanoplates and discard 
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the formation of heterostructures. The high-resolution TEM, SAED pattern and inverse FFT in 

Figure 14C revealed that the nanoplates are highly ordered with neither evident dislocations nor 

stacking faults, as well as single-crystalline and with an interplanar spacing of 0.538 nm that cor-

responds to the (020) plane of Cu3SbSe3. Moreover, the constituent element atomic percentage 

was obtained from EDS (Figure 14D), which confirmed the stoichiometry of Cu3SbSe3. XPS anal-

ysis (Figure 16) was used to confirm the oxidation state of all the constituent elements in 

Cu3SbSe3 where, according to the binding energies, it was found that copper is present as Cu+, 

antimony as Sb3+ and selenium as Se2-.  

Both cation exchange reactions carried out in this study ended up in ternary alloys rather than 

complete cation exchange. In the case of partial cation exchange with Sb3+, two experiments 

employing longer reaction time (5 hours) and excess of antimony (4 mmol) were performed in 

order to investigate the possibility of a complete cation exchange. However, despite of the condi-

tions, Cu3SbSe3 phase was obtained in both cases. In the first experiment, the reaction time was 

increased from two to five hours. X-Ray diffraction of the obtained sample matched entirely with 

Cu3SbSe3 and no peaks associated to other phases such as Sb2Se3 were detected. The obtained 

XRD from this sample can be seen in Figure 17. In the second experiment, an excesses amount 

of antimony was used (4mmol of SbCl3 was injected instead of 2mmol as employed in the regular 

synthesis) since is common in cation exchange reactions to use higher amounts of guest cations 

in order to facilitate the exchange by increasing the availability of cations in the solution. X-Ray 

diffraction of this sample was found to be similar to that of the previous experiment (Figure 17), 

suggesting that the Cu3SbSe3 is a thermodynamically stable phase and that complete cation ex-

change may not be possible under these conditions.  

A possible explanation to this phenomenon can be linked to the valence of the cations employed 

in the reactions and its ability to coexist in the Cu2-xSe sublattice. Similarly, Liu et al. proved for 

Covellite CuS nanoplatelets that trivalent and tetravalent cations can be incorporated into the CuS 

lattice to form stable ternary alloys while divalent cations may face conflicts between charge bal-

ance and coordination with Cu+ ending up in either complete cation exchange or formation of 

heterostructures33, which is not our case as antimony and germanium are present as Ge4+ and 

Sb3+. 
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Figure 14. Low resolution TEM (A), X-ray diffraction pattern (B), HRTEM, SAED pattern and inverse FFT 

(C) and elemental analysis (D) of the obtained Cu3SbSe3 nanoplates after cation exchange. The Inset in A 

shows STEM-EDS mapping for Cu, Sb and Se along the nanoplates (scale bar is 60 nm). 

 

 

Figure 15. Low resolution TEM images of the Cu3SbSe3 nanoplates, showing a large area (A) and a more 

focused image (B) from which the thickness of the NPLs can be estimated as around 25 to 35 nm.   
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Figure 16. X-ray Photoelectron Spectroscopy (XPS) for Cu (A), Sb (B) and Se (C) which confirm that the 

oxidation states are +1,+3 and 2-, respectively. 
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Figure 17. XRD pattern for the experiment extended until 5 hous of reaction obtainind at the end the same 

Cu3SbSe3 phase. 

 

In order to understand the transformation from Cu2-xSe NPs to Cu3SbSe3 nanoplates, we firstly 

tracked the phase evolution over time through X-Ray diffraction by decreasing the reaction time 

at 210°C from 2 hours to 0, 15 and 30 minutes, which can be appreciated in Figure 18A. Even 

though the reaction was stopped 30 minutes after the target temperature was reached, the rep-

resentative peaks of Cu3SbSe3, named planes (122) and (040), as well as other peaks proper of 

the ternary composition were present in the diffractogram. Equal results were obtained from the 

15 and 0 minutes’ samples, indicating that the phase transition had occurred promptly and at 

lower temperatures.  As we could not identify the transition state by decreasing the reaction time, 

we decided to lower the temperature in order to slow down the reaction process. A phase evolution 

over temperature study was carried out at a constant reaction time of 2 hours, which results can 

be found in Figure 18B.  Three different temperatures were chosen for this experiment: 180, 150 

and 120°C (temperature at which the parent system is synthesized). The XRD of the 180°C sam-

ple was found to be similar to that of 30 minutes at 210°C, characterized for well-defined and 

narrow peaks proper of big and highly crystalline structures, which made us believe that the na-

noplates under these conditions were already formed. On the other hand, the samples for 150 
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and 120°C showed different characteristics such as less or almost none peaks related with the 

Cu3SbSe3 phase, as well as broader peaks, suggesting that small particles are the main constit-

uent of these samples.  Interestingly, in the temperature study is possible to observe with more 

detail the decrease in intensity of the (220) and (311) peaks of Cu2-xSe and the transformation 

from its (111) plane into the (211) of Cu3SbSe3 which is roughly displaced 1 degree towards higher 

angles. TEM images corresponding to the three temperature conditions can be seen in Figure 19.  

 

 

 

Figure 18. X-ray diffraction studies of phase-time (A) and phase-temperature evolution (B) of the Cu3SbSe3 

nanoplates. 

 

As expected from the XRD analysis, the corresponding TEM image of the 120°C experiment in 

Figure 19A revealed the early stage of the formation of the nanoplates, in which is possible to 

spot nanoparticles arranged in a nanoplate-like structure. A large area TEM of this experiment 

showing the uniform state of the sample can be found in Figure 20. Figure 19B and C show a 

TEM image of the 150 and 180°C experiment, respectively. It is possible to appreciate in both 

images a well-defined nanoplate morphology with the difference that less nanoparticles and a 

more crystalline aspect can be observed from the 180°C sample when compared to 150°C. Se-

lective area diffraction (SAED) patterns in the insets of Figure 19A-C provide a strong evidence 

of the gradual transition from polycrystalline nanoparticles to single-crystalline nanoplates.  
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Figure 19. TEM images from the 120 (A), 150 (B) and 180°C (C) samples showing the formation of the 

Cu3SbSe3 nanoplates. Insets in A-C show SAED patterns corresponding to each sample, all scale bars are 

5 1/nm. (D) shows the evolution of the Sb/Cu ratio over temperature measured with ICP and EDS. 

 

An important question arises from the observations in this experiment and is related to whether 

the nanoparticles observed in the TEM images of Figure 19 contain antimony or remain as Cu2-

xSe. Inductively coupled plasma optical emission spectrometry (ICP-OES) and EDS were meas-

ured for all four cation exchange experiments involving Sb3+ at 120,150,180 and 210°C; revealing 

that a certain amount of antimony cations had already been exchanged for Cu+ in the Cu2-xSe 

lattice even for the low temperature condition. For a better understanding, the antimony to copper 

ratio (ideally 0.333 for the stoichiometry Cu3SbSe3) was calculated and plotted in Figure 19D, in 

which is possible to observe that in the case of the ICP measurement, increases almost linearly 
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from 0.11 in the 120°C sample to 0.172 at 180°C, indicating then that the nanoparticles and sub-

sequent formations observed in Figure 19 are indeed in a metastable Cu3-xSb1-ySe3-z phase. From 

the obtained results, it is possible to glimpse a relation between the amount of Sb, morphology of 

the structures and temperature, which will be addressed later in the discussion. 

 

 

Figure 20. Low resolution TEM image of the cation exchange process at 120°C after 2 hours of reaction 

with Sb3+showing the arrangement of nanoparticles in a nanoplate-like structure. 

 

So far, it has been shown how Cu2-xSe NPs arrange in a nanoplate-like morphology after the 

incorporation of a trace amount of antimony cations into its lattice, but the reason why nanoparti-

cles are arranging and further recrystallizing has not been addressed. In order to understand this 

phenomenon, we decided to take a closer look at the 120°C experiment by decreasing the reac-

tion time from 120 to 60 and 30 minutes. The XRD pattern of the 30 min sample (red line in Figure 
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21A) resulted to be of great similarity to that of the Cu2-xSe NPs by showing three main peaks 

analogous to the (111), (220) and (311) planes, which suggests that the FCC crystal structure 

remains under this condition. Furthermore, the TEM image of the same sample displayed in Fig-

ure 21B revealed that it consists of monodispersed nanoparticles, which Sb/Cu ratio was calcu-

lated from STEM-EDS as 0.127 (Figure 22), indicating that the Cu2-xSe NPs can host a certain 

amount of Sb cations while keeping its size and morphology. When we take a closer look at the 

XRD, we can see a shifting of the peaks with respect to the Cu2-xSe reference, suggesting that 

the crystal structure has started to change in order to host the incoming cations. A close-up from 

25 to 30° can be seen as inset in Figure 21A, where it can be clearly appreciated that neither the 

30 min nor 60 min samples match the references. By assuming that the nanoparticles in the 30 

min sample hold the cubic structure, it is possible to calculate its lattice parameter since the inter-

planar distance can be obtained from Bragg’s law as follows: 

Firstly, the position of the 3 main peaks showed in the XRD of Figure 21A (red line) were meas-

ured. Then, from Bragg’s law (2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆) the interplanar spacing for each plane was ob-

tained. Since the structure was assumed as cubic, the lattice parameter can be determined with 

the following relation: 

 

1

𝑑2
ℎ𝑘𝑙

= (ℎ2 + 𝑘2 + 𝑙2)
1

𝑎2
 

 

The results are listed in Table 2: 

 

Table 2. Interplanar spacing and lattice parameters calculated for three different planes of the Cu3-

xSb1-ySe3-z nanoparticles.  

Plane 2θ 𝑑ℎ𝑘𝑙 a 

(111) 27.06 3.29 5.698 

(220) 45.06 2.01 5.686 

(311) 53.36 1.71 5.689 

 

 

 

From the XRD peak corresponding to the (111) plane at 2θ = 22.06°, the interplanar distance 

was calculated then as 3.29, which in turn corresponds to a lattice parameter a = 5.69. With the 
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calculated lattice parameter, the corresponding fractional volume change (ΔV/V) was determined 

as -2.6%, which explains why the morphology of the 30 min sample remained as nanoparticle 

since, as well as in the Ge4+ experiment, the volume change was not enough as for producing a 

significant morphology alteration. Unfortunately, a similar analysis was not possible to carry out 

for the 60 min sample as peaks from the Cu3SbSe3 phase are present in the XRD (Figure 21A, 

blue line) so the crystal structure can no longer be considered as cubic. Nevertheless, what is 

interesting about this sample is that the presence of Cu3SbSe3 peaks in the XRD coincides with 

the beginning of the nanoparticles attachment, as can be seen in Figure 5C where highly-ordered 

Cu3-xSb1-ySe3-z nanoparticles arranged in a nanoplate-like morphology can be spotted. This might 

suggest that a more considerable volume change has occurred in the crystal structure since the 

final orthorhombic Cu3SbSe3 possesses a unit cell volume of 579.85 Å³ (which represents a vol-

ume change with respect of the cubic Cu2-xSe of 206.60%, which would require a drastic reorgan-

ization of the anion framework). A high-resolution TEM image (Figure 21D) obtained from the 

marked region in Figure 21C, revealed that the nanoparticles are fused with continuous lattice 

fringes, suggesting that the growth from nanoparticles to nanoplates is dictated by an oriented 

attachment mechanism triggered by a significant volume change between the parent Cu2-xSe NPs’ 

unit cell and the final Cu3SbSe3 composition. 
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Figure 21. XRD patters of the Cu2-xSe NPs after cation exchange with Sb3+ at 120°C with a reaction time 

of 60 and 30 min, as well as a magnified area of the XRD from 25 to 30° showed as inset (A). TEM image 

of the experiment after 30 min of reaction showing the retention of the morphology after the incorporation 

of a small amount of Sb cations into the Cu2-xSe lattice (B); EDS mapping of the same region can be found 

in Figure 22. TEM image of the 60 min reaction (C) shows the assembly of nanoparticles into a nanoplate-

like structure. (D) presents a HRTEM of the marked area in (C) where is possible to appreciate four NPs 

with continuous lattice fringes. 
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Figure 22. EDS of the Cu3-xSb1-ySe3-z nanoparticles (left) confirming the incorporation of Sb3+ into the Cu2-

xSe lattice after 30 minutes at 120°C. The Sb/Cu ratio can be calculated from the atomic percentage as 

6.78/53.02 = 0.1278. STEM-EDS mapping of the TEM image showed in Figure 21B corroborating the pres-

ence of Sb in the nanoparticles. 

 

Combining all of the above results and observations, we can propose the following mechanism: 

At low temperature (namely 120°C), antimony cations start to enter the Cu2-xSe lattice and replace 

Cu+ most likely by a combination of Cu vacancy diffusion and interstitial diffusion of Sb3+ as the 

effective ionic radius of the guest cations is comparable (76 pm for Z=4)34 to that of Cu+. While 

the amount of Sb3+ inside the Cu2-xSe lattice does not exceed approximately 1/3 of the stoichiom-

etry Cu3SbSe3, the morphology of the parent system is preserved as nanoparticle because the 

Cu2-xSe lattice can host the incoming antimony cations and retain its FCC crystal structure with 

just a slight contraction of the lattice parameter, which was measured as a fractional volume 
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change of -2.6% and found yet not enough as for producing a noticeable morphology change. 

However, when the temperature increases the cation exchange rate rises, reaching the point 

where the host system can no longer retain its crystal structure and starts a gradual phase tran-

sition from FCC to orthorhombic in order to accommodate the incoming cations, which can be 

observed in the several XRD analyses performed. This phase transition can be seen as a contin-

uous change in the lattice parameters, which is in turn associated with a change in the unit cell 

volume. It was proven that temperature does not provide enough energy as for significantly 

changing the morphology of the nanoparticles in the experiment with Ge4+, so the growth from 

nanoparticles to nanoplates is most likely related to the way in which the nanoparticles transit to 

a more favorable energetic state, since additional energy is gained from the changes that have 

arisen in the unit cell volume, id est, the surface stress. The growth, epitaxy and adhesion of 

nanoparticles are controlled by two important parameters named surface energy and surface 

stress; the first one is defined as the reversible work required to create a surface unit area while 

the second can be defined as the work required to stretch a given segment of surface, therefore, 

altering its atomic structure35-39.  The following equation (in which 𝑟 is the particle radius and 𝐾 

the material compressibility) is derived from the Laplace pressure for a solid particle, and stab-

lishes a direct relationship between the surface stress 𝑓 and the relative change in the lattice 

parameter 𝛥𝑎.  

 

𝑓 =  
3

4

𝛥𝑎

𝑎

𝑟

𝐾
 

 

Works in which this equation has been used to determine the surface stress of Ag and CdSe 

nanoparticles can be found in reference 40 and 41, respectively. Even though this equation is ideally 

valid for spherical isotropic solid particles with cubic crystal symmetry in a solution, it provides a 

clear idea on how the changes in lattice parameters contribute directly to a change in the surface 

stress. In our experiment, the small Cu2-xSe nanoparticles contain initially a high surface energy 

due to its large surface area/volume ratio, whereas additional energy is provided when the tem-

perature increases. When the amount of Sb3+ inside the Cu2-xSe lattice exceeds approximately 

1/3 of the stoichiometry Cu3SbSe3, the Cu3-xSb1-ySe3-z nanoparticles start to gain extra energy by 

means of surface stress.  Since the unit cell volume change between the initial Cu2-xSe NPs and 

the final Cu3SbSe3 is considerable, it would be expected that the Cu3-xSb1-ySe3-z nanoparticles 
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would exist in a high energy state, starting then to orient and attach as a way to grow in order to 

decrease their energy and become stable32, 42-46; resulting then, in the formation of the nanoplates.  

As a way to demonstrate to potential applications of the obtained nanoplates, we investigated 

the optical properties by measuring UV-vis-NIR absorption spectra. A comparison in absorption 

between the Cu2-xSe NPs and Cu3SbSe3 nanoplates which can be found in Figure 23A, revealed 

that the characteristic localized surface plasmon resonance peak in the NIR of the Cu2-xSe NPs 

disappears after the incorporation of Sb3+ into its lattice, indicating that the antimony cations can 

effectively fill the copper vacancies. Also, the bandgap energy of the nanoplates was determined 

by extrapolating the linear region of the Tauc Plot to the photon energy, resulting in a calculated 

bandgap of 1.32 eV (Figure 23B) which is consistent with previous reports29 to fall in the range of 

optimum bandgaps for photovoltaic applications. Led by the previous result, we decided to go 

further and explore the photoelectrical properties of the Cu3SbSe3 nanoplates. In order to do so, 

a solution containing the Cu3SbSe3 nanoplates was drop-casted onto a heavily doped Si substrate 

with pre-patterned gold electrodes. The photoresponse was measured using a Keithley 2636A 

source meter under N2 atmosphere in darkness and under an excitation source of a 405 nm blue 

laser (Thorlab). Figure 23C shows the I-V characteristic curve of the Cu3SbSe3 nanoplates which 

behaved differently under illumination and in darkness, indicating the existence of photogenerated 

carriers. The current versus time curve measured under a constant VDS= 0.1 V and fixed incident 

power of 38μW/cm2 with illumination toggling between “on” and “off” is presented in Figure 23D, 

where it can be seen that the photocurrent sharply increases when the laser is turned on and that 

the Cu3SbSe3 nanoplates are capable to generate photocurrent with reproducible response to 

ON-OFF cycles. Although the obtained results are far from being optimized, they provide an over-

view of the possible applications of the Cu3SbSe3 nanoplates.   
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Figure 23. UV-vis-NIR absorption spectra of Cu2-xSe NPs and Cu3SbSe3 nanoplates (A). Tauc plot and 

extrapolation of the spectra (dashed blue line) used to determine the bandgap energy (B). I-V characteristic 

curve of the Cu3SbSe3nanoplates measured in dark and under a 405 nm laser with an incident power of 

38μW/cm2 (C). Time-resolved photoresponse of the Cu3SbSe3 nanoplates under light on/off switching. 
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CONCLUSIONS 

 

In summary, we have shown how the unit cell volume change (ΔV) between the parent system 

and final composition can influence the morphology of the synthesized nanocrystals via partial 

cation exchange reactions. In the case of Cu2-xSe→ Cu2GeSe3 ΔV is around 10%, which was 

found not enough to produce morphological alterations since the sphericity and size of the parent 

Cu2-xSe NPs remained basically the same; but in the case of Cu2-xSe→ Cu3SbSe3, ΔV is more 

significant, which caused the nanoparticles to grow into single-crystalline nanoplates of around 

200 nm. We found that in the case of partial cation exchange with Sb3+, the significant ΔV caused 

the parent system to enter in a metastable phase due to the extra energy gained by means of 

surface stress caused by the incorporation of antimony cations into the Cu2-xSe lattice. This phe-

nomenon triggered an oriented attachment growth mechanism in order to transit through a more 

favorable energetic state and become stable by transforming from nanoparticles to larger nano-

plates. This study was meant to analyze and understand with more detail the variables involved 

in cation exchange reactions. Future work will focus on expanding this approach to produce more 

and more complex compositions with different morphologies that so far are challenging to synthe-

size through conventional methods. 
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요약문 

태양전지 응용을 위한 삼원계 금속 칼코게나이드의 합성과 특성 

 

태양 에너지와 화석 연료의 에너지 생산 비용을 비슷하게 맞추기 위한 목적으로, 

연구원들은 새로운 태양 전지의 개발을 위해 노력했다. 주목할 만한 특성을 가진 새로운 

물질 합성은 화석 연료를 대체할 수 있는 태양 에너지의 한계를 극복하기 위한 연구 

공동체의 주요 목표였다. perovskite 와 chalcogenide 같은 유망한 물질들이 태양전지 

물질로써 주목을 받고 있다. 이용 가능한 무기 화합물 중에서, 특히 copper 기반의 chal-

cogenide 는 태양광 스펙트럼의 가까운 적외선 영역의 빛을 흡수하고, 광학적 및 전기적 

특성, 무독성, 그리고 지구에 매우 많이 존재하여 값이 저렴하기 때문에 태양전지 응용에 

매력적이다. 

본 연구에서는 나노 표면을 둘러싸고 있는 유기 지방산 교환기를 짧은 무기물 교환기로 

치환하거나 유기 지방산 교환기를 제거하는 방법들을 이용하는 것 같이, copper-antimo-

nyy-sulfide/selenide 화합물의 합성을 위한 여러 방법을 탐색하였다; 분자 잉크 제작은 

낮은 온도에서 부피가 큰 물질이 티올-아민 혼합물에 용해되어 완전한 용액 공정 제작이 

가능하다; 양이온 치환기법은 미리 합성된 물질에서 호스트 양이온의 전체 또는 부분적인 

교체를 허용하는 이온 나노 시스템의 제조를 위한 사후 합성 전략이다. 여기서 물질의 합성, 

특성화 및 제작과정을 포함한 태양 전지의 전체 과정을 다룬다. 

본 연구에서 발견된 가장 주목할 만한 것은 입방 berzelianite Cu2-xSe 의 형태를 갖는 친 

나노 결정체와 부분적으로 Ge4+ 및 Sb3+ 가 치환된 결정 구조에서의 볼륨 변화(ΔV)의 

효과이다. 우리는 Ge4+ (ΔV11.3%)가 양이온 치환된 경우, 나노 입자의 크기와 모양은 
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기본적으로 동일하게 유지되지만, Sb3+를 가진 양이온 치환이 진행되었을 때 200 nm 

크기를 갖는 단결정의 nanoplate 가 형성되는 것을 발견했다. 우리는 Sb3+가 Cu2-xSe 나노 

입자의 격자 안에 들어가면 격자에 유도된 높은 응력이 음이온 프레임워크의 재구성을 

유발하는 것을 발견했다. 이러한 준 안정한 나노 입자들이 에너지를 얻을 때, Sb3+이온들이 

계속해서 Cu+이온을 대체하면서 나노 입자들은 방향을 잡기 시작하고 표면 스트레스와 

에너지를 감소시면서 nanoplates 를 형성한다. 더 큰 결정체를 만들기 위한 이러한 새로운 

접근법은 작은 나노 입자의 한계를 극복하고 더 많은 복잡한 물질을 합성하기 위한 

가능성의 바다를 넓히는 데 도움이 된
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