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Abstract

Creation of thin film CuSbSe2 through closed space
vapor transport deposition

Malin Eriksen

With an increasing demand for fossil-free energy the development of efficient solar
cells made from sustainable and abundant materials is needed. A promising group of
new absorber materials are the chalcogenide materials, including the chalcostibnite
compounds copper antimony selenide, CuSbSe2. The few studies that have been
carried out on this material show promising properties with an absorption coefficient
higher than 7 x 104 cm-1 in the visible region and a band gap around 1.5-1.1 eV,
which theoretically can be tuned by creating an alloy with the more studied and
higher band gap material CuSbS2.

This project has focused on creating CuSbSe2 using closed space vapor transport
(CSVT) depositions. Three different approaches have been used; 
i. deposition of antimony selenide, Sb2Se3, on pre-sputtered copper films, 
ii. deposition of antimony and selenium in two steps on pre-sputtered copper films
and
iii. deposition of selenium on pre-sputtered stacked films of copper and antimony. The
films were analyzed using optical imaging, SEM, EDS, XRD, and UV-Vis spectroscopy.

It was found that the Cu-Sb-Se system is complicated, containing numerous phases
with low crystallographic symmetry compared with chalcopyrite materials. The
sublimation data found in the literature for Sb2Se3 is not applicable for the pressures
used in this project. Created samples did not contain enough antimony and further
studies on Sb2Se3 are needed if CuSbSe2 is to be created in the CSVT system using
Sb2Se3 as source. In the three different experimental procedures used in the project,
the phases CuSbSe2, Cu3SbSe3, Cu3SbSe4, Sb2Se3 and an unknown phase were
observed in the samples. The composition of the unknown phase could not be
identified but its XRD pattern has been revealed. The window in ratio of Cu:Sb for
creating CuSbSe2 seems to be very narrow and needs to be close to 1:1. If so the
phase can be formed by annealing samples consisting of  Cu3SbSe4 or Sb2Se3. A
more refined approach where the deposition and reaction with selenium can be
better controlled thus needs to be developed in order to form films with single phase
CuSbSe2.
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Syntesering av CuSbSe2 tunnfilmer genom CSVT 
(closed space vapor transport) 

 

Malin Eriksen 

 

 

Behovet av energi ökar stadigt i världen och år 2050 beräknas efterfrågan ligga på 30 TW 

jämfört med en efterfrågan på 10 TW år 2005. Av de totala 30 TW beräknas 10 TW användas 

som elektrisk energi, och om vi ska nå uppsatta miljömål är det inte troligt att fossila 

energikällor kommer kunna användas för att producera dessa. Det innebär att de förnybara 

energislagen, och inte minst solceller, har en viktig roll i framtidens produktion av elektrisk 

energi.  

Tunnfilmssolceller består av flera olika skikt av material, bland annat ett absorptionsskikt 

samt två elektroder, elektriska ledare. I absorptionsskiktet sker den fotovoltaiska effekten där 

energi i form av ljus omvandlas till energi i form av elektricitet. Solljuset absorberas av 

absorptionsmaterialet och ger upphov till fria elektroner som sedan kan ledas ut ur materialet 

till elektroden. Elektroden för i sin tur de fria elektronerna, även kallat elektricitet, vidare till 

en elledning och ger oss möjlighet att använda den skapade energin i våra vägguttag eller för 

att ladda ett batteri.  

För att omvandlingen av ljus till elektricitet ska vara så effektiv som möjligt och för att 

materialet i övrigt ska vara lämpligt för användning i solceller är några egenskaper speciellt 

viktiga för absorptionsmaterialet. Bland annat så måste ämnena i materialet finnas tillgängligt 

till en rimlig kostnad, materialet ska helst inte vara giftigt och bandgapet, energin som krävs 

för att skapa fria elektroner, måste vara mindre än energin hos det inkommande ljuset för att 

elektricitet ska kunna skapas. Utöver det så ska materialet också kunna skapas med en enkel 

och relativt billig metod. 

De absorptionsmaterial som idag används är bland annat kisel, kadmiumtellurid (CdTe) samt 

en sammansättning av koppar, indium och selen (CIS). Dessa har alla bra eller lovande 

egenskaper men om efterfrågan på solenergi ökar finns risken att tillgången på bland annat 

indium och tellurium är mindre än vad som behövs. Sökandet efter nya absorptionsmaterial 

pågår därför och ett lovande ämne är en sammansättning av koppar, antimon och selen 

(CuSbSe2). Ämnet är fortfarande relativt outforskat men uppvisar lovande egenskaper som 

absorptionsmaterial. Bandgapet är något lågt, jämfört med de effektivaste solcellerna idag, 

men genom blandning med sammansättningen av koppar, antimon och sulfat (CuSbS2) med 

ett större bandgap kan detta ökas till en önskvärd nivå. 

Detta projekt har fokuserat på att försöka skapa CuSbSe2 på tre olika sätt genom att använda 

ett system där ett källmaterial förångas och kondenseras som beläggning på ett substrat. 

i. Först användes materialet antimonselenid, Sb2Se3, som källa och glas med en film av 

koppar som substrat, 

ii. i del 2 användes rent antimon och rent selen för att i två steg belägga ett substrat av 

glas med kopparfilm, 

iii. i del 3 användes en källa av rent selen och ett substrat bestående av glas med filmer 

av koppar och antimon på varandra. 
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Filmerna har sedan analyserats med: 

 optisk mikroskopi – ger en bättre bild på materialet,  

 elektronmikroskopi – ger en högupplöst bild på materialet,  

 energidispersiv röntgenspektrometer – ger en bild över materialets sammansättning, 

 röntgendiffraktion – ger en bild av de olika materialstrukturer som finns i filmen, 

 UV-Vis spektroskopi – ger en bild av bandgapet för filmen. 

 

Analyserna visade att de data som hittats för kondensation av Sb2Se3 inte är giltiga för de 

tryck som användes i detta projekt. Filmerna som tillverkats innehöll inte tillräckligt med 

antimon för att skapa CuSbSe2. Ytterligare studier krävs för att förstå beteendet för Sb2Se3 om 

denna teknik skall kunna användas med Sb2Se3 som källa. I de tre delarna av projektet har 

materialen CuSbSe2, Cu3SbSe3, Cu3SbSe4, Sb2Se3 samt ett okänt material skapats i olika 

mängd i proven. Mängden koppar mot mängden antimon måste vara nära 1, alltså lika mycket 

av de båda ämnena, för att CuSbSe2 skall skapas. Om lika mycket koppar som antimon finns 

kan CuSbSe2 skapas genom att hetta upp provet efter tillverkningen men inget prov med 

enbart denna sammansättning har skapats i detta projekt. En beläggningsmetod där 

depositionen och reaktionen med selen kan kontrolleras på ett noggrannare sätt behöver 

utvecklas för att filmer med rent CuSbSe2 skall kunna skapas. Sammansättningen av det 

okända ämnet har inte hittats i det här projektet men dess röntgendiffraktionsmönster, en bild 

över materialstrukturen, har presenterats.  
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Abbreviations 

General 
α  Absorption coefficient 

θ   Angle 

λ  Wavelength 

µn, µp  Mobility for electrons and holes 

ν   Frequency 

χ  Affinity 
A  Absorbance 
CSS  Closed space sublimation 

CSVT  Close Spaces Vapor Transport 

d  Distance between atom planes 

Dn, Dp  Diffusion coefficient for electrons and holes 

EDS  Energy dispersive x-ray spectroscopy 

Eg  Band gap energy 

eV  Electron volt 

h  Planck’s constant 

n   Nature of the band gap 

OM  Optical microscope 

PV  Photovoltaics 

R  Reflectance 

SEM  Scanning electron microscopy 

T  Transmittance 

TEC 15  Quartz glass coated with a film of fluorinated tin oxide 

Tsou  Source temperature 

Tsub  Substrate temperature 

TW  terra watt 

UV-Vis  Ultraviolet-visible spectrophotometry 

XRD  X-ray Diffraction 

Chemicals 

CASe  Copper antimony selenide 

CdTe  Cadmium telluride 

CIS  Copper indium selenide 

Cu  Copper 

Cu2Sb  Copper antimonide 

CuSbS2  Copper antimony sulfide 

CuSbSe2  Copper antimony selenide 

Cu3SbSe3  Tricopper antimony triselenide 

Cu3SbSe4  Tricopper tetraselenoantimonate 

CuSe  Copper selenide 

CuSe2  Copper diselenide 

Cu2Se  Copper selenide 

Cu3Se2   Tricopper diselenide 

FTO  Fluorinated tin oxide 

S  Sulfur 

Sb  Antimony 

Sb2Se3  Antimony selenide 

Se  Selenium 
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1 Introduction 

1.1 Background 

The threats of climate change and the need for security of energy supply are becoming 

increasingly apparent for countries around the world. In 2050 the worlds demand for energy is 

projected to be about 30 TW, compared to about 10 TW in 2005. About 10 TW of the total 

energy will be used for electricity.
1,2

 If we are to meet the ppm CO2 targets, the fossil fuels are 

not likely to contribute to the production of the 10 TW electrical energy. The combined 

energy production potential (including projected growth) of all “non-solar” sources is 

insufficient to meet the increase in demand of electrical energy.
1
 Photovoltaics (PV) can 

hence play an important role for future production of electrical energy.  

After the oil crisis in the 1970s the PV technologies were developed as a secure alternative for 

energy supply for countries with few fossil fuel resources. Since then the silicon PV has been 

developed and research on thin film techniques such as amorphous silicon, cadmium telluride 

(CdTe) and copper indium selenide (CIS) has been done.
3
 With the increase in demand for 

solar power, especially in countries like China, the question of abundance of material used in 

thin film PV has been raised. Are there enough resources of PV material to meet the increase 

in demand of fossil free energy?  

Solar cells consist of semiconductor materials, the materials that generate electricity in the 

cell, and commodity materials, all other material used in a cell such as glass, copper and steel. 

The abundance and predicted increase in production of commodity materials will probably be 

enough to meet the increase in demand of energy.
4
 The abundance and production of the 

specialty materials on the other hand, are not as likely to meet the estimated increase of 

demand. Especially indium, used in CIS solar cells, and tellurium, used in CdTe solar cells, 

are constrained materials. If these materials are to meet an increase in energy demand a quick 

development of solar cells using these materials, a higher grade of recycling and a higher 

price for the solar panels and hence electricity may be needed.
1,3,4

  

Another way to meet the increase in demand is to look further into new types of specialty 

materials. Ideally these should have high abundance, high production volumes, a direct band-

gap in the range of 1.2 – 1.5 eV, only include low-cost and non-toxic elements and the 

material should be easy to deposit with a low-cost process. A promising group of new 

specialty materials are the chalcogenide materials, including the chalcostibnite compounds 

copper antimony sulfide and copper antimony selenide, CuSb(Se,S)2.
3
  

The direct band gap for CuSbS2 is reported to be around 1.38-1.5 eV while it is smaller for 

CuSbSe2, around 1.05 eV. It is proposed that an alloy between the two could shift the band 

gap to the desired energy.
5
 The Cu-Sb-Se system has several reported phases

6,7
. To create the 

alloy phase with CuSbS2 in a controlled manner, we need to understand the behavior of 

CuSbSe2 in thin film form. At the time of this project some studies on CuSbSe2 have been 

reported but lots of questions still remain.  

1.2 Objective 

This project will focus on the deposition of pure CuSbSe2 films using Close Space Vapor 

Transport depositions. Four independent variables, source temperature, substrate temperature, 

system pressure and deposition time, are identified as necessary to control in order to obtain 

films with the desired thickness, uniformity and crystallinity. The properties of the films will 

be determined after film growth using techniques described below. 
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2 Theory 

2.1 Thin film solar cells 

Thin film solar cells consist of a window or top layer, an absorber or base layer, electrodes, a 

substrate and sometimes an anti-reflective layer. The substrate and the electrodes layer are 

made of commodity materials that are needed for the cell to work while the window and 

absorber layer are made of the specialty materials that generates the electricity. Thin film 

solar cells can also be of the type “multiple-junction” where several absorber layers with 

different band gaps are stacked on top of each other. The type of solar cell is often named 

after the elements in the absorber layer, for example CIGS that uses copper, indium, gallium 

and selenium in the absorber layer.
8
 

For energy conversion from electromagnetic light to current and voltage in photovoltaics, four 

steps are required: 

1. Excitation of an electron from the valence band to the conduction band in the absorber 

layer material caused by absorption of incoming radiation. 

2. Conversion of the excited state into at least one free electron-hole pair. 

3. Charge transport that discriminates the electron and the hole and move them to the 

negative and positive contacts, respectively. The electrons then travel through the 

external electric circuit. 

4. Recombination of the electrons and the holes at the anode returning the absorber to the 

ground state.
9
  

2.2 Absorber layer material 

The task of the absorber layer material in a solar cell is to generate free electron-hole pairs 

from the incoming radiation. In order to do so, and for the cell to be as efficient as possible, 

some material properties are important for the absorber material. 

 The band gap (Eg) of the material determines the wavelength of the light that the 

material can absorb, 

 the absorption coefficient (α) determines how far light with a certain wavelength can 

penetrate a material before being absorbed, 

 properties as the mobility for electrons and holes (µn, µp), the diffusion coefficient (Dn, 

Dp) and the affinity for electrons and holes (χ) that determines the current density that 

the cell can deliver.
9
 

The band gap should be smaller than or in the same range as the energy of the incoming solar 

radiation. The energy of the solar radiation is in the range of 250 – 2500 nm with a peak in 

flux at sea level in the visible light area, 400 – 700 nm. This gives a photon energy of around 

1.8-3 eV and a preferable band gap lower than that energy.
9
  

The optimum band gap can be seen as a compromise between high voltage and high current. 

The width of the band gap determines the voltage, the higher the band gap the higher the 

voltage, but the width if the band gap also determines the current. The higher the band gap, 

the more energy the light need in order to excite an electron and less light in the long 

wavelength range can be used. The output power is proportional toVIand the optimal band 

gap can hence be found where the curveVIhas a maximum.
10

 

The absorption coefficient should preferably be large in the range of wavelengths that the 

material is to absorb in order to be able to have as thin absorber layer as possible. The higher 

absorption coefficient, the shorter the light travels in the material before being absorbed.
9
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The properties that determine the current density states how easily the electron and the hole 

separate and move through the material to the contacts. To get an efficient cell it is important 

that the diffusion length is long and the recombination thereby low in order for charge carriers 

to reach the contacts.
9
 

2.2.1 Copper antimony selenide, CuSbSe2 
Over the last few years increase in efficiency for CIGS solar cells has been made in different 

research groups. Facing the problem with indium and gallium being rare and expensive 

metals, indium-free copper based chalcogenide semiconductors has come into focus as a low-

cost alternative. In the few studies that has been carried out, CuSbSe2 (CASe) shows 

promising properties as an absorption material for solar cells.
11

  

CASe crystalizes in a wurtzite-type chalcostibite structure based on the orthorhombic crystal 

system with space group Pnma. As a film CASe shows cathodic photocurrents, indicating a p-

type behavior. It has both a direct and an indirect bandgap and reported values are close to 

each other with values in the range of 1.10eV to 1.05 eV reported for the direct bandgap and 

values of 1.04eV for the indirect band gap.
5,11–14

 This is low compared to the desired bandgap 

for single junction solar cells and alloys with for example CuSbS2 would be necessary to 

increase the efficiency.
5
 Few studies of the absorption coefficient have been carried out but 

two results are reported as higher than 7 x 10
4
 cm

-1
 in the visible region

12,13
, which is good for 

a thin film solar cell application. 

CASe powder has been fabricated by the solvothermal method
14

, by the fusion method
15

 and 

by milling of elemental powders and post-heating or hot-pressing
5,16

. Thin films have been 

fabricated by combinatorial co-sputtering of Cu2Se and Sb2Se3
17

, electrodeposition
12,13

 and 

evaporation of Cu and Sb into multilayers followed by annealing in an atmosphere of Se
18

. 

These reports also state that good crystallinity were obtained by post-heating or thermal 

annealing
5,12,13

 or sputtering with a substrate temperature of 380   C17
. No studies have been 

presented on films synthesized by depositing Sb2Se3 onto films of copper. 

Other phases have been reported within the Cu-Sb-Se system, such as Cu3SbSe3 and 

Cu3SbSe4. A band gap of 1.87 eV was found for Cu3SbSe4 but was not reported for other 

phases.
7
 

XRD data for CuSbSe2 can be found in Appendix B. 

2.3 Source materials 

2.3.1 Antimony selenide, Sb2Se3 
Antimony selenide or antimonselite, Sb2Se3, is in itself a semiconductor that shows promising 

properties for photovoltaic applications. It has a band gap of 1.0-1.2 eV
19

. The material 

crystallizes in a one-dimensional structure where the ribbons are held together by van der 

Waals forces. The structure contributes to a poor carrier transport and mobility between the 

ribbons as well as a weak mechanical stability of films.
20,21

 The material is low cost, non-

toxic and it has a relatively low melting temperature indicating a low-temperature 

deposition.
19

 All these parameters are desirable properties in a material that can be processed 

at a low cost. In thin films, Sb2Se3 is reported to have a brown color.
22

 

The evaporation of Sb2Se3 is a poorly understood process but considered to be complex. 

Different studies on the matter report different sublimation products but agree that the 

material sublimate in molecular form, such as Sb2Se3.
23

 The vapor pressure for the material is 

reported to be around 7.5·10
-4

 at 467   C but results for lower temperatures are not considered 

reliable.
23,24
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2.3.2 Selenium, Se  
Selenium belongs to period 4 and group 16, the chalcogens, in the periodic table. It has 

several different amorphous and crystalline phases in the colors red, black and grey and has a 

melting temperature of 217   C. Grey selenium has a band gap of 1.5 eV at room temperature
25

 

while the same band gap for amorphous selenium is around 2 eV
26

. 

It is used, among other things, to make pigments for glass and ceramics, as an additive to 

stainless steel and in photovoltaics because of its photovoltaic and photoconductive actions. 

Elemental selenium is also an essential trace element for mammals and higher plants, 

considered as non-toxic, although selenides and other selenium compound can be extremely 

toxic.
25

  

Selenium is found in rare minerals and is most commonly recovered from the anode muds 

provided by copper refineries.
25

 World production of selenium in 2016 is estimated by the 

U.S. Geological Survey to be around 2 200 metric tons, not counting production from China 

and USA. The reserves for selenium is estimated to be 100 000 metric tons.
27

 Secondary 

production of selenium, recycling, is reported to be very small.
28

 

When selenium and copper react, they form different phases: Cu2Se, Cu3Se2, CuSe and 

CuSe2, depending on the selenium and copper content.
29

 Cu2Se has a reported band gap of 

between 1.23-1.3 eV
30

 and CuSe has a reported direct band gap of 2-3 eV and an indirect 

band gap of 1.1-1.5 eV
31

. 

2.3.3 Antimony, Sb 
Antimony belongs to period 5 and group 15, the pnictogens, in the periodic table. It is seen as 

gray in amorphous phase, as silver in metallic phase and has a melting temperature of 

630.74   C. It is widely used in different areas, among other in semiconductor technology, 

flame retardants, ceramic, glass, paint, bullets and batteries. Antimony and many of its 

compounds are toxic.
25

 

Antimony is frequently found in stibnite, Sb2S3, but also as antimonides of heavy metals, as 

oxides and as a metal.
25

 World mine production of antimony in 2016 is estimated by the U.S. 

Geological Survey to by around 130 000 metric tons, and the reserves is estimated to be  

1 500 000 metric tons. The world consumption in 2016 was estimated to 188 000 metric tons 

indicating that the secondary production, recycling, of antimony is rather good (comparing 

mine production and total consumption).
27

 

When antimony and copper react, they form different phases depending on the copper and 

antimony content. At the atomic ratio 1:1 for Cu:Sb, which this project is aiming for, the 

phases expected are Cu2Sb and Sb.
32
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3 Experimental procedures 
This chapter provides a description of the procedures for the experiments, the Grendel Closed 

Space Vapor Transport (CSVT) system and the techniques used for characterization of the 

films. 

3.1 Grendel closed space vapor transport system 

Closed Space Vapor Transport (CSVT) or Closed Space Sublimation (CSS) is a deposition 

technique that are usually noted in the production of CdTe solar cells and that are suitable for 

large-scale manufacturing. In the Grendel CSVT system, the substrate of glass with a film of 

copper is placed in a plane-parallel configuration in the chamber with the powdered Sb2Se3 

source (Figure 1). 

The source is rapidly heated to a temperature where it sublimates and is maintained at the 

desired temperature using infrared radiation. Thermocouples located in the graphite 

susceptors are used to monitor their temperatures with feedback to the electronic controllers. 

The sublimated source vapor diffuses, driven by difference in temperature and pressure 

between source and substrate, through a carrier gas or ambient vapor until saturation is 

reached. The sublimed source then condenses onto the substrate, kept at a lower or the same 

temperature as the source.
33

 Once condensed the different elements spontaneously react to 

form a new material. Masks consisting of sheets of the mineral mica cut into a rectangular 

shape with a squared hole are placed between the source and the substrate. The mask 

separates the source and the substrate and sustains a thermal gradient between the source and 

the substrate. The four process control variables are source temperature (Tsou), substrate 

temperature (Tsub), system pressure and deposition time. The variables are used to control the 

deposition of material from the source on the substrate, the rate of diffusion and reaction of 

the elements and the uniformity of the created material.  

Heating in the Grendel system was provided by lamps with a maximum capacity of reaching 

around 660   C for the source and substrate temperatures. The system is equipped with purging 

gas and pumping for a total pressure range of 0.1 Torr to 760 Torr. In this project argon was 

used as purging gas. 

Figure 1 – Schematic of Grendel CSVT system.
34

 



Page | 6  

 

3.2 Procedures 

For a complete list with details for the experiments and short comments, see APPENDIX A.  

3.2.1 Procedure 1 – Sb2Se3 source 
In the first set of experiments in this project, pre-synthesized Sb2Se3 was used as source in the 

Grendel CSVT system. The source was deposited onto clean commercial glass (TEC 15) and 

onto 0.1 µm thick copper films pre-sputtered onto TEC 15 (TEC15/Cu). The source of Sb2Se3 

was pre-synthesized into a lump of material. The lump was pounded in a pestle, loaded into 

the bottom carbon susceptors and flattened with a glass slide. TEC 15, glass coated with a 

film of fluorinated tin oxide (FTO), was used to enhance crystallization of the aimed 

CuSbSe2. The deposition was made at different source temperatures, pressures and for 

different times. The sample was also heated to different temperatures to enhance diffusion 

into the copper film substrate during deposition. 

3.2.2 Procedure 2 – Sb and Se sources 
In the second procedure used in the project, substrates of TEC 15 pre-sputtered with copper, 

50 nm and 0.2 µm thick, (TEC15/Cu) were thermally treated first in an atmosphere of 

antimony with pure antimony used as a source in the Grendel CSVT system. The sample was 

then subject to an atmosphere of selenium with pure selenium or amorphous selenium 

deposited on glass used as the source. The pure material sources were pounded into smaller 

pieces from delivered pellets and loaded into the bottom carbon susceptors. The experiments 

were made at different source and substrate temperatures, pressures and for different times. 

After the heat treatments, some of the samples were further annealed in a tube furnace with 

and without an atmosphere of selenium. 

3.2.3 Procedure 3 – Se source and pre-sputtered layer of Sb 
In a third set of experiments, samples of TEC 15 pre-sputtered with a layer of copper and 

antimony, with a mole ratio close to 1:1, were thermally treated in an atmosphere of selenium. 

As a source, pure selenium and amorphous selenium deposited on glass were used as in 

procedure 2. Treatments were performed at different source and substrate temperatures and 

for different times. After these heat treatments, some of the samples were further annealed in 

a tube furnace. 

3.3 Characterization techniques 

3.3.1 Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 
Scanning electron microscopy (SEM) is a technique used for obtaining high resolution images 

and reveal information about the texture and crystal structure of the sample studied. The 

microscope consists of a column, where an electron beam is generated and focused, mounted 

above a sampler chamber. In the sampler chamber the sample holder and detectors are 

located. When the generated electrons hit the sample, they interact with the electrons at the 

specimen surface through elastic or inelastic scattering. The scattering generates emitted 

electrons from the sample that the detectors collect and an image of the sample can be 

created.
35

 

Energy dispersive x-ray spectroscopy (EDS) is used to reveal the chemical composition in the 

sample. The EDS detector is placed inside the chamber of the SEM and collects x-rays 

emitted from the sample. When high energy electrons hit the sample, it interacts with the 

atoms within the sample and electrons from different energy states can be ejected, creating 

vacancies. These vacancies are filled with another electron by de-excitations and the excess 

energy is emitted as x-rays. The energy of the x-rays will equal the difference in energy states 

and are hence characteristic for the element. By collecting the x-rays and creating a spectrum 

the different elements of the samples can be revealed.
35
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In this project an Amray 1810T Scanning Electron Microscope and an Oxford Instruments 

Energy Dispersive X-Ray Spectrometer together with the software INCA has been used. The 

images presented in the report are taken in secondary electron imaging mode and both the 

images and the spectrums are created with an incident beam current of 20 kV, a working 

distance of 31 mm and at 1000x magnification if nothing else is stated. 

3.3.2 X-ray Diffraction 
X-ray Diffraction (XRD) is an analytical technique that gives information about the 

crystallographic phase and orientation of a material as well as information about grain size, 

composition and thickness of thin films. The diffractometer consists of an X-ray source, a 

sample holder and a detector that can move in a spherical symmetry. The monochromatic X-

rays, created by the source, interact with the sample and get scattered against the atoms in the 

material. If the material is crystalline the scattered X-rays will undergo destructive and 

constructive interference, and get diffracted. The diffraction pattern is unique for the crystal 

structure; the relation between a given wavelength of radiation, the diffraction angle, and the 

interatomic spacing is described by Bragg’s law (Equation 1).
36

 

           .     (1) 

Here λ is the wavelength of the incident radiation, d is the distance between the atom planes 

in the crystal, θ is the scattering angle, and n is the diffraction order, taken as unity in the 

present configuration. The detector collects the scattered X-rays for certain θ and a pattern 

over intensity versus θ or d can be plotted and analyzed.
36

 

In this project a Rigaku D/Max 2200 Powder X-ray Diffractometer was used for flat 

substrates coated with films, TEC 15, Cu-coated TEC 15, and films reacted in CSVT system. 

It uses Cu Kα radiation at 40 kV and 40 mA. A Philips/Norelco powder diffractometer was 

used to assess the phase content of the CSVT source material and was operated at 35kV and 

20 mA. 

3.3.3 Ultraviolet–visible spectrophotometry  
Ultraviolet-visible spectrophotometry (UV-Vis) is used to measure optical properties of a 

material. The spectrophotometer consists of a lamp and a monochromator, a sample holder 

and a detector. When the beam of light is incident on a film of a material the light may be 

absorbed, reflected, transmitted, diffused or refracted. The possibility of these phenomena 

depends on a lot of properties such as thickness of the film, porosity and homogeneity.
37

 The 

detector collects the light transmitted through or reflected by the sample at each wavelength in 

the UV and visible range of the electromagnetic spectra. The transmittance (T) and 

reflectance (R) are expressed as percentage of incident beam of light, %T and %R.  

If the reflectance, transmittance, absorption and the thickness of the film is known, the 

absorption coefficient can be approximated. The band gap (Eg) for the sample can then be 

calculated using the absorption coefficient (α) in the Tauc equation (Equation 2). 

     
 

 ⁄               (2) 

Where K is a constant, h is Planck’s constant, ν is the frequency of the light and the value of n 

depends on the processes giving rise to the band gap. n = 1/2 and 3/2 is used for direct 

allowed and forbidden transitions and n = 2 and 3 for indirect allowed and forbidden 

transitions.
37
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In this project, the thickness of the films was unknown. The absorption (A) was therefore 

approximated by equation 3, assuming that the sample did not diffuse or refract incoming 

light. 

                                (3) 

Scanning from long wavelengths to shorter, the absorption will start to increase when the 

energy is large enough to excite electrons within the material. The band gap is hence assumed 

to correspond to the energy at which the absorption starts to increase.  

In this project a Perkin Elmer Lambda 750 Spectrophotometer with a double beam, reference 

and measurement, and double monochromator has been used. 

3.3.4 Optical microscopy 
The optical microscope (OM) used in this project is an Olympus Vanox Microscope equipped 

with a digital camera. The microscope has four objective lenses and an additional two 

projection lenses allowing the magnification to be adjusted. The maximum scale resolution of 

the camera is 1024x1240. In this document, micron markers on the photographs are used to 

indicate the specific image scale. 

3.3.5 Gravimetry 
To assess the target’s thickness of antimony the sample were weighed before and after 

deposition. The scale used in this project is a Mettler Toledo AT206. 
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4 Results and discussion 
For a complete list with details for the experiments and short comments, see APPENDIX A.  

4.1 Procedure 1 – Sb2Se3 source 

The first experiments were carried out at a low source and substrate temperature, 350 to 

375   C, and at atmospheric pressure. The samples on clean TEC 15 were grey and red to the 

eye in the area not covered by the mica mask (Figure 2), the red color indicating an 

amorphous phase of selenium. Examination with OM of depositions on clean TEC 15 showed 

islands of deposited material growing into each other forming a film (Figure 3). Examination 

in SEM showed the same thing with island thicker in the middle and thinner at the edges 

(Figure 4).  

 

 

Figure 2 – Photo of sample SbSe-5 shows the 

deposition in the area not covered by the mica 

mask.

 

Figure 3 – Picture of sample SbSe-5 taken in 

optical microscope 

 

 

Figure 4 – SEM picture of SbSe-5. 
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The depositions made on TEC 15/Cu showed a change of color on the entire sample with a 

thicker film in the open area (Figure 5). The OM showed a more uniform film than the 

substrates without Cu (Figure 6). Examination with SEM showed a film covered by islands of 

material (Figure 7). The EDS analysis for the sample showed that the peak for antimony is 

very close to the peak for tin given from the FTO film on the glass. The sample does not 

contain a detectable amount of antimony.  

 

 

Figure 5 – Photo of sample SbSe-8 shows a reaction 

with Cu at the whole sample but a thicker deposition in 

the area not covered by the mica mask. 

 

Figure 6 – Picture of sample SbSe-8 taken in optical 

microscope.  

 

 

 

Figure 7 – SEM picture of SbSe-8. 
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The X-ray diffraction shows that the phases existing are Cu3SbSe4, slightly shifted, and CuSe 

in hexagonal phase, (Figure 8). The sample seems to be copper rich, more antimony are 

needed for a Cu:Sb ratio of 1:1. 

 

No. 2θ (deg) d (Å)   

1 27.72 3.215 Cu3SbSe4 

2 30.16 2.961 CuSe hexagonal 

3 31.12 2.871 CuSe hexagonal 

4 45.36 1.998 Cu3SbSe4 

5 45.62 1.987 Cu3SbSe4 

6 46.06 1.969 CuSe hexagonal 

7 49.88 1.827 CuSe hexagonal 

8 56.08 1.639 Cu3SbSe4 

Figure 8 - Graph and table showing the phases of SbSe-8.  mark the peaks corresponding to TEC 15. 

UV-Vis analysis of depositions on both TEC 15 and TEC 15/Cu indicated band gaps (Figure 

9, Figure 10). For the film deposited on clean TEC 15 a change in transmittance can be seen 

at around 670 nm, 1.85 eV, and around 300 nm. The change at 300 nm is caused by the 

substrate, TEC 15 (Figure 11), while the band gap around 1.85 eV is close to the band gap 

reported for Cu3SbSe4 (1.87 eV, see 2.2.1) but not close to the band gap reported for CuSe  

(2-3 eV, see 2.3.3). For the film deposited on TEC 15/Cu the transmission is lower, but the 

band gap can be seen at a similar energy level, of around 1.87 eV.  

 

 

Figure 9 – Results for UV-Vis measurements for SbSe-5, deposition on TEC 15, showing the reflection, 

transmission and absorption for the sample. 
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Figure 10 – Results for UV-Vis measurements for SbSe-7, deposition on TEC 15/Cu, showing reflection, 

transmission and absorption for the sample. 

 

Figure 11 – Results for UV-Vis measurements for TEC 15 showing absorption for the sample. 

 

To increase the amount of antimony in the films, experiments at a lower pressure than earlier, 

2 torr and 0.1 torr, was made with the same source temperature as earlier, 375   C. EDS 

analysis showed that these films contained only traces of antimony. The amount was still too 

low to be close to the ratio 1:1:2 (Cu:Sb:Se) needed for the desired phase of CuSbSe2. To 

avoid the problem with the peak for antimony being close to the tin peak in the EDS analysis, 

experiments on quartz glass without FTO coating at 0.1 torr and 375   C was carried out. The 

experiment yielded no deposit at all and after tries with quartz glass, with TEC 15 and longer 

deposit times with the same result the conclusion was drawn that the source itself had been 

transformed.  

EDS analysis of used and new source indicated a higher antimony content in the used source. 

However, X-ray diffraction on samples for a new source, used source material from region 

covered by mica and used source material from the exposed region showed that all the 

samples had the same phase of Sb2Se3 (Figure 12). Small differences in the pattern can be 

noticed but these have not been studied closer. The EDS analysis was made from a single 

crystal from the surface of the used source while the XRD pattern was made from several 

crystals. This means that the transformation of the source, if it happened, only happened on 

the very surface of the source or that the sublimation process of Sb2Se3 does not follow the 

reported path at the pressures and temperatures used in this project.  
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Figure 12 – Graph showing diffraction patters from new source and two different parts of the used source.  

To obtain a deposit, experiments at higher source temperatures and at 760 and 0.1 torr on 

TEC 15 were made. At a substrate temperature of       C and 760 torr a thin film was created, 

but it was too thin to analyze. The pressure was decreased to 0.1 torr in order to get a thicker 

film. Compared to the earlier runs on TEC 15, this film was darker and browner to the eye 

(Figure 13, Figure 14), indicating a higher content of antimony. EDS analysis of the film, 

however, again indicated no trace of antimony content. The temperature was raised to       C 

resulting in a thicker and darker film (Figure 14). The EDS analysis showed increased 

antimony content compared to earlier experiments.

  

Figure 13 – Photo of sample SbSe-19 shows the 

deposition in the area not covered by the mica mask. 

 

Figure 14 – Photo of sample SbSe-21 shows the 

deposition in the area not covered by the mica mask 

The same source temperature and pressure was then used to carry out two experiments on 

TEC 15/Cu, one without substrate heating and one with a substrate temperature of 200   C. 

The result in both cases was a reaction only in the area not covered by the mica mask (Figure 

15, Figure 16). The different colors of copper in the figures is a result of the pictures taken in 

slightly different angles and lighting. It can be seen that the film deposited with a fixed 

substrate temperature is more adherent and uniform than the film deposited without substrate 

heating. The SEM and EDS analysis of sample SbSe-23 showed that, in regions where the 

film is thicker, it is very flat and uniform (Figure 17). It contains both selenium and antimony. 

The XRD analysis revealed that the targeted CuSbSe2 phase is not present. More likely the 

film consists of the phase Cu3SbSe4, slightly offset in peak positions, and an unknown phase 

(Figure 18). From the EDS, the unknown phase should contain more antimony than copper.

1 cm 1 cm 
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Figure 15 – Photo of sample SbSe-23, deposition 

without substrate heating, shows the deposition in the 

area not covered by the mica mask. 

 

Figure 16 – Photo of sample SbSe-24, deposition at a 

substrate temperature of 200   C, shows the deposition in 

the area not covered by the mica mask. 

 

Figure 17 – SEM picture of SbSe-23. 

 

No. 2θ (deg) d (Å) 

 1 13.60 6.505 Cu3SbSe4 

2 27.58 3.231 Cu3SbSe4 

3 31.96 2.798 Unknown phase 

4 34.88 2.57 Unknown phase 

5 44.46 2.036 
Cu3SbSe4 / 

unknown phase 

6 45.84 1.978 Cu3SbSe4 

Figure 18 – Graph and table showing the phases of SbSe-23.  mark the peaks corresponding to TEC 15. 

At last an experiment at 660   C source temperature was carried out, resulting in a melted 

source and unsuccessful film deposition.  

1 cm 1 cm 

50 µm 
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4.1.1 Summary procedure 1 

Source Sb2Se3 

Substrates TEC 15 and TEC 15/Cu 

Pressure 760 torr, 2 torr and 0.1 torr 

Source temperatures 360 – 660   C 

Substrate temperatures Non-heated and 350 – 375   C  

Result Films consisting of Cu3SbSe4, hexagonal CuSe and/or an 

unknown phase according to XRD measurements.  

UV-Vis measurements support the XRD results. EDS 

measurements show that the samples does not contain 

enough antimony to create the desire phase. 

Transformation of the source occurred after a few runs. 

EDS and XRD analysis reveal the same phases and content 

for new and exposed source.  

4.1.2 Discussion 
None of the films made from sublimation of Sb2Se3 showed the desired phase. The phases 

showing are copper rich, hence the samples are poorer on antimony than the needed ratio of 

Cu:Sb 1:1. The antimony either does not evaporate at sufficient rate from the source or does 

not deposit sufficiently on the substrate. The tube used in the Grendel system is cooler than 

the substrate and got coated with excess material. However, the film inside the tube did not 

look as it consisted of more antimony than selenium. This could mean that the antimony does 

not sublimate in a traceable amount from the source at these temperatures and pressures. If so, 

it means that the existing literature on the subject is not to be relied on and that further 

investigations are needed to understand the sublimation process. For sample SbSe-23, a phase 

that does not match any of the used standards is revealed. This could be a new phase of one of 

the Cu-Sb-Se compounds described earlier in this report. 

We still do not understand why the sublimation ceased at low temperatures after a couple of 

experiments. The EDS analysis showed an increased amount of antimony in the used source 

while the XRD patterns show no phase transitions and the appearance of the source to the eye 

has not changed. The difference between the results from the EDS and the XRD analysis can 

be, as described above, a consequence of using a single or several crystals from the used 

source. The reliability of the EDS analysis can also be questioned in the absence of absolute 

standards – but the trends are believable.  

All the experiments resulted in films with one or several phases. That indicates that the 

temperatures used are enough to drive diffusion of selenium, and to some extent antimony, 

into copper at atmospheric pressure. That is useful since it indicates that the deposition of 

selenium can be done at atmospheric pressure, which is easier to perform than depositions in 

vacuum. That is, if a way to deposit antimony in a Cu/Sb-ratio closer to 1:1 can be found.  
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4.2 Procedure 2 – Sb and Se sources 

4.2.1 50 nm copper films 
Deposition of antimony at a source temperature of 500   C, 760 torr and for different times was 

carried out in order to investigate how to deposit enough antimony. The substrate was TEC 15 

glass coated with film of copper, around 50 nm thick. The deposited samples showed a 

uniform film of antimony on top of the copper (Figure 19, Figure 20) and analysis with EDS 

indicated that the atomic ratio of Cu:Sb was 1:1.  

 

 

Figure 19 – Photo of sample SbSe-33 shows the deposition of Sb in the area not covered by the mica mask. 

 

 

Figure 20 – SEM picture of SbSe-33. 
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The films of copper and antimony were then thermally treated at a substrate temperature of 

350   C and a pressure of 760 torr with selenium as source and at a source temperature of 

200   C for 15 minutes. The films showed that reaction with selenium occurred with both 

copper and antimony (Figure 21) and that a smooth film with islands of unknown material 

was formed (Figure 22). XRD analysis of the samples showed that the existing phases were 

Cu3SbSe4, slightly shifted, and an unknown phase (Figure 23). The unknown phase should, if 

the Cu:Sb ratio of 1:1 found in the EDS analysis is to be trusted, be antimony rich with a 

Cu:Sb ratio of 1:3. The UV-Vis analysis showed a low transmittance and not a very sharp 

absorption edge but the band gap seems to be around 660 nm, 1.88 eV (Figure 24). The band 

gap again corresponds rather well to the band gap of the phase Cu3SbSe4 (1.87, see 2.1.1) 

supporting the XRD data showing the same phase. The unknown phase hence has the same 

band gap or cannot be seen in the analysis. 

 

 

Figure 21 – Photo of sample SbSe-34 shows the area of reaction with Se. 

 

 

Figure 22 – SEM picture of SbSe-34. 
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No. 2θ (deg) d (Å)   

1 13.68 6.467 Cu3SbSe4 

2 27.64 3.225 Cu3SbSe4 

3 32.02 2.793 Unknown phase 

4 34.98 2.563 Unknown phase 

5 44.76 2.023 
Cu3SbSe4 / 

unknown phase 

6 45.3 2.000 Cu3SbSe4 

7 45.96 1.973 
Cu3SbSe4 / 

unknown phase 

8 53.72 1.705 Cu3SbSe4 

9 57.2 1.609 Unknown phase 

Figure 23 – Graph and table showing the phases of SbSe-34.  mark the peaks corresponding to TEC 15. 

 

 

Figure 24 – Results for UV-Vis measurements for SbSe-34 showing reflection, transmission and absorption for 

the sample. 
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In order to increase the antimony content in the films the source temperature was increased to 

525   C for the depositions of antimony. The conditions for deposition and reaction with 

selenium were kept the same. To the eye the films looked darker and the reaction with copper 

was more complete (Figure 25). The film has less islands of material (Figure 26), indicating 

that less material deposited unreacted at the surface. The XRD analysis showed the copper 

rich phase Cu3SbSe4, an unknown phase and Sb2Se3 (Figure 27). The UV-Vis analysis 

revealed two band gaps at around 1060 nm, 1.17 eV, and 750 nm, 1.65 eV (Figure 28). The 

band gap at 1.17 eV corresponds rater well both to the band gap for Sb2Se3 (1.0-2.0 eV, see 

2.3.1) and for CuSbSe2 (1.1 eV, see 2.2.1). Sb2Se3 are found in the XRD data and this band 

gap could hence correspond to this phase. The band gap at 1.65 eV are not as visible as the 

shorter one but corresponds rather well to Cu3SbSe4 (1.87 eV, see 2.2.1), also seen in the 

XRD analysis. 

 

 

Figure 25 – Photo of sample SbSe-39 shows the area of deposition of Sb and the area of reaction with Se. 

 

Figure 26 – SEM picture of SbSe-39. 
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No. 2θ (deg) d (Å)   

1 13.68 6.467 Cu3SbSe4 

2 15.00 5.901 Sb2Se3 

3 16.8 5.273 Sb2Se3 

4 27.64 3.225 Cu3SbSe4 

5 28.12 3.171 Sb2Se3 

6 31.1 2.873 Sb2Se3 

7 32.04 2.791 
Sb2Se3 / 

Unknown phase 

8 34.96 2.564 
Sb2Se3 / 

Unknown phase 

9 45.5 1.992 Cu3SbSe4 

10 45.92 1.975 
Cu3SbSe4 / 

Unknown phase 

Figure 27 – Graph and table showing the phases of SbSe-41.  mark the peaks corresponding to TEC 15. 

 

 

 

Figure 28 – Results for UV-Vis measurements for SbSe-41 showing reflection, transmission and absorption for 

the sample. 
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Annealing of a sample without presence of selenium showed a small change to the eye 

(Figure 29) and a shift in band gap from 660 nm to around 850, 1.46 eV (Figure 30) but the 

shape of the absorption edge does not change. The new band gap corresponds to the band gap 

found for grey selenium (1.5 eV, see 2.3.3). The XRD analysis shows that some peaks 

corresponding to Cu3SbSe4 decreases in intensity while peaks corresponding to the unknown 

phase stay the same in intensity (Figure 31). The selenium in this case could, if it exists, be in 

amorphous phase and will then not be seen in the XRD analysis. 

 

 

Figure 29 - Photo of sample SbSe-34 (right), before annealing, and SbSe-35 (left), after annealing. 

 

 

Figure 30 – Absorption for SbSe-34, before annealing, and SbSe-35, after annealing. 

1 cm 1 cm 
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Figure 31 – Graph showing the phases of SbSe-34 (black), before annealing, and SbSe-35 (red), after annealing. 

 mark the peaks corresponding to TEC 15. 

 

Annealing of a sample in presence of selenium showed a distinct change to the eye (Figure 

32) and a change in band gap (Figure 33) from two gaps, one sharp and one not as sharp, to 

one distinct gap at around 670 nm, 1.85 eV, sharper than before the annealing. The new band 

gap corresponds to Cu3SbSe4 (1.87 eV, see 2.2.1). The XRD analysis shows an increase of all 

the peaks indicating an increase in crystallinity (Figure 34) which could explain the changed 

band gap.  

 

 

Figure 32 – Photo of sample SbSe-39 (left), before annealing, and SbSe-42 (right), after annealing. 

 

1 cm 1 cm 
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Figure 33 – Absorption for SbSe-41, before annealing, and SbSe-42, after annealing. 

 

Figure 34 – Graph showing the phases of SbSe-41 (black), before annealing, and SbSe-35 (red), after annealing. 

 mark the peaks corresponding to TEC 15. 
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4.2.2 200 nm copper films 
In order to be able to better quantify the ratio of Cu:Sb by EDS measurements, thicker copper 

films were sputtered on TEC 15. To get a desired amount of antimony the mica masks were 

widened for a bigger deposition area and the pressure was decreased to 2 torr. To facilitate the 

reaction with selenium an alloy between the metals was created by heating the substrate to 

400   C after or during the deposition of antimony. The sample heated after deposition of 

antimony showed bad adhesion between the film and the glass (Figure 35) while the sample 

with an added substrate temperature during deposition showed a more adherent film (Figure 

36). XRD analysis showed that the antimony rich samples consist of Cu2Sb and pure 

antimony (Figure 37, Figure 38). 

 

 

Figure 35 – Photo of sample SbSe-53 shows the area 

of deposition of Sb, sample heat treated after 

deposition and with bad adhesion. 

 

Figure 36 – Photo of sample SbSe-55 shows the area 

of deposition of Sb, sample heat treated during 

deposition. 

 

 

Figure 37 – Graph showing the phases of SbSe-65 (black), before selenium deposition, and SbSe-67 (red), after 

selenium deposition. “A” marks the peaks for the alloy Cu2Sb and  marks the peaks corresponding to TEC 15. 
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No. 2θ (deg) d (Å)   

1 11.76 7.519 CuSbSe2 

2 13.70 6.458 Sb2Se3 

3 23.66 3.757 
Cu3SbSe3 / 

Sb2Se3 

4 26.42 3.371 Tec 15 

5 27.08 3.290 
Cu3SbSe3 / 

CuSbSe2 

6 27.66 3.222 Sb2Se3 

7 28.58 3.121 CuSbSe2 

8 32.04 2.791 Sb2Se3 

9 33.06 2.707 Cu3SbSe3 

10 37.40 2.402 Tec 15 

11 40.02 2.251 CuSbSe2 

12 45.96 1.973 CuSbSe2 

13 54.50 1.682 CuSbSe2 

14 57.10 1.612 CuSbSe2 

15 59.08 1.562 Sb 

16 65.84 1.417 Sb 

 

Figure 38 - Graph and table showing the phases of SbSe-64 (black), 30 min of Selenium deposition, SbSe-66 

(red), 60 minutes of deposition, and SbSe-68 (blue), 9  minutes of deposition. “A” and “B” mark areas with 

changes in peaks and  mark the peaks corresponding to TEC 15. 

 

Runs with selenium deposition at a source temperature of 200   C and a substrate temperature 

of 375   C and 400   C in 760 torr was carried out on antimony rich samples. The deposition 

was performed three times for 30 minutes and was analyzed between each run. Both samples 

showed a dark grey, almost black film to the eye after the first reaction with selenium and not 

full diffusion of copper into the film (Figure 39). The color slightly changed to a lighter grey 

after the third deposition (Figure 40). XRD analysis showed that after the first deposition of 

selenium all the alloy Cu2Sb has been reacted (Figure 37). The phases created after 30 

minutes of selenium deposition are CuSbSe2, Cu3SbSe3 and Sb. Further treatments increased 

the peaks for CuSbSe2 (peak A, Figure 38) while the peaks for antimony decreases (peak B, 

Figure 38 XRD peaks corresponding to Cu3SbSe3 increases or maintain the same in intensity. 

After 90 minutes of treatments a single phase is not created and peaks for antimony can still 

be seen, the reaction with selenium is not yet completed. 

UV-Vis analysis of the samples showed almost no transmittance and a low reflectance for 

samples treated with selenium two and three times (Figure 41). The low transmittance 

indicates that the sample still consists of metallic phases, which also is supported by the XRD 

data (Figure 38). A more significant absorption edge around 1180 nm, 1.05 eV, in reflectance 

can be seen for samples treated three times with selenium compared to samples treated two 

times (Figure 41). This corresponds to the values found for CuSbSe2 (1.1 eV, see 2.2.1) 

supporting the growing peak of that phase in the XRD data. The UV-Vis analysis also shows 

a higher transmittance and a lower reflectance, resulting in a higher absorbance, for the 

sample treated three times in 400   C than the corresponding sample treated in 375   C (Figure 

42). The results suggest that more antimony was reacted for the same amount of time at a 

higher temperature. 
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Figure 39 – Photo of sample SbSe-64 shows the area 

reacted with selenium and the copper film not diffused 

into the film after the first treatment at 375   C. 

 

Figure 40 – Photo of sample SbSe-68 shows the area 

reacted with selenium and the copper film not diffused 

into the film after the third treatment at 375   C

 

 

Figure 41 – Reflection, transmission and absorption for SbSe-66, treated with selenium two times at 375   C, and 

SbSe-68, treated with selenium three times at 375   C. 

 

Figure 42 – Reflection, transmission and absorption for SbSe-68, treated with selenium three times at 375   C, 

and SbSe-72, treated with selenium three times at 400   C. 
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In order to get a more complete reaction with selenium and more copper to diffuse into the 

film, selenium was deposited onto quartz glass to be used as a source. Runs were carried out 

with slightly antimony rich samples at 375   C and 760 torr for 30 minutes and for 350   C and 

760 torr for 60 minutes. Both samples showed a more complete diffusion of copper into the 

film (Figure 43) and the XRD analysis showed the creation of CuSbSe2, Cu3SbSe4 and Sb2Se3 

(Figure 45). This indicated that the reaction with selenium is slow, not allowing the antimony 

to diffuse into the Cu-Sb-Se phase. To get the two phases to react with each other and create 

the desired phase, the samples were annealed in an oven without the presence of selenium at 

400   C for 30 minutes (Figure 44). The XRD analysis showed that the peaks for CuSbSe2 

increased in intensity while the peaks for Sb2Se3 decreased and the peaks for Cu3SbSe4 

maintained approximately the same intensity (Figure 45). UV-Vis measurement before and 

after annealing of the samples showed very low transmission and did not reveal a band gap. 

  

 

Figure 43 – Photo of sample SbSe-73 shows the 

diffusion of copper into the film and the reaction of 

selenium after 30 minute treatment at 375   C. 

 

Figure 44 – Photo of sample SbSe-76 shows the film 

after annealing 30 minutes in 400   C. 

 

 

No. 2θ (deg) d (Å)   

1 11.74 7.531 CuSbSe2 

2 16.82 5.266 Sb2Se3 

3 23.60 3.767 
Cu3SbSe4 / 

Sb2Se3 

4 27.30 3.264 Cu3SbSe4 

5 28.18 3.164 CuSbSe2 

6 31.12 2.871 
Cu3SbSe4 / 

Sb2Se3 

7 32.18 2.779 Sb2Se3 

8 37.46 2.399 CuSbSe2 

9 45.56 1.989 Cu3SbSe4 

Figure 45 – Graph and table showing the phases of SbSe-73 (black), before annealing, and SbSe-76 (red), after 

annealing.  mark the peaks corresponding to TEC 15. 

  

1 cm 1 cm 
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4.2.3 Summary procedure 2 

Source Sb, Se and Quartz/Se 

Substrates TEC 15 and TEC 15/Cu 

Pressure For Sb deposition: 760 torr and 2 torr 

For Se deposition: 760 torr 

Source temperatures For Sb deposition: 500 – 525   C 

For Se deposition: 200 – 375   C 

Substrate temperatures For Sb: 0 and 400   C 

For Se: 350 and 375   C 

Annealing temperatures 400   C 

Result Films consisting of CuSbSe2, Cu3SbSe3, Cu3SbSe4, Sb2Se3, Sb 

and/or an unknown phase.  

The UV-Vis measurements support the XRD results but shows a 

low transmittance. EDS and weight measurements shows a higher 

antimony content than the phases revealed from XRD analysis.  

The alloy Cu2Sb is fully reacted after 30 minutes of treatment with 

Se. Longer deposition times and annealing increased the reaction 

with Sb but a single CuSbSe2 phase is not created after 90 minutes 

of treatment. 

4.2.4 Discussion 
The necessary window for the Cu:Sb ratio to create the desired phase seems to be very 

narrow. If the sample is copper rich, the phase Cu3SbSe4 is created. Antimony rich samples 

could form the desired phase of CuSbSe2 but also the phases Cu3SbSe4, Cu3SbSe3, Sb2Se3 and 

pure Sb depending on the completion of the reaction with selenium. To find the narrow 

window was hard with thinner films of copper since the amount of antimony needed for the 

ratio 1:1 was too small to be measured with the scale available. With thicker Cu films the 

amount of Sb deposited could be measured but to get exactly the amount needed is still hard 

within the CSVT system due to imprecise pressure control within the system. The exact 

amount of copper deposited on TEC 15 was also not known because of inconsistency in glass 

size. This could have been solved by weighing the samples before the deposition of copper. 

The thicker films also made the reaction with selenium harder since the elements need to 

diffuse deeper into the material.  

When annealing samples with CuSbSe2, Cu3SbSe4 and Sb2Se3 a reaction between the latter 

two and the creation of CuSbSe2 seems to be happening since the peaks for CuSbSe2 

increases while the peaks for Sb2Se3 decreases. The peaks for Cu3SbSe4 remain at the same 

intensity but this could be explained by the fact that it contains three copper atoms. The peaks 

for CuSbSe2 should hence increase about three times more than the peaks for Cu3SbSe4 

decreases. 

One problem was encountered with the control of source temperature for the selenium source. 

At temperatures above 200   C the grey, sintered cake of selenium transforms into a black 

phase with a shiny look. Once the source has transformed into the black phase it seems to 

transform back and forth between the black and the grey phase when runs made at 200   C are 

being made. The different phases seems to have different thermal properties since the source 

temperature is sometimes stable at 200   C and sometimes unstable when the same substrate 

temperature of 375   C and atmospheric pressure are used. This fact caused some problems 
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during the experiments and more studies about the phases of selenium are needed in order to 

draw a complete phase diagram and understand the phenomenon.  

Treating the samples at the higher temperature 400   C gave a better result for the UV-Vis 

measurements than for samples treated at 375   C for the same amount of time. This may be 

explained by faster reaction and diffusion at a higher temperature. When the source 

temperature was increased from 200   C to 350   C and 375   C the reaction with copper was 

more complete and instead of Cu3SbSe3 and Sb, the more Se rich Cu3SbSe4 and Sb2Se3 were 

formed. In both cases the alloy, Cu2Sb, is decomposed and phases with Cu:Sb ratio 3:1 and 

0:1 are created. Further annealing or selenium treatment increases XRD peaks for CuSbSe2 

but after 90 minutes the sample still consists of several phases, the reaction is hence slow, and 

the timeframe is hours rather than minutes at the temperatures used.  

A lot of the UV-Vis measurements in this part show a low transmission, this could be because 

of a residual metallic phase. In some samples this is explained by Sb being revealed in the 

XRD analysis but in some samples, that is not the case. In these samples there may be a phase 

that behaves metallically but is not crystalline, and hence does not show up in the XRD 

patterns.  

4.3 Procedure 3 – Se source and pre-sputtered layer of Sb 

In the final set of experiments, pre-made films with a Cu:Sb ratio of 1:1 was used as substrate 

and the deposition of selenium was carried out at a source temperature of 200   C, a substrate 

temperature of 375   C, a pressure of 760 torr and for 30 minutes. The metal bilayers were 

deposited by sequential evaporation in an electron beam evaporator and the thickness was 

controlled by use of quartz crystal monitoring. After the selenium deposition the samples 

were annealed in argon atmosphere in oven at 400   C for 30 minutes. Selenium deposited onto 

quartz glass and selenium in the form of a sintered cake was used as the source and the 

annealing was carried out in an oven without presence of selenium. 

The sample made with selenium deposited on glass as source shows a more uniform film 

(Figure 46) than the sample made with the sintered selenium used as source (Figure 47). EDS 

analysis of the sample reveal that it consists of around 17 atomic% Cu, 14 atomic% Sb and 10 

atomic% Se. Both films are black to the eye and consist of the same unknown phase 

according to the XRD analysis (Figure 49). None of the peaks correspond to the reported 

phases in the Cu-Sb-Se system but are the same unknown phase as seen earlier in the project. 

Figure 48 shows a SEM picture of the grains at the surface and in Figure 50 the position of 

the peaks for the phase is shown. UV-Vis measurement for the samples shows a low 

transmission and a band gap that are hard to read from the graph but exists around 1200 nm, 

1.03 eV, which can correspond to the band gap for Sb2Se3 (1.0-2.0 eV, see 2.3.1) (Figure 51). 
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Figure 46 – Photo of sample SbSe-78 shows the film 

after deposition of selenium, Se on glass used as 

source, and annealing in oven 

 

Figure 47 – Photo of sample SbSe-82 shows the film 

after deposition of selenium, Se as sintered cake used 

as source, and annealing in oven 

 

Figure 48 – SEM picture of SbSe-78 

 

 

Figure 49 – Graph showing the phases of SbSe-78 (black), Se on glass used as source, and SbSe-82 (red), Se as 

sintered cake used as source.  mark the peaks corresponding to TEC 15. 

1 cm 1 cm 

50 µm 
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No. 2θ (deg) d (Å) Counts 

1 12.90 6.857 291 

2 13.70 6.458 1275 

3 25.24 3.525 250 

4 27.64 3.225 5221 

5 32.04 2.791 1005 

6 34.98 2.563 346 

7 41.96 2.151 158 

8 43.88 2.062 422 

9 45.98 1.972 672 

10 57.12 1.611 302 

11 59.08 1.562 186 

Figure 50 – Graph and table showing the phase of SbSe-78.  mark the peaks corresponding to TEC 15. 

 

 

Figure 51 – Reflection and transmission from UV-Vis measurements for SbSe-78, Se on glass used as source, 

and SbSe-82, Se as sintered cake used as source. 
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Further annealing of the sample in 400   C for 30 minutes does not show any significant 

change in XRD pattern (Figure 52), hence 30 minutes of deposition and 30 minutes of 

annealing is enough for a complete reaction. 

 

 

Figure 52 – Graph showing the phases of SbSe-78 (black), after 30 minutes of annealing, and SbSe-82 (red), 

after 60 minutes of annealing.  mark the peaks corresponding to TEC 15. 

 

Experiments with deposition of selenium under the same conditions as presented above but 

with annealing in the CSVT system were also carried out. The result was very different with a 

grey film where the alloy of copper and antimony is not fully diffused into the area not 

covered by the mask (Figure 53). The film also show a totally different XRD pattern than the 

previous experiments but it was not analyzed more closely (Figure 54). 

 

 

Figure 53 – Photo of sample SbSe-83 shows the film after deposition of selenium and annealing within the 

CSVT system. 

1 cm 
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Figure 54 – Graph showing the phase of SbSe-83.  mark the peaks corresponding to TEC 15. 

 

4.3.1 Summary procedure 3 

Source Se and Quartz/Se 

Substrates TEC 15/CuSb 

Pressure 760 torr 

Source temperatures 200   C 

Substrate temperatures 375   C 

Annealing temperatures 400   C 

Result Films consisting of an unknown phase.  

The UV-Vis measurements show a weak absorption edge 

at around 1.03 eV and a low transmittance. EDS 

measurements reveal a composition of around 17 atomic% 

Cu, 14 atomic% Sb, 10 atomic% Se 53 atomic% O,  

5 atomic% Sn and 1 atomic% Si.  

Deposition from Quartz/Se gives a more uniform film than 

deposition from Se-source and annealing in the CVST 

system gives a lot of phases and not a single unknown 

phase as when annealed in oven.  
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4.3.2 Discussion 
The same phases are created using selenium deposited on quartz glass as when using sintered 

selenium as source, hence the phase of selenium in the source does not matter for the 

deposition. A more uniform film is created when using selenium deposited on glass as source, 

making this preferable for the process.  

When annealing the substrate in the CSVT system a very different XRD pattern for the 

structures are created. One factor may be that the substrate within the system is heated only 

from the back side when the substrate temperature is higher than the source temperature, 

compared to the oven where the substrate is heated uniformly. This could affect the reaction 

and diffusion rate in the sample and could explain why the diffusion of the alloy into the film 

is more complete when the source temperature is above 350   C. 

The unknown phase identified in these experiments is a new phase not found in literature. We 

know that the Cu:Sb ratio in these samples is very close to 1:1 and that we, at these 

temperatures, will not evaporate Sb2Se3. The phase must therefore have a Cu:Sb ratio of 1:1 

or we have an amorphous phase that the XRD does not reveal. It is uncertain whether the EDS 

result is to be trusted since we do not have a standard for this material, as discussed in 4.1.2, 

but if it is correct it supports the Cu:Sb ratio being close to 1:1 but with a Cu:Se ratio of 

roughly 1:0.6. The UV-Vis measurement shows a band gap corresponding to the band gap for 

Sb2Se3 and this could hence be an amorphous phase in the sample. Further analyses are 

needed in order to make sure that the EDS results are correct and to reveal if an amorphous 

phase is significant. 
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5 Conclusions and further studies 
The Cu-Sb-Se system is complicated with many different phases, of which many have low 

symmetry that creates complex XRD patterns.  

The aim to create CuSbSe2 by sublimation of Sb2Se3 onto pre-sputtered copper films was not 

successful. The antimony did not sublimate from the source at the pressures and temperatures 

used in this project. The thermodynamic data available for Sb2Se3 are unreliable and calls for 

further studies to better understand the sublimation process at low temperatures and high 

pressures.  

The Cu:Sb ratio for creating the CuSbSe2 lies in a narrow window around 1:1 which makes it 

challenging to reproduce results within the CVST system used in this project. The reaction 

between selenium and copper is faster than the reaction between selenium and antimony. The 

results show that the alloy Cu2Sb decomposes when annealed under selenium atmosphere, so 

that Cu3-phases are formed. No single phase of CuSbSe2 was created in this project but a 

possible way forward could be to anneal samples consisting of Cu3SbSe4 and Sb2Se3 in an 

atmosphere of selenium or argon. The timeframe needed for this annealing are on the hour 

scale. 

A phase not found in the literature is observed in samples in all three experimental procedures 

of this project. The phase could be a single phase or several phases but the XRD analysis 

reveal a pattern for the structure. UV-Vis measurement showed a weak absorption edge 

corresponding to the band gap for Sb2Se3, indicating that the sample consists of several 

phases. To reveal what structure and composition the unknown phase has one can look at the 

Cu-Sb-S system or create diffraction patterns from theoretical structures. This has not been 

done within this project but should be done if further studies are made. 

The source of selenium goes through changes at 200   C and further studies are needed to 

understand the process and to obtain the phase diagram for the element. With the CSVT 

system a more uniform sample can be made by using a source consisting of a film of selenium 

deposited on glass instead of a source consisting of selenium as a sintered cake. This could be 

because of a more uniform evaporation of selenium or the phase of selenium used. It might 

also be because of a more uniform distribution of heat on the sample during deposition when 

using glass instead of a cake as source. 
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APPENDIX A 
Deposition details and comments for all samples within this project.  

Table 1 – Deposition details for Procedure 1 – Sb2Se3 source 

Sample 

name 

Source Substrate Tsou  

(   C) 

Tsub  

(   C) 

Pressure 

(torr) 

Time 

(min) 

Tmax, 

sou/sub  

(   C) 

Comments 

SbSe-1-4 N/A N/A      Measurements for temperature 

control 

SbSe-5 Sb2Se3 TEC 15 375 350 760 5  Low amount of Sb 

SbSe-6 Sb2Se3 TEC 15 360 350 760 5  Low amount of Sb 

SbSe-7 Sb2Se3 TEC 15/Cu 

(0.1µm) 

375 350 760 5  Low amount of Sb 

SbSe-8 Sb2Se3 TEC 15/Cu 

(0.1µm) 

375 360 760 5  Cu3SbSe4 and CuSe in hexagonal 

phase 

SbSe-9 Sb2Se3 TEC 15/Cu 

(0.1µm) 

375 375 760 5  Low amount of Sb 

SbSe-10 Sb2Se3 TEC 15/Cu 

(0.1µm) 

360 360 760 5  Low amount of Sb 

SbSe-11 Sb2Se3 TEC 15/Cu 

(0.1µm) 

375 375 2 5  Film, very low amount of Sb 

SbSe-12 Sb2Se3 TEC 15/Cu 

(0.1µm) 

375 375 0,1 5  Film, very low amount of Sb 

SbSe-13 Sb2Se3 Quartz glass 375 375 0,1 5  No deposit 

SbSe-14 Sb2Se3 Quartz glass 375 360 0,1 5  No deposit 

SbSe-15 Sb2Se3 TEC 15 375 350 0,1 10  No deposit 

SbSe-16 Sb2Se3 TEC 15 375 N/A 760 10 213 Thin film, not thick enough to 

analyze 

SbSe-17 Sb2Se3 TEC 15 375 N/A 760 20 231 Thin film, not thick enough to 

analyze 

XRD on the source material 

SbSe-18 Sb2Se3 TEC 15 420 N/A 760 5 201 Thin film, not thick enough to 

analyze 

SbSe-19 Sb2Se3 TEC 15 420 N/A 0.1 5 107 Thicker film, low amount of Sb 

SbSe-20 Sb2Se3 TEC 15 420 N/A 0.1 15 170 Thinner film than no 19 

SbSe-21 Sb2Se3 TEC 15 500 N/A 0.1 5 135 Film close to the edges of the 

sample more than 1µ, increased 

amount of Sb in the film 

SbSe-22 Sb2Se3 TEC 15 500 N/A 0.1 4 124 Thinner film than no 21 

SbSe-23 Sb2Se3 TEC 15/Cu 

(0.1µm) 

500 N/A 0.1 4 125 Cu3SbSe4 and an unknown phase 

SbSe-24 Sb2Se3 TEC 15/Cu 

(0.1µm) 

500 210 0.1 4  Low amount of Sb, more uniform 

film then 23 

SbSe-25 Sb2Se3 TEC 15 475 N/A 0.1 5 131 Run to find the lowest Tsub for Sb 

vaporization, very low amount of 

Sb 

SbSe-26 Sb2Se3 TEC 15 660 N/A 0.1 4  Melted source, no film to analyze 
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Table 2 – Deposition details for Procedure 2 – Sb and Se source 

Sample 

name 

Source Substrate Tsou  

(   C) 

Tsub  

(   C) 

Pressure 

(torr) 

Time 

(min) 

Tmax, 

sou/sub  

(   C) 

Comments 

SbSe-27 Sb TEC 15 500 N/A 760 8   Sb deposition on TEC 15 for time estimation 

SbSe-28 Sb Mo/Cu 500 N/A 760 8   Sb deposition on and reaction with Cu 

SbSe-29 Se Mo/CuSb 200 350 760 15 215 Reaction occurred, Cu rich film 

Cu-film 50 nm 

SbSe-30 Sb TEC 15/Cu 500 N/A 760 8 295 Uniform film 

SbSe-31 Se TEC 15/CuSb 200 350 760 15 206 Cu rich film 

SbSe-32A Se TEC 15/CuSbSe 200 400 760 3 215 Further selenidisation of SbSe-31 

SbSe-32B Se TEC 15/CuSbSe 200 400 760 7 220 Further selenidisation of SbSe-32A, no 

change from SbSe-30 

SbSe-33 Sb TEC 15/Cu 500 N/A 760 16 311 Uniform film 

SbSe-34 Se TEC 15/CuSb 200 350 760 15 225 Cu3SbSe4 and an unknown phase 

SbSe-35 - TEC 15/CuSbSe - 400 760 10   Annealing of SbSe-34 in oven 

SbSe-36 Sb TEC 15/Cu 500 N/A 760 4 264 Thin film 

SbSe-37 Se TEC 15/CuSb 200 350 760 15 202 Cu rich film, not the phase desired 

SbSe-38 Sb TEC 15/Cu 525 N/A 760 16 321   

SbSe-39 Se TEC 15/CuSb 200 350 760 15 200 Not uniform, remade 

SbSe-40 Sb TEC 15/Cu 525 N/A 760 16 312   

SbSe-41 Se TEC 15/CuSb 200 350 760 15 208 Cu3SbSe4, unknown phase and Sb2Se3 

SbSe-42 TEC15/

Se 

TEC 15/CuSbSe 400 400 760 5   Annealing of SbSe-41 in the CSVT system 

Cu-film 0.2 µm 

SbSe-43 Sb TEC 15/Cu 525 N/A 760 16 321   

SbSe-44 Se TEC 15/CuSb 200 350 760 15 202   

SbSe-45 Se TEC 15/CuSbSe 200 400 760 15 216 Further selenidisation of SbSe-44, not a 

uniform film 

SbSe-46 Sb TEC 15/Cu 525 N/A 760 16 345   

SbSe-47 Sb TEC 15/CuSb 525 N/A 2 16 313 Further deposition of Sb on SbSe-46 

SbSe-48 Sb TEC 15/CuSb 525 N/A 2 16 311 Further deposition of Sb SbSe-47, 26 mg Sb 

SbSe-49 Se TEC 15/CuSb 200 400 760 15 220   

SbSe-50 Sb TEC 15/Cu 525/ 

400 

N/A/ 

400 

2/760 30+2

0 

  Deposition of Sb and annealing after, bad 

adhesion, 4.8 mg Sb 

SbSe-51 Sb TEC 15/Cu 525 400 2 20 400 3.3 mg Sb 

SbSe-52 TEC15/

Se 

TEC 15/CuSb 350 350 760 30   Cu3SbSe4, unknown phase and Sb2Se3 

SbSe-53 Sb TEC 15/Cu 525/ 

400 

N/A/ 

400 

2/760 15+2

0 

  Deposition of Sb and annealing after, bad 

adhesion, 2.6 mg Sb 

SbSe-54 Se TEC 15/CuSb 200 350 760 30 200 Bad adhesion, not analyzed 

SbSe-55 Sb TEC 15/Cu 525 400 2 15 400 3.2 mg Sb 

SbSe-56 Se TEC 15/CuSb 200 375 760 30 200 CuSbSe2 as well as other phases and pure Sb 

SbSe-57 Se TEC 15/CuSbSe 200 375 760 30 202 No change in UV-Vis not further analyzed 

SbSe-58 Se TEC 15/CuSbSe 200 375 760 30 215 Source temp. unstable, film destroyed 

SbSe-59 Sb TEC 15/Cu 525 400 2 12 400 3.3 mg Sb, not a uniform film 

SbSe-60 Sb TEC 15/Cu 525 400 2 12 400 4.0 mg Sb, source mixed before experiment, 

uniform film 

SbSe-61 Sb TEC 15/Cu 525 400 2 10 400 4.6 mg Sb 
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Sample 

name 

Source Substrate Tsou  

(   C) 

Tsub  

(   C) 

Pressure 

(torr) 

Time 

(min) 

Tmax, 

sou/sub  

(   C) 

Comments 

Experiments to determine the time for 2.2 mg Sb, Cu-film 50 nm 

Sb-A Sb TEC 15/Cu 525 400 2 8 400 4.7 mg Sb 

Sb-B Sb TEC 15/CuSb 525 400 2 10 400 3.1 mg Sb, source seems to be back to the 

same state as before mixing 

Sb-C Sb TEC 15/CuSb 525 400 2 8 400 3.1 mg Sb 

Sb-D Sb TEC 15/CuSb 525 400 2 5 400 1.8 mg Sb 

Sb-E Sb TEC 15/Cu 525 400 2 6 400 2.5 mg Sb 

Sb-F Sb TEC 15/CuSb 525 400 2 6 400 2.2 mg Sb 

Experiments to determine stability of Se source temperature 

Se-A Se TEC 15 200 375 760 30 200 Transformation from black powder to gray 

sintered cake 

Se-B Se TEC 15 200 375 760 30 200 No transformation of the source 

Se-C Se TEC 15 200 400 760 2.5 212 Source partly transformed into black phase 

Se-D Se TEC 15 200 375/ 

N/A 

760 3+26 206 Tsou unstable, heat treatment in         

resulted in transformation back to grey phase 

Se-E Se TEC 15 200 375 760 30 200 Tsou stable again 

Se-F Se TEC 15 200 375 760 15 200 Tsou stable, source partly in black phase 

Se-G Se TEC 15 200 375 760 6 200 Tsou stable, source partly in black phase but 

greyer than after F 

Cu-film 0.2 µm 

SbSe-62 Sb TEC 15/Cu 525 400 2 6 400 4.5 mg Sb, not a uniform film, source 

transformed, source mixed and sintered for 

20 min at 550   C and 760 torr 

Experiments to determine the time for 2.2 mg Sb, Cu-film 50 nm 

Sb-G Sb TEC 15/Cu  525 400 2 6 400 3.4 mg Sb, uniform film 

Sb-H Sb TEC 15/CuSb 525 400 2 5 400 2.7 mg Sb 

Sb-I Sb TEC 15/CuSb 525 400 2 4 400 2.1 mg Sb 

Cu-film 0.2 µm 

SbSe-63 Sb TEC 15/Cu 525 400 2 4 400 2.4 mg Sb, alloyed through the Cu-film 

SbSe-64 Se TEC 15/CuSb 200 375 760 30 200 CuSbSe2, Cu3SbSe3 and Sb 

SbSe-66 Se TEC 15/CuSbSe 200 375 760 30 200 More of CuSbSe2, less of Sb 

SbSe-68 Se TEC 15/CuSbSe 200 375 760 30 200 More of CuSbSe2, less of Sb 

Experiments to determine stability of Se source temperature for Tsub          

Se-H Se TEC 15 200 400 760 15 200 Tsou stable, source partly turned into grey 

phase 

Se-I Se TEC 15 200 400 760 2 202 Tsou unstable, partly back to black phase 

Se-J Se TEC 15 200 400 760 15 200 Tsou stable, grey phase 

Se-K Se TEC 15 200 400 760 15 200 Tsou stable, grey phase 

Se-L Se TEC 15 200 400 760 10 200 Tsou stable, grey phase 

Cu-film 0.2 µm 

SbSe-65 Sb TEC 15/Cu 525 400 2 4 400 2.1 mg Sb, alloyed through the Cu-film 

SbSe-67 Se TEC 15/CuSb 200 400 760 30 200 CuSbSe2, Cu3SbSe3 and pure Sb 

SbSe-69 Se TEC 15/CuSbSe 200 400 760 30 200 More of CuSbSe2, less of Sb 

SbSe-72 Se TEC 15/CuSbSe 200 400 760 30 200 More of CuSbSe2, less of Sb 
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Sample 

name 

Source Substrate Tsou  

(   C) 

Tsub  

(   C) 

Pressure 

(torr) 

Time 

(min) 

Tmax, 

sou/sub  

(   C) 

Comments 

Experiments to determine the time for 2.2 mg Sb, Cu-film 50 nm 

Sb-J Sb TEC 15/Cu 525 400 2 6 400 1.8 mg Sb 

Sb-K Sb TEC 15/CuSb 525 400 2 4 400 2.8 mg Sb, source touched while loading 

sample 

Sb-L Sb TEC 15/CuSb 525 400 2 4 400 1.2 mg Sb 

Sb-M Sb TEC 15/CuSb 525 400 2 5 400 1.5 mg Sb 

Sb-N Sb TEC 15/CuSb 525 400 2 7 400 1.7 mg Sb, source may have transformed, 

source mixed and sintered for 30 min at  

      C and 760 torr 

Sb-O Sb TEC 15/CuSb 525 400 2 4 400 1.0 mg Sb 

Sb-P Sb TEC 15/CuSb 525 400 2 6 400 1.5 mg Sb 

Sb-Q Sb TEC 15/CuSb 525 400 2 10 400 3.7 mg Sb 

Sb-R Sb TEC 15/CuSb 525 400 2 8 400 1.9 mg Sb 

Sb-S Sb TEC 15/CuSb 525 400 2 9 400 1.4 mg Sb 

Sb-T Sb TEC 15/CuSb 525 400 2 9.5 400 1.5 mg Sb, source may have transformed, 

source mixed and sintered for 30 min at  

      C and 760 torr 

Sb-U Sb TEC 15/CuSb 525 400 2 6 400 0.8 mg Sb 

Sb-V Sb TEC 15/CuSb 525 400 2 12 400 1.9 mg Sb 

Sb-W Sb TEC 15/CuSb 525 400 2 15 400 2.0 mg Sb 

Sb-X Sb TEC 15/CuSb 525 400 2 17 400 8.3 mg Sb, pressure easy to get to higher 

then 2 torr, behaves differently than the 

previous runs 

Sb-Y Sb TEC 15/CuSb 525 400 2 6 400 3.5 mg Sb 

Sb-Z Sb TEC 15/CuSb 525 400 2 4 400 2.3 mg Sb, the system and source behave 

like it did when SbSe-63 and -65 was made. 

Sb-T Sb TEC 15/CuSb 525 400 2 9.5 400 1.5 mg Sb, source may have transformed, 

source mixed and sintered for 30 min at  

      C and 760 torr 

Sb-U Sb TEC 15/CuSb 525 400 2 6 400 0.8 mg Sb 

Cu-film 0.2 µm 

SbSe-70 Sb TEC 15/Cu 525 400 2 4 400 2.6 mg Sb, alloyed through the Cu-film 

SbSe-73 Quartz/Se TEC 15/CuSb 375 375 760 30   CuSbS2, Cu3SbSe4 and Sb2Se3 

SbSe-76 - TEC 15/CuSbSe - 400 760 30   Annealing of SbSe-73 in oven, not a single 

phase created 

SbSe-71 Sb TEC 15/Cu 525 400 2 4 400 2.2 mg Sb, alloyed through the Cu-film 

SbSe-74 Quartz/Se TEC 15/CuSb 350 350 760 60   CuSbS2, Cu3SbSe4 and Sb2Se3 

SbSe-77 - TEC 15/CuSbSe - 400 760 30   Annealing of SbSe-74 in oven 
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Table 3 – Deposition details for Procedure 3 – Se source and pre-sputtered layer of Sb 

Sample 

name 

Source Substrate Tsou  

(   C) 

Tsub  

(   C) 

Pressure 

(torr) 

Time 

(min) 

Tmax, 

sou/sub  

(   C) 

Comments 

CuSb film, ratio 1:1 

SbSe-75 Quartz/Se TEC 15/CuSb 200 375 760 30 200 Not alloyed through the whole film 

SbSe-78 - TEC 15/CuSbSe - 400 760 30   Annealing of SbSe-75 in oven, unknown 

phase 

SbSe-84 - TEC 15/CuSbSe - 400 760 30 

  

Annealing of SbSe-78 in oven, unknown 

phase 

SbSe-79 Quartz/Se TEC 15/CuSb 200 375 760 30 200 Not alloyed through the whole film 

SbSe-80 - TEC 15/CuSbSe - 400 760 30   Annealing of SbSe-79 in oven, unknown 

phase 

SbSe-81 Se TEC 15/CuSb 200 375 760 30 200 Partly alloyed through the film, not uniform 

SbSe-82 - TEC 15/CuSbSe - 400 760 30   Annealing of SbSe-82 in oven, unknown 

phase 

SbSe-83 Quartz/Se TEC 15/CuSb 200/- 375/400 760 30+30 215 Annealing in the CVST system 
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APPENDIX B 
 

Table 4 – XRD data for CuSbSe2
38

 

 

 

Table 5 – XRD data for CuSbSe2
38

 

 


