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1 Abstract
Photoluminescence of chalcopyrite tellurides
Photoluminescence is a sensitive method for studies of defect structure of
semiconductor materials. The studied chalcopyrite telluride compounds belong
to the I-III-VI2 group of semiconductors. These materials have many novel
applications, including a potential of being an absorber material in thin film
solar cells. The studied materials include CuInTe2, CuGaTe2, AgInTe2, and
AgGaTe2.
The results of the experiments were multifarious in terms of the features of
the photoluminescence spectra. Nevertheless, the crystal structure and
properties of all these materials are very similar, the photoluminescence spectra
had shapes from broad asymmetric bands, which are characteristic of heavily
doped semiconductors, to narrow excitonic peaks with phonon replicas that
implies a rather good crystal quality.
The photoluminescence spectra of single crystalline CuInTe2 and their
dependence on the temperature and excitation power were measured. At 10 K
an asymmetric broad peak at 0.98 eV was observed. The photoluminescence
peak position did not depend on the excitation power, but had a characteristic
dependence on the sample temperature. Our computer simulations proved that
this behavior is in good compliance with the Shklovskij/Efros model of heavily
doped semiconductors with spatially varying potential fluctuations. Therefore,
the photoluminescence band was attributed to the band-to-impurity type
recombination and the corresponding level to the single acceptor at 70 meV,
which is most probably caused by a copper vacancy.
Photoluminescence studies of polycrystalline CuInTe2 showed three edge
(1.041 eV, 1.030 eV, and 1.019 eV) and two deep level (0.999 eV, and 0.957
eV) emission bands at 11K. The excitation intensity and temperature
dependencies of photoluminescence spectra were recorded. As possible band
sources one excitonic and four band-to-defect recombination mechanisms are
proposed in this thesis.
The photoluminescence spectra of polycrystalline AgGaTe2 showed two
emission regions centred at 1.32 eV and 0.8 eV. The first region appears near
the bandgap energy and comprises three bands that are identified by the theory
of heavily doped semiconductors as band-to-band (1.337 eV), band-to-tail
(1.317 eV) and band-to-impurity (1.287 eV) recombination.
CuGaTe2 samples very often exhibit optical and electrical properties of
heavily doped semiconductors. The deep photoluminescence region observed
(0.8 - 1.3 eV) consists of two peaks. One of them is located at 0.955 eV and has
been reported before. Another, a totally new band was discovered at 1.14 eV.
The low-temperature j-shift of both bands was detected. Also, rather significant
blue shift with the increasing temperature was noticed. It is proposed that both
bands consist of two recombination channels. At low temperatures tail-toimpurity recombination dominates. As the temperature increases, the tail-toimpurity recombination transforms into band-to-impurity recombination.
6

The last chalcopyrite compound that we studied was polycrystalline
AgInTe2. The spectra showed three bands. The first band has the maximum at
1.023 eV and it has one LO-phonon replica with the energy shift of 25 meV.
The second band has the maximum at 0.959 eV and two phonon replicas with
the same 25 meV LO-phonon energy. The third broad band has the maximum at
0.741 eV. The dependence of the spectra on the temperature and the excitation
power were recorded. According to the observed j-shift and thermal quenching
the 0.959 eV band can be assigned to a donor-acceptor pair recombination with
the activation energy of 35 meV. The intensities of the first and the third band
were not sufficient to record their temperature or laser power dependencies.
Nevertheless, we propose that the first one has excitonic origin and the third one
has been caused by some deep defect state.
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2 Kokkuvõte
Fotoluminestsents on tundlik ning suhteliselt lihtne meetod pooljuhtide
defektstruktuuri uurimiseks. Käesoleva töö eesmärgiks oli uurida I-III-IV2
gruppi kuuluvate telluriidide fotoluminestsentsi omadusi. Nendel materjalidel
on terve rida kaasaegseid rakendusi, millest kõige tuntum on ehk nende
kasutamine päikesepatareide absorberkihina. Antud töös uurisime nelja
pooljuhtmaterjali: CuInTe2, CuGaTe2, AgInTe2 ja AgGaTe2.
Eksperimentide tulemused olid väga mitmekülgsed. Mõõdetud spektrites
leidus laiu fotoluminestsentsribasid, mis on iseloomulikud tugevalt legeeritud
pooljuhtidele. Samuti leidus peenstruktuurseid foononkordustega ribasid, mis
on iseloomulikud pigem hea kvaliteediga puhastele kristallidele.
Monokristalse CuInTe2 fotoluminestsentsspekter temperatuuril 10 K koosnes
ühest laiast ebasümmeetrilisest ribast, mille haripunkt asus 0,98 eV juures. Selle
riba kuju ega asukoht ei muutunud seoses ergastusvõimsuse muutmisega, samas
näitas ta tugevalt legeeritud pooljuhile iseloomulikku käitumist seoses
temperatuuri muutusega. Meie poolt läbi viidud arvutisimulatsioon tõestas, et
selline käitumine on heas kooskõlas Shklovskij ning Efrose poolt välja töötatud
tugevalt legeeritud pooljuhtide fotoluminestsentsi mudeliga. Tuginedes antud
mudelile õnnestus meil tõestada, et detekteeritud kiirgusriba on tingitud tsoondefekt rekombinatsioonist. Kaasatud defektitaseme aktivatsioonienergia on 70
meV ning tõenäoliselt on see põhjustatud vase vakantsi poolt.
Polükristalse CuInTe2 uurimisel avastasime uue fotoluminestsentsriba, mille
maksimumi energia asus 0,957 eV juures. Sellist kiirguskanalit antud materjalis
pole keegi varem kirjeldanud. Spektrite temperatuursõltuvuste analüüs näitas, et
selle kanali aktivatsioonienergia on 103 meV. See tulemus langeb hästi kokku
varem avaldatud teoreetilise tööga, kus on pakutud ühe võimliku
aktseptortaseme aktivatsioonienergiaks 120 meV. Antud avastus tõestab, et
meie poolt kasutatud kasvatusmeetodiga on võimalik tekitada aktseptordefekte
milleks on kas võrevaheline telluur või asendusdefekt, kus vase aatom on
indiumi koha peal.
Polükristalse AgGaTe2 fotoluminestsentsi spektri interpreteerimisel vaatasime
kriitiliselt üle varem tehtud tööd ning andsime uue teoreetilise seletuse nende
kristallide äärekiirgusele. Varem avaldatud eksitoniliste kiirgusallikatele
pakkusime alternatiivi välja tugevalt legeeritud pooljuhtides esinevad
rekombinatsioonimehhanismid nagu tsoon-tsoon, tsoon-tsoonisaba ning tsoondefekt
rekombinatsioonid.
Meie
interpretatsioon
põhineb
ribade
temperatuursõltuvuse analüüsil.
Ka CuGaTe2 kristallidel on tihti tugevalt legeeritud pooljuhtide omadused.
Seda kinnitas fotoluminestsentsspektrite analüüs koos arvutisimulatsioonidega.
Arvutil koostatud mudel toetas ideed, et kahe vaadeldud riba (1,14 eV ning
0,955 eV) tekkimine on seotud üleminekutega tsooni tasemetelt
defektitasemele. Madalatemperatuurse spektri sõltuvus ergastusvõimsusest
näitas mõlema riba puhul nihkumist kõrgemate energiate suunas
ergastusvõimsuse kasvamisel. Samasugune tendents ilmnes ka temperatuuri
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kasvades konstantsel ergastusvõimsusel. Selline käitumine on kooskõlas
mudeliga, milles mõlemad ribad koosnevad tegelikult kahest rekombinatsiooni
kanalist. Madalatel temperatuuridel domineerib tsoonisaba-defekt üleminek.
Kõrgematel temperatuuridel domineerib aga tsoon-defekt üleminek.
AgInTe2 fotoluminestsentsi kohta oli varem kirjanduses avaldatud ainult üks
artikkel, kus kirjeldati ühte laia kiirgusriba 0,7 eV juures. Meil õnnestus
detekteerida ka AgInTe2 äärekiirgus, mis koosnes peenstruktuursest spektrist.
äärekiirguse analüüs näitas, et meil on esimesel juhul tegu donor-aktseptor paari
ning teisel juhul eksitonilise rekombinatsiooniga.
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3 Introduction
3.1 Chalcopyrite semiconductors
Chalcopyrite tellurides belong to the group of I-III-VI2 semiconductors.
Elements that form chalcopyrite semiconductor materials are highlighted in
Table 1.1. Altogether, there are 36 types of chalcopyrite ternary semiconductors
available. Half of them belong to the I-III-VI2 family while the rest of them
form II-IV-V2 family. Among 18 former ones, only 6 are tellurides. Those
chalcopyrite tellurides are CuAlTe2, CuGaTe2, CuInTe2, AgAlTe2, AgGaTe2,
and AgInTe2. The name “chalcopyrite” comes from the naturally occurring
copper iron sulfide mineral CuFeS2, which crystallizes in the tetragonal system.
The chalcopyrite semiconductors have many unique optical, magnetic, and
electrical properties that raise not only fundamental interest, but also have a
great potential in technological applications. For example, in II-IV-V2 family,
room-temperature ferromagnetism has been observed [1,2]. This
phenomenon that combines electrical transport and magnetism is required in
electronics that is based on spin-related effects. Manganese doped CdGeP2 is
one of the promising candidates for this application.
Table 1.1. Periodic table of semiconductor-forming elements. Highlighted
elements form I-III-VI2 (white background) and II-IV-V2 (grey background)
chalcopyrite semiconductor structures.

I
H
Li
Na
K
Cu
Rb
Ag
Cs
Au

II

III

IV

V

VI

VII

Be
Mg
Ca
Zn
Sr
Cd
Ba
Hg

B
Al
Sc
Ga
Y
In

C
Si
Ti
Ge
Zr
Sn
Hf
Pb

N
P
V
As
Nb
Sb
Ta
Bi

O
S
Cr
Se
Mo
Te
W
Po

F
Cl
Mn
Br
Tc
I
Re
At

Ti

VIII

Fe

Co

Ni

Ru Rh

Pd

0
He
Ne
Ar
Co
Kr
Xe

Os

Ir

Pt
Rn

Another feature of chalcopyrite semicondutcors is their nonlinear optical
properties that come from their relatively large birefringence, which is caused
by their built-in lattice compression [3]. This allows one to use them as optical
frequency convertors [4]. Namely, ZnGeP2, CdGeAs2, AgGaS2, and AgGaSe2
are considered as high potential materials for frequency conversion. AgGaS2
and AgGaSe2 have already been commercialized as nonlinear optical crystals in
the infrared region [5].
Because of their high optical absorption coefficient (>104 cm-1) and nearoptimum direct badgap value, many copper based chalcopyrite materials (Cu10

III-VI2) with bandgaps between 1.0 – 17 eV have found application in
photovoltaic conversion. Most of the effort has been placed into Cu(In,Ga)Se2
system, also, CuInS2 is one of the favourites. Using a solid solution of two
ternary chalcopyrites, the bandgap of the resulting crystal can be tuned in a
large range. For example, the system CuInxGax-1Se2 allows bangap engineering
from the bandgap values of 1.00 eV (stoichiometric CuInSe2 [6]) to 1.7 eV
(stoichiometric CuGaSe2 [7]). The photovoltaic devices with Cu(In,Ga)Se2
absorber material and CdS buffer layer have reached 19.2% efficiency [8].

Figure 1. Chalcopyrite crystal lattice. The unit cell
has a tetragonal shape. Stoichiometric chalcopyrite
structure has a configuration A-B-C2. The first type
of chalcopyrites are formed from I-III-VI2 elements
and the second from II-IV-V2 elements.

Being a good absorber, chalcopyrite material can, at the same time, be a good
emitter as well. Thus, this material class can be used in optoelectronics as
electroluminescence emitter. For example, one can get greenish-white
electroluminescence from p-type CuGaS2 heterojunction diodes [9].
Figure 1 shows the crystal lattice structure of chalcopyrite semiconductors.
The lattice type is a primitive tetragonal. The I-III-VI2 group chalcopyrites are
formed from A = (Cu, Ag), B = (Al, Ga, In), and C = (Te, S, Se) elements. The
II-IV-V2 group semiconductors are formed from A = (Zn, Cd, Hg), B = (Si, Ge),
and C = (P, As, Sb) elements.
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3.2 Chalcopyrite tellurides
Chalcopyrite tellurides belong to the group of ternary compounds I-III-Te2.
There are six different materials that can be formed:
1) CuAlTe2,
2) CuGaTe2,
3) CuInTe2,
4) AgAlTe2,
5) AgGaTe2,
6) AgInTe2.
Despite their many promising applications, not many papers have been
published on chalcopyrite tellurides. Based on the search engines of “ISI Web
of Science” [10] and “ScienceDirect” [11] databases, there are only 310
published Current Contents papers between 1969 and 2006 that study the
properties of these materials. Over the years, the number of published papers
has slightly increased, but not much (see Figure 2). Most of the papers (147)
have been published on CuInTe2. The reason that this material has received
more attention than the others is its application in photovoltaic devices. Other
ternary tellurides have enjoyed the attention of 63 (CuGaTe2), 44 (AgInTe2), 33
(AgGaTe2), 20 (CuAlTe2), and 2 (AgAlTe2) papers, respectively, between the
years 1980 and 2006. Most of the studies concentrate on optical and electrical
properties. The main analytical tools are photoluminescence spectroscopy,
Raman spectroscopy, absorption spectroscopy, and X-ray diffraction. Also, few
papers study the mechanical properties of these materials. The reason why only
two papers have been published on AgAlTe2 is that these nice looking orangered crystals are very hard to handle. The crystals are brittle and oxidize very
rapidly in the air [12].

Number of Papers

30
25
20
15
10
5

2005

2002

1999

1996

1993

1990

1987

1984

1981

1978

1975

1972

1969

0

Year
Figure 2. Number of papers published on chalcopyrite tellurides per
year. Linear regression shows a steady increase.
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Table 1.2. Parameters of chalcopyrite tellurides
Bandgap energy
Conductivity
Unit cell
Eg, (eV)
type
parameters[13]
room temp. if not
a (Å) c (Å)
stated otherwise

CuInTe2
CuGaTe2

CuAlTe2

AgInTe2

AgGaTe2
AgAlTe2

0.96[14]
0.98[15][16]
0.945[17]
0.99[18]
1.03[19]
1.18-1.33[20]
1.21-1.24[21]
2.45[22]
2.06[23]
2.35[24]
0.93-0.96[23]
1.12-1.26[25]
0.96[12]
1.04@77 K[12]
1.09[26]
1.1[23]
1.32[27]
1.36@77 K[12]
2.35@77 K[12]
2.27@77 K[13]

Melting point
(°C)

p[28][29]

6.167

12.34

789[31]

p[31]

5.994

11.91

865[31]

p[31]

5.964

11.78

n[12][31]
p[12][31]

6.406

12.56

672[30]
692[31]
711-721[26]
715[31]

[12][31]

6.283

11.94

p[12][31]

6.296

11.83

p

Some of the important parameters of chalcopyrite tellurides are listed in
Table 1.2. The parameters depend strongly on the stoichiometry of the crystals.
In chalcopyrites, ordered vacancy compounds can be formed rather easily. In
that case, some specific defect is periodically introduced into the crystal lattice,
thus, new compounds like I-III3-VI5, I-III5-VI8, etc. are formed. This might also
be the reason why the band gap energies by different authors vary so much
(see Table 1.2). On the one hand, researchers might have to deal with ordered
vacancy compounds of I-III-V elements, also, a mixture between the ordered
vacancy compound and the stoichiometric crystal lattice is possible. In addition,
discrepancies in experimental bandgap values come from different measurement
methods used.
Some chalcopyrite materials from the I-III-VI2 group tend to have p-type
conductivity, some have n-type conductivity, and the conductivity type of some
of the materials can be tuned with doping [32]. Within chalcopyrite tellurides
only p-type and tunable materials have been observed, i.e. no chalcopyrite
tellurides have been found to have only n-type of conductivity. Cu-based
tellurides tend to have only p-type conductivity while the inclusion of Ag shifts
the Fermi level towards the conduction band. It is believed that with the
substitution of Cu with Ag the probability of I element vacancy formation
decreases and the formation of anion vacancies turn out to be energetically
favorable. Thus, compound will exhibit n-type conductivity [32].
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In the present thesis, four of the six chalcopyrite telluride semiconductors are
studied. The main analytical tool is low-temperature photoluminescence
spectroscopy. The studied compounds are CuInTe2, CuGaTe2, AgInTe2, and
AgGaTe2. The reason why Al containing compounds were left out is their
deficiency, partially caused by reasons stated above.

3.3 Overview of previously published papers
3.3.1 CuInTe2
The photoluminescence properties of CuInTe2 have been previously reported
by two groups. The first group is, Hideto Miyake group from Japan,
Department of Electrical and Electronic Engineering, Mie University. The
second group is led by Carlos Rincón, located at Centro de Estudios de
Semiconductores, Universidad de Los Andes, Venezuela.
Miyake et al. have studied chalcopyrite CuInTe2 structures that were grown
by the traveling heater method [33]. The photoluminescence spectra were
recorded at liquid nitrogen temperature 77 K. The spectrum consisted of one
broad peak centered at 1.02 eV. The authors claim that this peak might originate
from conduction band to shallow acceptor transition. The shallow acceptor is
probably a Cu vacancy.
More detailed studies were conducted by Rincón et al. In [34] the authors
study the CuInTe2 photoluminescence spectrum dependency on excitation
intensity and in [35] they analyze the dependence on the sample temperature. In
both papers, they concentrate on the edge photoluminescence emission. Ref.
[34] describes photoluminescence measurements at 4.2 K with various
excitation energies from 1.8 W to 0.1 W. The authors found 8
photoluminescence bands which were identified as free-exciton (at 1.053 eV),
bound-exciton (at 1.047, 1.044, 1.040, and 1.030 eV), donor-acceptor pair
recombination (at 1.022, and 1.017 eV) and donor-to-valence band
recombination (at 1.033 eV). The reported values of activation energies for the
donor and acceptor levels are Ea1 ≈ 14 meV, Ea2 ≈ 75 meV, Ed1 ≈ 25 meV, and
Ed2 ≈ 58 meV, respectively. The estimated free exciton binding energy is 6
meV. The authors do not attribute the defect levels to any particular point
defect.
Temperature dependent photoluminescence experiments were conducted in
[35]. The spectrum was recorded at various temperatures from 10 K to 120 K.
As a result, two photoluminescence bands were found. According to the
authors’ analysis, the origins of the emission bands are ground-state free exciton
(at 1.053 eV) and bound exciton (at 1.047 eV) recombinations. The calculations
in [35] prove that the binding energy of the free exciton is 6 meV. Also, it is
reported that the bound exciton binding energy with acceptor is about 14 meV,
which is in good agreement with their previous paper [34]. The authors claim
that most probably the acceptor level is caused by CuIn or VIn point defects.
A theoretical paper on the ternary compound is published by the same group
from Venezuela [36]. This paper reports theoretical activation energy of many
14

chalcopyrite compounds. The model used is based on the effective-mass theory.
As a result, the following activation energies were calculated for acceptors in
CuInTe2 70, 120, 180, 290,400, and 650 meV. For donors the reported values
are: 15, 26, 37, 60, 85, and 138 meV.

3.3.2 CuGaTe2
The first photoluminescence spectrum of CuGaTe2 was published by
G.Massé et al. in [37]. The figures in this paper depict the experimental
photoluminescence spectra from 77 K to 300 K. The authors distinguish four
photoluminescence bands centered approximately at 1.32, 1.34, 1.40, and 1.42
eV. The first band was interpreted as free to bound recombination between
conduction band and shallow acceptor. The second and the third bands were
identified as free-to-bound transitions that involve Te vacancy. The fourth band
was attributed to donor-acceptor pair recombination that also involves Te
vacancy.
More detailed studies of the photoluminescence properties of CuGaTe2 have
been conducted by J.Krustok et al. in [38] and [39]. In [38] edge
photoluminescence was observed with well resolved bands at 1.431 eV, 1.426
eV, 1.417 eV, and 1.338 eV. The bands had also well resolved phonon replicas.
From the analysis of temperature and laser-power dependencies it was
concluded that the 1.431 eV band has excitonic origin. This conclusion was also
supported by the narrowness of this band. The fitting of the thermal quenching
of this band resulted in the activation energy of 8.7 meV. The second band at
1.426 eV had activation energy of 22 meV. The origin and the activation energy
involved in the third band remained unsolved. The fourth band indicated two
activation energies 14 meV and 65 meV.
The second paper by Krusok et al. [39] describes the deep
photoluminescence region of CuGaTe2 samples. The deep band observed is
centered at 0.95 eV. The band did not shift with laser power variations but
showed noticeable shift with temperature variations. Based on these facts it was
concluded that the origin of this band is a recombination process that happens
near the potential gradient in the crystal’s electric field. It was discussed that the
gradient in the potential field may occur due to dislocation or a grain boundary.
The recombination channel itself opens between the conduction band and the
acceptor level. The acceptor level activation energy 200 meV was calculated
from a thermal quenching experiment.
Similar bands like Krustok et al. reported in [38] and [39] were found by
P.Guha et al. in [40]. They reported of two peaks that were located at 0.8 eV
and 1.32 eV at 80 K.

3.3.3 AgInTe2
To our knowledge only one paper has been published on the
photoluminescence properties of AgInTe2 [12] long time ago by B.Tell et al. in
1974. The paper reports one near-band-gap broad band at about 0.97 eV.
15

3.3.4 AgGaTe2
Photoluminescence experiments on AgGaTe2 have been mainly conducted
by I.V.Bodnar et al. The measurements were reported in [41, 42, 43]. In [41,
42] two emission regions were described in single crystals grown by the
Bridgman technique. The narrow edge emission peak at 1.34-1.35 eV is
attributed to the excitonic emission while the deep broad emission band at 0.850.87 eV is attributed to the donor-acceptor pair (DAP) recombination. A similar
deep band is also reported in [43] by M.C.Ohmer et al. where the origin of the
emission is assigned to native defect states.

3.4 The aim of this work
It can be seen that not many papers have been published on the
photoluminescence of chalcopyrite tellurides. Despite good work of many
above mentioned authors, many questions have remained unanswered. What is
the main radiative recombination process in heavily doped CuInTe2, CuGaTe2,
and AgGaTe2 materials? What is it like and what are the origins of the deep
emission of CuInTe2 samples? From the literature overview it can be seen that
almost nothing is known about photoluminescence properties of AgInTe2.
The aim of this work is to clarify the radiative recombination processes in
chalcopyrite tellurides and to answer the stated questions.

16

4 Experimental
4.1 Photoluminescence measurements
All the experiments were conducted at the Department of Materials Science,
Tallinn University of Technology. A standard photoluminescence measurement
setup was used. The photograph of the laboratory equipment can be seen in
Figure 3. The schematic view of the setup is depicted in Figure 4.
The sample is mounted into the closed-cycle helium cryostat that is

Figure 3. Experimental setup of photoluminescence
measurements at Tallinn University of Technology.

Figure 4. Schematic view of the photoluminescence setup.
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connected with a temperature controller. In such a system the temperature can
be controlled from 8.4 – 325 K. The cryostat has quartz windows, thus,
measurements of infrared emission are possible. Moreover, all the other optical
devices, e.g. lenses are made from quartz for the same reason. The sample is
mounted inside the cryostat onto a vertical plane surface of the cold head using
silicon grease as adhesive material. Silicon grease was chosen because it does
not emit a low temperature photoluminescence signal in the infrared region. If it
was possible, the photoluminescence signal would always be measured from the
freshly cleaved surface.
The sample is optically excited with a laser. During our experiments we used
two types of lasers. The first one was He-Cd tube laser with maximum output
beam power 45 mW for blue 441.6 nm laser line and 15 mW for ultraviolet
325.0 nm laser line. The choice of the laser lines used could be made by
inserting dedicated filter on the output beam path of the laser. The second laser
used was a solid state laser with the maximum output power of 60 mW with the
wavelength of 675 ± 15 nm. The output power of both of the lasers could be
tuned with the set of grey filters that were placed in the filter stage. The output
power of the laser beam was calibrated with the laser power meter Melles Griot
13PEM001.
The laser beam was focused on the sample with 3-axis movable lens (Lens 1
in Figure 4) with a focal length of 20 cm. In the cases when several samples are
placed into the cryostat, the movement of the lens in the perpendicular direction
with respect to the laser beam, allows us to choose between the samples. Also, it
allows choosing different spots on the sample’s surface.
The luminescence signal was collected with Lens 2 that has a focal length of
10 cm. If it is positioned exactly 10 cm from the sample, the sample is in the
focus and after the lens, a parallel beam is formed. Next, the parallel beam is
focused with Lens 3 into the entrance slit of the monochromator. The focal
length of Lens 3 matches exactly the focal length of the monochromator, which
is 40 cm.
The model of the monochromator is Carl Zeiss SPM-2. It has changeable
dispersive element, thus, depending on the required resolution and spectral
region, 600 lines per mm grating, 300 lines per mm grating, or prism can be
used. The dispersion of the system with gratings ranges from 1.39 to 8.33 nm
per 1 mm of the slit width, depending on the grating and grating order. The
monochromator is motorized with a self-made system controlled with by a PC.
Monochromatic light that exits the exit slit of the monochromator is detected
with a detector. The available detectors were Hamamatsu InGaAs which we
used for the spectral region from 0.6 to 1.7 eV, PbS detector that senses from
0.5 to 2.5 eV, and photomultiplier tubes FEU79 and R632 with spectral
sensitivity from 1.5 to 3.5 eV, and 1.2 to 2.7 eV, respectively. The signal from
the detectors was first pre-amplified and then detected with a Stanford Research
Systems SR810DSP lock-in amplifier.
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4.2 Software
The software that controls the photoluminescence system was written on
TestPoint platform. TestPoint is a programming environment that is specially
designed for laboratory equipment control. The software scans the spectrum that
exits the monochromator slit from the desired range, at the same time recording
the signal from the lock-in amplifier. Also, the software controls the
temperature controller. This allows the measurements of temperature
dependence of the photoluminescence spectrum to be left for automatic
overnight scanning without human intervention. The measured spectra were
fitted with the solver function of MS Excel or Microcal Origin software.

4.3 Sample preparation
4.3.1 CuInTe2
We studied two types of CuInTe2 samples. Firstly, we studied
monocrystalline samples that were made by Dr. Mike Yakushev at the
Department of Physics and Applied Physics, University of Strathclyde,
Glasgow. Single crystals of CuInTe2 were grown by the vertical Bridgman
technique, which is also used to fabricate CuInSe2 and other chalcopyrite
ternary compounds. The pseudo binary phase diagram of CuInTe2 was first
reported by Palatnik and Rogacheva [44]. A close to stoichiometric mixture of
high purity (99.999%) Cu, In and Te was sealed in vacuum in a thick wall
quartz ampoule of 20 mm internal diameter. The mixture was prereacted at
about 1000oC for two hours in a rocking furnace and solidified in the horizontal
position. Then the ampoule was introduced into the upper (hot) zone of a twozone vertical furnace. In this position, the prereacted material was melted again
and held at 1000oC for six hours. Then the temperature of the higher zone was
reduced to 850oC, which is above the melting point Tm = 789oC [10]. The lower
zone temperature was held at 750oC. For solidification, the furnace was slowly
moved up, translating the ampoule into the lower zone at a speed of 2 cm a day.
After solidification the ampoule was slowly cooled at two rates: 1oC/h from
750oC to 600oC and 5oC/h from 600oC to 20oC.
X-ray diffraction analysis on the grown ingot indicated the presence of the
single CuInTe2 chalcopyrite phase. The photoluminescence of the single
crystalline samples showed one broad peak in the edge emission region. This
implies a large concentration of defects.
Secondly, the polycrystalline samples were made by Dr. Jaan Raudoja at
Department of Materials Science, Tallinn University of Technology. The
samples were synthesized from elements at 810ºC in fused quartz ampoules.
The treatment continued with homogenizing annealing at 665ºC, which is
slightly lower than the peritectic temperature in CuInTe2 [3]. The starting Cu/In
concentration ratio was 1.03. The final polycrystalline CuInTe2 ingot showed a
well-defined chalcopyrite pattern in the XRD scan. The photoluminescence
spectrum of those samples showed well-resolved peaks with the phonon
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structure. We detected both edge and deep photoluminescence emission.
Moreover, the photoluminescence signals were strong enough to record the
power and temperature dependences of these spectra.

4.3.2 CuGaTe2
The polycrystalline CuGaTe2 material was synthesized by Dr. Jaan Raudoja
at Tallinn University of Technology. The precursor materials had 5N-purity
components. The phase equilibrium data was taken from [45]. Cu, Ga and Te
were weighted according to the stoichiometric molar ratios 1:1:2. The materials
were loaded into the quartz ampoule, evacuated to high vacuum and sealed. The
synthesis proceeded at the temperature of 900° C in the muffle furnace for 24
hours. Then the ampoule was cooled slowly (0.3 deg/h) in the region of the
crystallization point (895° C to 865° C), followed with the rate of 10 deg/h to
the room temperature. From the analysis of x-ray powder diffraction patterns,
the single-phase nature and the chalcopyrite structure of the material were
confirmed. The samples showed a well-resolved edge emission region with
many peaks and also a deep photoluminescence region with two broad peaks.

4.3.3 AgInTe2
The AgInTe2 samples were grown by Dr. Jaan Raudoja at Tallinn University
of Technology. The polycrystalline material was synthesized from high purity
(5N) elements. The components were weighed out according to the
stoichiometric ratio and loaded into a quartz ampoule. The ampoule with
precursor materials was degassed and evacuated up to 0.0133 Pa. Then the
ampoule was sealed. The synthesis of the material started at 710°C for 24 hours.
Then the temperature of the furnace was slowly reduced with the rate of 1°С/8h
to the crystallization point of the AgInTe2 (692°C [10]). After crystallization,
the material was cooled down to the room temperature with the rate of 10°С/h.
The photoluminescence spectrum of AgInTe2 showed well-resolved emission
spectrum with excitonic peaks and phonon replicas. Also, a deep region of
photoluminescence was detected. The XRD analysis of the synthesized samples
confirmed the expected chalcopyrite AgInTe2 structure (see Figure 5a). No
other phases were detected.
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Figure 5a. Measured X-ray diffraction spectrum of the AgInTe2 sample.

4.3.4 AgGaTe2
The polycrystalline AgGaTe2 material was synthesized by Dr. Jaan Raudoja
at Tallinn University of Technology from 5N-purity components. The phase
equilibrium data was taken from [31]. The elements Ag, Ga, Te were weighted
according to the stoichiometric molar ratios of 1:1:2. The materials were
inserted into the quartz ampoule, which was then put into high vacuum and
sealed. The synthesis was carried out in the muffle furnace. In order to obtain a
homogenous material, the ampoule was first held at 750 ºC for 24 hours. Then

Figure 6. XRD spectrum of polycrystalline
AgGaTe2 samples.
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slow cooling (0.5 ºC/h) was carried out in the region of the crystallization point
(730 ºC to 710 ºC). Final cooling followed at the rate of 5 ºC/h until the room
temperature was achieved. The XRD measurements of the samples showed pure
chalcopyrite AgGaTe2 phase, see Figure 6.
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5 Theory
5.1 Photoluminescence
Photoluminescence is the optical radiation emitted by a physical system
resulting from excitation to a nonequilibrium state by irradiation with light
[55]. The photoluminescence process can be divided into four sequentially

Figure 7. Basics of photoluminescence. After absorption, an electron is energized to
the conduction band where it rapidly reaches a thermal equilibrium with the lattice
(process 3). The energy of the exciting photon (1) is always higher than the energies
of the emitted photons (4a, 4b, 4c, 4d, and 4e).

happening events. In the first event (no.1 in Figure 7), light that has larger
photon energy than the bandgap of the semiconductor material under study, is
absorbed in the crystal. As a result, an electron is excited from the valence band
to the conduction band (event no. 2). A hot free electron and a free hole are
created. During event no. 3 the excess energy of the electron is given to the
crystal lattice and the electron relaxes to the bottom of the conduction band.
This process is usually rather fast, thus, it is not very often that hot electron
recombination is detected. It happens only when the sample is degenerate and
the Fermi level is in the conduction band. Event no. 4 is the recombination of
the electron and a hole. As a result, a photon is emitted. The emitted photon
energy is always smaller than the energy of the exciting photon. In the
photoluminescence spectrum, several recombination channels may be detected.
The most common radiative recombination channels are:
1) Band-to-band recombination (no. 4a),
2) Donor-to-band recombination (no. 4b),
3) Band-to-acceptor recombination (no. 4c),
4) Donor-acceptor pair recombination (no. 4d),
5) Excitonic emission (no. 4e).
Merely the position of the photoluminescence peak does not indicate what
the origin of the radiation is, but Figure 7 gives an idea where they might be
positioned on the energy scale relative to the excitation source.
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The excited volume of the sample depends on the penetration depth of the
exciting light; accordingly, if the diffusion length of the incident light is longer,
the bigger volume is excited. In turn, diffusion length depends on the absorption
coefficient of the material. On the other hand, the photon emission from the
recombination is a subject to self-absorption and will not propagate very far. In
sum, it is expected that the photoluminescence signal comes from the very
shallow layers of the excited crystal.
There are three positive factors of photoluminescence as a material research
tool. The first is its sensitivity; photoluminescence spectrum is very sensitive to
small changes in the crystal structure and doping quality and quantity. The
second factor is its simplicity regarding sample preparation. Samples do not
need any specific preparation in terms of polishing, etc. Also, materials from
bulk crystals to thin films can be studied. The third advantage is the simplicity
of the experimental setup.
The only disadvantage is that the information gained from the
photoluminescence experiment requires very often detailed and complicated
analysis. The models that describe the physical phenomenon behind the
detectable photon emission are quite complex and sometimes it is difficult to
assign one or another photoluminescence feature to a specific physical origin.
For this reason, usually many spectra of the same sample are recorded with
various temperatures and excitation energy conditions to intensify the features
of the physical phenomena happening inside the sample.

5.2 Heavily doped semiconductors
Heavily doped semiconductors are those in which the average distance
between impurities is less than the Bohr radius of an impurity state [46].
In other words, if the condition N ⋅ ab3 > 1 (where N is defect concentration
and ab is Bohr radius of the defect state) is satisfied, we have to deal with the
theory of heavily doped semiconductors. In that case the kinetic energy of an
electron localized in a region of size N-1/3 is higher than the potential energy of
the Coulomb attraction by a donor. The shallow impurity levels in that case are
smeared out in the energy scale and overlap with band states. For all of these
reasons, the states of the charge carriers are not governed by single impurity,
but rather by the field created by all the impurities and carriers in a given
semiconductor sample. This many-body interaction broadens the energy levels
of the deep impurity state. In sum, the so-called impurity bands and density-ofstates tails in the bandgap are formed (see Figure 8.). The density of states
function ρ(E) does not vanish at the unperturbed edges of forbidden band. The
charge carriers that do not have enough energy to travel freely along the crystal
feel the perturbation areas as potential wells.
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Figure 8. Band diagram of heavily doped semiconductors. Because of
heavy doping, band edges start to fluctuate in space. Eco and Evo are the
forbidden zone edges without heavy doping. Ec and Ev are the levels
where electrons and holes, respectively, can be considered as free
particles. As a result, it seems that the bandgap has decreased. r0 and γ
mark the average potential well width and depth. ρc, ρa, and ρv are the
density of states functions of the conduction band, defect state and
valence band, respectively.

Another feature of heavily doped samples is that the Thomas-Fermi
screening radius r0 is smaller than the Bohr radius ae [46]:
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where n is the concentration of free electrons. The characteristic size of a
potential well is equal to the screening radius r0 and its root-mean-square
depth is [36]
γ = 2π
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Heavy doping does not necessarily mean doping with impurity atoms. The
conditions of heavy doping may also originate from the high concentration of
native defects, i.e. interstitials, vacancies, etc. The chalcopyrite class of
materials is known to have large concentrations of native defects, thus, it is
expected that from the photoluminescence spectra of chalcopyrite tellurides, we
observe many phenomena that originate from the condition of heavy doping.

5.3 Photoluminescence of heavily doped semiconductors
Because of the special energy spectrum of charged particles in heavily doped
semiconductors, the radiative recombination processes in these materials are
rather complicated.
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In the following discussion it is assumed that the effective mass of the
conduction band electrons is much lower than that of the valence band holes
me* << mh* . Indeed, according to Ref. [36], the effective masses of holes in I-IIIVI2 materials are 3.1 – 8.1 times grater than the effective masses of electrons.
Based on this assumption, it is possible to predict what kind of recombination
channels prevail in samples with different types of doping.
In the case of an n-type heavily doped semiconductor, the conduction band
tail has virtually no effect on the photoluminescence spectrum. Because of the
low effective mass of electrons, it is impossible to confine them in rather small
potential wells. On the other hand, heavy holes are easy to trap in the potential
wells of the valence zone; accordingly, new features appear from the
localization of holes. In sum, three types of recombination channels govern the
photoluminescence spectrum of heavily doped n-type semiconductors (see
Figure 9). The first is band-to-band recombination (BB), where a free
electron recombines with a free hole. The second is band-to-tail
recombination (BT), when a free electron recombines with a hole that is
localized in the conduction band tail. The third is band-to-impurity
recombination (BI), where a free electron recombines with a hole that is
localized on a deep acceptor state.
In the case of p-type heavily doped semiconductors, the Fermi level is closer
to the valence band and the probability of electron localization in a potential
well of the conduction band is higher. Accordingly, in addition to the BB, BT,

Figure 9. Radiative recombination channels in heavily doped semiconductors. In the
case of small electron effective mass and high level of Fermi energy, BB, BT, and
BI recombinations dominate. In the case of high electron effective mass and low
level of Fermi energy, TI recombination becomes more probable. Ec and Ev are the
levels from where the electrons and holes, respectively, can be considered as free.
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and BI recombination bands, tail-to-impurity (TI) and tail-to-tail (TT) bands
emerge. In Chapter 4 BB, BT, BI, and TI bands are discussed in detail. Some
theoretical discussions are covered in the results section, because it is more
convenient to discuss the theory of the photoluminescence bands side-by-side
with real experimental examples. Our selection is based on the bands that were
identified in the photoluminescence spectra of chalcopyrite telluride samples.
Specifically, we have observed BB and BT recombination in AgGaTe2, BI
recombination in AgGaTe2 and CuInTe2, and TI recombination in CuGaTe2
crystals.
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6 Results
6.1 CuInTe2
6.1.1 Single crystalline samples of CuInTe2
Let us first discuss the results of the photoluminescence experiment on
single crystalline CuInTe2 samples, which were grown in University of
Strathclyde, Glasgow. The growth procedure was described in Chapter 2. Those
samples showed rather strong evidence of heavy doping. According to our
analysis, the spectra comprised BI recombination. Thus, let us first discuss
some principles of the BI band in heavily doped semiconductors.
The BI – band can be observed if γh < Ia, where γh is the mean-square
fluctuation of the potential energy of a hole and Ia is the ionization energy of the
acceptor state (Figure 10). The theoretical photoluminescence spectrum of this
band is defined by the following expression [46]:
I (hν) = hν
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Figure 10. Zone diagram of heavily doped
semiconductors according to the theory of potential
fluctuation. Holes that recombine through zone 1 are
free, and holes through zone 2 are localized. Because
of potential fluctuations the ideal upper and lower
bandgap edges transform, Ec0→Ec, and Ev0→Ev,
respectively. Accordingly, the energy gap of heavily
doped semiconductors is somewhat smaller than it
would be in the case of a perfect crystal. The acceptor
level Ia is “smeared” in the energy scale, therefore, we
have to deal with the distribution of the acceptor states
rather than a single acceptor level. BI, BB and BT
denote band-to-impurity, band-to-band and band-totail recombination, respectively.
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where W(Ee, Eh) is the recombination probability of a free electron and a
localized hole with energies Ee and Eh, respectively, ρc is the electron density of
states in the conduction band, fe is the Fermi function, ρa is the hole density of
states, and qa is the filling probability of the hole states. As compared to other
quantities, W depends very weakly on the electron and hole energies [46], thus
it will be treated as a constant.
According to the hole capture kinetics, two recombination neighborhoods
can be distinguished. They generate two types of transitions (BI1 and BI2),
respectively. The first involves the holes whose energy level is above Ev =Ev0-γh,
from which they can be considered as free. The filling probability of the
impurity states in this zone is as follows [46]:
qaBI1 =
=

N0
p(ε )
=
=
Na
p(ε ) + Θn + NV exp(− I a / kT )

p
,
p + Θn exp[( I a − ε ) / kT ] + NV exp(−ε / kT )

(5)

where N0 is the concentration of neutral acceptors, Na is the total concentration
of acceptors, p(ε) = p·exp[(ε-Ia)/kT] is the Boltzmann distribution of free holes,
p is the initial hole concentration, ε is the independent energy variable that has
the origin at Ev, Θ = Wn/Wp is the ratio of electron and hole capture
probabilities, n is electron concentration, and Nv is the effective number of
valence band states.
The capture of the hole by the impurity state in the second zone is a cascade
process in which a free hole is localized on the energy tail and then captured by
a neutral acceptor. The capture probability in this process is [46]
q aBI 2 =

p
.
p + Θn + NV exp(− ε / kT )

(6)

Reference [60] states that in the case of heavily doped semiconductors, the hole
density of states has its maximum at the acceptor’s activation energy and has a
Gaussian shape: ρa ( E h ) = ( N a / 2π γ) exp[−( E h − Ev0 − I a ) / 2γ 2 ] . According to the
free
electron
model,
the
electron
density
of
states
is
2
*
3/ 2
ρc ( Ee ) = (1 / 2π )(2me / h)
Ee − Ec , where Ec is the energy from which
electrons can be considered as free.
Taking into account that the BI-band is the sum of BI1- and BI2–band, we
substitute all distribution functions into Eq. (3) and obtain an expression for the
theoretical photoluminescence spectrum of the BI-band that can be used for
numerical simulations:
 (γ − I + ε ) 2 
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dε ,(7)

 h ν − µn − E g + ε  
Eg − hν 1 + exp
( p + Θnη(ε ) + NV exp(−ε / kT ) )




kT



+∞

∫

29

1, if ε > I a

and µn = Ef - Ec is the difference between
exp(( I a − ε ) / kT ), if ε < I a

where η(ε ) = 

the Fermi level and Ec.
A typical shape of the photoluminescence spectrum in heavily doped
CuInTe2 is asymmetric. It has an exponential slope on the low-energy side and a

Figure 11. Normalized photoluminescence spectra of
CuInTe2 sample measured at different temperatures.

Figure 12. Calculated photoluminescence spectra at
various temperatures using Eq. (7). Compared to
experimental results (Figure 11), the simulated
spectra have the same kind of asymmetric shape.
Also, it features the characteristic shift along the
energy scale and broadening as it was observed in
our experiments.
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A typical shape of the photoluminescence spectrum in heavily doped CuInTe2 is
asymmetric. It has an exponential slope on the low-energy side and a steeper
Gaussian incline on the high-energy side (Figure 11). At low temperature (10
K), its maximum is located at 0.98 eV.
The temperature dependence of the band possesses an interesting quality
(Figures 11 and 13). At low temperatures, the peak position energy of the
spectrum decreases with increasing temperature, at some temperature T*, the
photoluminescence peak shifts towards higher energy again until it reaches a
saturation level. The measured photoluminescence spectra were fitted and
compared with computer simulations, which proved that Eq. (7) indicates the
same behavior (Figures 12 and 14). The depth of the valley and its position
depend on the carriers’ concentrations, i.e. on the excitation power. Smaller
carrier concentrations correspond to steeper inclines.
Such behavior of hνmax can be explained as follows: the transition BI2 has a
maximum probability at temperature T* after which the thermal activation
process starts to dominate and thermalize localized holes into zone 1 (see Figure
10). Accordingly, the maximum of photoluminescence band shifts towards
higher energies. The saturation takes place when all localized holes become
thermalized. The BI2 radiation vanishes and the whole recombination goes
through BI1.
A comparison of Figures 11 and 12 shows that the dependence of the
measured photoluminescence spectra on the sample temperature is in good
conformity with Eq. (7). They both indicate the same type of shift and change in
the half-width of the spectra, which widens with the increasing temperature.
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Figure 13. The shift of CuInTe2 photoluminescence
peak position versus temperature.

Figure 14. The dependence of the BI-band peak
position on temperature, resulting from computer
simulations of Eq. (7). Larger curve numbers
correspond to higher carrier densities. The position
of T* is also very sensitive to parameter γ, which
characterizes the amplitude of potential fluctuations.
If the carrier concentrations are fixed, T* shifts
towards higher temperatures with a higher value of
γ. This is coherent with the theory, because in the
case of deeper energy tails the holes become more
difficult to thermalize.

The theory of heavily doped semiconductors [46] and our simulations prove
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The theory of heavily doped semiconductors [46] and our simulations prove that
at low temperatures the BI-band’s maximum is located at hνmax = E g − I a .
Whereas the energy gap at 10 K in CuInTe2 is in the range Eg=1.06-1.02 eV
[18] and the maximum of our spectrum at 10 K is approximately 0.98 eV, Ia
must lie between 40 and 80 meV. According to [36], where the defect levels
were calculated theoretically, it can be attributed to the single acceptor level
Ia=70 meV, whose possible origins are copper vacancy VCu or antisite point
defects TeIn and CuTe. Though, it is believed that the former has much higher
formation probability, the antisite defects must not be totally disregarded.
To endorse the idea of recombination through the acceptor level, the
photoluminescence band with a similar activation energy appeared also in not
so highly defective CuInTe2 crystal [47], where the phonon structure of the
photoluminescence spectra was detected.
The acceptor’s activation energy Ia could not be calculated from the
traditional Arrhenius plot because in the case of potential fluctuations, the
relation Ln(I) versus 1000/T generates no straight line at high temperatures.
Indeed, because of potential fluctuations we do not have a single acceptor level
but the distribution of the acceptor states around Ia.
The shape of the measured photoluminescence spectra remained unchanged
in regard to various excitation powers (Figure 15). Also, no shifts along the
energy scale were observed. It means that the shape of the BI-band does not
depend on the carrier densities. This implies that the filling probability of the
acceptor states is close to uniformity. Again, our computer simulations of Eq.
(7) confirmed that the photoluminescence spectra do not depend on the
excitation power.

Figure 15. Normalized photoluminescence spectra of
single crystalline CuInTe2 sample measured at
different laser excitation power.
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Figure 16. Photoluminescence spectra of polycrystalline
CuInTe2 at 11 K. Measured photoluminescence spectra
were fitted using five different peaks and their phonon
replicas.

The photoluminescence spectra of heavily doped semiconductors are
distinctive because of their characteristic asymmetric shape. This distinguishes
them from other recombination models. However, the shape of the BT-band is
similar to the shape of the BI-band. Thus, it should be carefully considered
before attributing the emission to one or the other. While working with other
CuInTe2 samples, we have seen both bands on the same spectra. The BI-band
appeared exactly in the same position (0.98 eV) and the BT-band had its
maximum at about 1.01-1.02 eV.

6.1.2 Polycrystalline samples of CuInTe2
The polycrystalline samples were made in the Department of Materials
Science, Tallinn University of Technology. The growth procedure is described
in Chapter 2. It is surprising that from the comparison of photoluminescence
spectra of monocrystalline and polycrystalline samples, the latter ones indicated
lower concentration of native defects, i.e. the photoluminescence spectrum of
polycrystalline samples showed excitonic emission and well-resolved phonon
structure.
The experimental photoluminescence spectrum of CuInTe2 sample at 11 K is
presented in Figure 16. We distinguished five different photoluminescence
bands – three near the band-edge bands (E1, E2, and E3) and two deep bands (D1,
and D2) with their phonon replicas. We found that the replicas appear in
accordance with LO-phonon energy ħωLO = 23.2 meV. The corresponding peak
positions and the possible band origins are presented in Table 4.1. The results
34

were compared with theoretical calculations of defect levels in CuInTe2 [36],
where the model of effective mass theory was applied.
We found that three types of recombination mechanisms governed our
bands: excitonic, donor to valence band, and conduction band to acceptor
emission. It is known that shallow levels, because of the broad amplitude of
their wavefunction, tend to form donor-acceptor pairs (DAP). Nevertheless, we
can not attribute DAP emission to near-band-edge emission in CuInTe2, because
of the overlapping of edge emission bands it was difficult to identify their
behavior regarding to excitation power and temperature changes.
The activation energies of relevant defect levels in Table 4.1 were calculated
using the expression
Ea = E g − hνmax ,

(8)

where hνmax is the band’s peak position and Eg is bandgap energy. In CuInTe2 Eg
is between 1.02 and 1.06 eV [18]. In our calculations we used the value Eg =
1.06 eV, which is reasonable, because we observe luminescence intensity up to
1.06 eV.
Edge emission can also be analyzed using the relation I ~ Lk [48, 49], where
I is the intensity of the photoluminescence band, L is excitation power, and as a
rule k is the factor that is >1 for excitons and ≤1 for non-excitons. Our fitting
proved that for E1 k>1, accordingly, it is highly probable that band E1 at hνmax =
1.041 eV has excitonic origin. Allegedly, it is not the consequence of emission
by one exciton but rather a sum of several excitonic radiations. Moreover, Refs.
[34, 35] report excitonic emission in the same region.
Band E2 at hνmax = 1.030 eV, is not excitonic, because the factor k < 1 for
this band. Its activation energy according to Eq. (8) is 30 meV, which is in good
coherence with the theoretical activation energy of the donor level at 26 meV
•
[36]. Its possible physical origin is telluride vacancy VTe
or antisite defect In •Cu
[36].
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Figure 17.Dependence of normalized polycrystalline
CuInTe2 photoluminescence spectrum on laser excitation
power. It is evident that peaks D1 and D2 do not shift with
altering excitation power, thus, they do not originate from
donor-acceptor pairs.
Table 4.1 Experimental values of photoluminescence band positions compared with
theoretical calculations. Activation energies were calculated with Eg = 1.06 eV.
PL
band

hνmax (eV)

E1
E2
E3

Ea (meV)
Experimental

Theoretical [36]

Possible
origins [36]

1.041
1.030

30

26

Excitons
•
•
VTe
, In Cu

1.019

41

37

D1

0.999

61

70

D2

0.957

103

120

In •i
′ , Te′In , Cu ′Te
VCu
Te′i , Cu ′In

The exact position of band E3 was not easy to determine, because it is located
36

Figure 18. Dependence of normalized CuInTe2
photoluminescence spectrum on sample temperature.

The exact position of band E3 was not easy to determine, because it is located
between two more intensive bands E2 and D1. However, the fitting showed that
for E3 hνmax = 1.019 eV that corresponds to Ea = 41 meV. The closest defect
level for this is the donor level at 37 meV that is caused by interstitial defect
In •i .
The deep bands D1 and D2 are most probably radiative emissions between
conduction band and an acceptor level. They can not be DAPs because altering
the laser power did not generate any j-shift of these bands (see Figure 17). The
peak D1 is located at 0.999 meV and is close to the theoretical acceptor state at
70 meV. We observed the same photoluminescence band in heavily doped
CuInTe2 crystal [50]. According to Ref.[36], this band can be caused by copper
′ or antisite point defects Te ′In or Cu ′Te . The position of peak D2
vacancy VCu
(Ea = 103 meV) is close to the theoretical deep acceptor level that is situated at
120 meV [36]. Most likely, interstitial Te′i or antisite defect Cu ′In causes this
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level. Previously, we observed a deep band with similar properties in the
photoluminescence spectrum of CuGaTe2 [38]. Indeed, the Huang-Rhys factor
of D2 band is S ≈ 0.22 while for the deep band in CuGaTe2 it was 0.29.
The temperature dependence of the photoluminescence spectrum of CuInTe2
is presented in Figure 18. In the edge region, excitonic peak starts to dominate if
temperature rises, i.e. bands E2 and E3 fade much faster than excitonic E1. The
red shift of the edge region can be attributed to the decrease of the bandgap with
increasing temperature. Deep bands D1 and D2 can be observed up to 160 K.

6.2 Photoluminescence of polycrystalline AgGaTe2
The polycrystalline samples were synthesized in the Department of Materials
Science, Tallinn University of Technology. The growth procedure was
described in Chapter 2. The samples showed photoluminescence spectrum that
is very characteristic of the heavily doped semiconductors. We observed BB,
BT, and BI photoluminescence bands. The classical transition of BT-band to
BB-band at higher temperatures was noticeable.
The laser power dependence of the edge emission is shown in Figure 19. In
the logarithmic scale, three emission bands can be clearly distinguished. They
are located at 1.337 eV (BB), 1.317 eV (BT), and 1.287 eV (BI). The band with
the highest intensity (BT band) is visually asymmetric and has a steeper incline
on the high energy side. That phenomenon is not common to ordinary band-toband transition in perfect crystals, where the tilt of the peak should be to the
opposite side. Because of strong asymmetry, it is neither common to excitonic
nor shallow impurity emission. It should be noted that peak positions found in
our samples have lower energy than these measured in single crystals [41, 42].
In single crystals the free exciton (FE) peak at 10 K had a maximum at 1.352
eV and the bound exciton peak was found at 1.338 eV [42]. These facts and the
shift of the BT band toward higher energy with increasing laser power (see
Figure 19) suggest that the model of heavily doped semiconductors should be
applied for our polycrystalline samples.
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Figure 19. Laser power dependence of the edge
photoluminescence emission of AgGaTe2 sample. Three bands
are positioned as follows: band-to-impurity (BI) (1.287 eV),
band-to-tail (BT) (1.317 eV), and band-to-band (BB) (1.337 eV).
The asymmetric shape and the j-shift of the BT band are easily
seen.

The temperature dependence of the edge emission spectrum in Figure 20
justifies the assumption of heavy doping. At low temperatures, the BT-band at
1.317 eV prevails and at higher temperatures, the BB-band at 1.337 eV starts to
dominate. As the temperature rises, more and more holes that are localized in
the valence band tail are thermally liberated. Therefore, the emission transforms
from the BT- to the BB-band. The same behavior was observed in CuInGaSe2
[51] and CuGaSe2 [52].
The blue shift of the BT-band with the increasing excitation power (j-shift)
(see Figure 19) can be explained by the filling probability of the hole states in
the valence band tail. As the excitation power increases, the filling probability
of the “shallow states” in the valence band tail also increases and the filling
probability of the “deeper states” decreases. Accordingly, the states closer to the
unperturbed band edge will be preferentially occupied by holes. Thus, the peak
position of the BT-band shifts towards higher energies.
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Figure 20. Normalized photoluminescence spectra of the edge
emission bands of AgGaTe2 at various temperatures. At low
temperatures the band-to-tail emission band prevails. As the
temperature rises, the band-to-band recombination starts to dominate.

We observed another asymmetric band at 1.287 eV. This band can be
attributed to the band-to-impurity recombination (BI-band). The BI
recombination occurs between free electrons, and the holes that are localized at
the defect states with the distribution function that does not overlap with the
zones. The intensity of the BI-band was not sufficient to obtain the activation
energy directly from thermal quenching. However, assuming that the bandgap
of AgGaTe2 at 8 K is 1.358 eV [42] and because AgGaTe2 tends to have p-type
conductivity, we suggest that the BI-band originates from the conduction band
to the shallow acceptor recombination and thus the acceptor’s activation energy
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Figure 21. Temperature dependence of the band-to-tail
photoluminescence band of AgGaTe2. The shift of edge
emission bands is mainly caused by the temperature
dependence of the bandgap energy.

can be found by subtracting the BI-band peak position energy from the
AgGaTe2 bandgap energy. By doing this we obtain the value of 70 meV.
Figure 21 shows the shift of the BT-band’s peak position according to the
sample temperature. At low temperatures, the peak shifts towards higher
energies with the increasing temperature. This tendency continues to some
characteristic temperature where the peak position has its maximum value
(1.323 eV at 45 K). After that, the peak starts to shift towards lower energies. A
similar behavior was observed in [41, 42]. Because the BT-band position is
strongly influenced by the bandgap energy, the shift can be explained by the
characteristic bandgap energy temperature dependence of AgGaTe2.
Unfortunately this dependence in AgGaTe2 is not known, but an analogous
behavior of the bandgap has also been observed in other silver containing
chalcopyrites like AgGaSe2 and AgGaS2 [53]. In AgInSe2, for example, the
bandgap energy increases about 8 meV from T = 4.2 K to 150 K [54].

6.3 Photoluminescence of polycrystalline CuGaTe2
CuGaTe2 is a very interesting compound for many reasons. It was found that the
complex nature of its pseudo-binary phase diagram leads to the formation of
high concentration of intrinsic defects originating from the deviation of its ideal
stoichiometry [45, 20]. Therefore a wide range of measured Eg and other
41

parameters are reported in the literature. At the same time there are indications
that a very shallow acceptor with Ea ≈ 1 meV is present in this compound [32]
and this level often leads to the degeneration of the CuGaTe2 samples. Probably
these shallow acceptor levels are caused by the high concentration of acceptors
in CuGaTe2, see for example [56]. It was shown that the hole gas in CuGaTe2 is
degenerate at hole concentrations above 5×1018 cm-3, therefore, due to BursteinMoss shift, higher Eg values are measured using optical absorption [20, 57].
Another interesting fact is the presence of photoluminescence bands at higher
energy than the lowest bandgap energy of CuGaTe2 [37, 38, and 39]. It was
proposed that lower laying valence bands are responsible for these
photoluminescence bands [38]. The highest valence band in CuGaTe2 is
characterized by three split bands: Γ7, Γ6 and Γ7. This splitting is the result of the
combined effect of crystal field and spin-orbit splitting. However, the valence
band structure in CuGaTe2 is not completely understood. Deep
photoluminescence bands in CuGaTe2 show properties which are difficult to
explain using standard photoluminescence models for deep photoluminescence
bands [39]. It was found that the deep photoluminescence band at 0.95 eV
shows blue shift with increasing temperature and this shift was explained using
the model of spatially curved energy gap [39]. All of these facts indicate that
further studies are needed to clarify recombination processes in CuGaTe2. In the
present work we study the deep photoluminescence region 0.8-1.3 eV of

Figure 21a. Photoluminescence spectrum of polycrystalline CuGaTe2
samples. The two regions were recorded with two different detectors.
The peaks A and B were located at 0.955 eV and 1.14 eV. The fine
structure of edge emission implies that our samples were degenerate.
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Figure 22. Band diagram of heavily doped semiconductors. Ia
and Ib are the defect level binding energies, Ec0 and Ev0 are
unperturbed edges of energy gap, Ec is the level of free
electrons, and Ev is the level of free holes. The BI-band is the
result of the recombination of the free electron and the hole
that is localized at the acceptor state. Some exceptionally deep
potential fluctuations act as potential wells for electrons.
Inside those wells, electrons have allowed energy states. From
those states electrons can recombine with holes that are
localized at acceptor states (TI-band). “Vertical transitions”
(TI1) are favoured at higher temperatures while “diagonal
transitions” (TI2) are favoured at lower temperatures.

polycrystalline CuGaTe2 samples and present the modernized model of deep
level recombination.
The low temperature deep photoluminescence spectrum of our CuGaTe2
samples is presented in Figure 21a. The edge photoluminescence is presented
here just to indicate that it exists. The analysis of this part of the spectrum will
be presented in the following papers. The deep region consists of two bands.
The fittings of these bands showed that they are slightly asymmetrical. The
lower intensity band A has the peak at 0.955 eV and the higher intensity band B
has the peak at 1.14 eV. This kind of broad asymmetric photoluminescence
bands are very common to heavily doped semiconductors. The temperature
dependence of the photoluminescence spectra is represented in Figure 24 and
the fitting results in Figure 25. Both peaks show a rather significant shift
towards higher energies with increasing temperature (40 meV – A peak, 30
meV – B peak). The laser power dependence of the low temperature
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photoluminescence spectrum revealed a strong blue shift with increasing
excitation power (j-shift) of both bands. Indeed, in the excitation power range
from 3 mW to 40 mW, the peaks of A and B bands shifted 10 meV and 5 meV
towards higher energies, respectively (see Figure 27).
Because of high concentration of free holes (>1018 cm-3), our samples are
degenerate. Accordingly, the amplitude of potential fluctuations is strongly
reduced by screening. Also, we assume that the effective mass of electrons is
small in our samples. Unfortunately, the experimental value of the effective
mass of electrons in CuGaTe2 has not been reported in literature. The small
effective mass approximation is based on the fact that all chalcopyrite materials
tend to have rather small effective masses of electrons [39]. Thus, at the bulk
material, there are no potential wells that can trap either electrons or holes. As a
result, only exceptionally deep potential wells that are formed by a cluster of
defects can localize electrons. Nevertheless, in the presence of deep potential
wells, electrons’ effective mass is modified as compared to that of the bulk
material. The actual value is unknown, but we assume that in our material such
exceptionally deep potential wells exist and trap electrons at the present value of
their effective mass. The location of those wells is probably some defective area
of the crystal lattice. There are several origins that can create this kind of deep
quantum wells. The defective spot must either attract donor defects or repel
acceptor defects. In both cases there emerges a small volume in the lattice,
where the electrons’ presence is energetically favorable.
In heavily doped semiconductors the recombination between the conduction
band and an impurity level can occur via two channels (see Figure 22). The first
so called tail-to-impurity (TI) recombination takes place between the electrons
that are localized in the conduction band tails and the holes that are localized at
the acceptor state. The second so-called band-to-impurity (BI) recombination
takes place between the free electrons in the conduction band and the holes that
are localized at the acceptor state.
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Figure 23. Integral intensities of A and B bands at various
temperatures. Upper graph (a) shows the results of fittings of
measured photoluminescence spectra. Lower graph (b) shows
the theoretical behaviour of TI+BI bands combined. Both
bands, A and B, are dominated by TI recombination at low
temperatures. At higher temperatures the intensity of TI-band
transfers into BI. Integral intensity of TI+BI shows
qualitatively very similar behaviour to our measured A and B
bands.

Let us now concentrate on the behavior of TI-band. Figure 22 shows that TIband can exist only if the thermal energy of electrons is not high enough to
allow them to escape from the conduction band tails. If not, BI-band can be
observed instead of TI-band. Thus, it is expected that as the temperature
changes from low to high, TI-band transforms into BI-band. The transition rate
depends directly on the depth of the conduction band tails. Thus, the justified
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question at a given temperature is whether we are observing TI or BI-band.
Nevertheless, the TI-band can be easily distinguished from the BI-band. The
theory, experiments, and computer simulations in [50] indicate that the
maximum of BI-band does not shift according to the laser power variations. On
the contrary, the peak position of TI-band should exhibit noticeable j-shift.
Namely, because of the localized nature of tail electrons (see Figure 22), TI
transition depends on the hole distance from the potential well; arrows TI1 or
TI2 in Figure 22. Because of the higher energy of the involved holes, the TI1
recombination results in higher photon energy than the TI2 recombination.
Additional relative energy increase comes from the higher Coulomb term in
case of TI1. Namely, the energy of the emitted photon is increased by the
Coulomb term that depends respectively on the distance between recombining
charge carriers. By its physical nature the Coulomb term is inversely
proportional to the charge separation distance. On the other hand, it is known
that because of the lower overlapping of the wavefunctions of distant electrons
and holes, the recombination of distant pairs saturates faster than the
recombination of close pairs. In conclusion, j-shift in the case of TI-band should
be noticeable. Similarly to the donor-acceptor-pair (DAP) recombination, TIband shifts towards higher energies with increasing excitation power. The
thermal quenching of TI-band can be estimated by the expression [46]:
I TI (T) ∝ exp [ − (kT ln Θ + γe )1/ 2( 4(kT)−1/ 2 + γ −1/ 2 )]

(9)

where ITI is the integral intensity, Θ is the factor of excitation level, i.e. the ratio
of the density of electronic states to the density of the generated electrons,
γe = Ec 0 − Ec (see Figure 22), Ec0 is unperturbed bandgap edge, Ec is the level
where electrons can be considered as free, and γ is the mean-square fluctuation
of the potential energy. The shape of the function (9) is shown in Figure 23b.
The intensity of TI-band suffers from both low-, and high-temperature
quenching, reaching its maximum value at kT1 = (16γe2 γ / ln 2 Θ)1 / 3 [46]. The lowtemperature quenching is caused by the barrier that holes encounter when
physically approaching the potential wells. As a result, at low temperatures the
long mean distance between electrons and holes limits the probability of TI
recombination. The high-temperature quenching is partially caused by the
thermal escape of holes from the impurity level but the main culprit is the
thermal liberation of electrons from the conduction band tails. As a result of this
process, TI-band simply transforms into the BI-band.
According to [46] the maximum position of TI-band has strong dependence
on the temperature. The peak position of TI-band can be calculated as
TI
ωmax
= E g0 − γe − I a − kT ln Θ + 2 (kT ) 2 ln Θ + kTγe

46

(10)

Figure 24. Temperature dependence of deep
photoluminescence spectrum of CuGaTe2. Both A and B
bands show very similar quenching rates. Both bands
exhibit considerable blue shift with increasing temperature
(see also Figure 25).

Figure 25. Temperature dependence of A and B peak
positions. In the temperature range from 9 K to 180 K
the peak position of band A shifts about 40 meV and
the peak position of band B shifts about 30 meV
towards higher energies.

At very low temperatures () the maximum of TI-band shifts towards hi
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Figure 26.. Fitting results of thermal quenching of bands A
and B. The fittings are performed with Eq. (11).

At very low temperatures ( kT < γe / ln 2 Θ ) the maximum of TI-band shifts
TI
towards higher energies with the increasing temperature as ωmax
∝ 2 kTγe . It
happens because more TI1 transitions (see Figure 22) become available as the
additional thermal energy helps holes to approach potential wells. At high
temperatures and low excitation values ( Θ ≥ 100 ) the kT term in Eq. (10)
TI
dominates and ωmax
decreases with the temperature increasing. This can be
explained as follows. As the temperature increases, the shallower tails are
emptied first. As a result, the emphasis of the recombinations shifts to deeper
tails which holes find more difficult to approach, consequently, less TI1
transitions become available.
Figures 24 and 25 show that as the sample temperature increases, the peak
position of A and B bands move towards higher energies. At the same
temperature range, according to [57], the bandgap energy of CuGaTe2 exhibits
the shift in the opposite direction. This implies that both A and B bands
comprise two closely situated recombination channels of different origin and the
deceptive shift of the peak is actually caused by the transfer of the
recombination intensity from one channel to another. We propose that in the
present case we see the transition of TI-band into BI-band. However, the
involved impurity levels of the A and B bands are different. Accordingly, the
activation energies of involved acceptor states are IA and IB respectively.
Nevertheless, in both cases the shift can be explained as follows. At low
temperatures the TI-band, the peak of which is located at slightly lower energy
than the BI-band, prevails. As the temperature increases, the photoluminescence
intensity transfers from TI-band to BI-band. As a result, although the peaks
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positions of both TI- and BI-bands are decreasing, the peak position of the
resulting band (A or B) is moving towards higher energies.
The temperature dependence of the intensities of A and B bands, also, the
TI- and BI-bands inside them are depicted in Figure 23. At low temperatures
(below ~30 K) the TI-band prevails. Its intensity has its maximum at the
temperature T1. At higher temperatures the BI-band starts to dominate and the
behavior of the A and B bands is governed by the quenching of the
corresponding BI-band.
Figure 26 shows the Arrhenius plot of the thermal quenching of the A and B
bands. The fittings were performed with the semi empiric equation [38, 39]:
I0

Φ(T) =
1 + α1T

1.5

+ α 2T

1.5

 E 
exp − T 
 kT 

,

(11)

where Φ(T) is integral intensity, I0 is initial intensity, α1 and α2 are the process
rate parameters, and ET is the thermal activation energy. The activation energy
ETA = 237 ± 2 meV of the band A is most probably caused by the thermal
activation of holes from the acceptor state IA directly into the valence zone. In
case of band B, the quenching process was detected with the activation energy
ETB = 90 ± 1 meV. The quenching process is caused by the thermal liberation of
holes from IB acceptor state. These values of the activations energies have not
been reported before. At this point, there is not enough information to attribute

Figure 27. Laser power dependence of the peak positions of
photoluminescence bands A and B of CGT. Both bands show
rather strong j-shift which is common to TI recombination.
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those activation energies to certain defects. The identification of those defects
remains for the future studies.
The presence of TI recombination in the bands A and B is confirmed by the
laser power dependence of the photoluminescence spectrum (see Figure 27). It
was proven in [50] that BI-band does not shift according to excitation power
variations. Indeed, the computer simulation showed that the shape and the
position of BI-band do not depend on carrier densities. On the contrary, our
current experiment showed that at 9 K both A and B bands showed rather strong
j-shift. As it was described above, this shift is specific to TI recombination that
shifts similarly to DAP recombination.

6.4 Photoluminescence of polycrystalline AgInTe2
The polycrystalline AgInTe2 samples that were made at the Department of
Materials Science, Tallinn University of Technology, showed interesting
photoluminescence spectra with exciton emission and phonon replicas. The
growth procedure was described in Chapter 2. We distinguished three bands that
were located at 1.023 eV, 0.959 eV, and 0.741 eV. We assigned the origin of
the first band to excitonic emission, the second band to the donor-acceptor-pair
recombination.
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Figure 28. Photoluminescence spectrum of AgInTe2 at 15 K. Different scales are
used for different bands. Vertical lines show the positions of the LO-phonon replicas
of the E1- and D1-bands. The fitting gave the corresponding phonon energy of ħωLO
= 25 meV.

Figure 29. Laser power dependence of the D1-band. In order to
avoid the warming of the sample the laser power was varied from
15 mW to 0.04 mW. The rate of the peak position shift is 6 meV
per decade.

The typical photoluminescence spectrum of AgInTe2 is shown in Figure 28,
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Figure 30. Temperature dependence of the D1-band. The
spectra are normalized.

The typical photoluminescence spectrum of AgInTe2 is shown in Figure 28,
where three different photoluminescence bands can be clearly distinguished.
The first band (E1) has a relatively narrow peak at 1.023 eV and it has one
visible LO-phonon replica with the energy of ħωLO = 25 meV. The second and
most intensive band D1 has the main peak at 0.959 eV and it has two LOphonon replicas with the same phonon energy. The third band D2 is the
broadest and is centered approximately at 0.741 eV. Unfortunately, neither the
intensity of the E1-band nor the D2-band was high enough to record the
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temperature and laser power dependencies. Nevertheless, due to its narrowness
we believe that E1 may have an excitonic origin and due to its deepness and
broadness D2 is caused by some deep defects.
However, the intensity of the D1-band was sufficient to conduct the
measurements of temperature and the laser power dependence. The spectra
recorded at various excitation powers from 0.04 mW to 15 mW are shown in
Figure 29. As it can be seen, the peak position of the D1-band shifts towards
higher energies with the increasing excitation power. The rate of the shift is 6
meV per decade of the laser power. This so called j-shift is characteristic of
donor-acceptor pair (DAP) recombination, because at high excitation powers
the recombination through distant DAPs saturates. In the case of increasing
laser power the recombination rate can only increase through closely situated
donors and acceptors which emit photons with higher energies than distant
pairs.
In order to obtain information about the energy levels of the involved donor
and acceptor states, the thermal quenching of the photoluminescence bands is
often used. The temperature dependence of the D1-band in Figure 30 shows the
shift of the peak position towards lower energies with the rising temperature.
The shift is predominantly influenced by the temperature dependence of the
bandgap energy. Indeed, according to [58] the bandgap dependence of AgInTe2
is in the order of -36 meV from 0 K to 300 K. At the same time, the shift of the
D1-band in our spectra is about -12 meV from 15 K to 140 K.

Figure 31. Arrhenius plot of the D1-band. Solid line
represents the fitting result using Eq. (11).
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According to [59] the thermal quenching of DAP recombination spectrum
can be fitted with Eq.(11). The fitting shows (see Figure 31) that the activation
energy of the D1-band is 35 meV.
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7 Conclusions
The spectrum of the BI recombination in heavily doped single crystalline
CuInTe2 has a characteristic asymmetric shape. Also, it features a unique
behavior with regard to excitation powers and temperature variations. Our
experimental results are in good agreement with the theory of heavily doped
semiconductors. Thus, based on the features of the theory, we suggest that the
broad band in our spectra was generated by the BI recombination. We attribute
the recombination to free electrons with holes that are localized on the acceptor
level at 70 meV that is most probably caused by the copper vacancy.
The second CuInTe2 material that was studied was polycrystalline. Our
spectra proved that edge and deep photoluminescence bands can be observed in
CuInTe2. More work should be done to investigate the origins and possible fine
structure of the photoluminescence bands.
The photoluminescence spectra of AgGaTe2 also prove that polycrystalline
ternary chalcopyrite materials tend to have large concentration of native defects.
This conclusion is based on the observation of the asymmetric shape of the edge
emission bands and their temperature dependence. According to the model of
heavily doped semiconductors, band-to-band (BB), band-to-tail (BT), and bandto-impurity (BI) bands were identified. From the latter band position an
acceptor defect with energy EA = 70 meV was estimated. The bands in the deep
photoluminescence region show very rapid thermal quenching with the
activation energies about 20 meV. We believe that these bands can be attributed
to the deep donor- deep acceptor pair recombination mechanism, but further
studies are still needed.
The deep photoluminescence region (0.80 – 1.3 eV) of CuGaTe2 comprises
two bands. One of them (at 0.955 eV) has been reported before. The second
band (at 1.14 eV) has not been observed before. The similar temperature and
laser power dependence of the bands called for similar interpretations. With the
increasing temperature we observed the transformation of “tail-to-impurity”
(TI) to “band-to-impurity” (BI) recombination. Band A involves the defect level
with higher activation energy than band B.
The photoluminescence measurements of polycrystalline AgInTe2 samples
showed three bands. Because of the narrowness and closeness to the bandgap
energy we assign the first band at 1.023 eV to excitonic emission. The second
photoluminescence band at 0.959 eV is assigned to DAP recombination. This
conclusion is based on the results of laser power dependence measurements that
reveal the j-shift 6 meV per decade. The third photoluminescence band at 0.741
eV is most probably caused by the recombination between deep defect states.
However, in order to identify the responsible defects for the E1 and D2 bands,
further research is necessary.
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