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1 Abstract

Photoluminescence of chalcopyrite tellurides

Photoluminescence is a sensitive method for studliedefect structure of
semiconductor materials. The studied chalcopyet@eride compounds belong
to the I-1ll-VI, group of semiconductors. These materials have nmewel
applications, including a potential of being an absr material in thin film
solar cells. The studied materials include CulpT@uGaTe, AginTe, and
AgGaTe.

The results of the experiments were multifariouseims of the features of
the photoluminescence spectra. Nevertheless, thlystatr structure and
properties of all these materials are very similae, photoluminescence spectra
had shapes from broad asymmetric bands, which feaeacteristic of heavily
doped semiconductors, to narrow excitonic peak$ wtionon replicas that
implies a rather good crystal quality.

The photoluminescence spectra of single crystalltwenTe and their
dependence on the temperature and excitation poeer measured. At 10 K
an asymmetric broad peak at 0.98 eV was observieel. photoluminescence
peak position did not depend on the excitation ppwet had a characteristic
dependence on the sample temperature. Our comgutatations proved that
this behavior is in good compliance with the ShkldyEfros model of heavily
doped semiconductors with spatially varying potntiuctuations. Therefore,
the photoluminescence band was attributed to thed-b@impurity type
recombination and the corresponding level to timglsi acceptor at 70 meV,
which is most probably caused by a copper vacancy.

Photoluminescence studies of polycrystalline Cujn3leowed three edge
(1.041 eV, 1.030 eV, and 1.019 eV) and two deepllé¥.999 eV, and 0.957
eV) emission bands at 11K. The excitation intensityd temperature
dependencies of photoluminescence spectra weredegtoAs possible band
sources one excitonic and four band-to-defect réomation mechanisms are
proposed in this thesis.

The photoluminescence spectra of polycrystallinegGA§e showed two
emission regions centred at 1.32 eV and 0.8 eV.fifkeregion appears near
the bandgap energy and comprises three bandsréhatemtified by the theory
of heavily doped semiconductors as band-to-band@3{l.eV), band-to-tail
(1.317 eV) and band-to-impurity (1.287 eV) reconalbion.

CuGaTeg samples very often exhibit optical and electripabperties of
heavily doped semiconductors. The deep photoluroére region observed
(0.8 - 1.3 eV) consists of two peaks. One of theecated at 0.955 eV and has
been reported before. Another, a totally new baad discovered at 1.14 eV.
The low-temperature j-shift of both bands was detkcAlso, rather significant
blue shift with the increasing temperature wasasati It is proposed that both
bands consist of two recombination channels. At k@mperatures tail-to-
impurity recombination dominates. As the tempematincreases, the tail-to-
impurity recombination transforms into band-to-imipurecombination.
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The last chalcopyrite compound that we studied was$ycrystalline
AgInTe,. The spectra showed three bands. The first basdhgamaximum at
1.023 eV and it has one LO-phonon replica with ¢hergy shift of 25 meV.
The second band has the maximum at 0.959 eV anglwnon replicas with
the same 25 meV LO-phonon energy. The third breamlhas the maximum at
0.741 eV. The dependence of the spectra on theetatope and the excitation
power were recorded. According to the observedfi-ahd thermal quenching
the 0.959 eV band can be assigned to a donor-aeqgegt recombination with
the activation energy of 35 meV. The intensitieghef first and the third band
were not sufficient to record their temperaturelager power dependencies.
Nevertheless, we propose that the first one hasoexc origin and the third one
has been caused by some deep defect state.



2 Kokkuvote

Fotoluminestsents on tundlik ning suhteliselt ldtmeetod pooljuhtide
defektstruktuuri uurimiseks. Kéesoleva t66 eesrkérgli uurida I-IlI-1V;
gruppi kuuluvate telluriidide fotoluminestsentsi adusi. Nendel materjalidel
on terve rida kaasaegseid rakendusi, millest kdiggum on ehk nende
kasutamine péaikesepatareide absorberkihina. Antdds tuurisime nelja
pooljuhtmaterjali: CulnTg CuGaTe, AginTe, ja AgGaTe.

Eksperimentide tulemused olid vaga mitmekilgsed.ddiédud spektrites
leidus laiu fotoluminestsentsribasid, mis on isetatkud tugevalt legeeritud
pooljuhtidele. Samuti leidus peenstruktuurseid kordustega ribasid, mis
on iseloomulikud pigem hea kvaliteediga puhastaktdlidele.

Monokristalse CulnTgfotoluminestsentsspekter temperatuuril 10 K kossne
Uhest laiast ebasimmeetrilisest ribast, mille helip asus 0,98 eV juures. Selle
riba kuju ega asukoht ei muutunud seoses ergastusyde muutmisega, samas
naitas ta tugevalt legeeritud pooljuhile iseloomkkdi k&itumist seoses
temperatuuri muutusega. Meie poolt labi viidud &simulatsioon tdestas, et
selline kaitumine on heas kooskdlas Shklovskij ritfigpse poolt valja tootatud
tugevalt legeeritud pooljuhtide fotoluminestsentsildeliga. Tuginedes antud
mudelile dnnestus meil tdestada, et detekteeritwgulsriba on tingitud tsoon-
defekt rekombinatsioonist. Kaasatud defektitasekivaisioonienergia on 70
meV ning tbenaoliselt on see pbhjustatud vase \takpaolt.

Polikristalse CulnTeuurimisel avastasime uue fotoluminestsentsribde mi
maksimumi energia asus 0,957 eV juures. Sellisgkskanalit antud materjalis
pole keegi varem kirjeldanud. Spektrite temperadituvuste anallitis naitas, et
selle kanali aktivatsioonienergia on 103 meV. Sdenus langeb hasti kokku
varem avaldatud teoreetilise t66ga, kus on pakutile vdimliku
aktseptortaseme aktivatsioonienergiaks 120 meV.udirdvastus tdestab, et
meie poolt kasutatud kasvatusmeetodiga on voimekkada aktseptordefekte
milleks on kas vorevaheline telluur vbi asenduskief&kus vase aatom on
indiumi koha peal.

Polukristalse AgGaTefotoluminestsentsi spektri interpreteerimisel asahe
kriitiliselt Gle varem tehtud t66d ning andsime ueereetilise seletuse nende
kristallide &arekiirgusele. Varem avaldatud eksliste kiirgusallikatele
pakkusime alternatiivi vélja tugevalt legeeritud ofjohtides esinevad
rekombinatsioonimehhanismid nagu tsoon-tsoon, tésoonisaba ning tsoon-
defekt  rekombinatsioonid.  Meie interpretatsioon ip8h ribade
temperatuursdltuvuse analldsil.

Ka CuGaTe kristallidel on tihti tugevalt legeeritud pooljite omadused.
Seda kinnitas fotoluminestsentsspektrite analiias larvutisimulatsioonidega.
Arvutil koostatud mudel toetas ideed, et kahe vihderiba (1,14 eV ning
0,955 eV) tekkimine on seotud (dleminekutega tsootdsemetelt
defektitasemele. Madalatemperatuurse spektri g@dtuergastusvéimsusest
naitas molema riba puhul nihkumist kOrgemate emgegi suunas
ergastusvdoimsuse kasvamisel. Samasugune tendemissilka temperatuuri
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kasvades konstantsel ergastusvioimsusel. Sellinéunkiéie on kooskdlas
mudeliga, milles mdlemad ribad koosnevad tegelikaltest rekombinatsiooni
kanalist. Madalatel temperatuuridel domineerib tssaba-defekt Uleminek.
Kdrgematel temperatuuridel domineerib aga tsooeiddfleminek.

AgInTe, fotoluminestsentsi kohta oli varem kirjandusesl@datad ainult ks
artikkel, kus Kkirjeldati Uhte laia kiirgusriba 0,8V juures. Meil &nnestus
detekteerida ka Aglngeaarekiirgus, mis koosnes peenstruktuursest spektri
aarekiirguse analuis naitas, et meil on esimekel fjegu donor-aktseptor paari
ning teisel juhul eksitonilise rekombinatsiooniga.



3 Introduction

3.1 Chalcopyrite semiconductors

Chalcopyrite tellurides belong to the group of IR, semiconductors.
Elements that form chalcopyrite semiconductor naterare highlighted in
Table 1.1. Altogether, there are 36 types of chajdte ternary semiconductors
available. Half of them belong to the I-lll-YFfamily while the rest of them
form II-IV-V, family. Among 18 former ones, only 6 are tellusdéhose
chalcopyrite tellurides ar€uAlTe,, CuGaTe,, CulnTe,, AgAlTe,, AgGaTe,,
and AgIinTe,. The name ¢halcopyrite” comes from the naturally occurring
copper iron sulfide mineral CuFgS$vhich crystallizes in the tetragonal system.

The chalcopyrite semiconductors have many uniqueap magnetic, and
electrical properties that raise not only fundarakitterest, but also have a
great potential in technological applications. Egample, in [I-IV-\; family,
room-temperature ferromagnetism has been observed [1,2]. This
phenomenon that combines electrical transport aagnetism is required in
electronics that is based on spin-related effddenganese doped CdGeR
one of the promising candidates for this appligatio

Table 1.1 Periodic table of semiconductor-forming elemehtighlighted
elements form I-111-V} (white background) and II-IV-¥(grey background)
chalcopyrite semiconductor structures.

L[ Jm iv v vi W VIl d
H He
Li |Be | B| C| N| O] F Ne
Na| mglAa |[si]rP] s]c Ar

K |calsc] Ti|] V| Ccr| Mn| Fd cq9 Ni| cdg
Cul Zn | Ga | Ge | As Se | Br Kr

Ro| Sr| Y| zZr| Nb| Mo| Tc| RJRh| Pd

AgJ Cd | In ] Sn] Sb ] Te I Xe

Cs | Ba Hf| Ta] W/| Re| OsIr | Pt

Au |l Hg | Ti | Pb | Bi Po | At Rn

Another feature of chalcopyrite semicondutcorshisirtnonlinear optical
properties that come from their relatively large birefringenevhich is caused
by their built-in lattice compression [3]. This@lNs one to use them as optical
frequency convertors [4]. Namely, ZnGedGeAs, AgGa$S, and AgGaSge
are considered as high potential materials forueegy conversion. AgGaS
and AgGaSghave already been commercialized as nonlineacalptrystals in
the infrared region [5].

Because of their high optical absorption coeffitienl(' cmi*) and near-
optimum direct badgap value, many copper basecccpglite materials (Cu-
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[1-V1 ;) with bandgaps between 1.0 — 17 eV have foundicgimn in
photovoltaic conversion Most of the effort has been placed into Cu(In&sg)
system, also, CulnSs one of the favourites. Using a solid solutidntwo
ternary chalcopyrites, the bandgap of the resulingtal can be tuned in a
large range. For example, the system (B ;Se allows bangap engineering
from the bandgap values of 1.00 eV (stoichiome@idnSe [6]) to 1.7 eV
(stoichiometric CuGaSe[7]). The photovoltaic devices with Cu(In,Ga)Se
absorber material and CdS buffer layer have read®d% efficiency [8].

O w >

Ooce

Figure 1. Chalcopyrite crystal lattice. The unit cell
has a tetragonal shape. Stoichiometric chalcopyrite
structure has a configuration A-B-( he first type

of chalcopyrites are formed from I-11l-YElements
and the second from II-IV-Yelements.

Being a good absorber, chalcopyrite material cathesame time, be a good
emitter as well. Thus, this material class can beduin optoelectronics as
electroluminescence emitter. For example, one ca&b greenish-white
electroluminescence from p-type CuG&8terojunction diodes [9].

Figure 1 shows the crystal lattice structure ofl@bayrite semiconductors.
The lattice type is a primitive tetragonal. Thdl{MI, group chalcopyrites are
formed from A = (Cu, Ag), B = (Al, Ga, In), and C(¥e, S, Se) elements. The
[I-IV-V , group semiconductors are formed from A = (Zn, Bd), B = (Si, Ge),
and C = (P, As, Sb) elements.
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3.2 Chalcopyrite tellurides

Chalcopyrite tellurides belong to the group of s&yncompounds I-11I-Tg
There are six different materials that can be farme
1) CuAlTe,,
2) CuGaTe,
3) CulnTe,
4) AgAITe,,
5) AgGaTe,
6) AginTe,.

Despite their many promising applications, not mgmapers have been
published on chalcopyrite tellurides. Based ongbarch engines of “ISI Web
of Science” [10] and “ScienceDirect” [11] databas#sere are only 310
published Current Contents papers between 1969 and 2006 that study the
properties of these materials. Over the yearsntimaber of published papers
has slightly increased, but not much (see Figurdvi®yst of the papers (147)
have been published on CulnT&he reason that this material has received
more attention than the others is its applicatiomphotovoltaic devices. Other
ternary tellurides have enjoyed the attention o{®3GaTg), 44 (AgInTe), 33
(AgGaTe), 20 (CuAlTe), and 2 (AgAITe) papers, respectively, between the
years 1980 and 2006. Most of the studies concentratoptical and electrical
properties. The main analytical tools are photohestence spectroscopy,
Raman spectroscopy, absorption spectroscopy, aray Xiffraction. Also, few
papers study the mechanical properties of theseriast The reason why only
two papers have been published on AgAlisehat these nice looking orange-
red crystals are very hard to handle. The crystedsbrittle and oxidize very
rapidly in the air [12].

30

Number of Papers

1969
1972
1975
1978
1981
1984

987

Figure 2. Number of papers published on chalcopyrite telks per
year. Linear regression shows a steady increase.
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Table 1.2.Parameters of chalcopyrite tellurides
Bandgap energy Conductivity | Unit cell Melting point
Eg, (eV) type parametefs”’ | (°C)

room temp. if not
stated otherwise a(d) [ c(A)

0.96™

0:9815][16]
0.94587
0.998
CulnTe | 1.03% pi28lze] 6.167 | 12.34| 78¥
1.18-1.3%9
CuGaTe | 1.21-1.28Y Y 5994 | 11.91| 8%
2.45%]
2.06%%
CuAlTe, | 2.35%4 ptsY 5964 | 11.78
0.93-0.96
1.12-1.26
0.9612] n[12][31] 67230]
AginTe, | 1.04@77 #2 | pit2Bl 6.406 | 12.56| 6921
1.09%
1.12%
1.32%7 711-7249
AgGaTe | 1.36@77 K2 | pit?Isl 6.283 | 11.94| 715%Y

2.35@77 K4
AgAlTe, | 2.27@77 K2 | pit?sy 6.296 | 11.83

Some of the important parameters of chalcopyritieirtdes are listed in
Table 1.2. The parameters depend strongly on tdieh&metry of the crystals.
In chalcopyritesprdered vacancy compoundsan be formed rather easily. In
that case, some specific defect is periodicallyothiced into the crystal lattice,
thus, new compounds like I-#VI1s, I-1lls-Vlg, etc. are formed. This might also
be the reason why theand gap energiesby different authors vary so much
(see Table 1.2). On the one hand, researchers iméylet to deal with ordered
vacancy compounds of I-1ll-V elements, also, a mngtbetween the ordered
vacancy compound and the stoichiometric crystéitkats possible. In addition,
discrepancies in experimental bandgap values coone different measurement
methods used.

Some chalcopyrite materials from the I-lllMiroup tend to have p-type
conductivity, some have n-type conductivity, ane tonductivity type of some
of the materials can be tuned with doping [32]. Aitchalcopyrite tellurides
only p-type and tunable materials have been obderve. no chalcopyrite
tellurides have been found to have only n-type ofductivity. Cu-based
tellurides tend to have only p-type conductivityilhthe inclusion of Ag shifts
the Fermi level towards the conduction band. ltbedieved that with the
substitution of Cu with Ag the probability of | eent vacancy formation
decreases and the formation of anion vacancies dutrnto be energetically
favorable. Thus, compound will exhibit n-type coatikity [32].
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In the present thesis, four of the six chalcopyetkiride semiconductors are
studied. The main analytical tool isw-temperature photoluminescence
spectroscopy The studied compounds are CulpT€uGaTe, AgIinTe, and
AgGaTe. The reason why Al containing compounds were @it is their
deficiency, partially caused by reasons stated @bov

3.3 Overview of previously published papers

3.3.1 CulnTe;

The photoluminescence properties of Culnii@ve been previously reported
by two groups. The first group igiideto Miyake group from Japan,
Department of Electrical and Electronic Engineeridie University. The
second group is led bgZarlos Rincon located at Centro de Estudios de
Semiconductores, Universidad de Los Andes, Venazuel

Miyake et al. have studied chalcopyrite CulnTgtructures that were grown
by the traveling heater method [33]. The photolsioence spectra were
recorded at liquid nitrogen temperature 77 K. Thectrum consisted of one
broad peak centered at 1.02 eV. The authors clzatrthis peak might originate
from conduction band to shallow acceptor transitibhe shallow acceptor is
probably a Cu vacancy.

More detailed studies were conducted by Rinebal. In [34] the authors
study the CulnTg photoluminescence spectrum dependency on excitatio
intensity and in [35] they analyze the dependencthe sample temperature. In
both papers, they concentrate on the edge photofsoence emission. Ref.
[34] describes photoluminescence measurements 2t K4.with various
excitation energies from 1.8 W to 0.1 W. The awhofound 8
photoluminescence bands which were identified es-&xciton (at 1.053 eV),
bound-exciton (at 1.047, 1.044, 1.040, and 1.030, eMnor-acceptor pair
recombination (at 1.022, and 1.017 eV) and donemience band
recombination (at 1.033 eV). The reported valueaabivation energies for the
donor and acceptor levels &g ~ 14 meV,E, = 75 meV,Ey = 25 meV, and
Ex ~ 58 meV, respectively. The estimated free excitordibg energy is 6
meV. The authors do not attribute the defect lewelsaany particular point
defect.

Temperature dependent photoluminescence experimeants conducted in
[35]. The spectrum was recorded at various tempegatfrom 10 K to 120 K.
As a result, two photoluminescence bands were fouktording to the
authors’ analysis, the origins of the emission Isaar@ ground-state free exciton
(at 1.053 eV) and bound exciton (at 1.047 eV) rduiaations. The calculations
in [35] prove that the binding energy of the freeiton is 6 meV. Also, it is
reported that the bound exciton binding energy \aitheptor is about 14 meV,
which is in good agreement with their previous pgpd]. The authors claim
that most probably the acceptor level is cause@ugyor V|, point defects.

A theoretical paper on the ternary compound isipbbtl by the same group
from Venezuela [36]. This paper reports theoretalvation energy of many
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chalcopyrite compounds. The model used is basabeaffective-mass theory.
As a result, the following activation energies weedculated for acceptors in
CulnTe 70, 120, 180, 290,400, and 650 meV. For donorgdperted values
are: 15, 26, 37, 60, 85, and 138 meV.

3.3.2 CuGaTe,

The first photoluminescence spectrum of CuGaWes published by
G.Massé et al. in [37]. The figures in this paper depict the enmental
photoluminescence spectra from 77 K to 300 K. Tias distinguish four
photoluminescence bands centered approximately3at 1.34, 1.40, and 1.42
eV. The first band was interpreted as free to borewbmbination between
conduction band and shallow acceptor. The secoddtlan third bands were
identified as free-to-bound transitions that inwole vacancy. The fourth band
was attributed to donor-acceptor pair recombinatibat also involves Te
vacancy.

More detailed studies of the photoluminescencegitms of CuGaTghave
been conducted byl.Krustok et al. in [38] and [39]. In [38] edge
photoluminescence was observed with well resohesttdb at 1.431 eV, 1.426
eV, 1.417 eV, and 1.338 eV. The bands had alsorestlived phonon replicas.
From the analysis of temperature and laser-powegrentiencies it was
concluded that the 1.431 eV band has excitonidrorithis conclusion was also
supported by the narrowness of this band. Thadjtaf the thermal quenching
of this band resulted in the activation energy af ®eV. The second band at
1.426 eV had activation energy of 22 meV. The arigid the activation energy
involved in the third band remained unsolved. Toerth band indicated two
activation energies 14 meV and 65 meV.

The second paper by Krusolet al. [39] describes the deep
photoluminescence region of CuGaTsamples. The deep band observed is
centered at 0.95 eV. The band did not shift witkefapower variations but
showed noticeable shift with temperature variati®@esed on these facts it was
concluded that the origin of this band is a recoratibn process that happens
near the potential gradient in the crystal’s eledteld. It was discussed that the
gradient in the potential field may occur due tslattation or a grain boundary.
The recombination channel itself opens betweenctireluction band and the
acceptor level. The acceptor level activation epé2@0 meV was calculated
from a thermal quenching experiment.

Similar bands like Krustolet al. reported in [38] and [39] were found by
P.Guhaet al. in [40]. They reported of two peaks that were tedaat 0.8 eV
and 1.32 eV at 80 K.

3.3.3 AgInTe,

To our knowledge only one paper has been publistoed the
photoluminescence properties of AglnT&2] long time ago by B.Telt al. in
1974. The paper reports one near-band-gap broatldiabout 0.97 eV.
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3.3.4 AgGaTe,

Photoluminescence experiments on AgGafi@ave been mainly conducted
by I.V.Bodnar et al. The measurements were reported in [41, 42, #4341,
42] two emission regions were described in singtgstals grown by the
Bridgman technique. The narrow edge emission pdal.24-1.35 eV is
attributed to the excitonic emission while the dbepad emission band at 0.85-
0.87 eV is attributed to the donor-acceptor paiiPprecombination. A similar
deep band is also reported in [43]MyC.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 spadlion the
photoluminescence of chalcopyrite tellurides. Despjood work of many
above mentioned authors, many questions have reohainanswered. What is
the main radiative recombination process in heasped CulnTg CuGaTe,
and AgGaTeg materials? What is it like and what are the odgaf the deep
emission of CulnTesamples? From the literature overview it can lendbat
almost nothing is known about photoluminescenceentges of AginTe

The aim of this work is to clarify the radiativecoenbination processes in
chalcopyrite tellurides and to answer the stategbtjons.
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4 Experimental

4.1 Photoluminescence measurements

All the experiments were conducted at the DepartroeMaterials Science,
Tallinn University of Technology. A standard phatwiinescence measurement
setup was used. The photograph of the laboratompeent can be seen in
Figure 3. The schematic view of the setup is dediat Figure 4.

The sample is mounted into the closed-cycle helioryostat that is

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

Chopper
Mi
‘ LASER ‘ h 4 \ irror
PC
Lock-in Amp
< »Lens1
Mono-
7 | Cryostat
chromator
Lens 3 Lens 2
Temp
controller

Figure 4. Schematic view of the photoluminescence setup.
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connected with a temperature controller. In sudysiem the temperature can
be controlled from 8.4 — 325 K. The cryostat hasrtgu windows, thus,
measurements of infrared emission are possibleeMar, all the other optical
devices, e.g. lenses are made from quartz for dheegeason. The sample is
mounted inside the cryostat onto a vertical plaméase of the cold head using
silicon grease as adhesive material. Silicon grease chosen because it does
not emit a low temperature photoluminescence signiie infrared region. If it
was possible, the photoluminescence signal wowdyd be measured from the
freshly cleaved surface.

The sample is optically excited with a laser. Dgriur experiments we used
two types of lasers. The first one was He-Cd t@ased with maximum output
beam power 45 mW for blue 441.6 nm laser line abdmlW for ultraviolet
325.0 nm laser line. The choice of the laser linesd could be made by
inserting dedicated filter on the output beam ptthe laser. The second laser
used was a solid state laser with the maximum aytpwer of 60 mW with the
wavelength of 675 + 15 nm. The output power of batthihe lasers could be
tuned with the set of grey filters that were plagethe filter stage. The output
power of the laser beam was calibrated with therlpswer meteMelles Griot
13PEMOOL1.

The laser beam was focused on the sample withs3ragivable lens (Lens 1
in Figure 4) with a focal length of 20 cm. In theses when several samples are
placed into the cryostat, the movement of the ieribe perpendicular direction
with respect to the laser beam, allows us to chbesgeen the samples. Also, it
allows choosing different spots on the sample’&sar:

The luminescence signal was collected with Lerfsa? thas a focal length of
10 cm. If it is positioned exactly 10 cm from thenwple, the sample is in the
focus and after the lens, a parallel beam is forrkt, the parallel beam is
focused with Lens 3 into the entrance slit of thenochromator. The focal
length of Lens 3 matches exactly the focal lendtthe monochromator, which
is 40 cm.

The model of the monochromator Garl Zeiss SPM-2. It has changeable
dispersive element, thus, depending on the requiesdlution and spectral
region, 600 lines per mm grating, 300 lines per gnating, or prism can be
used. The dispersion of the system with gratinggea from 1.39 to 8.33 nm
per 1 mm of the slit width, depending on the gtand grating order. The
monochromator is motorized with a self-made systentrolled with by a PC.

Monochromatic light that exits the exit slit of th@nochromator is detected
with a detector. The available detectors widemamatsu InGaAs which we
used for the spectral region from 0.6 to 1.7 PY¥S detector that senses from
0.5 to 2.5 eV, andhotomultiplier tubes FEU79 and R632 with spectral
sensitivity from 1.5 to 3.5 eV, and 1.2 to 2.7 e®spectively. The signal from
the detectors was first pre-amplified and thenaetewith aStanford Research
Systems SRB10DSP lock-in amplifier .
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4.2 Software

The software that controls the photoluminescenctesy was written on
TestPoint platform. TestPoint is a programming environment that escegly
designed for laboratory equipment control. Thevgafe scans the spectrum that
exits the monochromator slit from the desired rargieghe same time recording
the signal from the lock-in amplifier. Also, the fiseare controls the
temperature controller. This allows the measurement temperature
dependence of the photoluminescence spectrum tdefbefor automatic
overnight scanning without human intervention. Theasured spectra were
fitted with the solver function d#1S Excel or Microcal Origin software.

4.3 Sample preparation

4.3.1 CulnTe,

We studied two types of CulnTesamples. Firstly, we studied
monocrystalline samples that were made by Mike Yakushev at the
Department of Physics and Applied Physics, Universi of Strathclyde,
Glasgow Single crystals of CulnTewere grown by the vertical Bridgman
technique, which is also used to fabricate Cujn&ed other chalcopyrite
ternary compounds. The pseudo binary phase diagfa@uinTe was first
reported by Palatnik and Rogacheva [44]. A closstéachiometric mixture of
high purity (99.999%) Cu, In and Te was sealed asuwum in a thick wall
quartz ampoule of 20 mm internal diameter. The uné&twas prereacted at
about 1008C for two hours in a rocking furnace and solidifiache horizontal
position. Then the ampoule was introduced intoupeer (hot) zone of a two-
zone vertical furnace. In this position, the preted material was melted again
and held at 100C for six hours. Then the temperature of the higluere was
reduced to 85T, which is above the melting poifit,= 789C [10]. The lower
zone temperature was held at TG0For solidification, the furnace was slowly
moved up, translating the ampoule into the lowerezat a speed of 2 cm a day.
After solidification the ampoule was slowly coolatl two rates: °C/h from
750°C to 600C and 5C/h from 600C to 2CC.

X-ray diffraction analysis on the grown ingot indied the presence of the
single CulnTe chalcopyrite phase. The photoluminescence of tingles
crystalline samples showed one broad peak in tige ethission region. This
implies a large concentration of defects.

Secondly, thepolycrystalline samples were made . Jaan Raudoja at
Department of Materials Science, Tallinn Universityof Technology. The
samples were synthesized from elements at 810%0sed quartz ampoules.
The treatment continued with homogenizing annealng665°C, which is
slightly lower than the peritectic temperature mlitTe, [3]. The starting Cu/In
concentration ratio was 1.03. The final polycrystal CulnTe ingot showed a
well-defined chalcopyrite pattern in the XRD scdrhe photoluminescence
spectrum of those samples showed well-resolved spewikh the phonon
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structure. We detected both edge and deep photodsrence emission.
Moreover, the photoluminescence signals were stemgugh to record the
power and temperature dependences of these spectra.

4.3.2 CuGaTe,

The polycrystalline CuGaTtanaterial was synthesized by Dr. Jaan Raudoja
at Tallinn University of Technology. The precursoaterials had 5N-purity
components. The phase equilibrium data was tal@n {45]. Cu, Ga and Te
were weighted according to the stoichiometric moddios 1:1:2. The materials
were loaded into the quartz ampoule, evacuatedytodacuum and sealed. The
synthesis proceeded at the temperature of 900° tBeimuffle furnace for 24
hours. Then the ampoule was cooled slowly (0.3R)eny the region of the
crystallization point (895° C to 865° C), followedth the rate of 10 deg/h to
the room temperature. From the analysis of x-raydes diffraction patterns,
the single-phase nature and the chalcopyrite streicdf the material were
confirmed. The samples showed a well-resolved eszlgession region with
many peaks and also a deep photoluminescence neglotwo broad peaks.

4.3.3 AginTe,

The AgInTe samples were grown by Dr. Jaan Raudoja at Talliniversity
of Technology. The polycrystalline material was thgsized from high purity
(5N) elements. The components were weighed out rdicgp to the
stoichiometric ratio and loaded into a quartz angod’he ampoule with
precursor materials was degassed and evacuated 0133 Pa. Then the
ampoule was sealed. The synthesis of the matéaiaed at 710°C for 24 hours.
Then the temperature of the furnace was slowlygedwvith the rate of T/8h
to the crystallization point of the AgIinT€692°C [10]). After crystallization,
the material was cooled down to the room tempegatuth the rate of 1@/h.
The photoluminescence spectrum of AglpBbhowed well-resolved emission
spectrum with excitonic peaks and phonon repligdso, a deep region of
photoluminescence was detected. The XRD analydiseo$ynthesized samples
confirmed the expected chalcopyrite AglaTdructure (see Figure 5a). No
other phases were detected.
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Figure 5a. Measured X-ray diffraction spectrum of the AglaBample.

4.3.4 AgGaTe,

The polycrystalline AgGaTamaterial was synthesized by Dr. Jaan Raudoja
at Tallinn University of Technology from 5N-purityjomponents. The phase
equilibrium data was taken from [31]. The elemeigs Ga, Te were weighted
according to the stoichiometric molar ratios of :2:1The materials were
inserted into the quartz ampoule, which was thenhipio high vacuum and
sealed. The synthesis was carried out in the mtffleace. In order to obtain a
homogenous material, the ampoule was first heltb@t°C for 24 hours. Then
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Figure 6. XRD spectrum of polycrystalline
AgGaTe samples.
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slow cooling (0.5 °C/h) was carried out in the o&gof the crystallization point
(730 °C to 710 °C). Final cooling followed at ttader of 5 °C/h until the room
temperature was achieved. The XRD measuremente afamples showed pure
chalcopyrite AgGaTgphase, 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 dividéa four sequentially
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€] o I
O S L S
Ev @
(C]

Figure 7. Basics of photoluminescence. After absorptiorglaatron is energized to
the conduction band where it rapidly reaches antaeequilibrium with the lattice
(process 3). The energy of the exciting photongBiways higher than the energies
of the emitted photons (4a, 4b, 4c, 4d, and 4e).

happening events. In the first event (no.1 in Fegid), light that has larger
photon energy than the bandgap of the semiconducaterial under study, is
absorbed in the crystal. As a result, an electsaxcited from the valence band
to the conduction band (event no. 2). A hot freectebn and a free hole are
created. During event no. 3 the excess energy evfetbctron is given to the
crystal lattice and the electron relaxes to thddmotof the conduction band.
This process is usually rather fast, thus, it is very often that hot electron
recombination is detected. It happens only whenstraple is degenerate and
the Fermi level is in the conduction band. Event4as the recombination of
the electron and a hole. As a result, a photonmiited. The emitted photon
energy is always smaller than the energy of theitiagc photon. In the
photoluminescence spectrum, several recombinatiannels may be detected.
The most common radiative recombination channels ar

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 peatsdnot indicate what

the origin of the radiation is, but Figure 7 gives idea where they might be
positioned on the energy scale relative to thetatian source.
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The excited volume of the sample depends on thetion depth of the
exciting light; accordingly, if the diffusion lertgbf the incident light is longer,
the bigger volume is excited. In turn, diffusiondgh depends on the absorption
coefficient of the material. On the other hand, gi®ton emission from the
recombination is a subject to self-absorption ailtinet propagate very far. In
sum, it is expected that the photoluminescenceasigomes from the very
shallow layers of the excited crystal.

There are three positive factors of photolumineseaas a material research
tool. The first is its sensitivity; photoluminescenspectrum is very sensitive to
small changes in the crystal structure and dopinglity and quantity. The
second factor is its simplicity regarding sampleparation. Samples do not
need any specific preparation in terms of polishietg. Also, materials from
bulk crystals to thin films can be studied. Thedmadvantage is the simplicity
of the experimental setup.

The only disadvantage is that the information gainfom the
photoluminescence experiment requires very oftetailéd and complicated
analysis. The models that describe the physicalngmnenon behind the
detectable photon emission are quite complex amksmes it is difficult to
assign one or another photoluminescence featueesfoecific physical origin.
For this reason, usually many spectra of the saaneple are recorded with
various temperatures and excitation energy conditio intensify the features
of the physical phenomena happening inside the lsamp

5.2 Heavily doped semiconductors

Heavily doped semiconductors are those in which the average distance
between impuritiesis less than the Bohr radius of an impurity state [46].

In other words, if the conditiomM (&2 >1 (whereN is defect concentration

anda, is Bohr radius of the defect state) is satisfied, we have to deth the
theory of heavily doped semiconductors. In thaedh® kinetic energy of an
electron localized in a region of sikE”* is higher than the potential energy of
the Coulomb attraction by a donor. The shallow irtguevels in that case are
smeared out in the energy scale and overlap witll Istates. For all of these
reasons, the states of the charge carriers argavetrned by single impurity,
but rather by the field created by all the impestiand carriers in a given
semiconductor sample. This many-body interacticvatdens the energy levels
of the deep impurity state. In sum, the so-calfepurity bands andensity-of-
states tailsin the bandgap are formed (see Figure 8.). ddmsity of states
function p(E) does not vanish at the unperturbed edges ofdden band. The
charge carriers that do not have enough energwtveltfreely along the crystal
feel the perturbation areas as potential wells.
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Figure 8. Band diagram of heavily doped semiconductorsaBse of
heavy doping, band edges start to fluctuate inesfiag andE,, are the
forbidden zone edges without heavy dopigandE, are the levels
where electrons and holes, respectively, can bsidered as free
particles. As a result, it seems that the bandgapdecreased, andy
mark the average potential well width and depthp,, andp, are the
density of states functions of the conduction baedect state and
valence band, respectively.

Another feature of heavily doped samples is tha Tihomas-Fermi
screening radiusrg is smaller than the Bohr radias[46]:

- 1/6 ae 1/2 1 _1/6
ro=[§j (WJ =Eae(na§) <a, (1)

where n is the concentration of free electrons. The chargstic size of a
potential well is equal to the screening radigsand itsroot-mean-square
depth is [36]

2
y :\/ZeTﬂ Nr03 . (2)
el

Heavy doping does not necessarily mean doping imthurity atoms. The
conditions of heavy doping may also originate friva high concentration of
native defects, i.e. interstitials, vacancies, €lbe chalcopyrite class of
materials is known to have large concentrationsatfve defects, thus, it is
expected that from the photoluminescence spectchaltopyrite tellurides, we
observe many phenomena that originate from theitonaf heavy doping.

5.3 Photoluminescence of heavily doped semiconductors

Because of the special energy spectrum of chargettles in heavily doped
semiconductors, the radiative recombination prazess these materials are
rather complicated.
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In the following discussion it is assumed that #fective massof the
conduction band electrons is much lower than thighe valence band holes

m, <<m,. Indeed, according to Ref. [36], the effective sessof holes in I-1lI-

VI, materials are 3.1 — 8.1 times grater than thece¥e masses of electrons.
Based on this assumption, it is possible to preafwt kind of recombination
channels prevail in samples with different typesl@bing.

In the case of an n-type heavily doped semicondutite conduction band
tail has virtually no effect on the photoluminesoerspectrum. Because of the
low effective mass of electrons, it is impossildeconfine them in rather small
potential wells. On the other hand, heavy holeseasy to trap in the potential
wells of the valence zone; accordingly, new feau@ppear from the
localization of holes. In sum, three types of reboration channels govern the
photoluminescence spectrum of heavily doped n-tgpmiconductors (see
Figure 9). The first isband-to-band recombination (BB), where a free
electron recombines with a free hole. The second band-to-talil
recombination (BT), when a free electron recombines with a hole that
localized in the conduction band tail. The third &nd-to-impurity
recombination (Bl), where a free electron recombines with a hole that
localized on a deep acceptor state.

In the case of p-type heavily doped semiconductbesFermi level is closer
to the valence band and the probability of electawralization in a potential
well of the conduction band is higher. Accordingly,addition to the BB, BT,

Figure 9. Radiative recombination channels in heavily dogehiconductors. In the
case of small electron effective mass and highl lef/Eermi energy, BB, BT, and
Bl recombinations dominate. In the case of higletede effective mass and low
level of Fermi energy, Tl recombination becomesearmobableE. andE, are the
levels from where the electrons and holes, respagtican be considered as free.
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and BI recombination bandsil-to-impurity (TI) andtail-to-tail (TT) bands
emerge. In Chapter 4 BB, BT, BI, and Tl bands aseuwssed in detail. Some
theoretical discussions are covered in the resdtdion, because it is more
convenient to discuss the theory of the photolusgrace bands side-by-side
with real experimental examples. Our selectionaiselol on the bands that were
identified in the photoluminescence spectra of ab@rite telluride samples.
Specifically, we have observed BB and BT recombomain AgGaTe, Bl
recombination in AgGaTLeand CulnTg and Tl recombination in CuGaje
crystals.
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6 Results
6.1 CulnTe,

6.1.1 Single crystalline samples of CulnTg

Let us first discuss the results of the photolursiesmce experiment on
single crystalline CulnTe samples, which were grown in University of
Strathclyde, Glasgow. The growth procedure wasrde=stin Chapter 2. Those
samples showed rather strong evidence of heavyndopiccording to our
analysis, the spectra comprised Bl recombinatidmusT let us first discuss
some principles of the Bl band in heavily dopedisenductors.

The Bl — band can be observedyif < |,, wherey, is the mean-square
fluctuation of the potential energy of a hole api the ionization energy of the
acceptor state (Figure 10). The theoretical phatolescence spectrum of this
band is defined by the following expression [46]:

() = [ [W(Eq. Enpo(Ee) To(Ee)pa(En)da(En)O(Ex ~ Ey = )IELTE, (3)
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Figure 10.Zone diagram of heavily doped
semiconductors according to the theory of potential
fluctuation. Holes that recombine through zoneel ar
free, and holes through zone 2 are localized. Bexau
of potential fluctuations the ideal upper and lower
bandgap edges transforiy—E., andE,—E,,
respectively. Accordingly, the energy gap of heavil
doped semiconductors is somewhat smaller than it
would be in the case of a perfect crystal. The ptore
levell, is “smeared” in the energy scale, therefore, we
have to deal with the distribution of the acceptates
rather than a single acceptor level. Bl, BB and BT
denote band-to-impurity, band-to-band and band-to-
tail recombination, respectively.
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where W(E,, E;) is the recombination probability of a free eleatrand a
localized hole with energids, andE;, respectivelyp. is the electron density of
states in the conduction barfgjs the Fermi functionp, is the hole density of
states, andj, is the filling probability of the hole states. A&smpared to other
quantities W depends very weakly on the electron and hole &wfd6], thus
it will be treated as a constant.

According to the hole capture kinetics, two recamatipn neighborhoods
can be distinguished. They generate two types afsitions (B] and B}),
respectively. The first involves the holes whosergn level is above&, =E ¢y,
from which they can be considered as free. Théndillprobability of the
impurity states in this zone is as follows [46]:

Bly :& = p(g) =
% N, p(e)+On+N, expEl,/KT)

_ p
p+0nexp[(l, —)/KT]+ Ny, expCe/KT) '

whereN;y is the concentration of neutral acceptdigjs the total concentration
of acceptorsp(e) = p-exp[e-1)/KT] is the Boltzmann distribution of free holes,
p is the initial hole concentration,is the independent energy variable that has
the origin atE, © = W/W, is the ratio of electron and hole capture
probabilities,n is electron concentration, amd, is the effective number of
valence band states.

The capture of the hole by the impurity state | $lecond zone is a cascade
process in which a free hole is localized on thergytail and then captured by
a neutral acceptor. The capture probability in gncess is [46]

(5)

Bz = P . (6)
p+0On+N, expFe/KT)

Reference [60] states that in the case of headped semiconductors, the hole
density of states has its maximum at the accepémtivation energy and has a
Gaussian shapei, (E;,) = (N, /+/2ry) exp[-(E,, - E? - 1,)/2y?]. According to the
free  electron model, the electron density of states
pe(Eo) = W/ 27%)(2m, /n)%? JE,—E. , where E; is the energy from which

electrons can be considered as free.

Taking into account that the Bl-band is the sunBtf and Bl—band, we
substitute all distribution functions into Eq. @)d obtain an expression for the
theoretical photoluminescence spectrum of the Bidbthat can be used for
numerical simulations:

_ 2
+oo 1/hv—Egﬂ:exy{—(yhZla;'g)J
I (hw) O hy J' A

hy—pu, —E, +
Eg-hv (14_ ex{v’unk_rgng(p +0nn(e) + Ny exple/ kT))

de ,(7)
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Life>1,
exp((, —&)/KT),if e<1,
the Fermi level ané..

where 5(s) ={ andu, = E; - E; is the difference between
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Figure 11 Normalized photoluminescence spectra of
CulnTe sample measured at different temperatures.
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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 th
energy scale and broadening as it was observed in
our experiments.
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A typical shape of the photoluminescence spectruheavily doped Culnkeas
asymmetric. It has an exponential slope on the doergy side and a steeper
Gaussian incline on the high-energy side (Figure Af low temperature (10
K), its maximum is located at 0.98 eV.

The temperature dependence of the band possesseseasting quality
(Figures 11 and 13). At low temperatures, the pgagition energy of the
spectrum decreases with increasing temperaturggrag temperature , the
photoluminescence peak shifts towards higher enaggyn until it reaches a
saturation level. The measured photoluminescenestrsp were fitted and
compared with computer simulations, which proveat tBg. (7) indicates the
same behavior (Figures 12 and 14). The depth ofvéifiey and its position
depend on the carriers’ concentrations, i.e. onektation power. Smaller
carrier concentrations correspond to steeper ieslin

Such behavior ofv, can be explained as follows: the transition Bds a
maximum probability at temperatur® after which the thermal activation
process starts to dominate and thermalize localibdes into zone 1 (see Figure
10). Accordingly, the maximum of photoluminescertwand shifts towards
higher energies. The saturation takes place whieloaidlized holes become
thermalized. The Blradiation vanishes and the whole recombinationsgoe
through B{.

A comparison of Figures 11 and 12 shows that theew@ence of the
measured photoluminescence spectra on the sampleetature is in good
conformity with Eq. (7). They both indicate the satype of shift and change in
the half-width of the spectra, which widens witle thcreasing temperature.
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Figure 13. The shift of CulnTgphotoluminescence
peak position versus temperature.
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Figure 14. The dependence of the Bl-band peak
position on temperature, resulting from computer
simulations of Eq. (7). Larger curve numbers
correspond to higher carrier densities. The pasitio
of T is also very sensitive to parametewhich
characterizes the amplitude of potential fluctuagio

If the carrier concentrations are fixéd, shifts
towards higher temperatures with a higher value of
y. This is coherent with the theory, because in the
case of deeper energy tails the holes become more
difficult to thermalize.
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The theory of heavily doped semiconductors [46] amdsimulations prove that
at low temperatures the Bl-band’s maximum is lotaté hv,,, =Ej-1,.

Whereas the energy gap at 10 K in Culnigein the rangéeg=1.06-1.02 eV
[18] and the maximum of our spectrum at 10 K isragpnately 0.98 eV|],
must lie between 40 and 80 meV. According to [3@)ere the defect levels
were calculated theoretically, it can be attributedhe single acceptor level
,=70 meV, whose possible origins are copper vacahngyor antisite point
defects Tg and Cy.. Though, it is believed that the former has muidhér
formation probability, the antisite defects must be totally disregarded.

To endorse the idea of recombination through theeptor level, the
photoluminescence band with a similar activatiorrgn appeared also in not
so highly defective CulnTecrystal [47], where the phonon structure of the
photoluminescence spectra was detected.

The acceptor's activation enerdy could not be calculated from the
traditional Arrhenius plot because in the case ofeptial fluctuations, the
relation Ln{) versus 1000/ generates no straight line at high temperatures.
Indeed, because of potential fluctuations we dohawe a single acceptor level
but the distribution of the acceptor states ardynd

The shape of the measured photoluminescence spentened unchanged
in regard to various excitation powers (Figure 180, no shifts along the
energy scale were observed. It means that the shfafiee Bl-band does not
depend on the carrier densities. This implies thatfilling probability of the
acceptor states is close to uniformity. Again, computer simulations of Eq.
(7) confirmed that the photoluminescence spectrandd depend on the
excitation power.
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Figure 15. Normalized photoluminescence spectra of
single crystalline CulnTesample measured at
different laser excitation power.
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Figure 16. Photoluminescence spectra of polycrystalline
CulnTe at 11 K. Measured photoluminescence spectra
were fitted using five different peaks and theiopbn
replicas.

The photoluminescence spectra of heavily doped mmductors are
distinctive because of their characteristic asymimehape. This distinguishes
them from other recombination models. However,ghape of the BT-band is
similar to the shape of the Bl-band. Thus, it sHolé carefully considered
before attributing the emission to one or the otNéhile working with other
CulnTe samples, we have seen both bands on the sameaspEnt Bl-band
appeared exactly in the same position (0.98 eV) ted BT-band had its
maximum at about 1.01-1.02 eV.

6.1.2 Polycrystalline samples of CulnTg

The polycrystalline samples were made in the Depamt of Materials
Science, Tallinn University of Technology. The gtbwprocedure is described
in Chapter 2. It is surprising that from the congamn of photoluminescence
spectra of monocrystalline and polycrystalline skmpthe latter ones indicated
lower concentration of native defects, i.e. thetphuwninescence spectrum of
polycrystalline samples showed excitonic emissiod @ell-resolved phonon
structure.

The experimental photoluminescence spectrum of Talsample at 11 K is
presented in Figure 16. We distinguished five déifie photoluminescence
bands — three near the band-edge bang<¥f{Eand E) and two deep bands {D
and D) with their phonon replicas. We found that theliogs appear in
accordance with LO-phonon enerfyy o = 23.2 meV. The corresponding peak
positions and the possible band origins are predent Table 4.1. The results
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were compared with theoretical calculations of defevels in CulnTg [36],
where the model of effective mass theory was agplie

We found that three types of recombination mecmasigjoverned our
bands: excitonic, donor to valence band, and cdmmudand to acceptor
emission. It is known that shallow levels, becaat¢he broad amplitude of
their wavefunction, tend to form donor-acceptorp@DAP). Nevertheless, we
can not attribute DAP emission to near-band-edgestom in CulnTg because
of the overlapping of edge emission bands it wdBcdit to identify their
behavior regarding to excitation power and tempeeathanges.

The activation energies of relevant defect level$able 4.1 were calculated
using the expression

E.= Eg - hvmaxv (8)

wherehv. is the band’s peak position akglis bandgap energy. In Culnlig,
is between 1.02 and 1.06 eV [18]. In our calcufsiove used the valug, =
1.06 eV, which is reasonable, because we obsemimdscence intensity up to
1.06 eV.

Edge emission can also be analyzed using theaelati L* [48, 49], where
| is the intensity of the photoluminescence badnd, excitation power, and as a
rule k is the factor that is >1 for excitons agtl for non-excitons. Our fitting
proved that for Ek>1, accordingly, it is highly probable that bandaEhv, . =
1.041 eV has excitonic origin. Allegedly, it is rtbee consequence of emission
by one exciton but rather a sum of several exaitoadiations. Moreover, Refs.
[34, 35] report excitonic emission in the same aagi

Band E at hvpe = 1.030 eV, is not excitonic, because the fakterl for
this band. Its activation energy according to Bj.i¢ 30 meV, which is in good
coherence with the theoretical activation energyhef donor level at 26 meV

[36]. Its possible physical origin is telluride &y Vr. or antisite defectng,
[36].
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Figure 17.Dependence of normalized polycrystalline
CulnTe photoluminescence spectrum on laser excitation
power. It is evident that peaks Bnd B do not shift with
altering excitation power, thus, they do not oradafrom
donor-acceptor pairs.

Table 4.1Experimental values of photoluminescence bandipasicompared with
theoretical calculations. Activation energies weaculated withE; = 1.06 eV.

PL  hv (V) E, (meV) Possible
band Experimental Theoretical [36] origins [36]
El 1.041 Excitons
E2  1.030 30 26 Vie Inty

E3  1.019 41 37 In:

DI 0.999 61 70 Vi, T€,, Cul,
D2 0.957 103 120 Te, Cuj,
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Figure 18. Dependence of normalized CulnTe2
photoluminescence spectrum on sample temperature.

The exact position of band; Bvas not easy to determine, because it is located
between two more intensive bandsaad Q. However, the fitting showed that
for Es hvpee = 1.019 eV that corresponds By = 41 meV. The closest defect
level for this is the donor level at 37 meV thattaused by interstitial defect
In;.

The deep bands,land B are most probably radiative emissions between
conduction band and an acceptor level. They calb@@APs because altering
the laser power did not generate any j-shift ob¢hbands (see Figure 17). The
peak O is located at 0.999 meV and is close to the thmaleacceptor state at
70 meV. We observed the same photoluminescence imaheavily doped
CulnTe crystal [50]. According to Ref.[36], this band da@ caused by copper
vacancyVg, or antisite point defect3e|, or Cute. The position of peak D
(Eq = 103 meV) is close to the theoretical deep acedptel that is situated at
120 meV [36]. Most likely, interstitialTe, or antisite defectCu), causes this
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level. Previously, we observed a deep band withilainproperties in the
photoluminescence spectrum of CuGal38]. Indeed, the Huang-Rhys factor
of D, band isS= 0.22 while for the deep band in CuGatevas 0.29.

The temperature dependence of the photoluminesspsmrum of CulnTe
is presented in Figure 18. In the edge regiontenid peak starts to dominate if
temperature rises, i.e. bandsdhd & fade much faster than excitonig. Hhe
red shift of the edge region can be attributedhéodecrease of the bandgap with
increasing temperature. Deep bandsbd B can be observed up to 160 K.

6.2 Photoluminescence of polycrystalline AgGaTe

The polycrystalline samples were synthesized iriapartment of Materials
Science, Tallinn University of Technology. The gtbwprocedure was
described in Chapter 2. The samples showed phoitodstence spectrum that
is very characteristic of the heavily doped semittarors. We observed BB,
BT, and BI photoluminescence bands. The classraalsition of BT-band to
BB-band at higher temperatures was noticeable.

The laser power dependence of the edge emissihoign in Figure 19. In
the logarithmic scale, three emission bands caoldsly distinguished. They
are located at 1.337 eV (BB), 1.317 eV (BT), arZBI.eV (BIl). The band with
the highest intensity (BT band) is visually asymmgeand has a steeper incline
on the high energy side. That phenomenon is notremmto ordinary band-to-
band transition in perfect crystals, where thedilthe peak should be to the
opposite side. Because of strong asymmetry, ieithar common to excitonic
nor shallow impurity emission. It should be notkdttpeak positions found in
our samples have lower energy than these measurgdgle crystals [41, 42].
In single crystals the free exciton (FE) peak atklBad a maximum at 1.352
eV and the bound exciton peak was found at 1.33848Y These facts and the
shift of the BT band toward higher energy with Besing laser power (see
Figure 19) suggest that the model of heavily dogpemiconductors should be
applied for our polycrystalline samples.
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Figure 19. Laser power dependence of the edge
photoluminescence emission of AgGa$ample. Three bands
are positioned as follows: band-to-impurity (Bl)Z87 eV),
band-to-tail (BT) (1.317 eV), and band-to-band (EBB37 &/).
The asymmetric shape and the j-shift of the BT bemedeasily
seen.

The temperature dependence of the edge emissianrgmein Figure 20
justifies the assumption of heavy doping. At lomnperatures, the BT-band at
1.317 eV prevails and at higher temperatures, 8d&nd at 1.337 eV starts to
dominate. As the temperature rises, more and moles lhat are localized in
the valence band tail are thermally liberated. &f@e, the emission transforms
from the BT- to the BB-band. The same behavior olaserved in CulnGage
[51] and CuGaSd52].

The blue shift of the BT-band with the increasinxgitation power (j-shift)
(see Figure 19) can be explained by the fillingbpiality of the hole states in
the valence band tail. As the excitation poweraases, the filling probability
of the “shallow states” in the valence band tafloaincreases and the filling
probability of the “deeper states” decreases. Adiogly, the states closer to the
unperturbed band edge will be preferentially ocedgdy holes. Thus, the peak
position of the BT-band shifts towards higher efexg
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We observed another asymmetric band at 1.287 eVs band can be
attributed to the band-to-impurity recombination I-&nd). The BI
recombination occurs between free electrons, amdhdhes that are localized at
the defect states with the distribution functioattidoes not overlap with the
zones. The intensity of the Bl-band was not sudfitito obtain the activation
energy directly from thermal quenching. Howevesuasing that the bandgap
of AgGaTe at 8 K is 1.358 eV [42] and because AgGateads to have p-type
conductivity, we suggest that the Bl-band origisdt®m the conduction band
to the shallow acceptor recombination and thusattoeptor’s activation energy
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Figure 21 Temperature dependence of the band-to-tail
photoluminescence band of AgGaT€he shift of edge
emission bands is mainly caused by the temperature
dependence of the bandgap energy.

can be found by subtracting the Bl-band peak pwsitenergy from the
AgGaTe bandgap energy. By doing this we obtain the vafu® meV.

Figure 21 shows the shift of the BT-band’s peakitfurs according to the
sample temperature. At low temperatures, the pduftsstowards higher
energies with the increasing temperature. This deagl continues to some
characteristic temperature where the peak posiias its maximum value
(1.323 eV at 45 K). After that, the peak startshdt towards lower energies. A
similar behavior was observed in [41, 42]. Becatlse BT-band position is
strongly influenced by the bandgap energy, thet glaih be explained by the
characteristic bandgap energy temperature depeadeot AgGaTe.
Unfortunately this dependence in AgGaTis not known, but an analogous
behavior of the bandgap has also been observedher silver containing
chalcopyrites like AgGaSeand AgGas$ [53]. In AgInSe, for example, the
bandgap energy increases about 8 meV fform.2 K to 150 K [54].

6.3 Photoluminescence of polycrystalline CuGaTe

CuGaTg s a very interesting compound for many reasdnsas found that the
complex nature of its pseudo-binary phase diagrawd to the formation of
high concentration of intrinsic defects originatiingm the deviation of its ideal
stoichiometry [45, 20]. Therefore a wide range ofasuredE; and other
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parameters are reported in the literature. At #reestime there are indications
that a very shallow acceptor with = 1 meV is present in this compound [32]
and this level often leads to the degeneratiom®fQuGaTgsamples. Probably
these shallow acceptor levels are caused by thedagcentration of acceptors
in CuGaTg, see for example [56]. It was shown that the lgale in CuGaTgs
degenerate at hole concentrations abouk0¥ cmi®, therefore, due to Burstein-
Moss shift, higheiE; values are measured using optical absorption %20,
Another interesting fact is the presence of phobitiescence bands at higher
energy than the lowest bandgap energy of Cugfd& 38, and 39]. It was
proposed that lower laying valence bands are resplen for these
photoluminescence bands [38]. The highest valersed bn CuGaTe is
characterized by three split bantls:I's andI';. This splitting is the result of the
combined effect of crystal field and spin-orbitigjplg. However, the valence
band structure in CuGaJeis not completely understood. Deep
photoluminescence bands in CuGaBaow properties which are difficult to
explain using standard photoluminescence modelddep photoluminescence
bands [39]. It was found that the deep photolunuerse band at 0.95 eV
shows blue shift with increasing temperature ansl ghift was explained using
the model of spatially curved energy gap [39]. élithese facts indicate that
further studies are needed to clarify recombinapimtesses in CuGajdn the
present work we study the deep photoluminesceng®mne0.8-1.3 eV of
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Figure 21a. Photoluminescence spectrum of polyallyist CuGaTe2
samples. The two regions were recorded with twiedifit detectors.
The peaks A and B were located at 0.955 eV anddV14d he fine

structure of edge emission implies that our sample® degenerate.
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Figure 22.Band diagram of heavily doped semiconducttys.
andl, are the defect level binding energiEg, andE,q are
unperturbed edges of energy gdf,is the level of free
electrons, and, is the level of free holes. The Bl-band is the
result of the recombination of the free electrod #re hole
that is localized at the acceptor state. Some dxeegly deep
potential fluctuations act as potential wells fotrons.

Inside those wells, electrons have allowed enetafgs. From
those states electrons can recombine with holesatha
localized at acceptor states (Tl-band). “Verticahsitions”
(T1y) are favoured at higher temperatures while “diajon
transitions” (T}) are favoured at lower temperatures.

polycrystalline CuGaTesamples and present the modernized model of deep
level recombination.

The low temperature deep photoluminescence spectfuour CuGaTg
samples is presented in Figure 21a. The edge pimoitoéscence is presented
here just to indicate that it exists. The analpdithis part of the spectrum will
be presented in the following papers. The deepnregonsists of two bands.
The fittings of these bands showed that they aght} asymmetrical. The
lower intensity band A has the peak at 0.955 eVthedigher intensity band B
has the peak at 1.14 eV. This kind of broad asymemehotoluminescence
bands are very common to heavily doped semicondiicithe temperature
dependence of the photoluminescence spectra ieseed in Figure 24 and
the fitting results in Figure 25. Both peaks showather significant shift
towards higher energies with increasing temperadfemeV — A peak, 30
meV — B peak). The laser power dependence of thve temperature
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photoluminescence spectrum revealed a strong bhuge with increasing
excitation power (j-shift) of both bands. Indeed the excitation power range
from 3 mW to 40 mW, the peaks of A and B bandstetifl0 meV and 5 meV
towards higher energies, respectively (see Figdye 2

Because of high concentration of free holes {2181, our samples are
degenerate. Accordingly, the amplitude of potentiattuations is strongly
reduced by screening. Also, we assume that theteféemass of electrons is
small in our samples. Unfortunately, the experiraentlue of the effective
mass of electrons in CuGalbas not been reported in literature. The small
effective mass approximation is based on the fadtdll chalcopyrite materials
tend to have rather small effective masses of relest[39]. Thus, at the bulk
material, there are no potential wells that cap #@ither electrons or holes. As a
result, only exceptionally deep potential wellstthee formed by a cluster of
defects can localize electrons. Nevertheless, enpifesence of deep potential
wells, electrons’ effective mass is modified as paned to that of the bulk
material. The actual value is unknown, but we asstimt in our material such
exceptionally deep potential wells exist and tregeteons at the present value of
their effective mass. The location of those wallpriobably some defective area
of the crystal lattice. There are several orighmat ttan create this kind of deep
quantum wells. The defective spot must either etttclonor defects or repel
acceptor defects. In both cases there emerges t \ahame in the lattice,
where the electrons’ presence is energeticallyréhie.

In heavily doped semiconductors the recombinatietavben the conduction
band and an impurity level can occur via two ché(eee Figure 22). The first
so called tail-to-impurity (T1) recombination takpkce between the electrons
that are localized in the conduction band tails #nedholes that are localized at
the acceptor state. The second so-called bandgarity (Bl) recombination
takes place between the free electrons in the atiotiuband 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 resufitin§s of
measured photoluminescence spectra. Lower graph@ys
the theoretical behaviour of TI+Bl bands combir@dth
bands, A and B, are dominated by Tl recombinatidowa
temperatures. At higher temperatures the intendifil-band
transfers into BI. Integral intensity of TI+BI she
qualitatively very similar behaviour to our meaglifeand B
bands.

Let us now concentrate on the behavior of TI-bafglure 22 shows that TI-
band can exist only if the thermal energy of elmwiris not high enough to
allow them to escape from the conduction band.té#ilsot, Bl-band can be
observed instead of Tl-band. Thus, it is expecteat tas the temperature
changes from low to high, Tl-band transforms intebBnd. The transition rate
depends directly on the depth of the conductiorditanis. Thus, the justified
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guestion at a given temperature is whether we hseroing Tl or Bl-band.
Nevertheless, the Tl-band can be easily distinguisitom the Bl-band. The
theory, experiments, and computer simulations i0] [fhdicate that the
maximum of Bl-band does not shift according to ldser power variations. On
the contrary, the peak position of TI-band shoutdhilsit noticeable j-shift.
Namely, because of the localized nature of taittetms (see Figure 22), TI
transition depends on the hole distance from thterpial well; arrows Tl or
Tl, in Figure 22. Because of the higher energy ofitivelved holes, the Tl
recombination results in higher photon energy thla@ TL recombination.
Additional relative energy increase comes from liigher Coulomb term in
case of T{. Namely, the energy of the emitted photon is iasesl by the
Coulomb term that depends respectively on the mistdoetween recombining
charge carriers. By its physical nature the Coulotebm is inversely
proportional to the charge separation distancetf@nother hand, it is known
that because of the lower overlapping of the wawetions of distant electrons
and holes, the recombination of distant pairs saadgr faster than the
recombination of close pairs. In conclusion, j-shifthe case of Tl-band should
be noticeable. Similarly to the donor-acceptor-g®AP) recombination, TI-
band shifts towards higher energies with increasmgitation power. The
thermal quenching of Tl-band can be estimated byettpression [46]:

In(T) D expl ~(KT I 0+ 5 ) A(AKT) ™2 +,72)] ()

wherelq is the integral intensity® is the factor of excitation level, i.e. the ratio
of the density of electronic states to the densitythe generated electrons,
70 = Eo — E; (see Figure 22)y is unperturbed bandgap eddg,is the level

where electrons can be considered as freeyasdhe mean-square fluctuation
of the potential energy. The shape of the func{®nis shown in Figure 23b.

The intensity of TI-band suffers from both low-, darhigh-temperature

quenching, reaching its maximum valuek@t= (16y2y/In?> ©)*® [46]. The low-

temperature quenching is caused by the barrier tlibds encounter when
physically approaching the potential wells. As suie at low temperatures the
long mean distance between electrons and holesslithe probability of TI
recombination. The high-temperature quenching idiglly caused by the
thermal escape of holes from the impurity level theé main culprit is the
thermal liberation of electrons from the conductiimmd tails. As a result of this
process, Tl-band simply transforms into the Bl-band

According to [46] the maximum position of TI-bandshstrong dependence
on the temperature. The peak position of TI-bandeacalculated as

Omax = Eg =7 =12 —KTIN© +2,/(KT)?IN© +KTy, (10)
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Figure 24. Temperature dependence of deep
photoluminescence spectrum of CuGaBoth A and B
bands show very similar quenching rates. Both bands
exhibit considerable blue shift with increasing perature
(see also Figure 25).
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Figure 25.Temperature dependence of A and B peak
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At very low temperatureskf <y,/In?@) the maximum of Tl-band shifts
towards higher energies with the increasing tenmpegaas o, 0 2,/kTy, . It

max
happens because more, Tlansitions (see Figure 22) become available as th
additional thermal energy helps holes to approactential wells. At high
temperatures and low excitation values >100) the kT term in Eq. (10)

dominates andw,, decreases with the temperature increasing. Thisbea

explained as follows. As the temperature increaties,shallower tails are
emptied first. As a result, the emphasis of themdunations shifts to deeper
tails which holes find more difficult to approachpnsequently, less Tl

transitions become available.

Figures 24 and 25 show that as the sample temperiamicreases, the peak
position of A and B bands move towards higher eersrgAt the same
temperature range, according to [57], the bandgapgy of CuGaTgexhibits
the shift in the opposite direction. This implidsat both A and B bands
comprise two closely situated recombination chasoébifferent origin and the
deceptive shift of the peak is actually caused hg transfer of the
recombination intensity from one channel to anothée propose that in the
present case we see the transition of Tl-band Bitband. However, the
involved impurity levels of the A and B bands arffetlent. Accordingly, the
activation energies of involved acceptor states lar@and Iz respectively.
Nevertheless, in both cases the shift can be awgiaas follows. At low
temperatures the Tl-band, the peak of which istemtat slightly lower energy
than the Bl-band, prevails. As the temperatureciases, the photoluminescence
intensity transfers from Tl-band to Bl-band. Asesult, although the peaks
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positions of both TI- and Bl-bands are decreasthg, peak position of the
resulting band (A or B) is moving towards higheesmgies.

The temperature dependence of the intensities ahd\ B bands, also, the
TI- and Bl-bands inside them are depicted in Fig2Be At low temperatures
(below ~30 K) the Tl-band prevails. Its intensitashits maximum at the
temperaturel;. At higher temperatures the Bl-band starts to daei and the
behavior of the A and B bands is governed by thenghing of the
corresponding Bl-band.

Figure 26 shows the Arrhenius plot of the thermadrgching of the A and B
bands. The fittings were performed with the sempieimequation [38, 39]:

|
o(T) = > = (11)
1+, TH +a,TH exp{—Tj

kT

where®(T) is integral intensityl, is initial intensity,a; anda, are the process
rate parameters, arifl is the thermal activation energy. The activatioergy

Ef = 237 + 2 meV of the band A is most probably caubg the thermal

activation of holes from the acceptor stitalirectly into the valence zone. In
case of band B, the quenching process was detedtiedhe activation energy

EZ =90 + 1 meV. The quenching process is causetidyhiermal liberation of

holes fromlg acceptor state. These values of the activatiorsgess have not
been reported before. At this point, there is maugh information to attribute

1140 ! LI ) IIIII I | L) 0954

= O J
—0— P
1.138+ / —0.952
4—
_ 1136 / —0.950
> 1134 o 0948 £
1.132 —

B
o0—0
/ .

E
z 3
— 0.946 -
o —e—A
1.130-— .’—./ —-0.944
piogl——inl 0 0 dgogn

10
Laser Power (mW)

Figure 27.Laser power dependence of the peak positions of
photoluminescence bands A and B of CGT. Both bahdsy
rather strong j-shift which is common to Tl recomtion.
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those activation energies to certain defects. Teatification of those defects
remains for the future studies.

The presence of Tl recombination in the bands ARuisl confirmed by the
laser power dependence of the photoluminescenatrspe(see Figure 27). It
was proven in [50] that Bl-band does not shift adow to excitation power
variations. Indeed, the computer simulation showleat the shape and the
position of Bl-band do not depend on carrier dégsitOn the contrary, our
current experiment showed that at 9 K both A arilthBds showed rather strong
j-shift. As it was described above, this shift i@sific to TI recombination that
shifts similarly to DAP recombination.

6.4 Photoluminescence of polycrystalline AginTe

The polycrystalline AginTesamples that were made at the Department of
Materials Science, Tallinn University of Technolpgghowed interesting
photoluminescence spectra with exciton emission pimonon replicas. The
growth procedure was described in Chapter 2. Wandisished three bands that
were located at 1.023 eV, 0.959 eV, and 0.741 e¥.aakigned the origin of
the first band to excitonic emission, the secombdia the donor-acceptor-pair
recombination.
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Figure 28. Photoluminescence spectrum of Aglaaée 15 K. Different scales are
used for different bands. Vertical lines show thsipions of the LO-phonon replicas
of the E1- and D1-bands. The fitting gave the spoading phonon energy b, o
=25 meV.
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Figure 29. Laser power dependence of the D1-band. In order t
avoid the warming of the sample the laser powerwaaied from
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Figure 30. Temperature dependence of the D1-band. The
spectra are normalized.

The typical photoluminescence spectrum of Agihigeshown in Figure 28,
where three different photoluminescence bands @amléarly distinguished.
The first band (E1) has a relatively narrow peakl @23 eV and it has one
visible LO-phonon replica with the energy iab o = 25 meV. The second and
most intensive band D1 has the main peak at 0.85@ra it has two LO-
phonon replicas with the same phonon energy. Tlrel thand D2 is the
broadest and is centered approximately at 0.741UsKortunately, neither the
intensity of the El-band nor the D2-band was higlough to record the
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temperature and laser power dependencies. Newesthelue to its narrowness
we believe that E1 may have an excitonic origin dod to its deepness and
broadness D2 is caused by some deep defects.

However, the intensity of the D1-band was suffitiga conduct the
measurements of temperature and the laser powaemndepce. The spectra
recorded at various excitation powers from 0.04 tdAL5 mW are shown in
Figure 29. As it can be seen, the peak positiothefD1-band shifts towards
higher energies with the increasing excitation powée rate of the shift is 6
meV per decade of the laser power. This so caHshiff is characteristic of
donor-acceptor pair (DAP) recombination, becaushiglt excitation powers
the recombination through distant DAPs saturatesthe case of increasing
laser power the recombination rate can only in@dhsough closely situated
donors and acceptors which emit photons with higiegrgies than distant
pairs.

In order to obtain information about the energyelswof the involved donor
and acceptor states, the thermal quenching of laéofuminescence bands is
often used. The temperature dependence of the BbdbaFigure 30 shows the
shift of the peak position towards lower energiethwhe rising temperature.
The shift is predominantly influenced by the tenapere dependence of the
bandgap energy. Indeed, according to [58] the bemdigpendence of AginTe
is in the order of -36 meV from 0 K to 300 K. Aetkame time, the shift of the
D1-band in our spectra is about -12 meV from 15K 40 K.
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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 metmnation spectrum
can be fitted with Eq.(11). The fitting shows ($&gure 31) that the activation
energy of the D1-band is 35 meV.
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7 Conclusions

The spectrum of the Bl recombination in heavily edgsingle crystalline
CuInTe has a characteristic asymmetric shape. Also, atufes a unique
behavior with regard to excitation powers and temjpee variations. Our
experimental results are in good agreement withttileery of heavily doped
semiconductors. Thus, based on the features ahtwry, we suggest that the
broad band in our spectra was generated by thed®innbination. We attribute
the recombination to free electrons with holes #ratlocalized on the acceptor
level at 70 meV that is most probably caused byctpper vacancy.

The second Culnhematerial that was studied was polycrystalline. Our
spectra proved that edge and deep photoluminestamoks can be observed in
CulnTe. More work should be done to investigate the asgnd possible fine
structure of the photoluminescence bands.

The photoluminescence spectra of AgGadiso prove that polycrystalline
ternary chalcopyrite materials tend to have lagcentration of native defects.
This conclusion is based on the observation oa#yenmetric shape of the edge
emission bands and their temperature dependena®rding to the model of
heavily doped semiconductors, band-to-band (BB)dha-tail (BT), and band-
to-impurity (Bl) bands were identified. From thettéa band position an
acceptor defect with enerdis = 70 meV was estimated. The bands in the deep
photoluminescence region show very rapid thermaknghing with the
activation energies about 20 meV. We believe thed¢ bands can be attributed
to the deep donor- deep acceptor pair recombinatieahanism, but further
studies are still needed.

The deep photoluminescence region (0.80 — 1.3 éWQuGaTe comprises
two bands. One of them (at 0.955 eV) has been teghbdrefore. The second
band (at 1.14 eV) has not been observed before sithiéar temperature and
laser power dependence of the bands called fofasiiterpretations. With the
increasing temperature we observed the transfoomatf “tail-to-impurity”
(T1) to “band-to-impurity” (Bl) recombination. Banél involves the defect level
with higher activation energy than band B.

The photoluminescence measurements of polycrystaliginTe samples
showed three bands. Because of the narrownesslasehess to the bandgap
energy we assign the first band at 1.023 eV totemiti emission. The second
photoluminescence band at 0.959 eV is assignedAt® i2combination. This
conclusion is based on the results of laser powpendence measurements that
reveal the j-shift 6 meV per decade. The third plhumhinescence band at 0.741
eV is most probably caused by the recombinatiowdet deep defect states.
However, in order to identify the responsible defdor the E1 and D2 bands,
further research is necessary.
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