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ABSTRACT

MATERIAL AND DEVICE CHARACTERIZATION OFZnInSe; AND
Cuo.5A00.5INnSe; THIN FILMS FOR PHOTOVOLTAIC APPLICATIONS

Gel I ¢, Hasan H¢gseyin
Ph.D, Department of Physics
Supervisor: Prof. Dr. Mehmet Parlak
CoSupervisor: Prof. Dr. A. ¢ijden

March2016, 251 pages

In this work,material and device characterizatiometiype ZnIinSe (ZIS) andp-type

Cuw sAgosinSe (CAIS) polycrystalline thin films werevestigated under the aim of
possible photovoltaic applications. ZIS polycrystalline structure is a ternary
chalcopyritesemicomuctor belongs to the group oflll-VI compounds with the
interest of #VI binary analog of ZnSe structurBimilar to its binary analogs, it has

a high band gap value, however low resistivity values compared to ZnSe structure, so
that it can be promisg material as a window layer. On the other hand, CAIS
polycrystalline thin filmstructure belongs to quaternary chalcopyrite semiconductor
compounds and contains both of the elements inCiiaSe (CIS) andAgIinSe

(AIS) ternary chalcopyritestructures.Therefore, it is expected to havesamilar
characteristics withhem, such as direct band gamd high absorption coefficients.

This indicates that it can be suitable to use as an absorbelifayer photovoltaic
applications.Under the aim of materiatharacterization of these thitim layers

they were deposited on soda lime glass substrates with the evaporatiporef
elemental sources by using physical thermal evaporation technique. During the
deposition process, the substrégenperature was kett about 200A C . The thi
films were characterized firstly in @gown form, and therannealedunder the

nitrogen environment to deduce the effects of annealinth@rstructural, electrical

\Y



and optical properties of the deposited thin films. In addiiotinis,diode behaviors
and basic diode parameters of these films were charactefibecheterstructure
was produced by depositing the films on thew&fer having appropriate
conductivity type. After completing all material and device characterizataps, as

a final aim, ITO/n-ZIS/p-CAIS/In heterastructure were fabricated as a solar cell
application of the combination of these film structures. Detaiédéectrical
characterization of this hetejonction was performed by the help of temperature
dependent currentoltage(I-V) and frequency dependent capacitanckage (CV)
measurements to investigate the device characteristicsoaddtermine dominant
conduction mechanism in this sandwich structure. Wavelength dependént |
measurementwere alsoperformed to investigate the phdtansport properties. To
determine phot@pectral working range of thanction the spectral photeesponse
measurements were carried out in the spectral range oflZWD nm. This
measurement was also performed in otdesee the effects and contributions of the
film layers on this devicstructure. Moreover, at room temperature, the photovoltaic
characteristics of the deposited hetgnaction wereinvestigated under different

illumination intensities varying in betwe&0 to 115mW/cn?.

Keywords: Physical Vapor Deposition, Chalcopyrite Compound, Thin Film,

Heterojunction
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¥Z

ZninSe; VE CosAgosinSe KBE FKLMLERKNKN FOTOVOLTAK
UYGULAMALAR K¢KN MALZEME VE AYGIT KARAK

Gel I ¢, Hasan H¢gseyin
Doktorg Fi zi k B°1l ¢myg
Tez Y C°inPeot. DrcMetlsmet Parlak
Ortak Tez Y°%°neticisi: Prof . Dr . A.

Mart 2016, 251 sayfa

Bu -al éeékmada, fotovoltaik utpiZoinSe @®) ar da

ve ptipi CusAgosinSe ( CAIT S) pol i kristal i ncggéi |l m
karakteri zasyondlaS ép oylaipkevl igrefikad |&tranSepildis & , I
yapésénall-Wenbeéet ekl k grubuna ai't bir ¢-1¢
yapédaki ‘manek| eliamak bey¢ksek bant ar al
yapéséna g°re d¢gkegk °zdiren- dejerine s
tabalkasBi jer yandan, CAI'S polikristal [

yar éil etken bi | e kQulkSee(€Cl5) va AginBg (sSAInSl)edicr | &
kal kopirit yapélaréenén t¢i¢m el ementl eri ne
filmlerin, bu ¢-1¢ yapeéelarén direk bant
gi bi benzer ©°ze? heki lenBakidosoddikpygulamalandg, u
sojurucu katman ol arak kull anél maseée i-ir
ince film katmanl arénén mal zeme karakt el
buharl akt érma tekniJi kul Il @melnar akka,y na&m ¢
buharl akt érmaseéyl a ¢ réentdial,mialttitra k 208 éecta km €

AcCcode tutul muktur. Knce fil mler i1k °n

Vil



edi |l mi ktir. Daha sonr a, °r neokplteirki n°® zbealzléil kalreérr

¢ Z e r itavidreaktkisini incelemeki - i n azoitr edritma méomddaasée ésél
uygul anméxkt éer . Buna ek ol ar ak, bu filmler.i
parametrel er.i karakterize edi | mi guni r . Bu a |
iletkenlik tipine gore Si alrtettad migegteiri ne T¢m mal zeme

karakterizasyon basamakl!| ar éndTO/m-ZSfpa ml adéekt an

CAIS/In heterg apél ar é gének aa gl zelsar awy gawd etmiall mi kKt
het eroekl|l eml ertirn kgdel ayklaégr alett eri zasyonu, ayg
i ncelemek ve sandivi - yapédaki baskéen ilet/l

sécakl ej awolthjd-V) e vak é mek ans-aoltab(&Yy ) e° kapmlsertians
yardéméyla yapélmewndaki Agep&ca nékékhcal emek
baj-Vée°l -¢ml er i yapél méekter. EKIl emi n, eKék s
-1 n, spektral e kX0 erpRidneel d -payierar BIOO] € n
Bu °1 -¢m, ayr éca éfti |yma pkeastémag¢nzl earriénndéenk ia yegt ki | e
g°r mek i -in yapéel mektéer . Ayr éca, oda Sséca
fotovoltaik karakteristikleri 20 ile 115 mW/éhar al €éf énda deji ken f ar ki

Kiddetl erinde incelenmicktir.

Anahtar Kelimeler:Fi zi ks el Buharl e Biriktirme, Kal ko

Heteroeklem
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CHAPTER 1

INTRODUCTION

Following the invention of the first solar ceMith 1% efficiencyof the junction
formed by coating Au i thin layer on Sgl], nowadays, the solar cell technology
has been advanced the researches and applications on bothagsérand thin film

form of semiconducting materialsThen, the first practical solar cell, fabricated by
single crystalline Si junction, with a sunlightexgy conversion efficiary of around

6% was ivented[2]. Moreover, single crystaladmium sulfide ©dS solar cell was
produced with efficiency of 6%3]. As a result of this demonstration of energy
conversion by using direct sunligiitumination, invedigations on solar cells are
crucially developed in order to obtain higher efficiencies. In addition to bulk
materials, from the early days of works on solar cells, thin films have great attraction
on the investigations on ppeted alternative technologklthough the wafebased
monao-crystalline andmulti-crystalline Si solar cellscan convert 25.6 and 20.4% of
the energy in sunlight into electricity, respectivedy ], the thin film applications

are promising approach for high efficient solar cellsadidition to indirect band gap
characteristic of Si structure and fragile behavior of bulk materials, Wwagad Si
solar cells require high bulk materi al W
high costproduction method6]. On the other hand, the choice of tiigage of the

thin film technologycan offer less requirement of source mategaaldalso simpler

fabrication processesith respect tdhe traditionalsolar cell technologies

Although there are several advantagésSi thin film structures in the solar cell

technology, due to its indirect bagdp nature with lower energy than the value that



is most efficieh in the visible region, Si cat provide the leading positioand
become the ideal material for the application in this d/@a Therefore,as an
alternative material instead of Si usage, research are concentrated on thin film
applications of appropriatmaterialson solar cells.Thus, I1-VI compound and its
variatons as chalcopyrite based thin films andMlcompound materials apoint of
interest inthe applications on the photovoltaic device. Polycrystalline thin film solar
cells based orcupper indium diselenide (CulnSer CIS) and its alloycupper
indium gdlium diselenide (CulnGaSeor CIGS) and cadmium telluride CdTe are
subject of interest to b#ne mostsuitablealternativesfor large scale application of
solar cells In fact, within Si, thin film solar cells, CIGS and CdTe based researches
haveatransition from thedboratory to the marketare [§. The crystallhe nature of
these filmsprovidesuse of severealubstrates andlsolow costmaterial deposition
techniques.The other advantage the possibility to dlerate the band gap by
changinghe constituent elements in the film structle@ds tahigher band gap [7

In fact, there are three most common {tfiim technologies, i, CdTe and CIGS
applied in the solar cell area in both laboratory and module. At present, instead of Si
based thin films, there are two leading candidates for polycrystalline thin film solar
cells, CIGSbased devices with ZI6 [9] and CdTe based devices wil%
efficiency [1J and in both cases CdS is the best window parimerecent years,
CIGS basedthin film solar cellin laboratory and module scale has initiated this
research area witk0.5% efficiency[5]. Since CIGS solar cells have the potential for
good efficiencies and ofd be potentially cheap, they are seen as the major
competitor to the Si bulk cell in recent yeadm the other hand, with the mawent
toward new and better technologies and increasing demand for the cheap
photovoltaic devicesthese structures start to be out of interest. Because of
containing rare In and Ga, these types of solar cells canlfitit the fuure demand

of solar cells Therefore, in the case of Zn and Sn usage attracts significant interest as
an alternative material for these rare elements in the-kmellvn chalcopyrite

structures [1]L



In case of polycrystalline materials, the economic considerationgharenost
important. Theseviewpoint necessitatethe use of inexpensive substrates for the
large arealepositios wherehigh throughputs required The compromise requires a
balance between the cost and performance. The main research and manufacturing
efforts were dire@d towards achieving new and alternative directions in thin film
solar cells. Under the effect of the availability of Te, In and Ga elements has been
dictated by demand, In could be replaced b Itombinations such as Zn and Sn to
form a different quat@ary alloy and also Se and S elements in gidupan be used

instead of Te, where they have similar chemical properties.

ZnIinSe (ZIS) structure is a ternary defect chalcopyrite semiconductor based on the
combinations of HIlI-VI group of element$l2-14]. The defect in this compound
arises from the percentage vacancies of Zn ai&sra the structurelf] and it is the

main factor on the physical characteristics of this film. In fact, it is the ternary analog
of ZnSe which isan Il1-VI semiconductormaterial with the cubic zinc blende
structure. Although ZnSis a very promising compound for the thin fiapplications

of solar cells [1518], being adefectstructuredepending on difficulties to control the
compositional stoichiometrand high resistity problem limits their photovoltaic
device performance3here are many research on optimizing this resistivity problem
of the polycrystalline thin films with high band gap energies and the common
approach is alloying them with the elementsgmoup Il [19, 20]. Among these,
there are many research on ZIS thin films about their crystal and film characteristics;
and also applications in solar cells atoelectronic devices [1P4, 21-36]. These
works demonstrated their applicability of buffayer as a hetefinction partner for
p-type absorber layers materials. They have-&ype conductivity behaviorlp] and

can be used as a promising candidate for CdS structure with its envirefniereafity

characteristics.

In the literature, the wés reported on the ZIS structure are related bothairgsid
thin film applications 12-14, 21-36]. Generally, the ZIS ingot1P-14, 21-23] was
prepared to analyze the properties of the ZI&ystal form [13 and it was also used
to deposit ZIS thirfilms [12, 14, 21-23]. In addition, vapoiphase chemical transport

3



was used to grow ZIS crystal [25,]2@nd the ceevaporation 27], evaporation of
precursors and selenizatio®4], RF sputtering [30 spray deposition28, 29] and

electrodeposition [J3echniques were used to prepare thin film samples.

In the thin film researchespmeworks on the crystal growth were reported as the
preliminary for the thin film fabricationl2, 14, 21-23]. In these works, the obtained
ingot was used as an evaporatisource for the thermal evaporatigmocess
ZnkIn1xSe thin films were also prepared by-ewaporation of IsSe and ZnSe
evaporation source2T]. In addition,aqueous solutions of zinc sulphate (ZREO
indium trichloride (InC3), and selenourea (GN2Se) were used in distilled water to
prepare the solution for degition of the ZIS thin films [2B As a different
technique, ZnlgSe thin films were produced byelectrodeposition method [Band

in this process, the Znd8e solutionwas preparetdy mixing zinc sulphate (ZnSQ
indium trichloride (InC3) and selenium dioxide (SefOsolutions. The ZIS samples

were also deposited by the combination of sputtering and selenization m&flods |

In the works on ZIS thin films, the results of struetyoptical, electrical and device
characterizations were presented dependent on the film thickness, substrate
temperature, annealing processes, and also sample temperature. Studies on the
crystalline structure of the films showed that when the thermeaation by using

crystal powder takes place at the room temperature on the glass substrate, the as
grown films are formed in the amorphou2| 14 22, 23. On the other hand, by
applying postannealing process at 373 K for 1 hour, the amorphous behzaor
transform to the polycrystalline nature with the mairemtation at (112) direction

[12]. Hendia et al. also indicated that the polycrystalline structure become more
apparent with increasing the annealing temperature up to the 573 K, and the peaks
observed in the XRD spectra are reported as to be in (112) and (002) directions. With
similar crystal growth and film deposition methods;N&hass et al. 23] also
presented the corresponding XRD spectra of the films. The data obtained in this
work showed hat the samples annealed at 523 K has a single diffraction peak in
(112) direction at about 27A while samples

secondary peaks in (220) direction at about



respectively. H.M. Zeyda etl. also obtained these peaks as alreduhe annealing
procedure [1# However, in this case, the films annealed at 573 K and 623 K
showed both (103) and (220) crystal orientations. From the sputtered films, the peaks
were found at 2hatkcorrespohd t8 the tetragonal ZI% pHade with
crystalline orientation at (1)2(204) and (302) directions [BO K.W. Cheng also
reported that although there is no change in the XRD pattern of the films, the
diffraction peaks were slightly shifted togher angles with increase in Zn/(Zn+In)
ratio. Different to this reported values, R. Jeyakumar obtained only ZnSe phase in the
(111) main direction from the precursor depiosi and selenization process [2/h

this work, they showed that the increasdhe substrate temperature from 25 to 125
AC cause increase in In/Zn ratio in the
structural analysis, XPS spectrum was investigated for the Zn(In)Se films and peak
profiles of Se 3d, In 3gb, 32, Zn 2p/2, Zn 22 were analyzed. According to this
work, the positions of Zn, In and Se XPS lines were observed at 1021.6, 44.2 and

53.5 eV, respectively.

According to Hendia et al., the absorption coefficient of the films deposited at 300 K
and also annealad the temperature range of 3823 for 1 hour are about between
10%and 16 cm®. On the other hand, absorption values were found to be in the range
of 10* cm! for all samples in the form of Zmi«Se P7]. The optical band gap
analyss in the reportedstudies[18] showed that the agrown films where the
substrate temperature is 300 K, has both direct and indirectaloptansition
behaviors withband gaps of 3.38 eV and 2.22 eV, respectively. These values are in
decreasing behavior from 3.18 to 3.1fdafrom 2.03 to 1.92 with increasing
temperate between 373 and 573 tespectively In addition, refractive index
extinction coefficient and dielectric constantgere reported as in the similar
behavior in annealing process. With similar ZIS filmsasgrown form, Zeyada et

al. [37] and EINahass et. al. [33worked on the transmittance and reflectance
spectra. The absorption analysis of thegemvn films also showed both direahd
indirect transitions wittband gaps 2.8V and 1.76 eV, respectiye[22]. Similar to

these analyses, the values for teported studief23] are 2.21 eV and 1.71 eV. The

analysis of the annealing temperate also in smil@havior as reported in the
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literature[12]. From the calculations on the optical spectra of lhesf it was found

the refractive index values can be explained in two models, multi oscillator at the
peak of 659 nm and single oscillator models at the wavelendties/are greater
than 1000 nm [22, 23They also showed that the absorptmrefficientdecreases
linearly with scanningvavelength from 0 to 698m; it reaches to 0 value at 700 nm.
The dispersion in tha values was alsanalyzed in the work given in [22and the
oscillator energy, dispersion energy, dielectric constant at inffréiguency and
lattice dielectric constant were reported as 2.49 eV, 14.36 eV, 6.84 and 8.17,
respectively. The detad analysis was given 23], where these parameters are in a
good agreement in this data set. However, with the effect of annealingratunege

the nonlinear susceptibility, static refractive index and nonlinear refractive index
were determined for this structure [RFor the analysis on variations of In and Zn
ratios in the composition, the refractive index values were found in the fiamge

2.45 to 3 with increasing In and decreasing Zrj.[Moreover, these refractive index
values were analyzed in terms of taaler Cauchy dispersion formula as a function

of X content.

In the optical analysis, there is no any common behavior orypleedf the optical
transitions and approximate values on their corresponding band gaps. Although in
most of the ZIS films deposited by thermal evaporation method shows et di

and indirect transitions [12, 2A3], S. Gariazzo et al. obtained only ditéransition

and also they found the optical gap values in between hdB2.85 eV as a function

of x [27]. Similarly, R. Jeyakumar et al24] reported only the direct band gap in

2.35 eV. From the work reported by K.W. Cheng, the direct energy barsdodgap
samples varied from 1.68 to 1.81 eV depending on the ratio of the metal alloys.
These results also concluded as increase in the Zn/(Zn/In) molar ratio causes increase
in the energy band gap of the ZIS samples.

For the electrical analysis, the resigy values of the ZIS films were reported in
between 5x19 and 4«10 ¢ . cdepending on the substrate temperature of the
precursors and also on the selenization tempera2dfe According to this work, it

was found that the resistivityncreases with increasindgn/Zn ratio in the
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composition. This behavior was also obtained from thdnZpSe samples when

their In content increases2q]. Different than this result, the DC electrical
measurements in the work of H.M. Zeyada et &P] [showed that there are two
temperature regiacorresponding to two different conduction mechanisms. At the
temperatures higher than 365 K, they reported that the thermionic emission behavior
Is dominant with activation energy of 0.837 eV. On the other hantemperatures
between 300 and 365 K, they showed that Mott average hopping mechanism is

dominant in the conduction process with activation energy of 0.18 eV.

For the device characteristics of the ZIS films, the dark cuueltage behavior of
Au/n-ZIS/p-Si/Al diode was analyzed as a function of ambient temperatutiee
interval of 293323 K. [12]. In this work, in forward bias case, at bias voltage lower
than 0.2 V, thermionic emission of electrons over a barrier potential of 0.28 eV were
observedand at bias voltage higher than 0.2 V, single trap space charge limited
current was found to be dominant. At higher bias region, the trap concentration and
trap energy level were reported as 3.12%16ém° and 0.24 eV, respectively.
According to the photelectrochemistrymeasurements on the ZIS thin films
deposited on FTO coated glass substrates 3@jethe flatband potentials in 0.6 M
K2SOs aqueous solution afamples were obtained betwe®m1 and0.95 V with an
Ag/AgCl electrode.

Furthermore, theZIS thin films deposited by thermal evaporation method were
anal yzed und e-irradiatiorep1] el thie wotk, the foptichl constants,
direct and indirect band gap values, and conductivity behavior of tgeoas
samples were compared betwdbka unirradiated and irradiated cases. The spectral
behavior of the refractive index and extinction coefficient were reported in increasing
behavior with incident photon energy similar to the other works. On the other hand,
these curves revealed continuaasiation depending on the change in wavelength.
The band gap values of the unirradiated and irradiated samples are reported in this
work as 3 and 3.2 eV for direct transition, and 1.75 and 1.9 eV for indirect transition,
respectively. As a conduction nf@nism in the ZIS structures at the temperature



interval higher than room temperature, the thermionic emission model was accepted

in both thin films with activation energies of 0.89 and 0.95 eV, respectively.

ZIS thin films were also deposited lajpemical methds with an agueous suion

[28, 29, 33]. As a result of the sprageposited films with a substrate temperature of

325A, t he XRD Jravntfiens showed thet smdar aystalline

formation as observed in the films depositedpbysical deposition technique3g

299 . According to these wor kat(ll2)direciomai n or i en
However, the deposited films were reported as to be in-ogystalline nature with

rhombohedral crystal structure and lattice cansb=4 . 05 j . Al t hough the
electrodeposited on stainless steel substrate has also the same crystalline phase with a
diffraction angle similar to the one reported in other works, the main orientation
direction i s at a b o 83]. Mdréover, then othér 3nOnir) direct|
di ffraction peaks were reported as to be at
(400) crystalline orientation. This film is found in a good agreement with the

tetragonal crystal structure and lattice parametera=05 . 4 Ca@da51 1. 44 9

From the compositional and surface analysis of the speppsited films,

compositional ratio of 1:2.3:3.5 and a compact morphology with large number of

single crystals were observed. An observation of SEM micrographs of the
electrodeposed films showed that on the surface, there are grimmations

compact with tetragonal (rod like) shape. The optical studies of these solution based
depositions, the nature of the optical transition was determined on the basis of

indirect band gap elaanic transition in sprageposited films, while it was reported

as direct transition for electrodeposited films. These band gap values are 1.41 and 2.4

eV, respectively. In these works, the electrical properties of the -gemosited

samples were invegiatad under the effect of sample temperature from 300 to 420 K.

The dark resistivity values were obtained in the order &§100 Y.cm, and the

conduction mechanism were examined at low (< 395 K) and high (> 395 K)

temperature regions. The intrinsic measanwasused to explain the conduction in

high temperature region, and hopping conduction mechawsasiused for the

conduction process in low temperature region. The corresponding activation energies

were approximated as 0.38 and 0.54 eV, respectivelyedder, for these films, the
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Seebeck coefficientvas calculated as to be 0.00b6V/K. The device applications
were reported from both of these films deposited by using chemical deposition
techniques. Measurements of the pheliectrochemical cells preparem the FTO
substrates irthe literature[29] showed that the dark junction ideality factor and
junction ideality factor under illumination were 5.6 and 1.9, respectively. In addition
for these typsof films, the fill factor and power efficiency convessiwere found to

be about 0.435% and 1.47%, respectively. In addition, the photosensitivity of these
cells were analyzed phetdectrochemical response under chopped light conditions

were reporteddr the electrodeposited film83.

On the other hand,opycrystalline thin filmphotovoltaic devices usedlS and AIS
ternary compoundare members of-lll -VI2 chalcopyrite semiconductoend they
arepoint of interesin solar cell applications3P]. These materials are also popularly
used in on-linear optical deviceslue to theirstablenaturesand high absorption
characteristic$40]. Group of tlese ternargompoundss constructed in an analogy
of the II-VI binary ginc-blendg compoundsBY replacing two cation atont® the
place of one in this binary lattice structure alternate series of bonds can be
constructedwhich causes variations irthar structural, electronic and optical
behaviors These chalcopyrite semiconduct@isows direct band gamature and
efficientabsorption coefficients arttierefore theybecome commonly used thin film

materialsn the photovoltaic applicationg].

Studies on the quaternary compoundxAZixInSe and similarly CuxAgxInSe are
mainly concentrated on obtainiran effective absorberlayer of hetergunction in
solar cellapplicationsdue toa large degree of variatidn ratios of the constituent
elements and so that optimizingof the material propertiesAs a result this
compound which is a quaternary analog of both CISAdSd canoffer apossibility
to optimize the material characteristicsmostly to reach desiredptical band gap,
absorption coefficient and lattice parameters, for th@hotovoltaic device
requirementsWith changing Cwatoms withAg, it is expected to inerase theptical
band gapn the interval ofL.05 eV B2] and1.24 eV A3].



In the literature, although there are some researches o@ug-In-Se CAIS)
structure related to the analysis of both crystal and thin film foAR%7], they are

not covered the all characterizations for this structure. For the fabrication of CAIS
crystal, thewidely reported technique is Bridgmtockbarger crystal growth
method f2-44, 4851, 55, 57 and these crystals were chetexized in terms of
structura) optical and electrical propertiedq 48, 55, 57]. In addition to these
studies, most of the works on the thin film applications are concentrated on the films
deposited byisng these crystal sources H2, 49, 51]. For deposition othe films,

there are also specifroethods categorized as thermal evaporati®), [pulsed laser
deposition [4451], flash evaporation42, 43 49|, and sputtering$2-54, 56]. These
works on CAIS thin films are related to sttural [43 49], optical [43 44, 46, 49
52-54, 56], electrical [4145] and device 47, 50] properties. Howevethe works on
these characteristicwere not completely reporteénd the research arenainly
concentratedon limited on change incrystallinity of the thin fims with surface
temperaturedetermining basioptical parametergnalyzingSchottkybehavior with

Al contact cathodoluminescence and photoluminescence.

With theseworks on CAIS thin films, there ara fewalternativedepositionmethods
presented for the fabrication of this filmGremenok et al. [§1reported the growth

and characterization of AgixInSe (x=0.0, 0.3, 0.5, 0.7 and 1.0) thin films
prepared on the glass substrates by pulsed laser deposition. The films weredeposi
at the subsate temperature range 4880AC wi t h de p o s4i0t icoom/ sr at e o
under the pressure of about®l0orr. I.V. Bodnar et al. [44Rlso reported the
analysis of the CAIS films deposited by the same technique. Although the most of
the deposion parametes were also similar in these two works, I.V. Bodnar et al.
preferred the substrate temperature as-78D K. Among these chalcopyrite
semiconductor compoundsyost of the workon QuosAgosinSe werereported by

G.V. Rao et al. [4243, 49, 50]. They depositedhis film structureby using flash
evaporation techniqguand worked on the film samples deposited at ghistrate
temperatures between 363 and 803 K ayatempressure of2x10° Torr. The
evaporation rate in the flash evaporaticasvabout hhm/s with a final film thickness

was between 100 and 40001 [42,43, 49]. In order to fabricate AIJCAIS Schottky
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barrier diode, the CAIS films were deposited onduaed glass substrate at 693 K
[50]. The stuly of A.A. Lavrentyev et al. [46is related to he comparison of the
structural and optical properties of the ternaiS and CIS, and quaternary
CuAg1i xInSe compoundsThe films were alséabricatedby a hybrid procesahere

Cu, Ag, and In were sputtered and elementalw8s evaporatethermally to reach

the final film compositior{52, 53. The elements werevaporatedvith compositions

of x=0.0, 0.6, and 1.0, at a constant rate onttadime glass substrates at 560C .
The same deposition panaters were also used the related studie$54, 56] to
prepare the CAIS films with the Cu/(Ag+Cu) ratios of 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0.
In these works, Si (100) wafer was used as a substraich was kept at550 A C

during the deposition.

According tothe study of Gremenokgt al. [5] the films deposited by pulsed laser
method were in 560000 nm thickness range and XRD spectra of them shows a
single phase at (112) crystalline direction. The lattice parameters, positional
parameters and interatomic distances of the CAlISsfilmare presented depending on

the compositional variations. The data obtainedhéstudy of 1.V. Bodnar et g¢é4]

gave similar results witthe study of Gremenok at. [5]] in terms of parameters of

the unit cell, tetragonal distortion, positional graeter and the lengths of the atomic
bonds.Structural studies of th€u sAgosinSe thin film samplesvere concentrated

on the effect of the substrate temperature, smdhat the atomic rationsin the
composition, grairformations,and alsocrystalline behaviorswere investigated42,

43, 49). As a resultthe chemical composition, structure and surface morphology of
these films were reported in terms of the variations on the substrate temperature. In
addition, from these work, thegportedthat the CAS thin films deposited by flash
evaporation method were in In and Se rich, and Ag and Cu deficient composition
when the substrate temperature was kept belowk683n the other hand, they also
showed that if these films were fabricated at about @88 K, they became near
stoichiometric structure. These works also presented the effect of the substrate
temperature on the crystalline structure as, if it was below 573 K, the films were in
amorphous nature; if it was at between B73 K, the films were in pgtrystalline

nature without stoichiometric composition; if it was at 623 K, secondary phase in the
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form of InSe was appeared; if it was at 693 K, the films were in polycrystalline with
strong preferred orientation along (112) direction; if it was at betv83703 K,

the films was in single phase, and nearly stoichiometric; if it was at 723 K, the
additional phases of GBe and AgSe were observed in the diffraction spectra. As a
general result from these works, dsfgosinSe films deposited at a substea
temperature of 693 K were single phase, polycrystalliie a strong (112) preferred
orientation and the meagrain size of single phase films were around 500 nm.
Moreover, the lattice parameters ae.5937 nmc=1.1633 nm, with ¢/a)=1.959.
From thetheoretical and experimental consideration, XPS spectra of the CAIS films
were analyzed and the results were explained by the splitting in they dreerds

[46].

The optical characteristics of the ;&@1.xInSe thin films wherex=0.0, 0.3, 0.5, 0.7

and 10 were investigated with transmittareed reflectance measurementd, [51].

The absorption coefficieabf these filmswverefound to be about f&m™ above the
fundamental absorption edge. From the optical spectra of these films, refractive
index and band structure analysis were done as a functiocootent. In addition, in
these two works, three direct band optical transitions and correspondsatal ¢igld

and spin orbit splitting parameters were reported. The curves of energy band gaps
versus the composition variations dependingxorontent showed that there is a
nonlinear dependence between the direct band gap valuesx aumhtent as,
Eg1=0.99+0.10+0.16¢?, Eg=1.04+0.12+0.16¢ and Ey3s=1.22+0.16+0.20¢. From

the optical transmittance data obtained from the films deposited by G.V. Rao et al.
[64], the band gapvalues, spinorbit and crystalfield splitting parameters were
determined and the absorpticharacteristicon transitions from the valence band
edgeto the conduction band westudied The analysis of absorption spectra of
CwsAgosinSe films for several thickness values in 500, 1000 and 1500 nm
indicated that band gap energesn be changed in 1.14, 1.1045 eV under the
effect of valence band splitting3]. Besides the fundamental optical band gaps of
the films were 1.12, 1.14 and 1.15 eV corresponding to the filepositedat
substrate t@mperatures of 62393 and 723 K, respectively [A9Additionally, the

nonlinear dependence of thmndgapenergywere investigatethy boththeoretical
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calculations and different experimerfty solid solutionsas a function ofx [46].

Similar to theother works, the nonlinear variation in band gap values depending on
the x content was explained by three term polynomial relation. The other optical
researches on this structure are in about cryogenic cathodoluminescence and
photoluminescence analysi$ these films. Aquino et. al [$553] presented thir

works as a conference paper CuAguxInSe thin fiims about the emission
spectrum of grains and grain boundaries in CAIS with cathodoluminescence and
identification of defect levels with photoluminesce analysis. As a result of these
studies, as the Cu content in the filmsreases, specific defect staédso increases

(with more local chemical variation) and the relatively uniform luminescence from
the CAIS films shows that this material may produce more unifordevice
performances, becausainimized fluctuations in film composition and surface
recombination. Irthe study of T. Begou et al. [R4he dielectric constant and band

gap values of the films depositedtime same conditions witlthe study in[52, 53]

were analyzed by using real time spectroscopic ellipsometry. The band gap values of
CAIS films as a function of Cu/(Cu+Ag) content (0.0, 0.2, 0.4, 0.6, 0(3,wtere

found as 1.15, 1.05, 0.98, 0.91, 0.90 and @90 respectively. The similar results

also found in the study of S.A. Little et &g by in situ and ex situ characterization

methods.

The outcome of the works on the {sAgosinSe films is also about their electrical
characteristics. The temperetdudependence of the electrical conductivity of the
CAIS samples were analyzed in the wdd] and it showed that there was an
intrinsic conduction above 438 with an activation energy of 0.55 eV and impurity
conduction below 43X with an activation energy of 0.15 eV. These films were
reported as ip-type by theHall effectmeasurements, anbteir electrical resistivity
valueswere calculatedin the interval of3003 0 0 ( q . ¢ mthermoselacttic t h e
power in 1650 (cnt/(V.s)) [42].

In addition the device characteristics diis quaternary chalcopyrite allowere
discussed in some workS(Q]. In the study of G.V. Rao et al5()], the curent vs.

voltage(l-V), capacitance vsoltage(C-V) and photeresponseneasurementaere
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carried out to determine th&chottky diodebehavior of Al/p-Cu5AgosinSe/Au
junctionat 303 K.From these measurements, baahottky diodgparameters such

as barrier heightwork function andelectron affinity of CAIS were calculated as
about 0.554.72 and 3.75 eV, respectively. The effective carrier concentration and
the builtin potentialvalues were also determined byMCmeasurementand found
as4.5x10"cm® and 0.38 V, respectively.

Different from tese work, D.G. Kilday et al. [38eported commosanion rule and

its limits for CuAg1xINSe-Ge interfaces wherg equals to 0.0, 0.25, 0.50, 0.75,
0.90 and 1.0. Therefore, this work was concentrated on the photoemission studies of
the interfaces obtained by depositing Ge on CAIS laykenT the discontinuity on
valence band of the structure was analyzed. From the data from this work, the

discontinuity of valence band in this material was found at about 0.60 eV.
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CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1 Introduction

In this chapter, the basic concepts about the thin film deposition techniques, material
properties and device analysis are presented. Although the thermal evaporation
technique was used to deposit the film layers, the general information about thin
films and introduction to most common deposition methods are described. Then,
material properties of these two type semiconductors are introduced. Finally, basic
information on the structural, optical and electrical properties of the semiconductor

materials andliode characteristics of heterojunctions are discussed in detalil.

2.2 Thin Film Deposition

As a simple case, a thin film material is an atom/molecule/ion/cluster species on a
substrate created by condensation process of atom/molecule/ion/shesters $9).

In general, thin film is mentioned as a simply layer of material, and the term thin is
generally used to describe alagef t hi ckness ] dosweverttinan 1 ¢
materials can also be created by a liquid solution process, and theseftjims are

usually named as thick film [$9Therefore, the deposition process and consequential

effects on the film properties of the films are crucial than its thickness. In fact, thin

film is the technique to minimize the material use without tbesproperties of the

grown material, and also to tailor its characteristics.
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Depending on the condensation process, thin film deposition can be carried out with
the order of creation of atomic/molecular/ionic species, transport of these species
througha medium, and condensation ofsespecies on a substrate [58h addition

to this, the deposition techniques can be classified as physical vapor deposition
(PVD); chemical vapor deposition (CVD); solution based growth as

electrodeposition and emical ath deposition (CBD) [99

The PVD isthe method of a thin filndepositionbased orvapor production and
condensation usinghysical methodson a given substrate materidh PVD
technique, the deposition of the films can take place by stacked dapesition
technique in which the elements or compounds are deposited on the substrate layer
by-layer and by ceevaporation technigesgein which all evaporation sources were
condensed on the subg&asimultaneously.The physical correspondenceof
producton ofa vapor idbasedsimply on aheating of a source materiay the help of

a filament or crucible. Moreover there are a lot of special versionsesaporation
sourcegdue to the specific requirements inclugféusion cellandthe electrorbeam
evaporgor. The otherwidespread PVD techniquesre sputtering, laserinduced
depositionand flash evaporation. Among thehgh vacuumconditionin the order

of 10° Torr is the common requirement in the deposition profgHs

However CVD is based on the chemical reactidhat transform gas moleculeg
precursor gas or gas@#o a heatedsolid materialon the substratsurface PVD
occur by the physical transfer of the vapor of treatedevaporation source or
sputered atom of the bombard target by energetic particlés the substrate,
whereas CVDprincipally based orthe transportation of volatile precursors in gas
phaseand gassolid chemical reactionsn a heated substrate produce thin films.
Because ofthermodynamic and kinetiantiitations andalsoconstraits depending on
flow of gaseous reactants asdurces CVD processesire generally more cortgx
than those involving PVD [§2

As another deposition techniqueyray pyrolysisrelies ona thermally simulated

chemical reaction between clusters of liquid/vapor atoms of different chemical
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specieslin this techniguea solutioninvolving soluble salts of the constituent atoms
in the required thin film compositions depositedonto a heated ubstratevia
spraying process [63In fact, the preparation of this solutie® a wmbination of
ions of different chemical specie§he other solution phase method @BD
technique in which compound semiconductars preparedrom aqueous solutions

by dectrodeposition proce$64-68]. CBD has a twestepformation of a solid phase
from a solutionas nucleation and particle growthn the CBD procedure, the
substrate iglipped in a solution that involves the desired elemental composition and
thenthe electric currenthrough electrolyteprovides thedeposition of substanae

the case of electrolys|S9, 69.

In vapor depositionthe key point taunderstandhe process carrygnout under the

effect of behavior of gases and vapors is the kirtbgory of gasesinetic picture

of a gas is based on several assumptions, due to the concentration of the gas
molecules in a given volume, separation between the adjacent molecules, their
motions and iteractions between each other][7Dhis microscopidheory is related

to theproperties of gases from the characteristics of the individual paréislatoms

or moleculesiIn fact, it is based on the calculation of tt@nductance of gas flow
structures and modaly of vacuum system pumping dynamics, aasl a result
prediction of product of PVD sources.The starting point of th&inetic theory of
gasess the energy of particles hat can be obtained by the
law and so that it can be evaluatesian entirely translational kinetic energsing

this energyestimationthe most probable speed, the average speed and the root mean
square (rms) speed of the particles can be obtainedthétbrobability distribution

of function of the particle speeth the case oPVD, among theseharacteristicihe
mostcrucial concept in the kinetic theoiyy impingement rate of these particl&his

rate is defined ashe number of collisions per unit area per second that a gas
molecules/particlemakes with ay surfacein the deposition system that it can be a
chamber wall or a substrate |61In addition,its directional distribution is dependent

on thecosine law of impingemerand this rate can be found by velocity of the
evaporategarticles.The directonal motion of these particlas alsothe important

effect on deposition rate and thickness uniformity.addition to the impingement
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rate, this theoryassiststo estimate the parameters that frequently affect the
deposition kinetics and purity of a thin film, suchrasan free path, heat capacity,
diffusivity, viscosity and thermal conductivithmong them, he mean free patbf

the particleis defined as theigtance traveling by this particlkeefore making any
collision, so that this parametes related to the probability of collisioitherefore, it

is inversely proportional to theumber of particles in the systedensity.Moreover,
since the main aim of HY is to produce a vapor thaan condens®n a given
substrate, this accumulation process is expressedsaspion and condensatiaf

the particle Under evaluation of these parametdéing, most important external effect
on PVD is high vacuuntonditionin order to attain a desired level of purity of the
film. In order to limit possible level of contamination, in addition to the deposition
system cleaning, it is dependent on vapor pressure, substrate temperature, substrate

surface cleaning and depositiate.

In PVD methods thefundamental process tkermal evaporation aramelyvacuum
evaporation.This step isgenerallyusedin direct deposition of the films from
evaporation source# is alsothe most costeffective deposition technique in the case

of limited thin film compounds. In addition to the thin film layer fabrication for a
special applicationthis method is the more preferregdethod in order to deposit
ohmic or Schottkycontactlayer with metal and metal alloys [J.1This deposition
processis basically heating and then evaporating the evaporation sources with
applying high current to thermal boathen, under high vacuum condition, the vapor
produced from the source material accumulates on the substrate surface to produce
the thin film. Onthe other hand, heating the evaporation sources may cause some

contaminatioreffect fromcrucibles heaters, sgemequipmen{62].

The othercommonlyusedPVD techniques the electrorfbeam (ebeam) technique.
Different from the thermal evaporation methan thistechnique, the source material

in the crucibleis heated by bombarding with high energetic electrons generated by
heating of filament of electron gun. After emitting electrons from the filament, they
are focused and directed to the source nadttwibe heated by magnetic deflection.

Then, by acceleration of electronsth various energiegepending on the material
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properties the locally evaporated materipfoduces the thin film on the substrate
surface. Apart from the thermal evaporation process, since the source material is
heated locally by the focusedbeam, the contamination problem is discarded and
highly pure thin films can be obtained. In additiarsing energetic -beams, this
technique offers to deposit the materiaigh high melting pointand by the help of
focusing process, it also allows goa control over the growth ratand better

uniformity in thikness of the deposited films [[72

In sputeringtechnique, surface of the targatterial is ejectethty bombarding with

high erergetic atoms or ion§73]. In this case, the atoms were broken off from the
material surfaces a result of a momentum transfer from the bombarding particles.
Basicsputering systemncludesa vacuum chamber, a target (cathaal®) substrate
holder (anode) [7R Sputtering in its many forms has become perhaps the physical
vapor deposition process of most widespread use. The most common sputtering
techniques aralirect current (DC) and radio frequency (RF) sputtering. The DC
sputter deposition method is mostly preferred for the deposition of conductors. It is a
paralletplate discharge system with a simply highitage DC power supply. The
plasma is created and sustair®dthe DC source and argon is the most common
sputtering gasat a pressure on the order @rif[59. In this system, the sputtering
target is the cathode of discharge and the anode is the substratmaljoetron DC
discharges are not commonly used fitmfdeposition. On the other hand, by using

RF sputtering technique, an electrically insulating target can be sputtered for the film
deposition. It offers advantages over DC; for instance, lower voltages and lower
sputtering gas pressures may be used, hither deposition rates obtained. It is a
capacitive, paralleplate discharge system with a high voltage RF power supply. In
RF sputtering, there are typically a small area cathode (the target) and a large area
anode, in series with a blocking capacitdhe capacitor is actually part of an
impedancematching network that improves the power transfer from the RF source to
the plasma discharge. Magnetron RF discharges are used much more widely than

norrmagnetron arrangements.
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Pulsed laser deposition (PLD¥4] is a flash evaporation method. A condensable
vapor is produced when a powerful laser beam strikes a target, is absorbed, and
vaporizes a thin surface region. The laser pulse strikes the target, a fraction of the
energy is reflected and the rest is@bgd. The target can take many forms, such as

a powder, a single crystal, sintered pellets, or even a liquid. The atoms deposited on
the surface per laser photon are sensitive to the surface morphology of the target.
During the pulse, there is heat contime downward from the surface into the target,

to a depth of thermal diffusion length. Then, in the heated volume at the surface of
the target, the solid material is raised to the melting point and then melts. If there is
any energy remaining, evaporatiafil commence as a fraction of the atoms within

the heatedrolume receive the heat of evaporation.

2.3 Material Properties

2.3.1 lI-VI Compound Semiconductors

With the developments in the research area of thin films/I licompound
semiconductors havesually attracted considerable interest in the technological and
scientific works because of their large range of electronic energy band &#ps [
Almost all II-VI compound semiconductors crystallize either in the zincblende or
wurtzite structures7g]. In general every singleatom ofeachelement is bonded to
four atoms of the other atortetrahedrally in this type of structures and this
tetrahedralarrangemenbccurs in a cubic array for zidalende and in a hexagonal
array for wurtzite structurefr5]. These device properties of these materials are

commonly research interests in the application of solar cells and det@&ors [

In photovoltaic applications, the Zn and Cd chalcogenides alloyed with Se, S, and Te
can offer a wide range of optical an@@tical properties. These compounds can be
used in different layer formations with tunable characteristics of various properties,
especially their energy band gap. TheVil compounds are typicallyn n-type
characteristic imsgrown form, except ZnTe, which isaturally inp-type behavior
Themost ofll-VI compound semiconductors have direct energy band Gaey can
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be emittedand/or absorbed electromagnetic radiation efficientlyerefore,these
semiconductors areidely prefrred wih their optical properties. In addition to the
binary II-VI compounds, materials such as ternary and quaternary alloys with tunable

properties are alsdrawn great intere$?5].

CdS and ZnSe are the most populdype layer in solar cell applicationdowever,

toxic risks of CdS causes environmental concerns in the large scale solar cell
applications due to usage of C@4]. In fact, Cd metal is classified as a
toxic/carcinogen [7] Therefore, as a Cd free alternative of CdS layer, ZnSe can be
used. Itis a compound semiconductor ofMl type that has a cubic zincblende
(sphalerite) cubic structure and a member of spdcen and pointTq groupswi t h a
| attice constant of 5.26@6@cHatjoorstemderatrey st a |
[78]. As anoptical properties obtained at room temperature, it has a direct band gap
of about 2.8 eV19 , static and high freq®Bamcy di e
8. 75N0. 1, r Jersfractive index leetwgen 2.4860 and 2.86 in the gnerg
interval of 0.5and 2.65 eV [8]L In addition, electron affinityf this structure is 4.09

eV [3§ and its conductivitybehavior is rype with carrier concentration of 0

10" cm3 [82, 83. However,due to thenatureof the defects in the structuaed high
resistivity problemthere are several works about alloying this binary structure with
elements in group Il to obtain optimize material for photovoltaic device
applications Among theseZIS ternary semiconductors have been researched in
variousfields [34, 8486€]. In literature,ZIS structure idefined asa ternarydefect
chalcopyrite semiconductor compour 11-111-VI group [14. There are many
research on ZIS thin films about their crystal and film characteristics; and also
applications in glar cels and optoelectronic devices [12, 21 24, 28-31, 34, 87].

These works demonstrated their applicability of buffer layer as a Hetston
partner for ptype absorber layers materials. They have agypa conductivity
behavor [34] and can baised as a promising candidate for CdS structure with its

environmendfriendly characteristics.
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2.3.2 HII -VI Chalcopyrite Compound Semiconductors

The materials in chalcopyrite structure have been the subject of interest with their
invention in 1917[88]. This structure can be derived from the cubic zinc blende
structure of HVI materials by ordering the atoms belongs to-sgmmetric space
group and as a result, theaxis is nearly doubled and the unit cell is tetrago@8| |

90]. The obtainecthalcopyrite structure is also at the space gup>l 4 492].d

As an example (Fig2.1), the chalcopyriteCIS structure can be obtained from the
well-known disordered blende structure of ZnSe ioyolving the Zn sites
alternatively with Cu and In at@n[92]. In this case, the principle cell of the
structure is formed with bonding in | (Cu) ald(In) atom with four VI atons (Se).

In other words, there atevo bonds to Cu and two to imith each Se atoninstead

of the basic ternary chalcopyrite sttue, CuFeshaving a tetragonal structure with
nearly equal to 2 foc/a ratio wherec=525 nm anc=1032 nm 93], becausef the
difference inthe strengths of the-\Yl and IlI-VI bonds, the ratio of the lattice
constantc/a, is not exactlyequals to 2Thus, thequantity 2c/a (which is-0.01 in

CIS) is a measure of tetragonal distortion in chalcopyrite materggds This
deviation cause variation in degree of hybridization between anion and cation
orbitals and therefore affects the characteristich@fcompounds, such as the band
gap propertieg72]. In addition, the bonding type is primarily covalent with® sp
hybrid bonds 95].

(b)

|@Se

ﬂ__oZn

Figure2.1 Unit cells of the binary (a) and ternary (b) chalcopytepound$96]
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[-111-VI2 compound semiconductor€]S and AlS,are of interest in various device
applications. These ternary compounds have a tetragonal structure and a member of
spacel 4 992] @and pointD24*? [97, 99 groups. The lattice constants were reported
asa=5. 81lntlc=j11a 63 | Jfanda=6.C1 & [co918H30 | for Al
[100]. The crystal densities of them are 5.94][and 5.71g/cn?¥ [100]. As an optical
properties, the absorption coefficient of these structures is abbamttat photon
energies greatehan 1.4 eV 95, they have a direct band gap of about 1.04 and 1.24

eV [95], respectively. Instead of a single fundamental band gap, both of these ternary
compounds show a band splitting occurring closely spaced valence bandsals

of p-d hybridizdion [94, 100,101]. The spin orbit splitting energy calculated for CIS

is 0.04 and for AIS it was reported as 0.12 é][ In addition, the crystdield

splitting energies are.07 and 0.30 eV, respectively [P&tatic and high frequency
dielectric costants and also refractive indicalsthem are 9.3 [102], 7.09 [103] and

3.0 [104] for CIS; 12.75 [100 7.7 [103] and 2.0 [D5] for AIS, respectively. In
addition, electron affinity of CIS and AIS structures are 4.686 and 4.15 eV
[107].The CIS and AlSmaterials inp-type conductivity behavior have carrier

concentrations of £0cm3[94].

In the -1l -VI> basedphotovoltaic devicg the larger bandgapscan be obtained by
Ag and Ga additions in thetructure Therefore Ag contributionto CISstructure can
increasethe bandgap value to be closer to the ideal value for photovoltaic
applications ando that this new structufermation can increaseéhe open circuit
voltage which should lead to higher efficiencigsfact, in thin film researclarea,
the maximum solar cell efficiency wasbserved by group Ill isoeletronic
substitution of In by Ga with producing the Cu(In,Ga)8eaternary alloy system.
On the other hanaxistingCu atoms in the structure can cause shorting efigetto
due toits high diffusivity characteristid108], and it can be eliminated byAg

substitution withCu atoms in the structur&§).
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2.4 Structural Properties of Semiconductors

2.4.1 Xray Diffraction

X-ray diffraction (XRD) method is one of the mosssential tools used in the
investigation of the structural properties of materials. In fact, this characterization
technique is based on the phenomena that each solid material in the crystalline
structure shows a unique characteristicay pattern and th behavior can be used as

a distinguishing property to define the structure of the material. Their penetrating
ability and also interaction with materials as being absorbed, emitted, reflected or
transmitted are widely used for the identification of streicture of the materials. In

a view of the whole spectra, these electromagnetic radiations are defined in a
wavelength region between gamma and ultraviolet rays in the electromagnetic
spectrum. In addition, the corresponding energy of them is aboutV1@D1d MeV.

In the application of the XRD method-rdy spectra is commonly chosen as being
close to order of magnitude of the shortest interatomic distances in solid materials.
Therefore, these regisrare confined with the wavelengthenge about 0.5an 2 . 5

i [J1L09

In the XRD systems, in order to produceays, and Xray tube having an electron
source and also two metal electrodes, that are anode and cathode, is used. In this
system, electrons radiated from the source are accelerated togyiffeciant kinetic

energy by maintaining high voltage difference across the electrodes. Then, these
electrons strike to the anode target and as a result of this collision between the
electrons with high kinetic energy and the targeta)(s are produced #te point of
collision and they can radiate in all directions after the collision. As a matter of fact,
the X-ray radiation cannot be obtained in a single wavelength and a specific
direction. It includes a mixture of various wavelengths with differeeniities. The

X-ray spectra obtained from ther&y tube is illustrated in Fig2.2. and the curve
observed in this radiation depends on the tube voltage and the characteristics of the

anode target. Although, there are some characteristic peaks cretitedspectra, in
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general, only th& lines in which mostly strong shatp| lines are used in the XRD

system since it provides approximately monochromatic radiation.

Chamcteristic
- X-rays

W Blla

Intensity [arbitray unit]
L]

Continuous X-rays

1 1 il

0 0.05 0.07 0.09
Wavelength [nm]

Figure2.2 Schematic repeentation of Xray spectrum [11]0

After obtaining anonochromatic Xay radiation, it directs to the sample surface and
then the resultant reflected-rdy beams are evaluated in the XRD analysis. When
the X-ray beams come incident on sample, it hits the atom and then this eause
oscillation in the electms the electrons around the atom with the same frequency as
the incoming beam. Although the interaction between thiayXand he material can

be resulted indestructive and constructive types of interferences, the constructive
interference of the incidérbeam on a crystalline substance in specific orientations
can generate characteristicgay diffraction patterns. It is related to the structure of
the material if it is in crystal structure, the atoms are arranged in a regular pattern in
the material tht allows the beams in a constructive interference. Furthermore, the
order of the periodic arrangement in the structure observed as an intensity of the
leaving the sample in the same direction that reinforce mutually each other [134].
When Xrays interacwith a solid materialthe obtained XRD pattern is analyzed as

a fingerprint about its crystalline properties. Under the information or predictions on
composition of the material, XRD can be used an effective technique to determine its

crystalline structu, interatomic distance and angle.
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In this method the inteplanar spacingd, of a crystal is used for the analysis
procedures with the case of knowing the wavelength of the incideay,; with its
incident angle/, at which constructive interferea occurs. The general relationship

between these parameters is known as Bragg's Law, expressed as:

¢ _ cQi Q&0 2.1)

where an integenm is the order of reflection.

2.42 X-Ray Photoelectron Spectroscopy

The other area of Xay use is Xray photoelectron spectroscopy (XPS), named also

as electronectroscopy fochemical analysis (ESCA) which is preferred to estimate
the chemical state of the compounds located in the surface or near surface of the
material. Different than the XRD techniqueis based on the Xay interaction with

the sample surface for the excitation of the material and energy imgabfzemitted

photoelectrons [1]1

Mainly, when the Xray with energy ofh 3s incident on the surface of the solid
sample, it causes emission of photoelectrons (with the kinetic enekgy fsbm the

core levels (containing binding energyky) of constituent atoms at the surface and
nearsurface region. Then, from the phadectronic relation,Ex=h&E, and by
measuringEx, the characteristi&, of an core electron associated with specific
atomic orbital (s, p,d, f, etc.) can be evaluated [112As a result of this
identification, the characteristic XPS spectrum for the radténcluding all the
elements present in the material can be obtained. With this measurement, the
concentration of the constituent elements in the near surface structure can also be
determined since the intensity of the photoelectron lines is taken asetsre of

this quantity. Since, generally, XPS utilizes the incidenta)X beam in the energy

not exceed 1 keV, the resulted photoelectrons can be emitted from the material with a
degh of 20 b el d.wud tthhtke passiblefeffect ef tprdounding
atomic environment on the binding energy of the electron, energy shifts can be
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observed in the corresponding XPS spectra with respect to the standards. Then, it can
be used to identify the chemical bonds of the electron pointed of interestumimg
surrounding atom§l11]. Therefore, it is widely used to get reliable chemical and
compositional analysis from the surface and seeface region of the materials
[113].

In analytical quantification of XPS spectrum for each of the constituemteat, it is

mainly related to the XPS peak intensity, peak shape and the peak positions. In the
measurements of naronducting materials, due to the electron ejection from the
sample radiated by-xays, the charging effect can be observed on the suwfabe
material. This may cause the energy shifts in the photoelectrons that changes the
corresponding XPS spectra. Therefore, in order to eliminate this possible effect, the
resulting XPS data are generally calibrated in terms of the known referenaegbindi
energy of photoelectron kn[114.

2.43 Surface Analysis

The surface imaging and measuring its properties on a fine scale was developed with
the specific microscopy technique that covers the basic principle of related
technologies on scanning sarface with a very sharp prolpgl5]. This scanning

probe microscopy method is primarily named according to the interaction between
the tip and the sample material, as scanning tunneling microscope (STM) where it is
based on he strong distance dependemtteraction [16], and atomic force
microscope (AFM) where it uses the interaction force existing between tHem [1
119.

One of the main limitations of STM is the requirement of sample conductivity since
this technique is based on the detection of weak electrical current flowmn
between tip and the sample [119Then, AFM is one of the most essential
microscopy techniques to identify the surface conditions on the various
semiconducting sample. The basic principle of AFM is scanning the surface by th

tip which is in close contact with the surface to obtain topographic imaging. The tip
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is integrated on the edge of the cantilever having verydpring constant which
allowsit to deflect or bend for the forces existing whilerstag the surface by the

tip [120]. Both of them are usually fabricated by silicon (Si) or silicon nitrideNgi

and the tip can be shaped as being very sharp that offers high sensitivity in
measurements. During the scanning process, the deflection of the cantilever is
detectedoy the help of the laser beam focused on it. The reflection is maintained by
Au coating on the cantilever and this beam is recorded by the detector and mapped
by the computer controlled programs as a surface topography of the material. This
system is usedo magnify the bending of the cantilever and alldetectingthe

changes on the surface wiansitivityi n t he -evelder of |

Moreover, there are three mads measurement based on force affecting on the tip
and therefore, imaging type, that aantact, norcontact and trapping modgkl3].

In contact mode, the force on the tip is less than the surface and therefore it
experiences repulsive Van der Waals force from the surface. This mode provides fast
scanning whereas interaction with tip, softrmgples can be deformed. For the
trapping mode, the imaging process is again in contact witsutti@ce however this

mode provides oscillation of the cantilever at its resonant frequency. With this mode,
AFM measurements allow high resolution on the gaddmaged surfaces with
slower scan speeds comparing to the contact mode. In the other moaeniemt
mode, tip is very close to the surface but moves without touching it. The interaction
force in this case is attractive Van der Waals force and thestjplates above the

surface during the scanning under the effect of this force.

On the other hand, scanning electron microscopy (SEM) is an imaging tool based on
scanning the surface of the material by an electron beam. This technique permits the
observation and determination of the surface characteristics of a very wide range of
materials on a nanometer to micrometer scall][1lIn fact, it is a type of

microscope that uses electrons instead of light beam to form an image and to
examine objects on a very fine scale. The key components of the SEM system are;
electron gun that is the source of the electron beam; electron legsktouocus and

control the produced electron beam; sample chamber where the materials is placed
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and also it provides the interaction between electron beam and sample, and resulted
signals and the detectors; various detectors for detecting specificssiggraing
from the material, and monitoring system to display the image analyzed from the

detectors.

The main applications of the SEM are topography and morphology of the surface
features, composition analysis with determining the relative amount of the
constituent elements in the material, and also crystallographic information that
presents how the atoms are arranged in the material. It provides better resolution and
depth of field than light microscopes, high resolution of bulk materials with simple
sampe preparation, and also three dimensional appearance of the materials image as
a result of the large depth of field2].

When the electron beam $ithe material, the collision results in various interactions
between the electrons and the materialc8ithe accelerating voltage that gives the
kinetic energy to the electrons is applied under the research of interest, the
penetration depth of incident electrons can be controlled to get the specific signals
and so that specific information from the matkrin general, these signals are
secondary electrons for SEM images, backscattered electrons and characteristic X
rays for compositional analysis, diffracted backscattered electrons to determine

crystal structures and orientations of minerfl4].

244 Compositional Analysis

The most common technique in the compositional analysis of the materials is energy
dispersive spectroscopy (EDS). This system is operated with the SEM, and use the
X-ray spectrum emitted from the material during the bombardwfetite material

with the energetic electrons. The analysis of the constituent elements is done by the
sensitive Xray detector integrated in EDS system. CommonlyLBiand Si drift
detectors are used to resolve therays having different energy conginfrom
different element. Energy resolution is defined as the full width of the peak at half

maximum height. The qualitative analysis involves the identification of the peak
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energy that gives qualitative information about the constituent elements, dmal in t
guantitative analysigeak intensity of each elemestmeasured to get information
about the element composition relative to each other in the material. However, the
limitations of this techniquarebased on the resolution of the crystal in the detec

where Si(Li) crystal can distinguish the-¥ays in about 132 eMifferenceq123].

2.45 Raman Analysis

Raman scattering spectroscopy is widely used in structural analysis of the materials
for the investigation on chemical structures and physical forms, and identification of
the materials from their characteristic spectral patterns. It is based on irgadein
material with a single frequency of radiation, in other words monochromatiddight
usually produced by a laser source, and detecting the scattered radiation from the
material L24]. The scattered light can be in the same frequency as the inlogent

called as Rayleigh scattering. On the other hand, Raman scattering is resulted in an
inelastic scattering which means that the frequency of the coming photons changes
due to the interaction between incident light and the material. As a matternt,of fac
incident radiation is absorbed by the material and then reemitted. The change in the
frequency of the reemitted photons igither in shifting up or down with respect to

the frequency of the incident photon§hese are defined as Stokes and-Stdkes
frequency lines, respectivelgharacterizedyy the effect of the vibrational frequency

of a molecule in the material 25.

2.5 Optical Properties of Semiconductors

Optical characterization techniques dsagd on norcontactand nordestructive
measurements with minimal sample preparation. In addition, many optical
measurement devices are commercially available and automated and/or computer
controlled. The main and simple instrument for optical measuremantkif film
characterization is UV/Vis/IR spectrometer with a high sensitivity. It provides
absorption, reflectance and absorption spectra over a certain wavelength region in

order to investigate the optical properties of solid films.
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When a beam of lighis incident on a thin film, the character of the reflected and
transmitted lights by the film differs from that for the uncoated reference substrate.
Measurement of certain quantities which characterize the refracted and transmitted
beams yield values afptical parameters. In general, a beam of light coming on a
semiconducting material can propagate in the incident direction, can be absorbed into
the material or reflects from the surface in the same or a different from the incident
direction which restllin transmission, absorption, reflection or scattering processes,

respectively.

2.5.1 Transmission

During transmission measurements, light is incident on the sample and transmitted
light is measured as a function of wavelength under the effect ofenafuthe
sample, such as sample thickness, refractive index, extinction coefficient and
absorptioncharacteristicsTherefore, the analysis of optical spectra is one of the
most useful tools for investigating the electronic structure of the semicondudters.
basic definition of the transmittance of the sample is the ratio between inait&nt

transmitted light intensities [11.3

Transmittance of a sample under a light incident normally on the surface, with the

possible light interactions on the surfao®l into the sample, can be expressed as,

. p Y Q
2.2
Y p YQ cYQ WwWEd o (2:2)

where the cosine term is used to take into consideration of spatial frequency

discrimination and detection characteristics of the measurements as,

™ eQ (2.3)

andR s the reflectance of the sample as,
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LA — - (2.4)

with refractive indces of the substratey, and the samplens, and extinction
coefficient of the sample. In this relation, the absorptiaroefficient is related to

the extinction coefficient as,

= (2.5)

Since, semiconductor materials are generally assumed to be transparent for photon

energies less than the band gap energy, the transmittance of them becomes,

p Y
P Y ¢Yaf

(2.6)

In general, the ariation of transmittance line oscillations are neglected because of
the resolution of the measurements, then the transmittance values for the pure

semiconductors can be written as,

o
<

Y — (2.7)

o
<

However, with possiblémpurities, in the real case, this expression is used in the

following form,
L S (2.8)

Then, absorption coefficient of the sample can be obtained from the transmission and

reflection measurements as,
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In the simplest case where reflection or interference effect i®ctedl the Beer
Lambert law [125 gives a description to the fundamental absorption which is the
band to band transition, the electron excitation from the valence tmaritle

conduction band. Then, the expression given in2Bgcan be used as,
Py o
Ll 2.10
gt Y (2.10)

where transmittance of the sample is simply calculated from the ratio between the
transmitted light intensity detected from the géemand reference substrate as
T=I()/lo( &)

There are two types of absorption processes in the-toapaind transition between

the conduction and valence bands that are classified as direct and indirect absorption
process, omamely optical transitiondn a direct absorption process, a photon is
absorbed by the material with the creation of an electron and a hole, and an electron

is photeexcited from the maximum of valence band to minimum of conduction band

at the same value of momentum vec®r(k=0). For direct transitions between

parabolic valence and conduction bands, the absorption coefficient is,
I 6 o F (2.11)

whereA is a constant depending on the effective mass of elec@nd holes in the
sample [12], andEg is the energypand gap of the sampldowever, in indirect band

gap semiconductors, the maximum energy of the valence band occurs at a different
value of ®to the minimum in the conduction band energy. During this process,
electron phonon scattering required for mormeantconservation. For indirect
transitions, quadratic dependence on the photon energy is observed and it is

evaluated in the following form,
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1" 6Q O (2.12)

whereB is a constant depending on the structure of the material.

In addition to the bantb-band transition, a semiconducting material may exhibit
impurity effects in the absorption spectrum. These effects can be due to the structural
disorderd128]. In a wide variety of materials having disorder of several origihs, t
absorption coefficient may show an exponential tail called as Urbach tail near the
fundamental absorption edge denoted as Urbach region. This simple exponential

energy dependence can be written in the form,

|x Q7 (2.13)

whereEy is the width & the tail related to absorption with additional broadening
expected from any potential fluctuations arising from charged defat#s and
lattice vibrations [81129. In general, the tail is resulted from the disorder in the
material that corresponds #otail in the valence and conduction banten, the
absorption coefficient dependence on the photon energy is determined by,

| Q O
- 2.14
| S (2.14)
where is the characteristic parameter of the material. In this relafoman be

investigated as an inverse logarithmic slope of absorption coefficient.

2.6 Electrical Properties of Semiconductors

The analysis of electrical properties expressmse of the theoretical concepts and
formulas thatare appropriate to investigate the electrical conduction process in
polycrystalline materials. The simplest evaluation on the lateral and also vertical

electronic characteristics on a material is measuring its resistivity. For the
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semiconducting materials, thesistivity is expected to be in betweer® 2did 16°

Y.cm whereas insulators h%W.ecmr esndst odwope
semiconductors and metals with resistivity below’ 0. ¢ n30].[A& a matter of

fact, it is depend on the measurements teclenigiiether it is due to the surface or

bulk of the material. In the ideal case, the distinction in the resistivity value between
semiconductors and the other materials, metals and insulators, is mainly based on
concept of the fundamental band gap. In otherds, the wide range of resistivity of
crystalline solids can be explained using electronic band theory. Semiconductors are
assumed to have band gaps between 0 and 4 eV, whereas it is higher than 4 eV for
insulators and below 0 eV for metals.

Although,ideally the current flow process in a semiconducting material involves the
sum of the contributions from all charge carriers, holes and electrons, in the real case,
conductivity of the semsonductors is strongly dependeoh both the ambient
temperature ahthe purity of the semiconductor [1B1In fact, the concepts in the
band theory are derived for the single crystal materials in order to describe
conduction and valence energy bands in a semiconductor material. However, there
exist several effects on cduction theories of the carrier transport in semiconductors
due to the limited degree of electronic conduction that is between metallic
conduction and insulating behavior, band gap characteristics and number of carriers
depends on temperature and impurigvel in the structure. Whereas a band
conduction model predicts an Arrhenius temperature dependence of the conductivity
where this equation is commonly given in the form of exponential function, the
deviating temperature dependence and disordered/imptoiyps in the structure
observed in most of the experimental data clearly reveals the existence of the
different carrier transport mechanisms. As a result, even the same material is
considered, the conductivity values of the single crystal and polycmystéirm of

this material may completely differ from each other in terms of the conductivity
values. The behavior of the transport parameters in the polycrystalline material is
complicated, compared to that of the single crystal; thus, the interpretétibe o
experimental data can be done with taking into account all factors that differ the

structure from the ideal castE3Z.
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Basically, a single crystal material is assumed to consist of a single grain without any
grain boundary in the structure. On tther hand, a polycrystalline material can be
composed of small crystallites randomly connected by grain boundaries. In fact, it is
formed with aggregation of small single crystals, namely crystallites or grains,
having sizes i n t heSincetlkyare contatt eaeheothermnd t o & m.
they can have different sizes, the contact points, namely grain boundaries, are
assumed to be misaligdwith respect to each other [J0thside each crystallite, the
atoms are arranged in a periodic manner anefiier it can be considered as a small
single crystal. Between these crystals, the grain boundary is a complex structure,
usually consisting of a few atomic layers of atoms in diffeogi@ntations. The grain
boundariesare formed by impurity segregatiohthese regions and atoms positioned

in these boundary regions are points of transitions between the different orientation
of neighboring crystallites [133The alignment in the contact points between of the
adjoining crystallites is often took place lia high deviation in terms of their
orientations. Because dhese misaligned crystallites and their grain boundary
regions with high densities of dislocation defects, the polycrystalline materials can
show higher resistances than the singtgstal forms[134]. The resistance of
polycrystalline materialis generated byhe contributionsof the grain boundary
region and the bulk of theaterial.If the conduction in thenaterialis much higher

than that through the grain boundanging only the resistanceffect of the grain
boundary region can egood asumptionn the electrical analysis.

The polycrystalline structure can be occurred depending on the material
characteristics, crystal growth and film deposition techniques, the conditions in the
fabrication of these materials.The characteristic of the polycrystalline
semiconductors with small single crystal regions and their grain boundaries are the
main factor on the carrier conduction in the whole material. In other words, the
difference in the aaier transport between the single crystal and polycrystalline
materials are related to boundary effects on the flow direction, change in the carrier
density and decrease in mobility of the carriers when the carriers come across the
grains in different ogntations. In these regions, there are highsitiesof states due

to the defect and/or impurity atoms, which can trap the carriers. These interface
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regions can cause a bending in energy bands within the gi8#slB5. As a result

of this, carrier coduction in polycrystalline materials occur under the effect of grain
boundaries of the grains whereas since the grains are formed in periodic array of
atoms, the grains themselves cannot be considered as a strong effectiectrheic

transport process [136].

The electrical conductioprocesses polycrystalline semiconductstructure can be
explained byseveral theoretical modefmoposed by considerintpe banebending

and potential barrier formationnder the effects oflefects in the graitoundary
regions In general, there are several types of conduction mechanisms, which are
dominant in different temperature regions and also adapted for the experimental
results. In fact, there is always a possibility on the contributions of the different
transport mechanisms, even if they are not observed in the dominant current flow

behavior.

2.6.1 Thermionic Emission

The basic model in the conduction process is thermionic emission of energetic
carriers over the top of a potential barrier of the grain boundaries. In general, in the
high temperature regions, the carriers can gain enough energy to surmount the
potential arrier at the grain boundaries and therefore, it is mostinant process in

this regionabove the room temperaturg3[/]. The first concept in this model was
proposed by Petritz BI7] based on the thermionic emission of carriers from grain to
grain. In adiition, the generalized model consistent with both theoretical and
experimentaftesults was developed by S¢i33]. In the analytical discussion of this
model, grains are assumed to be identical with the sikzdarotm. It is also assumed

that there is oly one type of impurity atoms that are totally ionized and that are
uniformly distributed with a volume concentratibinlcni®) concentration exist in the
structure. Furthermore, the thickness of the grain boundary can be neglected when
compared to the size of the grains and thereNaten®) of traps having energg:

with respect to the Fermi enerfy located at the boundaryf the grains. Another

assumption to simplify these modéd the trap neutrality in the initial case and then

37



chargingby trapping free charge carriers in the distandefimm the each side of the
grains[133]. Therefore, the mobile carriers are assumteeble trapped in a rém of
(L/2-1) cm from the grain boundary where the spatial dependence of the potential can

be written by the one di mensi onal Poi ssonds
W o — 0 0 (2.15)

whereUis the dielectric permittivity of the polycrystalline material avieb is the
potential of the conduction bdmredge of the center of grain3&). For a givenL and

the trap densities relative to the doping concentratiothe dependence of potential
barier height on doping concentration can be evaluated in terms of two possible
conditions as, the grain is completely depleted of carriers and the traps are partially
filled, NL<N:; and only part of the grain is depleted of carriédtk>N: [137]. Under

thefirst case wheré&=0, the potential barrier heightg between the region af2, is

no o

) (2.16)
i
and for the second case wher@, it becomes
, nu
w — (2.17)
go -

Then, the average carrier concentratiarior the grain region can be defined by the

spatial dependence of the mobile carrier concentration relation,

¢ ® 0QwnRow O FQy (2.18)

whereQis the Boltzmann constant.

Then, in the depletion region defined as the region betweehadtnedaries of the

crystallite, it can be calculateayrfNL<N; case as,
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where Eg=qVs is the potential barrier energw; is the intrinsic concentration of

single crystallite andyis the carrier concentration of the undoped regi@3|[

When taking the dominant mechanism in the carrier conduction process as
thermionic emission in the polycrystalline structure and neglecting the other
contributions by the different mechanisms, the relation between the thermionic
emission current density #te grain boundaryln, and an applied voltagé, across

a grain boundary can be defined as,

Qv 7 e fe
3 3 N Ny _ e N (221)
VN g ReTgy Rengy P

whered ° is the effective mass of the carrier. In addition, for a small applied bias,

gVa<<KkT, it becomes,

¥

) roa p * AR r’]d‘) ’ (222)
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which is a linear current voltage relationship. Thus, the conductivity of a
polycrystalline film[137] is,

”
o an% (2.23)

wherel is the preexponential factor,
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, O0R& ca™ Qv (2.24)

Then, the thermally activated effective mobility at the grain boundary can be
expressed as

‘ “QWF now (2.25)
Y '
wheregg is the preexponential factor,
¢ bnAgaT™t QY (2.26)

By inserting the expressions derived for the average concentratidar the two
possible doping concentration cases, the corresponding conductivity relations are
found as 133, for NL<N,

., 9 Qn @ g'o 0 TQY (2.27)
andfor NL>N;,
., Y TQon O QY (2.28)

The expression given in EB.28 is thewell-known Petritz relation [139vhere high
activation energy of the conductivity is discussed in the Arrhenius behavior of

conductivity.

As a result, when the temperature dependence of this conductivity is evaluated with
usingIn(Aw) vs 1/KT plot, it gives a slope dEs/2- Er for NL<N:; andEs for NL>N.
Moreover, this interpretatiois not in a good agreement with highly doped materials,
whereEg<<kT [133].
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2.6.2 Tunneling

Thermionic emission modelgenerally explains electronic carrier transport in
polycrystalline semiconductors at high temperatures and the Petritz model is based
on the Arrhenius behavior in temperature dependence of the electrical conductivity
[140]. On the other hand, in most of the experimental works on the various
polycrystalline semiconductors, deviation from the straight lines in the Arrhenius
plots has beerobserved and this occurs mostly with the saturation tendency
appeamg at low temperature region [14ITherefore, in order to investigate the
electrical conductivitypehaviors of these materials at these temperatures, tunneling
across the potentidlarriers and hopping mechanism in the forbidden band lrese

taken into consideration.

In fact, the crystalline structure of the material does not affect ithpurity
surrounding,that is, in all casesthe impurity atomsare distributed randomly.
Therdore, impurity based¢onductionprocess can be expressed agxeimple of the
movement of an electron in a nperiodic field of force.In semiconductors,
impurity-conductionmovement ofan electron takes plackrectly by tunneling from

one impurity atonor point effect to anothd42]. Quantum mechanical tunneling of
carriers through high, but narrow potential barriers at grain boundaries may become
applicable on the mechanisms limiting the resistivity of polycrystalline thin films. It
may be predominan at low temperatures when the carriers do not have enough
energy to surmount the potential barrier. Tunneling in the conduction process was
developed firstly in polycrystalline Si 4B] and then, the tunneling mechanism
through the grain boundary was o#d in addition to the grain boundainapping
model [M44, 145. According to this mechanism, the tunneling density was

expressed by WKBWentzetKramersBrillouin) approximation as (6|,

oY
OEDY

0 0 (2.29)
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whereJo is the tunneling current density at O K, T is the transmission coefficient for
tunneling through a barrier, or in other words, the probability that an electron with an
energyE can penetrate a potential barrier of heiybt given by an approximate
expresion as 131, 144,

Yo @& O "o (2.30)

where(Vo-E), is the effective barrier hetng, and d is the barrier widtand

ca’® TQaQ

(2.31)

where is the mean barrier height of the grain boundary potential. Therefore, the

conductivity associated with the tunneling current can be written as

, 00 T (2.32)

which can be evaluated in the similar expression Witlas

0"y

, " BEOY (2.33)
wherelo is the limit of conductivity at 0 K given by
” 0L Tw (2.34)

If FT is sufficiently small, then the equation can bewrdten in terms of first two

p ) "Y (2 35)
” ” .
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2.6.3 Hopping

In addition to these mechanisms discussed above, below the room temperature,
weaker temperature dependence can be taken into consideration as an indication of a
different conductivitylimiting mechanism. In fact, at lower temperatures,dhgiers

having low energy can hop between the localized states and conduct the current as a
dominant contribution to the charge transpord21 Whether a material involves
impurities is in amorphous or crystalline structure, the impurity atoms that cause
disordered arrangements of the atoms, affects the conduction process in the material.
When the impurity density is sufficiently low, the impurity states will represent
widely spaced atomic like states and can be treated in a tight binding approximation,
are not conducting. In generah the amorphous semiconductor structures, there are
sufficiently large @fect censities Thus, theyprovide theconduction assisted with

direct motion between defect statdgmt dominateghe transport over significant
tempeature ranges below room temperat{t28]. This can be evaluated as being
similar to impurity conduction in polycrystalline semiconductors within the higher
impurity concentrations since trap states at the grain boundaries émtadized

states [14R Moreover, there are two types of hopping mechanism that is possible to
be observed in the semiconductor materials; variable range hopping (VRH) in which
the hopping of the carriers to another empty state away from the nearest one, and the
constant range h@ing in which the carriers hop to nearest states so that range is

constant.

The conduction may arise from hopping between localized states within the grain
boundaries as a temperature dependence behavior of the conductivity. At low
temperatures, the imgty conduction with the hopping press wasstablishedy
Conwell [147] and by Mott [148 and the saméransportationmechanism was
independentlydevelopedby Pines [149 with relating tothe study of electron
relaxation processes in $iollowing the onduction due to electrons with energies
near the Fani energy developed by Mott [142, 15€he probability for an electron

can hop between the two localized states with considering a highly disordered

semiconductor containing an density of localizedestan the order of 81 10?°
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cm® [151] depends on the energy difference between the initial and final siates,
expressed as thBoltzmann factor,expéW/KT) a factor, zn, depending on the
phonon spectrum which is taken as in the rangd®f i 10 s! [152] when
approximated to the maximum phonon frequengyax if @ 7u is larger thanvmax

and also a factor depending on the overlap of the wave functions in which it is in the
order of unity if there is a considerable overlap of the wave function and it is related
to impurity conduction if the overlap is small due to the strong localizatitinthe
approximation of being@xp¢2/R) wherey is the coefficient of exponential decay of
the localized states involved in the hopping process,aisdthe hopping distance

betwesnthese two localized states [142

According the model introduced Mott [153, hopping conduction can be resulted

from states whose energies are concentrated in a narrow band near the Fermi level at
low temperatures. By this model, charge carriers cannot pass over the grain boundary
potential barrier because of insuféait thermal activation energy; hopping can take
place between the localized states near the Fermi le¥® [154. When only
electrons with energy within a range of or#@rat the Fermi energliops between

the pairs of localized states, the conducticéy be expressed as,

25 (2.36)
” Q TQUY .

whereD is the diffusion coefficient

O AYOL O QY (2.37)
andp is the transition probability,

n ¥ Q 7 (2.38)

with the number of such electroé$(Er)/kT and the distance between each hopping

processR. In addition, the mean activation energy for this hopping protésss
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inversely proportional to the density of states. For a strong localization, the hopping
is only taken place to the nearest neighlvateswhich indicates

@x pFY § O (2.39)

and for a weak localization where the hopping distance is greater than the distance

and so that the value of localization lendihEgives
wx| T O (2.40)
In the case of weak localization, since there is a wide choice of states that an electron

can hop, the transition probability should be multiplied by a faot#&® which is

greater than 1. IEr lies at an interval ofp Erom Ec, U Ean be hypothesized as

| & ca YOI (2.41)
and therefore,
« 40 o (2.42)

At low temperature$V cannotremain constant. It is constant if the factap(2 U E R)

is sufficiently small to ensure that an electron always jump to#agest state. At

low temperatures, the electron can have a higher probability of jumping to a more
distant state, because with more states from which to choose the energy difference
can be smaller. In other words, in all cases at sufficiently low tenypesathe VRH

takes place with the temperature dependent hopping distance which increases with
decreasing temperaturd3g. At distances less thaR from a given atom, the

number of states with energies betw&tandgWis given by

= YO o Qw (2.43)



If Ris large, the average spacigyV between the energies of the localized energy
near the Fermi energy is given by

" o
_— 2.44
Yo ™“YO0 O ( )

and the hopping probability per unit time is given by

Yo
Y — 2.45
T Adbq Y oY (2.45)

The most probable jumps come from a valu& etich that

W
¢ VT O O (2.46)
which gives a jump frequency of the form
5
1 AQD— (2.47)

"YT

withd e ¢® | T® O 7 .Then, the temperature dependence of the conductivity

in the Mott VRH model exhibits tHE"* behavior.

Al t hough, Mottés model for the conductivity
density of states near the Fermi level is constant, in actual dastpeelectron

Coulomb interation was proposed by Pollak [155] and Ambegaokar][iG&ulomb

effect was pointed out as an important in the conduction mechanism at low
temperatures where it redgcthe density of states near the Fermi levgien, by

analogy by Mott law [14B in EfrosShklovskii VRH model, Coulomb effect serves

as a barrier to the conduction process, and the conductivity values can be expressed

asTY2 behavior [156157).
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2.6.4Hall Effect

In a semiconductor structyrthe characteristics dhe charge carriers are the main
point of interestto analye the electrical conduction. Although the etacal
conductionis assumed to be maintained by the contingigigier motionin an ideal
casewithout the requirenent of extenal electric fieldjn a realcase without external

field effect,a current densitgecays exponentially depending on the various collision
or scattering processetherefore, in describing the typical conduction behavior of
the semiconductoysype of charge carriers, concentration of these free carriers and
velocity of them are the important concepts. Moreoveth@se analyseisteadof
dealing with the random motion of the carriers in the structure, as an average drift
velocity of them uder an electric field, the mobility concept is taken into the

consideration.

Related with the electrical conductivitgsearcheshese concepisereevaluatedy

Hall [158 while working onthe featuresof the force effective on a conductor
carrying a currenin a magnetic fieldegion In this work,the direction of the electric
field was bund in the direction perpendiar both to the direction of the current
flow and the magnetic field where the magnetic field isright angles to the
direction of the current flow In this argument, the current is expressed as a
directional motion of theharge carrietsTherefore, if the current is assumed to flow
in the positive xdirection,in the case of electronthe direction of thealrift velocity

i of them will be in thenegative xdirectionwhere it will be in the same direction for
the holes With this approach, when there is an extemabnetic field affecting on
thesecarriers they will experience the Lorentz force formulated & @& 1} where

g is the magnitude of the electronic chartyeother words, thewill be deflected in a
direction perpendicular to the plane @and ® and also depends on their charge
type On the other hand;onsidering amaterialcaseinstead of the frespace the
bounds of the material will be effective on the motion of the charge carriers.
Therefore, there will be an electric fild generated by these carries that can
compensate theorenz force, so that a few carriensll be deflectedunder the effect

of ®. Moreover, this field effect will allovthe current to continue flowing in a given
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direction. In fact, semiconducting material hbsth electrons and holes a charge
carriers whether being a majority or minority in the structure. So dleagnding on
their type,they can accumulate on the directions with lower and highegnetic

field.

In the equilibrium condition, the Hall force generated by this accumulation process

completely cancelthe Lorentz force as
b ®n n0O (2.48)

Then, if the direction of the current flow is assumed to be irxdtlieection and the

magnetic field affects in thedirection, therthe Hall field can be rewritten as,

o Pso (2.49)
eEn

where®is the current density generated by ¢t velocity ,
® ¢ 1P (2.50)

In addition, the relation between tBgandB,Jx is called adHall coefficientas

Y — 2.51
H (2.51)

P
€
in which it is evaluated as inversely proportional to the concentration of the
conduction carriers. In fact, this coefficient is used to determine the type of the
semiconductomaterial whether it is in-type or ptype conduction behavior with

having negatie or positive sign, respectively.

In order to express the mobility of the carriettse electrical conductivity can be

defnedasvi t h t he validity of the Ohmés | aw
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o ,0 (2.52)

and therefore, frorkq. 248 it can be related to the drift velocity as,
.t g (2.53)

Since mobilitye is defined aghe carrierdrift velocity per unit electric field, thed
can bere-written in terms othis quantity as,

» &R (2.54)

When considering thenterpretation of the Hall coefficienin Eq. 2.50, this
conductivityrelationcan be expressed as Hall conductiasf182],

‘ QY S (2.55)

whereen can be considered as a positive quantity regardless of the dfgn of
2.7 Photeconductivity of Semiconductors

Photeconductivity is a response of the semiconductor material defined as a change
in the bulk conductivity of the material under illumination where the energy of the
photons incident on the material is greater than the energy bandhdao éhat the
absorption process can cause pkggoerated electrehole pairs[111]. Since it is
defined as the variation in the number of charge carriers, this process is considered
under the concept of creation of the free carriers by optical absgrpbatribution

of these carriers to the electrical conductivity, electrical transport mechanisms of

them, and also, at last, the recombination or trapping process of the ¢ag&rs

In the photeconductivity measurements, an external bias voltaggpjdied across
the contacts of the semiconducting material, and resulting current is measured under

dark and illuminated cases. In fact, it is expected that above the absolute zero, there
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are some free charge carriers in the conduction and valence béntte o
semiconductor. Then, during the dark condition, the conductivity of the
semiconductor is expressed by the contribution of both electrons and holes as in the

form,

, ne  °an (2.56)

wherengark and paark are the concentration of the free electrons and holes in the bulk
of the material, and alsee and gp are the mobility of these carriers without any
radiance effectiespectively. Then, when the material is illuminated with the photons
whose energgxceed its band gap energtheconductivity of the material measured

in the dark case changes with the generation of elebwtanpairs. In general, the
conductivity increases with the phegenerated carrierd$9, 16( and the resulted

conductivity can bex@ressed as
” ” y11 (2.57)

wheremis the photeconductivity contibution to the intrinsic conductivity of the

sample,
Y, nRQYy¢ yn' (2.58)

with an andap that describe densities of the generated electrons and holes with the
illumination effect, respectivelyror the homogeneous material with the assumption
of having onéype charge carrier, the conductivity with the pheteited carriers is

given by

) ()

., NT YTt % (2.59)

whereasn andaz express the corresponding change concentration and mobility of the

material respectively. Therefore, thRotocondictivity effect can be stated as
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YE Wit N& Y % (2.60)

When only small changes from tisteady state is considered, the change in the
carrier concentration, can be considered as being directly related to generation
(recombination) rate, or namely the rate of excitatigrthat defines the number of
excess electron in unit volume in unit tinvgerval, and lifetime of the charge
carriers,, as in forman = G126, 161], and therefore the relation in EZ60 can

be rewritten as

~ A

Y& N'zt RM (2.61)

In this relation, the illumination effect on the conduction of the materiareasal
differentbehaviorsunder different -dependence R9]. If the lifetime is not affected

by the generation rate, the change in the conductivity can be expressed as,

YK Nzt (2.62)

On the other hand, the main approximation on the lifetitigethat it is a function of
G, and if this proportionality between the carrier concentration and the generation

rate is linear, then thghoto-conductivity contribution can be expressed as

Y& Nz 't (2.63)

In this specific case, the change in toeductivity is related to order &, which is
greater than one. In addition, when there &'& dependence itl, &l varies asz°
with 9where is an integein this relation, the value af is used to determine the type
of model (onecenter and twaenter models) describing thghotoconductivity

process.

There are various models in the evaluation of the change in the carrier lifetime with
the rate of excitation, and in addition with the temapgre and thermadquilibrium

Fermtlevel position. However, it is usuallgnodeledunder specific assumptions
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[162. In these two simplest models, the carriers capture is explained by assuming
there is a single type of recombination center in-cemer pienomena, or two
recombination centers with different capture coefficients are considered in the two

center phenomerja26.

2.8 Device Analysis

2.8.1 Heterojunctions

At first, heterojunction concept can be evaluated into two concepts; thesotype
and anisotypéeterojunctionsAs in the case of isotype heterojunction, jinection
is constructed by usingwvo different semiconductors which have the same type of
conductivity. On the other hand, if the junction is formed between two different
semiconductors with different conductivity types, it is namednasdgpe hetere

junctions.

Theideal hetergjunction behaviocan be reached only withe two semiconductors
havingthe same lattice constant3[]. If the difference inlattice constantss higher
than 10%, there aremajor mechanical effectebserved at the junction interface.
Additionally, dislocationsand localized interface statesan be produced. By
changing the ideal behavior, these defects canddmainatel the current flow

mechanism# the junction.

The band diagramf a hetergunction can be constructely usingthe abruptand
model proposed by R.L. Andersadn. this model, thesffectsof interface stateare
neglectecandthe diagram is constructed bgnsideringonly of the electron affinity,
work function and band gap of the tveonstituent semiconductor materialthe
study on the anisotype semiconductor heterojunctions is analyzed under the abrupt
junction approximation where the impurity concentration in aic@maductor varies

abruptly from acceptor impurities to donor impuriti88|[

52



2.82 Current Transport Processes

The Anderson abrupfunction modelcannotadequatelysatisfy thedetails of current
flow in heterejunctions. Band profile, crystalline behavior and defects of the
materials areneeded include theevaluation of interface states Under this
consideration,current flow through the junctioncan be discussed by analyzing
possiblerecombinationand alsctunneling paths All of these alterrnive transport
mechanisms for forward current flow increase the saturation currenényorders

of magnitude larger than thakpectedfrom simple diffusion of carriers over the
junction barrier. The current transport in a hetemction can be also modeled with

the current transport mechanisms in msthiconductor junctions.

In the diffusion model, the excess carriers in thehgeterejunction is assumed to be
accumulated locally that can cause a condition ofuraform carrers and as a result

of the gradient of carrier concentration, diffusion can occur by which the carriers
migrate from high concentration region through the low concentration reb&#h [

Then, it can continue until the system reach to the stataifafrmity. This transport
model wa firstly derived by Anderson [165166, and then it was developed in
addition to the fact that the effect of dipoles and interface states are neglected, the
diffusion current is assumed to include only electrons oreshdiue to the
discontinuities in te band edges at the interfaB8)][
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Figure 2.3:Equilibrium energy band diagrams (a) before and (b) after the formation

of an abrupt ; heterojunction.

In Fig. 2.3 (&) and (b), energy band diagram of the isolategipp and rype
semiconductors and such hetgwaction structure is shown in the case of thermal
equilibrium, respectively167]. As shown in Fig2.3 (b), there is a discontinuity at

the conduction banddges of the semiconductors in the equilibrium band profile of
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the hetergunction. This occurs as a result of difference betweem#teresof the

two semiconducting materials in terms of energy band Eamielectric constant])
electron affinity, s, and work function,5 [168]. In a semiconductors, the work
function isdescribedas beingthe energy required to remove an electron from the
Fermi level,Er, to the vacuum level, and similarly the electron affinity is defined as
the energy required to rawe an electron from the bottom of the conduction band,
Ec, to the vacuum level. The case of the difference between the electron aféisities
GL > G, cause the spike and notch formation at the interface shown i2.Bigh).

Therefore, the conduction band offssEc, is
YO Y2 2 2 (2.64)
and similar, the valence band discontinuity is
Yo ©O © 29 (2.65)
then,
Yo Yo Yo (2.66)

wherethe sum of the two band discontinuities is equal to the band gap difference

between these two layer,
YO YO YO (2.67)

At the thermal equilibrium, the Fermi level of the two different semiconductors
coincides on both sides of thengunction. h addition, the vacuum levels conserve
their parallelism to the each conduction band edges and they are connected by a
smooth, continuous curve. Since the dipole layers is neglected by this model, the
electrostatic potential difference is observed as tbeical displacement in the

vacuum level between two semiconducting layers, and also since the junction
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consists of two semiconducting layers having different dielectric constant, the
discontnuity at the interface occurs [1p7

The depletion layer is @ected to be formed in only one side of the junctb®g]

and because the interface states are neglected by this model, the space charges in
each side are predicted to be equal in magnitude. The totairbpitential,Vyi, is
represented by the difference between the work functans 3 2, and the sum of

the builtin voltages on both sides is equal to the total fifiotential,
W W W (2.68)

In the heterojunction given in Fi®.3 (b), the predominant current carriers are
electrons because the electrons encounter with the smaller barrier compared to that
for holes. With considering the diffusion mechanism by neglecting the generation

recombination contribution, the current flow in the jumetcan be found as,

, 7 . L L
. v Op . NW R . NW . NW
’ N _— | ~ | - | - 269
O WAl T QN oY QN oY QN 7Y (2.69)

5¢

whereX is the transmission coefficient of the electrons across the intedasdhe
junction areaNp,1, Dn1and U1 are the equilibrium donor concentration, diffusion
coefficient and lifetime of electrons in thetype region, and alsihe applied voltage

is divided into the two regions &-V1+V> under the forward bias

In the application of the diffusion model with small transmission coefficient, the
effect of the spike in the conduction was taken into consideration with the evaluation
of emission current including ithe diffusion of the carriers [1§9Again, in the
absence othe generatiomecombination within the space charge region, the current

can be expressed as
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DQw

(2.70)

-
oo S-Tg
©

wherels can be defined as the saturation current as in the case ofjaonation type
proposed by Shockley7Q,

, 7
. x Oy
T
andlgq is the emission limited current,
0 Pod 6 roriQon by o (2.72)
: o

In this caseNp, is the equilibrium donor concentration iatype region,Vr is the
forward barrier ashown in Fig.2.3, Xm is the transmission coefficient readjusted
with the predicted model angle,2 is the x-component of the average speed of the

electrons in ftype material in the form as

ol (2.73)

with effective mass of the electron in the corresponding junction layer,

As seen in the denominator of the EXj7Q the current ratiolslly, determines the
mode of the operation1f7]. In fact, the expression given ithis equationis
approximated d the pn homeojunction model [19%if 14/ Is, however ifls/ lg, it

turns to the analogous form of the Schottky diode curréfti, [II7 2.

In addition, the recombination was included to the assumptions on the carrier
transport by the emissiemecombination model [169] and the schematic
representation of this model is shownFig. 2.3. In this model, a thin layer at the
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interface with a strongly distributed lattice and an infinitely fast recombination in
which the carriers reach the interface by thermiomigssion over the reggtive
barriers are proposed [1}3The forward currenvoltage characteristics is explained

in the expression

- 2.74

(@) OQwrl—.Q"Yp ( )
with

Q —=. 2.75

O dQuNT=H.y (2.75)

wheren depends on the ratiof doping conentrations in the materials ariglis

weakly dependent on the temperature.

On the contrary to the transport model predicted with the influences of #eeirspi
certain voltage regions [1§%he tunneling mechanism should be considered in all
cases inwhich emissiorrecombination model can fail (over the whole voltage range

or above a certain voltage). In this model, the electrons are assumed to have low
energy to surmount the potential barrier and so that they can tunnel through the
barrier in order tdlow through the junctiorj174]. When the tunneling through the
barrier is the dominant transport mechanism over the thermal emission, the-current

voltage characteristics can be described as
O O'YQw r?; (2.76)
whereVp is a constant and (T) increases weakly with temperature [1]75

vy
DY OQwnig

v (2.77)

with the constantds andTo.
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The satisfactory explanation for the baweband tunneling and thermal emission
followed by recombination coupled by thmarrier conduction in thgunction,
tunnelingrecombination modeas proposed by Riben et. al [17677]. In this model

the electronss considered in daunnelng processfrom the ntype materialthe
conduction band to the-type materialempty interband statesand thenthey are
assumed toecombine with holes, @onverselyholes tunnel from ypype materiato

n-type materialoccupied statesnd thenthey are considered ttecombine with
electronslf the tunnelingarises fronthe bottomlevel of the conduction band dine

top level of the valence band, then the corresponding current expression can be
expresseas,

@
0 Qb — (2.78)

whereB is a weak function of voltage anddepends on the effective mass of the
electron in the forbidden region, the dielectric constant, the equilibrium carrier

concentration and the shape of the barrier.
2.83 Capacitance

The capacitanceoltage characteristics in the hetguoctions aremodeled by

applying the abrupt junction approximation or ttase of basic-p junction [166].

The transition widths on both semiconductor layers with respect to the coordinate of
the interfacexo, as shown in Fig3.2 (b), can be obtained by applyingtReo i s son s
equation for each of side of the interface with generalizing the solution for-homo
junctions [L63 167]. Then, corresponding depletion widths can be found as,

AN T Ll e (2.79)
N R - L jR - U j

and
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A L (2.80)
M s-0r -0

whereWy,1 is the depletion region in thetgpe material defined by the transition
distance x1, andWa,2 is the depletion region in thetgpe material defined by the
transition distancesz, with respect too. In addition, in these expressioh,1and
denote the acceptor concentration and dielectric constant irtftpe pnaterial, and
similarly, Np.»and{ denote the donor concentration and dielectric constant in-the n

type materialrespectively.

Furthermore, the relative built voltages Vhi1 and Vuio affected in each

semiconducting layers, are evaluated as,

wp -0 p
- i (2.81)
W p - U
and the capacitance of the transition region can be found as,
O R0 f--
) T h h (2.82)
Cw -UVUR -Uj

These depletion widths and capacitance expressions canwrdtea with dividing
also the effect of this applied voltage \&sV1+V2, when an external voltag¥, is

applied across the heterojunction.
2.8.4Solar Cell Properties

An ideal solar cell can be represented by a diode structure which is sensitive to
photovoltaic effect with the creation of electrbale pairs under illumination. The
corresponding ideal currembltage characteristic is degmed by the Shockley solar
cell equation
00 0Q6l d’TQ.,Y p (2.83)
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wherek is the Boltzmann constari,is the absolute temperatucgis the magnitude

of the charge of the electro¥,is the voltage at the terminals of the solar dells

the diode saturation current ahd is the photegenerated currentfg. In fact, the
currentvoltage behavior of an ideal solar cell is expressed as a shifting of the diode
characteristic in the dark along the current axidphy(Fig. 2.4(a)) [178. On the

other hand, in real case, this relation is modeled due to the power dissipation through

the resistance of the contacts and current loss around the sides of the solar cells as,
00 "0Q&f & oy P v (2.84)

whereRs andRsh are the parasitic resistances in series in parallel (or, named as shunt
resistance) with the cell, respectively, and als® called diode ideality faot that is
directly related tathese parasitic effects. In fact, this relation is derived from the
equivalent circuit of an ideal solar cell as showrfFig. 2.4 (a) In this schematic
illustration, Rs is included in the circuit in series since it arises particularly from
resistance offte materials in the solar cell that are the contaastlam bulk material

[4]. In addition,Rsh is parallel to the circuit in order to represent the leakage current
through the solar cell structure that can be observed around the edges of the diode
andalso between the contact.[The effects of the parasitic resistances on the solar

cell currentvoltage behavior aralso shown irFig. 2.4 (a)[6, 179.
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Figure 2.4:a) Equivalent circuit of a solar cedind

b) I-V characteristics of an ideal solar cell

For the shortircuit current, only the photons absorbed within the diffusion length
are considered and in ideal case, it is equalytowvith the absence of the loss
mechanisms18(. However, in the real c& from the currentoltage characteristics

of the solar cell, it is found as a current value when the voltage across the solar cell is

Zero.

The potential difference between front and back contact in the solar cell is evaluated
with its maximum value chdd goen circuit voltageVoc. In fact, it is defined as the
voltage output of the illuminated solar cell when there is no current flow through the
cell. For the ideal solar cell, it is related with the light intensity logarithmically as,
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Y . §O)
Ip o (2.85)

where to reach the ideal behavior, it is important to obtain small reverse saturation

current as possible.

The FF is the parameter related to the measure of quality of the solar cell. Since
operating region of the solar cells in the curenitage curve generated under
illumination is defined with théscandVoc boundaries, the power output of the solar
cell at anyoperating point can be calculated by the area of the rectangle indicated
with the corresponding current and voltage values,Pa$V. Therefore, the
maximum power output can be obtained by the more sepleged region at the
voltage pointVmax with the caresponding current poinfax Then,FF for the cell is

defined as the ratio of

oo 2 ® 0 2.86
00 00 (2.86)

For areasonable efficiency in solar cdiiF should have a value in between 0.7 and
0.85 206]. Moreover,FF of a solar cell in the ideal behavior can be described as a
function of Voc and anapproximate expression defining the relation between the
ideal value ofFF and normalized voltagecis given in the form181],

0 110 ™ ¢

2.87
00 ? 5 (2.87)

wherevoc=Vocl(kT/q))
In addition, the conversion efficienay, of the solar cell is defined as the ratio of the

maximum power to the incident power with solar irradiation and it can be related to

IscandVoc as,
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

In this chapter, the experimental techniques used in this work are presented. Under this
aim, at first thin film deposition process is described withsthiestrate preparation, thin

film deposition, posannealing treatment and electrical contact deposition steps. Then,
structural, optical and electrical characterization measurements in the study of the
investigation of material properties of the thin filsamples deposited on the glass
substrate; device characterization measurements in the study of the investigation of diode
parameters of these films deposited onw&fer substrate and also photovoltaic
properties of their thin filmi thin film heterestrudure are introduced.

3.2 The Thin Film Deposition Process

3.2.1 Substrate and Sample Preparation

For different characterization processes, the thin films were deposited on tHarsoda

glass, indium tin oxide (ITO) coated glass and silicon wafemm thick Marienfeld

sodalime glass substratesere used for the material characterization of the samples.

They areoptically flat and the refraction inderRsi s about &546.87Nth. 02 a't
[182]. They were prepared as in different sizes with the requirements of the
measurement systems. ITO and Si wafer substrates were used for analysis of their device

characteristicsCAIS/Si diode structure was prepared with usintype and ZIS/Si
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diode structurevas prepared with usingtgpe Si wafer substta where both of them
are in (1L1) monacrystalline structure wh the resistivity value of-B ( q. ¢ m) .
Moreover, ITO coated glass substrates were used in CAIS/ZIS heterojunction

structure.

In order to prodce high quality and pinhole free films, the possible contaminations on
the surface of the substrates must be removed before the deposition of the films.
Therefore, substrates cleaning were performed in-$tep process. As a poteaning

step, the surfac of the glass slides were hand wiped with dry wiper by using pure
acetone, and also they were put into an ultrasonic cleaner by a beaker filled with pure
acetone. It is useful step for cleaning process; however, acetone can also leave its own
residues orthe glass surface. Therefore, the glass substrates were rinsed in hot distilled
water which was in about 15 Mg.cm resistivity.
hot distilled water, glass substrates were cleaned in a hot detergent solution with usin
ultrasonic cleaner. This solution provides to remove oils and protein residues on the
glass surface. In the next step, after removal of detergent solution with hot distilled
water, in order to remove organic contaminations, the 30% hydrogen peroxitensolu

was used. As a final step, they were rinsed again with hot distilled water to get rid of the
possible residues. In addition, ITO coated glass substrates were cleaned in $yat step
first they were hand wiped by using pure acetone and then putiintibrasonic cleaner

with acetone and also isopropanol solutions in aniute period. Both glass and ITO
coated glass substrates were kept in methanol solution until the deposition process.
Before the deposition process, the surface of the wafers west®abto a cleaning
procedure with 10% dilute hydrofluoric acid (HF) solution in order to remove the
native oxide layer and then rinsed in distilled water. In the deposition process, these

substrates were dried by pure nitrogen flow.

In order to carry ot the electrical and photglectrical measurements, the glass
samples were prepared in a cloeefl (MdteseCross) geometry [183, 184These
substrates masked in this contact geometry were used because the measurements
were easily carried out by simple currenitage readings without caring of width or

distance between contacts.
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3.2.2 Growth Process of Thin Films

Under this work, CAIS and ZIS thin films were deposited by stacked layer
evaporation technique from the constituent elements of purity 99.999% evaporation
sources by using Vaksis PVD/5F Midas thin film coating systemg. 3.1). In the
deposition of CAIS thin films, Cu, Agn:Se; and Se, and in the deposition of ZIS

thin films, Zn, InSe; and Seevaporationsources were used. The layer thickness
optimization of all evaporation sources was carried out by conducting several
deposition cycles with the same deposition pararsefgior to the sequential
deposition of thin film samples. In all depositions, the glass substrates were placed at
a fixed distance of about 30 cm above the sources and rotated during the deposition,
and also the individual layer thicknesses weneasuredby Inficon XTM/2
deposition monitor. Therefore, each evaporation sources were used to control each
elemental ratio in the deposited CAIS and ZIS film structures. Before the deposition
process, the evaporation sources were heated up to an optimized terapena

they were treated prevaporation for several minutes to get optimized deposition
ratio and also to eliminate the potential contaminations introduced during the

exposure to atmosphere or source installation stage.

Figure 3.1 PVD system
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For CAIS and ZIS film samples, the stacked sequence of the layers were done by

depositing Cu and Ag layer between Se an®dnlayers, and Zn layer between Se

and InSe, respectively. Besides, the thickness of each layer was controlled by
depositionmonitorT he deposition rates were al so meast
1.0 j/sec during the Ssépyeirssi omnddc about SO . 2
during Cu and Ag layerslhe Se layers were added in the film deposition steps to

adjust Se composition in ehstructure. The excessive element Se on the top of the

film surface was also deposited to get aesig crystalline structure [185

The PVD system is a typical thermal evaporation system that allows using more than
one evaporation sources. In otherdg there are fouhermalcells thatprovideto

deposit thin films by using four different evaporation sources. Although this system
has a rotation stage for substrate holder, the optimization steps were done with caring
on the position of the fusion ¢alised for each sources. In order to vacuum the
chamber, automatic procedure is used by the software. In these depositions, pressure
value was set at 5xf0Torr. Then, depositions were done with setdmic mode at

the desired chamber pressure.

3.2.3 Pat-Annealing Treatment

In this thesis work, the material characteristics of the thin film samples were
investigated in agrown form without applyig any postgrowth process. After this
analysis step, they wedharacterizedinder the effect of posteat treatmenhigher

than the substrate temperature during the deposition process to observe the variations
on thestructural, electrical and optical properties of #sgrown thin films. This
annealing procedure was applied to the films by horizontadlderg type furnace
under the continuous nitrogen flow. The temperature range of this annealing
treatment was determined 300, 400 &8 A C  w i -rhifute 8n@e interval where
this timing is approximately average of the deposition time. In the annealing
process, at firstthe temperature of théurnace wassetto the desired temperature
while the nitrogen gas was given to ttpeartztube in the furnace in order to prevent

any contarmant from the interior surface. Then, at the annealing temperature, thin
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film samplesvere placed at the centered of the tulzethe quartz boatfter that,

the annealing processas applied for30 minues under the nitrogen gas flow. In
order to prevent any harmful effect, such as cracking or oxidation on the film
surface, thesampleswere slowlymoved to the end dhe tubewhile cooling down

the systento the room temperature.

3.2.4 Electrical Contact Deposition

The front ohmic contact to the CAIS and ZIS thin films, andmd ptype Stwafers

was deposited by metallievaporation system. Metal contact production was done
with shadow mask suitable for thin film production mask shape and also
requirements for the electrical measurements. For the films deposited on the glass
substrates, the shadow masks were preparedoimejey appropriate to the van der
Pauw geometry; and for device characterization measurements, they were in circular
shape with 1mm diameter and also in fringe/grid shape. TheseaSks used in the
metal contact step were illustrated in RBQ2.

Figure 3.2 Thermal evaporation system

The CAIS and ZIS films were coated pure In elemental source and then annealed at
100A C u rhel mitrogen atmosphere. Thack side ofthe ntype and ptype Si
wafers were thermallycoated with Ag andAl metals to forman ohmic contact
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region, respectively. After these processes, the wafers annealed at 430C under
the constantnitrogenflow to provide theohmicity of these contacts. The fabricated
Si-based and thin film heterojunction diode structures were completed with the
thermally evaporated In astensparent front ohmic contagtthe front surface of

the top layer surface. In this case, to get several independeiingefpr
measurementsjot-shapedCu maskswere used during thermal evaporatids in

the case of ohmic contact formation on Si wafafter this deposition, the samples

were annealed at 100C under flolw ® gehdn bhmagneact behavior.

In the metallicevaporation stephe samples were placed the substrate holder about
15 cm above theevaporation sourcen order to pump the systeaiown to the
necessary value, aboutd@orr, to start the evaporation. This evaporation process
was caried out without hating the substrateTherefore, all In contacts were
annealed for 30 minuteme interval by horizontal Linddrg annealing furnace to

provide contact diffusion between the ohmic metallic contact and thin film surface.

At the end of theohmic contact production, the copper wires were attached on the
contact surface by using silver paste to complete the sample preparation process for
electrical and device characterizationgn electrical measurement, the ohmic
behavior of the all depositadetal contacts were checked in terms by applyikg |
measurements and it was found th&t ¢characteristic is independent of applied bias
polarity that confirms the ohmic nature of a contact.

3.3 Structural, Compositional and Surface Characterization

3.3.1 Thickness Measurements

Thickness of materials has an important effect on their characteristics and it is used
in many characterization methods. Therefore, thickness measurements of studied
samples are a critical factor for many optical and eledtrineasurements dn
analysis of them. There exigarious thickness measurement techniques as centact
type and nofcontacttype. Basically, the contatype devices need a reference
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length for the measurements; however -gontacttype devices are based tme

some physical relationship, such as capacitance or optical characteristics of the
samples. For their easy and quick usage, the thicknesses of the deposited films in as
grown and annealed form were measured electromechanically by Veeco DEKTAK
6M profilometer(Fig. 3.3). It is computer control system with Dektak32 software. In
general, it is used in order to measure the vertical profile of samples. During
measur ement , a diamond stylus with radiu
contact with theeference substrate surface. Then, the stylus is moved to the sample
surface and continues its motion on the sample surface for a specified distance and
specified contact force. In these measurements, the horizontal resolution in the
surface profile of thesample can be controlled by the scan speed and scan length
from the Dektak32 program. This device can detect small surface variations in the
limit of the properties of the stylus and therefore it is capable of measuring steps
below 100; 18€6. In additimn, it can help to get a general view of topographic

features on a surface of the samples.

Figure 3.3 Dektak6M profilometer

3.3.2 XRay Diffraction (XRD)

XRD is a very common experimental technique used in the investigation of the
crystalline structure of the solid materials because of being a comparatively fast

response and nettestructive analysis technique with a good sensitivity. In the
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electromagneticspectrum, Xr ays ar e | o agayd and ultrbveoletwaye n o
with the corresponding wavelengths of about-D0D U. However, the most
commonly used wavelengths in XRD method range between around 0.5 ddd 2.5
because of having the same order of mageitas the shortest interatomic distances

in solid materialsWith the wavelength in this range,-rdys can be used for the
structural characterization of the solid material with an interaction of being absorbed,
emitted, reflected or transmitted. In XRD tined, X-rays sends on the surface of the
material and the diffraction pattern of the materials due to the reflections are
analyzed. Mainly, Wwen Xrays interact with aolid material it gives a fingerprint
diffraction pattern about its crystalline propest Therefore, XRD gives a direct
evidence for the periodic atométructure of crystals and allowgettinginformation
aboutcrystal structure in terms of lattice planessphcing and Miller indices. In
addition, it allowsgettinginitial information alout the elemental composition of the
samples when comparing the known XRD profiles.

XRD systems, mainly, includes anrdy source, goniometer and a radiation detector
and the XRD analysis depends on constructive interference when the reflection of X
ray only occurs. The observation of the XRD pattern of the structure in specific
orientations is based on the short range (amorphous) and long range (crystalline)
order in the materials. In other words, the specific diffraction peak is the result of
reinforcenent of reflection of Xrays from the corresponding periodically distributed
parallel plane in the structure of a material.

The X-ray diffraction pattern of the deposited films were investigated by Rigaku

Miniflex XRD system(Fig. 3.4 equipped with C«k UX-ray sourceg= 1. 54 i) and
XRD scans were taken inthe rangdd® A wi t h a scannitisag speed
bench topand portable system combined with a chiller for coolinga} tube. It

allows investigating the crystalline structure of the solid materials in crystal wafer,

powder or thin film form. The experimental data were analyzed by using computer
software licensa by Rigaku. The obtained XRD profile is mainly analyzed by a peak
searchandmatch process with the help of the program database containing reference

patterns. The crystalline structure can also be compared to the literature works and
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also International €ntre for Diffraction Data (ICDPin order to get high correlation
with the experimental data. Moreover, from these experimental data, the lattice

constant, grain size and internal stress properties can be investigated.

Figure 3.4 XRD system

3.3.3Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a microscope that uses electrons rather
than light to form an image and to examine objects on a very fine scale. In other
words, it is a tool used to observe and characterize of the materials up to a nanometer
resdution. It also permits the variety in the type of anplesijt can be organic and
inorganic materials with three modes of operation. fiigh vacuum (HV) mode is

used for samples in metallic characteristics, in other words, it is suitable for analysis
of electrically conducting samples. However, the eleally insulating samples need

a conducting coating to analyze in HV mode. Low vacuum (LV) and environmental
scanning electron microscope (ESEM) operation modes are preferred for insulating,
ceramic orpolymeric samples without any coating on the samples. SEM is a
common technique to obtain information abtapography of the sample surfaces

and surface features, their morphology, shapes and sizes. The popularity of the SEM
arises from its advantage® ahe light microscopes and AFM technique in these
measurements; such as it can provide better resolution and depth of field than light
microscopes, 3D appearance of the sample image as a result of the large depth of

field and it is capable of very low maifjcations complementing the information
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avdlable from the optical image [187In addition, SEM images are in high
resolution of bulk specimens where it is not needed to make sample thin for
transmission electron microscopy (TEM) measurements. S&Manalyze a larger
surface area and perform faster scanning compared to AFEM allows
compositional analysis of the constituent elements in the samples asdajatee
atomic ratios of them when it is equipped with EDA&Cility and crystallographic
information when it is equipped with electron backscatter diffraction (EBSD)
facility. On the other hand, by comparison with optical microscopy and AFM, it is a
vacuumbased process. Both the electron source and sample chamber rieeguiges

in vacuum with cerin pressures.

In this study, lhe analyses of surface morphology of the samples before and after the
annealing processes werarried out by Quanta 400 FEG model SEM system. This
system contains secondary electron (SE), backscattered electron (BS8aclawm,

and energy dispersive-My spectroscopy (EDS) and EBSD detectors for specific
usages. In order to monitor the sample surfaces, Everharnley detector (ETD)

was used to collect SE generated in the sample. In fact, it is a photomultiplier
detecor designed by Everhart and Thornley. It consists of a Faraday grid, a
scintillator, and photomultiplier tube (PMT). In this detector system, Faraday grid is
used as a charged collector cage biased ffofnto 250 V to collect the low
energetic SEs emittad all directions from the sample. The part is placed in front of
the scintillator and the incidentesitrons coming from this grid adérected to the
scintillator which is a phosphor screen to create a photon corresponding to each
coming electron. Theuter layer of this part is also positively biased at abott3.0

kV to accelerate SEs to the phosphor screen. The reason in the usage of phosphor is
that its response time is fast and it also permits high resolution scanning. Then, PMT
amplifies the resuitg photon signal and this amplified electrical signal is sent to
further electrical amplifier. The electron source is Schotkyitter based field
emission gun (FEG) and the electron beam was accelerated at 30 kV in scanning
process. Since the SEM imagengrated by SEs, the interaction depth in the material

is about 50 nm. In addition, to monitor an image with high resolution, working

distance (WD) and depth of field were calibrated depending on the film properties,
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such as thickness, surface featuresn@@as were also coated with Au/Pd target by
sputtering method in order to get an electrically conducting surface required for HV
operation mode. During the measurement, the beam in the SEM is moved over the
sample to examine the possible surface variati@msl then appropriate

magnifications were chosen to define them.

3.3.4 Energy Dispersive XRay Spectroscopy (EDS)

The analyses of chemical composition of the films igemwvn and annealed were
carried out by Quanta 400 FEG model SEM equipped with EDaclify. EDS

makes use of the -Xay spectrum emitted by a solid sample bombarded with a
focused beam of electrons to obtain a localized chemical analysis. This system
detects the Xay photons emitting from the sample as a result of elesaomple
interadion. It is made of SKLi) crystal which absorbthe X-ray and generase
electronhole pair corresponding to each incident photon with an energy resolution of
about 132 eV. Under the bias voltage, this pair is separated and the electrons are
detected to get an electronic signal output from the detector. It is used to determine
the specific Xrays of different elements into an energy spectrum, and then EDS
system software is used to analyze the energy spectrum in order to determine the
chemicalcompositionof the materialswWith this interval, it cannadistinguish the X

rays haing different energy coming from different element.

3.3.5 XRay Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were done to identify the

chemical species and chemical bonding states at the surface of the samysiegy by

PHI 5000VersaProbesystem and also to surface composition of the films were

analyzedby electron spectroscopy for chemical analysis (ESCA) method. This XPS

system is equipped witnMg K U r a d-riayasburce of en¥rgy value of 1253.6

eV in an ultra-high vacuum system with ahamber pressure belo®d ’ Pa. The

monaenergetic Xray beam can be focused at a working area betwe€n@@®@ & m o n

the sample surfacén survey measurements, the surface of the samples were scanned
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up to 1150 eV to get the general view of the XPS spectra. Then, the elements
observed in these spectra wexmanned in a specific energy intervals to construct
more reliable dataAs a result of irradiating the sample surface withra,
photoelectrons aremitted fromthe core levels oflurface atomsand also the
information can be given from theearsurfacelayer of the structureThus, the
electron energy analyzer detects the binding energy and intensity of these
photoelectrons. This XPS system alsovmes depth profiling in order to get
information from the bulk by using Ar ion gun in sputtering the film surface. With
the dual beam charge neutralization method, it also simplifies the analysis of

insulating samples.

3.3.6 Atomic Force Microscopy (AFM)

AFM measurements were usedatmalyze the surfacgharacteristicef the deposited
films, and also to determinethe effecs of applying annealing and increasing
annealingtemperatureon the surface structure of film samplééanomagnetics

ambientAFM system(Fig. 3.5 was used.

.;:;: NANOMAGNETICS

Sa%els INSTRUMENTS

Figure 3.5 AFM system

As a main concept of AFM, it offers higher resolution imaging capabilities with the
method of feeling the surface using mechanical probing. Although SEM and AFM
are two common techniques for higesolution surface investigations with a

resolution of surface structure at about nanometer scale, AFM can provide 3D
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surface analysis where SEM gives a standard in 2D imaging process. Besides, unlike
SEM measurements, there is no any requirement onlsgmgparation before the

measurement.

In the AFM measurement, the surface topographical image can be observed by
scanning a sharp tip across a sample surface wppé/ing a smaltonstant force.

This silicon tip is integrated on the end of a cantitevigh a typical end radius in the
interval of 220 nm, depending on its type. The scanning motion is controlled by a
piezoelectric tube scanner that scans the surface of the sample with respect to the tip.
The interaction between the end of the tip anel film surface is monitored by
reflection ofa lasetbeam fronthe backsideof the cantilever into a split photodiode
detector. Then, the AFM image of the sample is obtained by as a change in the

photodetector output voltagEs38].

3.3.7 RamanSpectroscopy

Raman scattering spectroscopy similar to the XRD method is an effective method in
the analysis of chemical structures and physical forms with identifying substances
from their characteristic spectral patterns. This technique is mainly basdueo
inelastic scattering of the monochromatic light after the interaction with the sample.
In order to obtain a monochromatic light beam, usumitgnselaser emission is
used. When the photon of the laser light with a frequesacinteracts with the
sanple, it can be absorbed by the sample and themitted. This interaction causes
creation of dipoles where the frequency of them can be in the characteristic of
Rayleigh scattering, Stokes frequency or Astbkes frequency189]. In these
characterist frequencies, Rayleigh scattering is the most common, strong one with
the same frequencyo Wih the bteer absomptiord eases in b e a m
Ramanactive molecules, frequency of theamitted photons is shifted up or down

in comparison with thdrequency of the incident laser beam. Therefore, Raman
spectroscopy deals with these characteristic frequencies which can provide

information about vibrational, rotational, and other molecular modes.
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In this study, Raman scattering experiments were padd by using Horiba Jobin

Yvon iHR550 imaging spectrometer with a thwggating monochromataiFig. 3.9.

This spectrometer provides a scan range-af 00 nm in NO. 20 nm wayv
accuracy and 0.025 nm resolution with exit slit and photomultiplier (E&T)

[190. The optical Raman microscope is equipped with Euromex fiber optic light
source which provides continuous white light by halogen bulb. This focusing process
is completed when the sample surface is matched to the focal plane of the light by
adjusting the Z position of the objective. In addition, the Raspettra arebtained

with the interaction between the sample and laser beam. Therefore, this system is
also equipped with the Ventus532 laser source. It is designed by Laser Quantum with
532 nmgreen laser beam for the Ranmspectroscopypplications Mpc6000 power
supply andcontroller unit is used to switch on/off the laser beam, monitor the

component temperatures in the laser head and control the laser output power.

Figure 3.6.Raman system

3.4 Optical Characterization

3.4.1 Transmission Measurements

For the optical analysis of CAIS and ZIS thin film samples, transmission
measurements wergone at room temperatureondition Under this purpose, the

optical transmittance meagements were carried out by using Pei&lmer Lambda
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45 spectrophotometer in the 3600 nm(Fig. 3.7) and also by using Perkilmer
LAMBDA 950 UV/Vis/NIR spectrophotometer in the 3@D00 nm wavelength

region.

= = e e

Figure 3.7 PerkinElmer Lambda 45pectrophotometer

In general, spectrophotometer systems are easy to operate without special sample
preparation. UV/Vis spectral analysis provides a simple method of measuring the
band gap energy value of the samples. In addition, the UV/Vis/NIR systenoéfea

a detailed analysis of the optical spectra of the samples. Basically, the experimental
procedure is that a collimated beam of lightlirected on the semiconductisgmple

and then intensity of transmitted light from the sample is measured asteifuof
wavelength. Background correction for the glass substrate was performed in each

measurement.

3.5 Electrical Characterization

3.5.1 Dark-conductivity Measurements

Temperature dependent darnductivity measurements in the temperataterval

of 100420 K with 10K temperature steps. It was performed inside the Janis cryostat
equipped with a cooling system by means of liquid nitrogen and Keithley 2400
sourcemeter was used to apply bias voltage to the sample and to measure the
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resultant current(Fig. 3.8). In order to prevent the heat exchange with the
environment, all measurements were carried out under about &dr@. By using

Ulvac GVD-200 vacuum pump. In addition, the sample temperature was controlled
by LakeShore 331 temperature con&nllThe sourcemeter can provide precise; low
noise, high stable DC voltage and current source and it can also be used-as high
impedance mukimeter that read the voltage and current values in high sensitivity. It
supplies surce voltage from s V t oV; rAehddire voltage fromd VvV t oV, 211
and source current from A to 1.05A; measure current from 1A to 1.055A,

with a 0.012% accuracy [191lt is a totally computer controlled system.

=X

Figure 3.8 Electrical characterization system

From these measurements, the samples were depositeah ider Pauw geometry
and also ohmic htontact formation was done with an appropriaten@ask. Then,

the darkconductivity values were measurbg using van der Pauw method [192,
193. It is a standa technique for investigating the electrical conductivity
characterization of thin film materials using four point contacts formed on the
circumference of the sample arbitrarily. This method is widely used since it
decreases the measurement errors whide am classic characterization techniques
due to the possibility of contact resistance and also it gives opportunity toitzioply
samples of any shape [1P4In this measurement techniqdie;, each combination of

four contactsresistance value of threample can be determinatl each temperature
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point by the ratio of potential differencehias between two contacts and applied
currentlgark as,
Y ® 3.1
0 (3.1)
Therefore, the resistivity value of the sample was found from thewing

simplified relation [19%

7 ’Q
" Y (3.2)
aeg

whered is the thickness of the samm@edf is the correction factoThen, from the
average of all contact measuremetitg dark conductivity valuejdai= 1 ddiy was
determined.

3.5.2 Hot Probe Measurements

Hot probe (or thermoelectric probe) method is the simplest technique to determine
the type of the semiconductors. Timencipalideaof this method is that the carriers
move within the semiconductor from theatedhot) probe to theother(cold) probe.

In other wordsthethermaly excited majority free chargearriers aralirectedfrom

the hotregionto the coldregion In fact, diffusion mechanism affects thiarrier
motion in the semiconductosstructure becausthe material is uniformly dopeby
heatingfrom the hot probe contact. Then, the electrical potential can be expressed by
the translated majority carrief$96.

For this experimentKeithley 619 electrometer/multimeter igsed. It peiorms
voltage, current, and resistance reading in a programmable range options. In this
measurementwhile pointing on the surfaceyositive terminal of the meter was
heated while the negative terminehs kept cold. With this arrangement, for the case

of n-type semiconductqrthe meter reada positive voltagein the contrary case-

type materiaprovidesa negative voltage.
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3.5.3 Hall Effect Measurements

For this electrical characterization step, room temperature Hall parameters were
determined by Hall Effect measurements. In these measurements, the current was
appliedby Keithley 220 programmable current source, and the voltalyes was

read from Keithley 619 electrometer/multimete(Figure 3.§. Walker Magnion

Model FFD4D electromagnet was used to produce magnetic field and applied
magnetic field strength was kept stable at around 0.90 T in Hall Effect

measurements.

In general, the applicability of ih method is taken into consideration when the
sample resistance is betweerf 48d 18 ohm [136]. For less resistive materials, Hall

Effect analysis can be done with the curresitage measurement from the parallel
contacts as shown in thég. 3.8 On the other hand, if the semiconductor is high

resistive material, it is more appropriate to measure across different pairs of contacts.

From these measurements, the resistivity values were calculated as a result-of four |

V measurements presentedlable3.1

Table 3.1 Currentvoltage contact pairs for resistivity measurements

Applied Current Measured Potential
(Keithley 220) Difference (Keithley 619)
l13 V24
I31 Va2
loa Vi3
laz V31

From these-M measurements, the resistivity of the sample without magfietit

effect was calculated by the following expression,

“Q
” Q[T Y g Y i Y h Y g (3.3)
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whereRu3,24 (g=0)corresponds the resistance value obtained from ratio of the applied
currentl13 with the measured potential differen®es; and f is a function of the
potential difference measured called as a correction factor. In our calculdtivas

taken as 1 sincthe contacts are symmetrical []13his result gives the same room
temperature resistivity value with the dark conductivity measurements. The same
experimental and calculation procedungere also applied for theneasurements
unde the appliedmagnetic field in botHorward and reverse directions. For Hall
Effect analysis,Hall coefficient Ry was found by using the calculated resistance

values with or without magnetic field effect as

v 2 (3.4)

whered is the thickness of the sample, as®:=R+g-Rg=0) and aR=R.-Rg-0)
with direct (+) and reverse)(directions.Hence the sign oR4 also gave the type of
the material whether electrons or holes predominate in the conduction prZgss |
The conductivity type of all thin films was alsochecked by the hot probe

measurement3.hen, thechargecarrier concentration was found by the relation:

o o
€ [9)% or n oY (3.5)

wherer (or rp) is the Hall factor [L9Bandn (or p) represents the electrgar hole)

concentrationFrom the calculated value, Hall mobilitye was determined as:
T ER (3.6)

3.6 Electro-Optical Characterization

3.6.1 PhoteConductivity Measurements

Photeconductivity measurements were perfornmegide the Janis cryostat, equipped
with a liquid nitrogen cooling systen(Fig. 3.8) between100 and 400 K A

perpendicular illumination effect was applied on the film surtacasinga 12 Watt
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halogen lamp Therefore photoconductivity measurementsere carried outinder

five different illumination intensities between 20 and 115 mWW/c&imilar to the

dark conductivity experiments, the samples were placed in the cryostat for the
temperature dependent measurements. Different than the dark condgeibétyl?2

Watt halogen lamp was used as a light source and it was arranged 1 cm above the
thin film surface in which the whole surface can be illuminated homogenously. The
photoconductivity measurements are carried out in similar procedure with dark
condctivity measurements where under a constant bias voltage, the lateral current
flow along the sample is measured by using Keithley 2400 sourcemeter in the
temperatte interval of 80420 K with 1I0AC t emper at ur e steps.
photoconductivity measurements were done under 5 different illumination
intensities. Therefore, lamp current was supplied by Keithley 220 programmable
current source and the illumination intensity of the lamp was arranged by changing
the current passing through the lampthe range of 5®0 mA with 10 mA steps.

When the halogen lamp is placed at the 1 cm above the center of the sample, the
illumination intensities 20, 35, 55, 80 and 14®V/cn? determined by IL Ford 1700
Radiometer corresponding to the currents applied to the lamp. In this experiment, for
each temperature step, initial data was taken under dark condition, and then

measurement was completed with five different light intensities.

3.6.2 Spectral Photeresponse Measurements

In these measurements, photsponsivity spectra for the illumination at different
wavelengths were measured at room temperature giving initial bias voltage to the
sample. They were done between the wavelerayige of 300 and 1300 nm in order

to determine the band gap of the samples.

The photeresponse measurements of the fabricated devices were done at room
temperature by using Newport Oriel Apex Monochromator Illluminator coupled to
Newport Oriel 74125 Moochromator(Fig. 3.9). In this system, the radiated light is
generated by illuminator with a halogen lamp light source and 4 optional filters.
Then, this generated light beam is directed into a monochromator equipped with 3

diffraction gratings with 600 fies/mm whose ranges are 2B8D0 nm/6032500
84
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nm/9032500 nm, respectively. In addition, the input F/number of the
monochromator is F/3.9 and the resolution is 0.10 nm.

Figure 3.9:Photeresponse system

In order to obtain the phot@sponse spectra afunction of wavelength, the sample

is placed on the exit gate of the monochomator with focusing the light beam on the
sample. The optical spectra of the samples were obtained under a constant bias
voltage. The currentoltage measurements were also earrout by using Keithley

2400 sourcemeter. In this experiment, the bias voltage, illumination time, appropriate
grating and wavelength interval can be specified and controlled by w@elkab
program. Therefore, the electronic shutter in the Monochromatoalsasontrolled

for dark and illuminated cases. The net photocurrent was determined as a difference
between the current measured in dark and in the presence of illumination. In addition
to this, the spectra of the samples were obtained by correctingthhotocurrent
values with background elimination caused by the spectralbdison of the light
source.The experimental data were used to plot photocurrent versus wavelength
graphs, and from the peaks in this graph, activation energies of the saerple w

calculated.
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3.7 Device Characterization

3.7.1 Dark Current-Voltage Measurements

For temperature dependentVI measurements, CATryogenics Model 22
refrigerator system combined with Model SC helium compressor provide cooling
and heating theample in the working temperature inter¢faly. 3.10. The design of

the sample holder on the sample station of the system limits the working size of the
sample as to be at most 2x2 Zrithe temperature dependent process requires an
adequate vacuum intatyr for proper system operations. The temperature of the
sample was controlled and arranged to the working level by using Lakeshore DRC
91C controller. In a voltage interval determined in terms of the material
characteristics, a potential difference waplega between front and back contact of
the device and corresponding current flow is measured with Keithley 2401
sourcemeter. This measurement system is controlled by a Labview program where

the temperature and voltage range can be specified before #ramexm.

Figure 3.101-V and GV measurement system

3.7.2CapacitanceVoltage Measurements

The frequency dependent capacitamoltage (GV) measurements were performed
with the computecontrolled measurement sgb and Hewlett Packard 4192A LF

model impedance analyzer at room temperafgrg. 3.10. In this measurements,
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the applied voltage range and voltage step, measuring frequency were determined by
the hep of Labviewprogram, and the all @ measurements were carried out by
impedanceanalyzer. The voltage interval was selected depending on the electrical
properties of the samples, and the bmilfrequency can be chosen within the limits

of the analyzer which is betweerHz and 13 MHz [19P In addition, the impedance
analyzer can pérm with oscillation level from 5 mV to 1.1 Vrms and the
oscillation level step for this equipment is 1 mV #i@ mV regios and 5 mV in

100 m\£1.1 V region. The internal dc bias voltage source range is bet86ev to

+35 V with 10 mV step precision.
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CHAPTER 4

RESULTS AND DISCUSSIONS1
(ZnInSe THIN FILM LAYER )

4.1 Introduction

ZIS structure is a ternary chalcopyrite semiconductor based on the combinations of
[I-111-VI group of elements [124]. The defect in this compound arises from the
percentage vacancies Of elements in the structure [1@nd it is the main factor on

the physical characteristics of this film. The crystal structure of this compound
belongs to tetragonal system with lattamnstant@a=5.7095; aaxdl.449; 3§.
There are many research on ZIS thin films about their crystal and film
characteristics; and also applications in solarl @id optoelectronic device
applications[10-14, 21, 24, 25, 281, 34, 36 These works @monstrated their
applicability of buffer layer as a hetepjanction partner for fiype absorber layers
materials. They have antype conductivity behaviorl] and can be used as a
promising candidate for CdS structure with its environrieendly charateristics.
Moreover, earttabundant Cibased chalcogenide semiconductors-ICuV-Via

have been the potential materials for solar cell applications with their low cost,
abundance in resources adtable band gap properties [200herefore, ZIS can be

a best lattice matchedlayer for this type of photovoltaic absorber compounds. In
this part of the thesisvork, the material and device properties ofrish ZIS thin

films under the effect of poshermal annealing at different annealing temperatures

are reported.
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4.2 Structural Characterization of ZnIinSe Thin Films

ZIS thin films were deposited by sequential layer growth of Zn, In and Se
evaporants.The compositios of the films were determined by EDS in order to

analyze the elementalontentin asgrown film structure. Change in the atomic

percentage of these elements in the structure was also evaluated under the effect of

postthermal annealing processes. The atomic ratio of the elements in-dgnewas

and annealed ZIS films is tabulatedTiable4.1. As given in the Tabld.1, all films

are in the Zrrich characteristics. As the annealing temperature increases, the atomic

percentage of Zn increases while that of In and Se decrease. This is usually expected

due to the different vapor presearand sticking coefficients between the constituent

elements. The decrease in the atomic percentage of Se with annealing indicates the

segregation and/or 1@vaporation of Se atoms from the film surface due to the high

vapor pressure of selenium beforeking the bondvith the other elements [2D1

Table4.1: EDS results of agrown and annealed ZIS thin films

The thicknesses of the films were measured electromechanically by a profilometer

Sample Zn (at %) In (at %) Se (at %)
As-grown 22.03 20.80 57.17
Anneal ed 24.03 19.07 56.90
Anneal ed 27.49 18.13 54.38
Anneal ed 28.93 17.51 53.56

and the measured film thicknesses were 590, 585, 525 and 505 nm, fogtbevas

films, and films annealed at 300, 400 and B0Crespectively. According to these

results, although the film thicknesses could be evaluated as the same with annealing

up to 400AC, the slight

decrease

n

t he

indication of the decrease in the amount of some constitlemients in the structure

of the films.
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Figure 4.1 The XRD patterns of the @gown and annealed ZIS thin films at
different temperatures.

XRD technigue was used to investigate the phases and the orientation of crystalline
structure of ZIS thin filmslt can be seen from Figl.1 that the films have a
tetragonal structure with dominant diffraction peak(®i2) direction whose2 d
posi tion i[28 2630 olufact, heday@shf structures were reported to
have a zinéblende structurelfg]. The XRD patters of the films are consistent with
JCPDS (joint committee on powder diffraction standards) card file3438 [202]

and 391156[203]. On the other hand, no remarkable change was observed in the
diffraction peak positions in the XRD patterof the films with annealing (Fig.1)

except at the fiims annealed at 5@0C . Il n this annealing
secondary phase formation was detected in this film structure and it was found to be
matched with JCPDS card file ®008 [204 which is the most suitable card for this
peak. In addition, the peak intensity in the preferred orientation of (112) direction
increased appreciably with increasing annealing temperature which gave information
about the degree of crystallinity along this directioheTattice constants of the
films werederived by Chekcell software. As a result of the calculations, it was found
that the deposited crystalline thin films belong to the space grolgahand has
tetragonal lattice structure. Lattice constants wereutated asa=5.6977 j and
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c=11.5095;j and they are in good agreement with

[3]. In addition to the main crystalline orientation direction, there are additional
diffraction peaks in (200), (204/220), (316) aA@4) orientations aseported in the
previous works [2034, 202, 203. These diffraction peak intensities are very low
compared to the main peak, however they became observable with annealing at
500AC. Mor eover, t he Dbi nar grectton ®as ontyh a s e
observed in this film structure. This formation may be due to the decomposition of
this ternary structure or mobile Zn elements on the film surface may promote the

probability of the reaction kinetics with Se atoms for the construcfitimophase.

The average microcrystalline grain size d was estimated from the XRD pattern using
t he Scher r20l Z0%exgressedas;| a |

Q —% (4.1)

where k is the shape factor (Scherrer constant) equal to 94,[ e is the
wavelength of Xrays, b is defined as the diffraction peak width at half height
(FWHM), andd is the diffraction angle. This formula express the relation between
peak width,b, and crystallite sized, and it depends on how the constant of
proportonality, k is determined. Therefore, it can give information about the
comparison of grain sisen the asgrown and annealed ZIS films. It was found that
the FWHM value decreases and as a result of this grain size of the films increases as
in the order of6.3, 7.3, 8.5 and 12.6 nm depending on increasing annealing
temperature. The increase in grain size is a clear indication of improvement in
crystallinity following to the annealing proces$2][ 207]. Accordingly, the strain
val ues, U, c abyusimgthedopopingexpressiart(®, d

-, P
QOEi —b e —

(4.2)

The calculated strain values were found as 6.19, 5.47, 4.70 and 3.1 forlthe

asgrown and annealed samples, respectively. This result showed that with increasing
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size of thegrairs, the strain value of th&lS films were decreasedunder the

annealing processe3his can be related to increase in lattice parameters due to
change in thedisplacement of the atoms with respéat their referenceatktice

positions [209] . The decreases in U with increasc
due to the movement of interstitial Zn atoms from inside the crystallites to the grain
boundary, which leads to reduction in the concentration of lattice imperfections

[210].
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Figure4.2: Raman spectra of the-gsown and annealed ZIS thin films at different

temperatures

Raman analysis was carried out to find out the structure and vibrational modes in the
samples. Raman spectra of the ZIS samgueshown in Fig4.2. According to these
measurements, the observed Raman peak positions common for the all films were
242, 136 and 86 ¢ However, there were two distinct bands at frequencies around
86 and 242 cn, and the other characteristic Raman peak for this structure was rather
weak compred to these peaks. The broad and strong band was observed in the
wavenumber range about 242 “tmand it became prominent in the films with
annealing processes. This peak is the characteristic peak of the ZIS structure and
corresponds to longitugal optical (LO) phonon mode [15, 35In addition, the

Raman mode in this highest frequency was reported in ordeczthcy compounds
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in defect zineblende structure with only tetrahedrally coordinated cat{phi®gallate
structure with space group4?5[35, 211, 213. The presence of LO mode confirms

that the ZIS films have a crystalline structudd][ In an agreement with the previous
works in the literature, there is no additional information about ZIS structures in the
wavenumber range above 25085, 213]. On the other hand, as observed in
XRD analysis of the films, film annealedat 5@CC has an addi t'i onal
! comesponding to ZnSe structure [7The characteristic Raman mode for ZnSe
structure observed at about 250 tis very close tahe corresponding peak in ZIS
structure, and itvas also evaluated as a LO phonon mode for Zn&g R14. In

ZnSe Raman spectra, the peak at 500 corresponds to the LO phon replica in

this structure [7P When the intensity of the peaks were evidaas in the XRD

case, this phase was found to be higher than the secondary phases of ZIS structure in

the annealed film.

The surface morphology of the ZIS thin films was studied by SEM micrographs
technique. The SEM micrographs obtained for thgragn and annealed films at
different annealingemperatures are shown in F@§3. As seen from Figd.3 (a),

before annealing treatment, there are clusters piled up on the surface of the ZIS films
and they are distributed irregularly over the film surfagecording to the
compositional analysis on these features, they were found to be Zn crystallites. As
shown in Fig4.3 (b), applying first annealing treatnteat 300AC r esul t s i n
these crystallites on the film surface. With further annealing processes, these features
are disappeared that is probably due to either the diffusing of Zn atoms from surface
to bulk or staying under the surface layer consisting of mainly segregated Bean

atoms. It is clearly seen from Fig.3 (c) and (d) that the annealing at 400 and 500

peal

ncr

AC cause surface modifications oefthésecti vely.

films, there is a considerabldecrease in Se ratio in the composition of them.
Together with specific EDS analysis, it is found that the relatively dark regions on
these film surfaces are the indication of possible segregation of Se atoms and/or re
evaporation from thin film surface due to the high vapor pressure of Se before
making he bond to construct the crystalline struct@®y.
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Figure 4.3 The SEM images of a) the-gsown and annealed ZIS thin films at
b) 300, c) 400 and d) 560C

The topographic properties of the-g®wn and annealed ZIS thifiims were
investigated by using AFM measurements. The 3D ARMdges of the samples for
S5exbem area ar e 44 Aoobserved m SEM apalysis, Fig4 also

shows explicitly the formation of the Zn crystallites on the film surface and the
suface modification with increasingnnealing temperature. Apart from the Zn
formation, the surface of the films is uniform and nearly smooth although the post
thermal annealing processes were applied. The obtainednemisquare (RMS)

surface roughnessalue was 1.33 nm for agown films. By applying annealing

process and increasing the annealing temperature, the thin film the surface
morphology started to change and the RMS peak to peak distance value became 1.57,
4.69, 3.54 nm for the ZIS films annedlat 300, 400 and 508C respecti vel
annealing process at 3@0C, t he gr ai ns w-acked, and atddde mor
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AC their size distribution was deAO,eased.
the grain formation was collapsed and the serfemughness was decreased. This

result about the smoothness of the surface could be due to the migration of Se atoms
towards the film surface aketermined fronthe EDS and SEM results. On the other

hand, the deposited ZIS films could be a well candidatduirther film preparation

in devices for solar cell with significantly low RMS roughness val@és|[

Figure 44: The AFM images of a) the-gsown and annealed ZIS thin films at
b) 300, ¢) 400 and d) 500 C

The surface and neaurface atomic composition and the present chemical
environments of the ZIS thin films were analyzed by XPS measurements performed
on asgrown and annealed samples. The XPS spectra were obtained using the
constantanalyzerenergy (CAE)mode with a pass energy of 48 eéSMurface of the

films was sputtered two times by using 2 keV Ar+ ions for 5 min duration to reduce
the amount of the contaminants dué€tand O atomand to analyze the neauarface
composition of films. The correspondingPS survey spectra of @gown and
annealed films were compared as indicated in&g4.7. It is clearly observed from

the XPS analysis of both -ggown and annealed film, all expected constituent
elements, Zn, In and Se, and additionally C and O wappeared on the XPS survey
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composition with corresponding photoelectron lings.shown in these figures, the

C 1s and O 1s photoelectron lines were observed in XPS spectrum of the all samples,
and this indicated the presence®andO contamination. Théilm surfaces may be
contaminated with C and O during the characterization of samples. Thevweaka
increments on background signal on the film surfaces depending on the variations in
the peak intensity of these elememtgh increase in annealing tempéure. This
indicates thathere were in an argon flow in annealing furnace during annealing,

the inert gas was not so pure. Therefdhe samples may be oxidized these
processes accidentallyy XPS spectrum of all film surfacefie@rewasa decrease in
amount of Zn and Se, and an increase in In peak intensities and also oxygen
contamination following to posinnealing processAs the annealing temperature
wasincreased, the Se peak intensities become smaller. This situation indicates a Se
segregation and/or +®&vaporation from the thin film structure with the annealing
[214. In addition to this analysidjigh-resolution core level spectra were recorded

for the In 3d, Zn 2p, Zn 3d and Se 2p regions in order to investigate binding energies
in peak analysis, and to determine the peak decomposition and chemical shift due to

a change in the chemical bonding of the elements.
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Figure4.5: The XPS spectra of the-geown and annealed ZIS thin films

at different temperatures before sputtering
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Figure4.6: The XPS spectra of the-ggown and annealed ZIS thin films

at different temperatures after first sputtering
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Figure 47: The XPS spectra of the-geown and annealed ZIS thin films
at different temperatures after second sputtering

Fig. 4.8 shows the In 3d core level spectrum which exhibit two peadtsa3dl 3d)».

The emissions of photoelectrons from In 3d levels cannot be resolved separately in

the asgrown and annealed at 380C f i | 4B (a) @nd i(bY..In agrown form,

as seen irFig. 4.8 (a), the In 3¢ peak was decomposed into three contributions
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under the effect of all possible bonding with In. The change obsearved
photoelectron line obtained from XPS study after annealing is consisted with
behavior as found from comptisnal and morphological studieBhe XPSanalyses

of this peak with fitting parameters weseimmarized in Tablel.2. The InSe

bonding observed ir8ds> peak analysis for agrown films is disappeared with

annealing because this process can trigger the possible Se segregation and re
evaporation on the film surface€17. In addition, there is a metallic boind

formation between In and Zn in these twonfsl. This peak was decomposed aZin

bond in terms of their electronegativity values. Since Se is more electronegative than

Zn, the positive chemical shift may be occurred wittZinbonding. The physical

fact may be due to the surface characteristidglims of Zn crystallites. However,

the XPS signal of In 3d core level are well separated due teospincoupling into

3dz2and 3d,2 components in the films annealed at higher temperatures, 400 and 500

AC. The binding ener gjypeakare alse giverorbTaed4n e d f |
and corresponding energy separation between these two components formed by the
spinorbit coupling are calculated as 5.1, 7.5, 7.8 and 7.6 for tgeoam film and
annealed films at 300 ,Thesk ineracionsdbet&e@0ZAC r e ¢
and Se with In, indicates the very low diffusivity of indium in the films. Howgever

there is a distinct variatioon Zn and Se with annealing. This is in agreement with

earlier studies of the diffusivity and solubility of indiumzZnSe p1§.

Table 4.2: Decomposition parameters of In 3d photoelectron peak with respect to
3dz2line

Sample Bonding B.E (eV) (Observed B.E (eV) [Ref]
In-Se 448.4
As-grown In-In 452.1 451.4 [219
In-Zn 455.5
Annealed " 0.7 451.4 [219
In-Zn 454.9
Anneal ed In-In 452.4 451.4 1219
Anneal ed In-In 451.1 451.4 [219
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Table 4.3: Decomposition parameters of In 3d photoelectron peak with respect to

3ds2line
Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 443.3 444.0 [220
Anneal ed 443.2 444.0 [220
Anneal ed 444.6 444.0 [220
Anneal ed 443.5 444.0 [220
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Figure 48: In 3d core level XPS spectrum for a) thegaswn and
annealedIS thin films at b) 300, c) 400 and d) 59@

The important Zn XPS lines observed in the XPS analysis are 2p and 3d. The
corresponding 3d core level specar@shown in Fig4.9. In evaluation Zn 3d peak

of our samples, the splitting is not observed @b there is no any bonding
contribution to ZrRZn bond. The binding energy of this peak depending on annealing
temperature is given in Tabled4Using high resolution analysis, there is only one 2p

peak is detected (Fi§410). Therefore, the expectedcdenposition in this peak was
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not occurred in our ZIS samples and the Zn 2p peaks obtained between- 1020.2

1021.7 eV with changing annealing temperature. The corresponding fitting

parameters are listed in Takld. The reference value is used as 1021.8@\Zh

[221] and this peak was found for ZnSe at 1021.92\4.
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Figure 49: Zn 3d core level XPS spectrum for a) thegeswvn
and annealed ZIS thin films at b) 300, ¢) 400 and dAS00

Table4.4: Decomposition parametes§ Zn 3d photoelectropeak with respect to

32 line
Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 9.2 10.2 21
Anneal ed 9.2 10.2 [22]1
Anneal ed 10.2 10.2 [22]1
Anneal ed 16.9 10.2 [22]
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Figure 410: Zn 2p core level XPS spectrum for a) theyasvn
and annealed ZIS thin films at b) 300, c) 400 and dAS00

Table 4.5: Decomposition parameters of Zn 2p photoelectron peak with respect to

2pz2 line

Sample B.E (eV) (Observed B.E (eV)[Ref]
As-grown 1020.6 1021.8 [219
Anneal ed 1020.2 1021.8[219]
Anneal ed 1021.7 1021.8 [219
Anneal ed 1021.5 1021.8 [219

According to peak fitting analysis, for the elemental photoelectron line analysis for

Se, anypossible contribution due to bonding with constituent elements are not seen

within the tolerance of experimental errors. In other words, there is only one

chemical bonding detected. The formation of Se 3d peak is given id.Fig. From

the XPS spectraof ZIS film surfaces, the binding energy peak of the Se atoms are
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observed between 52.7 and 54.1 eV under the effect of annealing process (Table
46). Because Zn and In are less electronegative than Se, the experimental results

showed that there is a dlignegative chemical shift from the prensoworks [222

The change in the surface of the films and also compositional variations depending

on the annealing temperature might be responsible to the change in Se photoelectron

peaks.
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Figure4.11: Se 3d core level XPS spectrum for a) thgrasvn
and annealed ZIS thin films at b) 300, c) 400 and dAS00
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Table 4.6: Decomposition parameters of Se 3d photoelectron peak with respect to
3d2line

Sample B.E (eV) (Observed B.E (eV) [Ref]

As-grown 53.1 55.5 227
Anneal ed 52.7 55.5 [222
Anneal ed 54.2 55.5[222]
Anneal ed 54.1 55.5[222

4.3 Optical Characterizationof ZnInSe, Thin Films

To describe the physical properties of ZIS thin film structure deposited by PVD
technique, the description based on the crystalline structure, composition and surface
characteristics in the material were given in the previous section. The results of the
structural characterization of these samples were discussed in detail under the effect
of annealing temperature. On the other héoidthe aim of the device applications,

it is important to getdetailedinformation about their optical properties, such as

electronic band structure and optical constants.

In this part the optical properties of ZIS samples were defined as the interaction
between electromagnetic radiation and these semiconducting materials, including
transmission, refraction and absorptidhe transient nature of the optical properties

of semiconductors is important to establish because it gives insight to the various
relaxation processes that occur after optical excitation. Therefore, the
characterization and optimization the optical prtipsrof the films are important

part for device applications, such as solar cell fabrication. In order to analyze the
optical characteristics of the samples, transmittance measurements were carried out
in between 302000 nm at room temperaturé€he respose of the samples in a
specific region of interest of the electromagnetic spectrum gives an overview of
optical constants, such as, absorption coefficient, refractive index, band gaps, the
wavelength dependence of transmittance spectrum was performed.1Righows

the spectral behavior of the transmittance values of the ZIS films in wavelength

region of interest with respect to the annealing process. As mentioned in the previous
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section, the annealing process was applied by using annealing furnacethender

nitrogen atmosphere in the temperature range oB5B0A C f or 30 mi nut es

from Fig. 4.12, there are interference fringes in the transmittance spectrum of all
films with a sharp fall at the band edge in the regioni 8800 nm; whereas the
interference effects disappear below this region. A similar interference behavior was
reported previougl [23, 27 36, 223 for different depsition techniques and
structuralformations. Initially, these uniform sequential maxima and minima of the
fringes at tle transparent wavelength region indicate optical flathess and thickness
uniformity of the deposited films even if the aaheg processes were applied [23,

26, 224). Uniformity was also checked together with the homogeneity by SEM and
AFM measurements. Thaptical transmission values of the films were between 80
and 90% in the transparent region. Moreover, botlgrawn film and the film
annealed at 30AC showed similar transmittance
process, this optical characteristiegas changed antheir optical spectra werso

close to each other. However, there was a wavelength shift in the transmission
spectrum of all samples and a remarkable change itmahsmission of the 400 and
500AC annealed fil ms. werkapproximatelys the sarhea n c e
magnitude as the annealing temperature increases. As the surface of the samples
become more reflective due to the morphological changes depending on the
compositional changes, the decrease in the transmittance was theeéxpmetotal
behavior with annealing proces®[2 224]. On the other hand, due to the remarkable
change in the thickness of the films, this effect can slightly be observed on the
optical measurements. As expected, the structural and surface modificatitmes on

films with annealing could trigger this result in transmittance values.
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Figure 412: The transmittance spectra of the ZIS samples

Because there are interference patterns in the transmission spectra of the films, the
envelope model (EM) can hesed to determine their refractive indic@23, 225.
With taking care of all possibilities on the reflection and transmission eiwettige

boundaries due to the local fields, the complex refractive ingdgxecan be written

as,

1 11 g1 (4.3)

where the real and imaginary partaf as)defined asi( aapda (. dNte that, they

are all real and positive numbers. Moreowe(, ait$elf and its components anda

are wavelength dependent [22B this analysis, the imaginary part of the refractive
index, 9, also called as extinction coefficient or attenuation index, denotes absorption
of optical energyy the semiconductor material [Z2ahdn is the ordinary refractive
index The refractivandex for each sample was analyzed in the wavelength region
800-2000 nm in the weak and medium absorption regi&i$ [This model deals

with the interference effects therefore the strong absorption region where the
interference fringes are not observedoist of interest for this analysidn the
application ofthis method, at least two interference fringes in their weak absorption

and transparent spectral regsoshould be determined in order to consterotelope
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curvesin transmssion spectra [223, 225. Working on EM the real part of the
refractive indexn ( ea) beobtainedas P25,

e . 6 &¢ T 7 (4.4)
where

> Y Y (4.5)

From the Eq4.3, n ( e bedeterminedy usingthe maximalv ( a&hd minimalm

( & In the transmission spectra; the refractive index of the substwatand the

refrective index of the surroundingnedium no at the same wavelength value. In this

case,no is the refractive index of the air and approximately equals to 1, and for our
sodalime glass substratens i s about 1. 53 By opted 4 7 n m
measurementss can also be determined from the dulssa t esfissiort spextra

[228] given as;
. P P
€ g W P (4.6)

whereTsis the maximum transmittance of the substrate in the measured spectra. This
peak value can be chosen in a region of interest, or at a specific value since there is
no any interference effect on the spectra of the glass atéostr
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Figure 413: The refractive indices of the ZIS samples calculated by EM method

(dot) and by three term Cauchy relation (line)

The refractive indices found by EM are shown in Bd.3. As a result of EM, the

refractive index values were betwedm8 and 2.6 depending on the annealing

temperature and wavelength region. As observed in other ZIS stiidiesglculated

n values decrease in increasingvelength 27], and also in increasing annealing

temperature up t®00 A (J14, 23. With the annealing process, because of re

evaporation and/or segregation of the elements from the surface of the films and

decrease in the thickness of the films, the decrease in the density of the films may be

the reason of this type of change in the refractidexnvalues. To get a wavelength

dependent relation, these values can also be evaluatede b@atichy dispersion

relation R29;

This equation was developed for a substances transparent in visible region and

Cauchy

par ameter s,

A ’

B ’

C ’

é

4.7)

ar e

al

optical characteristics of the film. In our case, thiexen Cauchy fitting is sufficient
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to provide a reasonable fit (Figd.13). The calculated values of the Cauchy
parameters were given in Taldlg for all samples.

Table4.7: Three term Cauchy parameters of the ZIS samples

Sample A B (nnY) C (nnf)
As-grown 2.43  9.96x1d 1.57x106°

3 0 0 Arkeé&ling 2.12  2.28x10 5.46x10
400 AC Ar 196 4.66x1G  -7.88x1@°
500 AC Ar 163 6.64x10  -1.45x16

From the refractive indicesi{ andn,) of two adjacent maxima or minimas@nday)
in the measured spectra, the thickness approximation of the samples canebe don

with the following relation [23];

Q == (4.8)

Although this equation is mwery sensitive and accurate [32fhis can be used to
check thecorrectnesof the applied EM [223, 230 By using Eq4.8, the thickness

of the films, Q were calculated as 584, 577, 550 and 520 nm, fagrasn and
annealed films, respectively. The calculated and measured thicknesses of the films
were found to be in a good agreent with each other in the corresponding about 10
nm measurement error interval. Since the thickness values are in the estimating error
limits with the profilometer, the obtainedvalues by applying EM, can be accepted

with small deviations.

The othe optical constan® ( @i be calculated from the absorption coefficlgrft o)
as[81];

1 —I_ (4.9)
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whereU ( is-felated withthe transmission Waes by means of the relation |33

e
~ 4.10
I o (4.10)

Sl

1}

In this relation o is the incident light perpendicular to the surface of the filis the
intensity of transmitted lighQis the thickness of the film. In fact, the rati@ii$ the
transmittance value of the samplermalizedby background signalsThe obtained

9 ( ealues are shown in Fgl4, and they were found in decreasing behavior with
increasing wavelength. Although there is a sharp decreasd imajues depending

on wavelength and also an observable difference occurred with applying high
annealing temperates (400 and 500\ G Yhere is no remarkable changean( &)

values for aggrown and annealed at 380C .

0.4
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Anl-300
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0.3 - Anl-500
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Figure 414: Calculatecextinction coefficients for the ZIS samples

The complex refractive index of the material is related to complex dieléatigtion
as given belowW81, 231];

] ) (4.11)
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whereU ( is-dvaluated in terms of its real and imaginary parts as;

- - o) (4.12)

Therefore, knowinq ( anplll ( avalues, these components Bf{ @) be obtained

from the following relations;

- _ 0 _ I _ (4.13)

and

- _ ¢ _{_ (4.14)

The variations of these optical constalis aahdUh ( @n)the wavelength interval
of 8032000 nm, can be evaluated in similar behavior witi{ aniie (.&jte that,

in this analysis, the calculatexd ( wajues should be very small as compared with
n ( eaues. Fig4.15 illustrates the calculatdék ( avilues in terms of change in

wavelength.

- As-grown
- Anl-300
- Anl-400
- Anl-50

T T T T T T T T T T T
800 1000 1200 1400 1600 1800 2000
Wavelength, A (nm)

Figure 415: Real part of the dielectreonstants for the ZIS samples
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To get a further knowledge about thefractive index, its dispersion in the
semiconducting material can be calculated by a -senpirical singleeffective-
oscillator model (SOM) [232233]. This model givesreliable resultsfor photon
energiedelowthe interband absorption edge.i# related tahe refractive index of

the sample with the intdyand optical transitions and electronic band structure as;

00

"0 P oo

(4.15)

whereEq is a parameter thafives ameasure of the the intéand optical transitions
strength E, relates withthe energy gap valuend it is also namedsthe oscillatory
energy andE representghe photon energy h.®8BY applying this relationn ( h 3 )
values can be fitted to get corresponding SOM parameters4(E&).and the results
are also listed in Tabld.8. By the analysis oE4 values it was defined that the
strongest optical transition probability is dominant for thgm@svn samples and this

probability is in decreasing behavior with increasing annealing temperature.

{ - As-grown
0554 - Anl-300

{4 - Anl-400
0504 - Anl-500

Linear fitting for As-grown
Linear fitting for Anl-300
Linear fitting for Anl-400
Linear fitting for Anl-500

T T T — T 7T T T T T T
06 08 1.0 1.2 1.4 1.6 1.8 20 22 24

(hv)* (ev)’

Figure 4.16Plots of ¢ p vs Q forZIS samples

Static and high frequency response of the samples can also be estimatédifrom
dispersion relationship [¥). By extrapolation of the linear part of the plots given in

Fig.4.16 the static refractive index(0) and from the corresponding intercept values,
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the static dielectric constatit ( 6aj be calculated. Moreover, these values can be
found byn?0)=1+ Eq 0 p, Bnd U ( 030k[m9]. The obtained SOM relations in
Fig.4.16 gives a linear behavior between 2.1 dn4 eV values, these parameters
were calculated from the fitting process in this region. Apart from these low
frequency parameters, the high frequency dielectric constartan be obtained
from the Qe ( avilues of the films425. This relation can & analyzed from the
Spitzei Fan mode[234, 234 as;

: .2 (4.16)

= uwdz =

whereN is the number of unit cells per unit volurma* is the effective mass of the
material,e is the electronic charge armdis the speed of light. The real part of the
dielectric function asymptotically approachesld Bejow the reststrahlen region,
and also it is connected t¢ in the reststrahlenearIR range in the optical spectra
[81]. These constants are also relatedeach other with longvavelength lattice
optical modes by Lyddar®achsTeller relation [236. This relation gives the
information about the amount of the polar characteristics in the chemical bonds of
these structures8]l]. The results for the depositedlS films obtained from the
detailed SOM analysis are given in TaBl8 From SOM analysith was found as

6.69 for asgrown films which is very close to the value reported by Zeyada et al.
[14)]. SinceU ( 0p) asré&ported in ZnSe structures [J36e teterepolar character is
dominant with respect to hompmolar character in these samples. Moreover, the
variation of the obtained optical constants with annealing temperature is in a good

agreement with the wonleported by ENahass et al. [33

Table4.8: SOM parameters of the ZIS samples

Sample Ep(eV) Edq(eV)  n(0) U(o: UR)
As-grown 3.796 18.546 2.514 6.319 6.701
300 AC A 2649 9.361 2.293 5.256 5.332
400 AC A 2140 6.581 2.285 5.219 5.138
500 AC A 1.796 3.622 2.084 4.345 4.292
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In the visible and nearisible region, the absorption coefficient of thegaswn and
annealed samples was fouttdbe between 1®9and 10, and there is no significant
difference in these values in terms of thermal annealing. The wavelength raiige 400
700nm determines the transparent region in the optical spectra and this region can be
used to evaluate the type of optical transition ancctimeesponding value of energy

gap. Basically two types of optical transition, direct and indirect, can occur at the
fundamental edge of crystalline semiconductors. The absorption coeffitigrat)

the optical absorption edge varies with the photon ene® according to the
expression227, 237;

I 0 © (4.17)

where A is an energyndependent constant, but it depends on the transition
probability, andgg is the energy gap value. In this relation, the power m is related to
the band gap characteristics of the structure; it cam+B2 or m=2 for direct and
indirect transition in the band gap respectively. Then, the plot of the optical
absorption coefficien ( U h\ersus photon enerdy h™ for different m values
showed principle regions as in the work of Wood and T28¢,[238. In the spectral
region where absorption is strongly effective, the absorption coefficient can be
analyzed related to the band gapergy. Therefore,he banegap values of the
samples were calculated from transmission data using absorption coefficient and the
band gap relation given in E4.17 above. The data obtained from the absorption
analysis of the films showed the existerafeallowed direct transitionsin this
structure, two absorption mechanisms, direct and indirect transitions, are possibly
expected for this material®, 14, 2123, 28, 239 Based on the band gap analysis,
the corresponding figures for direct band gap transitiob, R sefsush xurves, are
shown inFig. 4.17 (ad). This type of semiconductors is the structural analogs- of Il

VI compounds, and therefore direct band gaplmexpected in the sible region of

the spectrum [240, 241In addition,the case o¥n-rich may be accepted as the
reason of this type of transition the depsited film structure [22]. In general, there

are contradictions on the nature of the optical absorption in this maféhal.

difference between the reported works was evaluated due to the difficulty in
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determination of bandapby optical spectroscopy [242deposition techniqueand
variations in the elemental composition [28 Since there are three linear
contributions in the direct band gap transition cunibs, effect of spirorbit and
crystatfield perturbations were taken into consideration te analysis of ZIS
structure [23J. However, there is no other work considering the splitting on valence
band. The calculated optical band gap values were assigned as the band splitting
correspondence of the energy levels. The crjghl splitting (CF) and the spin

orbit splitting values were determined by tedlowing quasicubic relation [94

Y (4.18)

N |O
D«
D«

N |O
e
e

ale=
D«
<

g

where Oy, energy differences between the direct transitions obtained from band gap
analysis. The results obtained fromst absorption process observed in the optical
spectra of these films at room temperature are listed in #adleThe band gap
values revealedat the energy gap values for all transition ledelsreases under the
effect of increasing annealing temperature. This may be attributed to the délcecase

increase in the crystalline part atielcrease in the absorption ed28).
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Figure 4.7: The variation of| 'Q  with the photon energy for ZIS samples

The optical absorption coefficient just below the absorption edge was found to vary
exponentially with photon energy and this relatien r ef erred as Ur bachos
244). In this low energy region, the exponential tail of the absorpi@ificientcan

be written as [81, 243

.2 0

whereEui s t he ener gy cor r eBgmsameahergy clese tothe Ur bac h 6 s
band gap energy and is a characteristic parameter for this relatidrbach energy

Eu is an indication of the structural perfection of the materials aisdabserved due

to the localized states produceddigordered and amorphossuctures in band gap

region [245]. By using Eq.4.19 these energy values were calculated flom ( U)

versush 3plots given in Fig.4.18. Applying linear fitting analysis, the obtained
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values were listed in Tabk9. Ey values were found in decreasing behavior with
increasing annealing temperature that may be related to the improvement in the

structure.
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Figure 418: Plots ol n (vewsush dor ZIS samples

Table4.9: Band gap and Urbach tail values of the ZIS samples (in terms of eV)

Sample Ed,1 Eq,2 Eqd,3 ozF Q3o Eu
As-grown 2.00 2.29 2.52 0.315 0.185 0.261
300 AC Ar 1098 2.26 2.46 0.295 0.388 0.172
400 AC Ar 1.95 2.14 2.45 0.329 0.365 0.110
500 AC Ar 1.85 2.09 2.26 0.207 0.163 0.109

4 .4. Electrical and PhotoElectrical Characterization of ZnInSe;

Thin Films

The electricalpropertiesof the ZIS thin films weremeasuredby carrying out
temperdure dependent darkconductivity and photeconductivity and room
temperatureHall Effect and photoesponse measurements. For this purpose, the
samples were prepared in a cloverleaf (Mak€sass) contact geometry [183, 184
Then, he darkconductivity values were measurbg using van der Pauw method

[192, 193. It is a standard technique for investigating the electrical conductivity
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characterization of thin film materials using four point contacts formed on the
circumference of thesample arbitrarily. This method is widely used since it
decreases the measurement errors which arise in classic characterization techniques
due to the possibility of contact resistance and also it gives opportunity to apply it for
samples of any shap&%4]. In this measurement technique, resistance value of the
sample can be determined by the ratio of potential difference between two contacts

and applied current ak = aeVand then the resistivity value can be evaluated as

[195:
R R I A (4.20)

whered is the film thicknessf is the correction factoRa.¢ are the resistance values
for each combinations of four contactShen, from the average of all contact
measurements, conductivity value$,= 1, tgn easily bedetermined from this
method. In addition, ZIS structures are in a good oheitavior with In contacts
[26], therefore the electrical contacts were prepared by thermal deposition of pure In
on the films.Fig.419 gives the darconductivity of the sample& asgrown form
and also annealed at different annealing temperatures, as a function of sample
temperature. Since the deposited film was in polycrystalline form with anneéling,
conservedhis structural characteristigrain formations and their bouadesarethe
most effective factor in the electrical conduction procesbeghese regions, a
reasonably high concentration of active trapping sid@sts and thegau® capturing
of charge carrierat the grain boundariedn the polycrystalline thin filmstheyare
the most dominant and the least controllable structural formatg [As seen in
Fig. 4.19, the conductivity values were in increasing behavior with annealing
process. This result describes the increasemuctivity with an increasar@ount of
lattice perfections [197 For asgrown and annealed at 300C f i | ms there wa
considerable change in the conductiviighavior with temperature. However, as
annealingeemperature increases above 30D, t hctvity ofathe dample shows
semimetallic, namely degenerate, behavior. This situation generally explained by
segregation and/or +&vaporation of constituent elements from the surface and the
compositionakchangein the film structure [207, 247The darkconductivity values
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show an approximately various linear dependences on temperature change in the
intervals of studied temperatures. Therefore, the conduction characteristics of these
films were analyzed in three different temperature regions by appdyinmpssibé
conductivity mechanism models. Under this aim,dlope of thestraight line regions

in conductivity versus temperature platere calculatedand compared withthe
maximum correlation coefficientRf) of the best fié [248]. The samples show

similar conduction behaviors in each other except thagnitudes.
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Figure 419: Temperaturdependent electrical conductivity ofgsown and

annealed ZIS films

As seen in Figl.19, the conductivity of all samples are in Arrhenius behavior in the
high temperature region, above room temperature, and the most possible conduction
mechanism in this temperature region is thermionic emission mechak88mThis
increase is mainly based on the thermal excitation of carriers, from the defect state
formaions due to the imperfections or across the band gap between top of the
valence band and bottom of the conduction b&8l [This conductivity model can

be evaluated as;

. YT Qen © gy (4.21)
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where Uote is the preexponential term,T is the ambient temperaturkg is the

Bol t zmann 6 sExis theastivadion energynfal this conduction mechanism.
This mechanism is also related to the development of grain boundary potential well
inside the structer and therefore increasing in crystalline structure with
improvament in grain formations [24.7For this temperature region (see Hg0),

the necessary fitting procedure was applied to the experimental data by using Eq.
4.21 to determine the thermattivation energies. These energy values obtained from
this model are 175.4 and 200.2 meV forgaswn and 300AC anneal ed sampl e
respectively. The calculated energy values increases with increasing annealing
temperature. This result can be evaluatedhi» same manner that there was an
improvement in the crystallinity of the samples and singllance state formation

observed in XPS analysis.
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Figure 420: Plots ofl n (¥8) VersusT  in the hightemperature region for the ZIS
fiminasgr own form and annealed at 300 AC. Sol
according to Eg4.21

At lower temperatures, the hopping carrier transitions between localized states
became dominant in theharge transport. Similar observations have beenrtexpo
previously for ZIS films [14 28]. In general, the hopping transport mechanism
determines the electrical conduction in polycrystalline semiconductors in low

temperature regiortselow the room tapemture [L42, 249, 25D In this case, charge
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carriers cannot pass over the grain boundary potential well due to the lack of enough
thermal activation energy, and then conduction can occur by hopping between
localized states near the Fermi enef@42]. In the low temperature region, the
conduction mainly occurs by the variable range hopping (VRH). Different from the
reported works on this structuré&4 28, the deposited films shows two different
linear regions that can be defined by different VRH mechanism

The low temperature conductivity data for ZIS samples between 200 an& 290
obeys Mottds rel at i onl48.olm thid rag®mn, destdittng d er e d

parameters were obtained for the conductivity values by this model expressed as

[152):
s Y 7
) " eyT Qwn y (4.22)

wherelowm is the preexponential parameter afidw is the characteristic temperature
coefficient. These characteristic values for the samples were estimated from the
straightline nature ofl nu Tor*?) versusT Y plot (Fig.42 1) by Mottds e
(Eqg.4.22). Moreoverflom andTom can be defined as the following relations:

, QG GO (4.23)

and
Yoo d w0 (4.24)

whereQis the electronic chargél, is the variable hopping distanagy is the phonon
frequencyN(Er) is the density of localized states around Fermi energy (&) o
is the dimensionless constahtjs the localization radius for the wave functions of
the localized states around thermi level. In this VRH modeTllom is also related to
the degree of disordefom U,Tin the structureZ51]. In addition, 3pn is generally

takerx p 1 Hz [252. Although the lower limit of_ was reported as to be 16 [207
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its common usage is about 18.1 [25Phe other important parameters in this model
is average hopping distandey,

¥

: W -
Y ¢ QY60 (4.25)

and average hopping enerdv;

o
“Y 6 0 (4.26)

For asgrown and annealed (at 300C9amples, the Mott's parameters calculated
through the linear fitting of the conductivity values (Mg1) are tabulated in Table

4.10. Results in Tabld.10 show thafTom valuesrepresenting the disorder in the
structuredecreases with annealinghis isalso confirmed by the structural analysis

of the samples. The calculat®{Er) values indicatehe trap states near the Fermi

level decreases with annealing temperature. These results are found to be in the same
order with the work reported by Zeyada &t[14]. Thesevaluesfor the density of

states at the Fermi level and in the band tails are high in theoasm samplelU
decreases arf@v increases by the effect of annealing process, and as a result of this,
localization decreases with the annealing process. In addition, a decreasing behavior
in the hopping energy valuegsobserved in these samples in this work. In fact, the
maximum corelation coefficient of the best fit is not enough for the validity of this
model . These parameters can be acceptable w
localizedstate model a8l R/ 1, which is related to the degree of localization, and

Ww/ ksT. As givenin Table4.10, all @mples are found to satisfy thesguirements

for the VRH model.
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Figure 421: Plots ol n (¥ WersusT "¥#in the lowtemperature region for the ZIS
flminasgr own form and anneal ed at 300 AC.
according to Ec4.22.

Table 4.10Calculatecharameters dflott VRH model

Sample Tom(K)  som(K¥Wem) U(L/cm) N(Ef)(1/eVem)

As-grown  2.88x106 2.22 3.20x16  3.20x10%®
Anl-300 5.16x10 1.56 1.05x16 4.70x107

Sample Ru(cm) Wu(meV) R UR WuksT

As-grown  1.16x10° 473 097 412 274
Anl-300 2.55x10° 30.8 0.97 268 1.78

In the temperature range of I@MO K, the validityof t he Mott 6s mode
observed due to the limited temperature range of fit. In this reGioos Shklovskii

VRH model [156 where Coulomb effect serves as a barrier to the conduction
processvas the well suited to the electrical conductivity valugs the temperature

further decreased, Coulomb effect became important irtahduction mechanism
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[253] . I n t his model |, Mott Os conduction beh

temperature dependence under the effe€aeflomb interaction [153

” K "@ (‘L) h "Y (427)

where againloesis the preexponential term anfoesis the characteristic temperature
for this model. Figt.22 showsn ( #%T) versusT*2 plot and the linear fitting on the
conductivity values in the low temperature region, in the interval of 2D K. The

characteristic temperature in Eff8&klovskii VRH model becomes,
w 11
Y 14°0-- (4.28)

whereb is a numerical coefficient, i s exponent i al decay constant
model,Uis the dielectric constant of the material 4hé the free space permittivity.
According toShklovskii, &. al [153, b can be taken as about 2.8. For the Efros

Shklovskii type of conduction, the most probable hopping distance can be defined as:
v T
Yy P Yo (4.29)
and also average hopping energy can be calculated from the following relation:
- "y 4
) P _Q"Y v (4.30)

According to this model, electreglectron interaction reduces the density of states at
the Fermi level and therefore creates Coulomb gap. This gap width, in 3D case, can

be expressed a$37:

y QU .1 (4.31)
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In this phenomenathe occupied states are separated from empty states by the gap
equal toaes[157]. The all hopping parameters related to this conduction model are
listed in Table4.11. Similar to the Mott VRH model, the hopping parameters in
EfrosShklovskii type of VRH conduction model should satisfy the hopping
requirementWes/ ksT. This observation supports the possibility of a crossover in
VRH mechanism from the Mott type to the E#8Eklovskii type R49.
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Figure 422: Plots o n ( \vierSusT-*2in the hightemperature region for the ZIS
fiminasgr own form and annealed at 300 AC.
according to Eg4.27

Table 4.11Calculatecharameters difros-Shklovskii VRHmodel

Sample Toes(K)  soes(K/Wem) Res (cm)
As-grown 2.96x1G  2.77x10? 3.51x10’
Anl-300 1.11x16 1.96x10! 7.24x10’

Sample  Wes(meV)  q(meV) R2 WegksT
As-grown 25.7 32.0 0.98 2.48
Anl-300 15.7 21.9 0.98 1.52
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As a result of the darkonductivity analysis as a function ambient temperature,

the total conductivity of the samples can be expressed as a combination of thermionic

emission and VRH conduction mechanisms as:
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In order to investigate illumination effect on the electrical behavior of the samples

and to characterize the traps in the film structures, the dwootductivity

measurements were carried out under 5 different illumination intensities at the
temperaturenterval between 100 and 420 K. In fact, #mmealed films at 400 and

500A C

ar e

shown
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300AC because of t heemimetalic suréasei behaviolhet y
variation of the phota@onductivity with the input light intensity is shown Fig.
4.23. In general, the conductivity increases with ith@mination [126 and the
conductivityunder illumination Gign:, is given as,

, . Y, (4.33)
wheread] is the photaconductivity contribution to the intrinsic conductivity of the
sample. As seen in Figl.23, thephotocondictivity values of the samples were
found to be greater than the dark conductivity values, because of the contribution of
the photecarriers tothe conduction. Moreover, when the illumination intensity
increases, the conductivity of the samples increases. For the possibility of
photoexcitation under illumination, both charge carrier density and the carrier
mobility may change. Since the changethe concentration is related to the direct
generation (recombination) rate and lifetime of the charge cam#rsries as ". In
this relation, the lifetime is assumed to be a function @fheren, is a distinctive
indicator of the norequilibrium carriers. Thereforg¢he photocurrent can be related

to the photoexcitation intensity §54];

0 © %o (4.34)

where b is a power exponentBy using this relation, the possible recombination
centerswere evaluated by illumination intensity effect on change in conductivity
values as shown in Figd.24. This characterization was done by the exponent
behavior as given in Ed.34.As shown in Figt.24, under illuminationthe change

in the conductivityvalues increases with the increasing temperature until a critical
temperatureThe possibleecombination and trap centers in the structtae limit
lifetime of the carriersin this casethe number of carriers in the conduction band
can be limited byhe recombinatioprocesseandtherefore thermal quenchinghay
become dominant factdil2q. In the moderate and low temperature regiohs, t
results indicate that for deposited ZIS films, photocurrent depends on illumination
intensity with an order ihe range of 0.88.78 for asgrown and annealed films.

According to relation betweephotoconductivity and excitation rate, ib is lower
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than 1,B6<1, the lifetime decreases with increasing illumination intensity. In this

case, it is clasBed as a subtear behavior [126 Otherwise, in the case Bf&1, the

lifetime increases with increasing light intensity; and this behavior is saie to b

supralinear characteristic [1R6Increasing exponenh values with increasing

temperature confirms the longer

lifiene for

free carriers and stronger

recombination process at the film surface. Although theegaof this exponent,

between0.5 and 1, indicates the one recombination center, the results ddgninan

gives the supralinear characteristic which can be explained by theetver

recombination model having two trap levels dominant at both low and high

temperature regions.
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In the study of the conduction processes, Hall Effect contributes to the detailed
analysis on the electrical chataristics of the semiconductord5g. It is an
important experimental technique to determine free carrier density, carrier type, and
the mobility of a semiconducting material. In this method, under constant magnetic
field, contribution of the charge céars, affectedfrom the Lorentz force, to the
current flow through the sample can be determined. In general, the applicability of
this method is taken into consideration when the sample resistance is the range of
10°-10° ohms[136]. For less resistive maials, Hall Effect analysis can be done
with the currentvoltage measurement from the parallel contacts. On the other hand,
if the semiconductor is high resistive material, it is more appropriate to measure
across different pairs of contacts. From thesasuements, the Hall coefficieR

can be found using the calculated resistance values with or without magnetic field
effect. The sign oR4 determines the type of the material whether electrons or holes
predomirate in the conduction process [1]97The conductivity type of all ZIS thin

films was determined astgpe by calculation of bRy and also by the hot probe
techniqueg196]. Then, the carrier concentratiomndae determined by the relatiom
Eq.3.5[198]. From the calculated value, Hallmobility € can be determined as in

Eq. 3.6. Then, te room temperature Hall mobilities were 3.89, 7.31, 5.97 and 2.77
c?/V.s and electron concentrations were 1.69%10.32x10% 3.01x18° and

8.65x13%cm' 2 for asgrown andannealed films, respectively.

129



® As-grown
-
B - " -
= [
5 o7 . =
g = L] =
L} ..' e £
i =
o ..' -I. _a
E =
E . ", g
-] = n £
g . . 3
[~] L] [ ] o
& . "a 2
_..-ﬁ" i -.\ .
300 400 500 00 00 800 900
Wavelength, & {nem)
=t s Ank400
- L]
g B
3 [ n =
s - )
£ . .

= £
A 8 . £
- i
gl . K :
] L] =]

: " :
" E

= .."ll— o

Wavelangth, & (nmj

& Anl300

Wavalangth, & (nm)

.
.- L]
-. .
" -
Y .
.
L]
-
- "."l.‘h
0 00 60 700 80 800
Wavelangth, 5. ()
8 AnkS
.“-.h-.'n
- -
.
- .
. N
- L]
L] -
-
..""'-—I
0 00 60 700 80 800

Figure 425: The normalized photocurrent response of ZIS films

(@asgr own,

(b)

anneal

ed

at 300

AcC,

(c)

anneal

Spectral dependence of the photocurrent measurements were carried out in order to

investigate the energy levels in the film structui2ss].

step, the photocurrent values are measured as a function of illumination wavelength

In this characterization

at omom temperatureFig. 4.25 shows the dependence of the photocurierine

wavelengthrange 0f300-:1100 nmundera fixed incident photon flux. The current

rises with wavelength until 62670 nm for ZIS samples, after it drops abruptly. The

other peaks fothese samples were observed at-660 and 49640 nm wavelength

regions. The main photocurrent peak forgaswn sample corresponds to 2.0 eV at

620 nm, however there are two shoulders at about 490 and 540 nm. The shoulder in

the spectraphotcconductivity measurements was correlated with the other possible

transitions observed in the optical spectra analysis. These energy levelgroivas

ZIS film were determinedrom photoresponse spectra at about 2.30 and 2.54 eV.
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Moreover, the spectral responswiturve of the annealed films exhibits the main
peaks at 1.96, 1.93 and 1.85 eV for ZIS films annealed at 300, 400 ard GQO
respectively. The other photocurrent maxima for the annealed films were 2.24, 2.15,
2.09 and 2.48, 2.43, 2.25 eV, respectivdigain be saethat the value obtained from

photoresponse measurements is close to the results of the optical analysis.

4 5. Device Characterization ofZnln Se Thin Films

Under this work, the hetefjonction was fabricated by depositing ZISype thin

film layer onthe ptype Si wafersubstrate. The commercigltype Si waferswvere

used as a-pype layerto constructhis pn juncton.They are about 600
onesided polished, in monrorystalline phase with (111) orientation and their
resistivity valus are around-3 (Y Orcthe)other hand, ZIS thin film deposited

by using PVD system. Therefore, the basic properties of this structure were analyzed.
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Figure 426: (a) Linear and (b) semtogarithmic FV plots of rZIS/p-Si hetere
junction at different ambient temperatures.

In order to evaluate the device parameters of the fabricated Si basedjinettomn,

the temperaturdependent dark currembltage (V) characteristics were measured.
The typical TV characteristic of InzZIS/p-Si/Al sandwich structure is shown in

Fig. 4.26 (a) and corresponding selngarithmic plot of these measuremeiatre

given in Fig4.26 (b).As seen from figurgthe rectifying behavior of the deposited
heterejunction structure was observed. [16Rectification factor (RF)e/Ig, (ratio

of forward and reverse currents), was calculated for all voltage and temperature
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variations and the maximum RF value was observed on the order abdwaP20K

and 0.9 bias voltage. The effect of the sample temperature and bias voltage on the
rectification factor was shown in Fig.27. As seen from this figure, the RF values
increases with increasing voltage at constant temperature. On the other hand, at each
voltage steps, the RF values decreases with increasing ambient temperature. The
reaction of RF with temperature and bias voltage variatarserved in Fig. 4.27

may be relatedo thetrap levels localized at the interface and inhomogeneous trap
distributionin the bulk of heteratructure256, 257).
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Figure 427: Plots of rectification factor (RF) versus V

at different ambient temperatures.

Parasitic series and parall¢shunt) resistances are in a significant role in
semiconductor deviceghese resistance effects manipulate the experimental |
characteristics of the diode causing saturation effects at the high forward and reverse
bias regions.The series resistancBd) relates to the resistance effects of both diode
structure and contact regie [183. On the other hand, shunt resistanBen)( arises

from surface leakage along the edges of the devicectdafe crystalline structure

[258] and device amhthe surfacanhomogeneities [299In Fig. 4.26 (b), from the
deviation regions at high forward and reverse voltagesand Rsh values were
calculated from the parasitic resistance in the forward and reverse voltage range of

1.53.0 V, respectively, and the obtained values were given in TatR As
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observed from théable, the magnitude of both resistance decreases undefebe ef
of increasing temperature. This situation may be relatéaetancrease in the density
of the free charge carrietsy bond breakingandbr detrapping mechanism2p0,
261].

Table 4.12: The device parameters of th&Zis/p-Si hetergjunction by usingthe

parasitic resistance and Schottky diode equations.

T(K)  Rs(W Rsh (W) n lo (A) qab (eV)
220 3.95x10 1.08x10 2.73  2.41x10'° 0.62
240 3.54x10 4.60x16 2.65 5.88x10% 0.66
260 3.29x10 1.92x16 2.56 1.61x10° 0.69
280 3.03x10 8.27x160 2.48 4.25x10° 0.73
300 2.73x16 3.35x16 2.45 1.18x10° 0.76
320 2.35x10 1.12x16 2.43 4.17x108 0.78
340 2.10x106 5.04x1¢ 241 1.03x10’ 0.81
360 1.94x10 2.45x1¢ 2.40 2.37x10° 0.84

As shown in Fig4.26 (b), at lower voltage regiolower than 0.5 V, the forward
current followsthe appliedvoltage as in the case of the Schottky barrier diodes. In
this part of the-V plots, forward currencthanges wittapplied voltage exponentially
and as a result of this, the data wstedied under the congithtion ofthe standard

diode equatiomas
1 W
© 0Qw rf—NQY p (4.35)

whereq is the electron chargé is the Boltzmann constant, is a dimensionless
factor representing the diode ideality fact@rjs the applied voltage and is the

saturation current given by the expression,

nB

'O 00°'YQwn Oy (4.36)
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In this equationfip is the potential barriei is the effective diode area of 1.5%410
cm?, A is Richardson constant13. The ideality factor and the barrier height were
calculated from the senmgarithmic plot of currenvoltage characteristic of the
diode. The ideality factor values of the diode at studied tempereggien were
evaluatedrom the slope of the Figt.26 (b) by using the relation,

;;E %Q!Q—'d? (4.37)

The obtained ideality factor and the barrier heigdues are tabulated in TablelZ.

and showed in Fig4.28. In order to determine the dominant current transport
mechanism in the junction, the ideality factocan be used. Thevalues were found
greater than unity, therefore it reveals that theraxaitation over the barrier is not

the dominant transport mechanism. Usuallis expected to be in the range between

1 and 2, however, the calculatedalues are higher than 2 and it is thdication of

the possible transport mechanisms in the conouti63]. Investigation of transport
mechanism on the fabricated diode in studied temperature range was made by
assuming that tunneling, interface recombination, recombinrggoeration in
depletion region, and space charge limited curr&@LC) could ke a possible
conduction mechanisms. Moreover, the activation energy for each transport
mechanisms was determined by analyzing the slope of the charactevisttations

[267.

24 0:90

. @ s ] (D)

2.7 -

2/ =

n
-
b, (V)

1]

065 -

FEE =

T T T T T T T B0 Ly T T T T T T T
220 240 260 280 00 a2 0 380 294 220 2680 280 300 320 340 360

T{K} T K}

Figure 428: The variation of (a) the ideality factar) @nd
(b) the barrier heighti(p) with the sample temperature.
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Initially, thermionic emission (TE) mechanism was discussed. In additio19
In(1o/T?) versusl/T plot should be linear teatisfy the validity if thermally activated
current transportmechanism[263], and the linearity is observed in Fig.29.
However, with the 0.29 eV activation energy, the conduction mechanism is not
affected from this mechanisnThe decrease i, and increase in tha with
decreasing temperatur@sdicated thattunneling thermionic field emission(TFE)
and/orfield emission (FE) may be dominanturrenttransport mechanisri264].

Under these analyses, tunneling may be possible mechanism for the charge carriers
having lower energies than the top of the barkwever, only high concentration
about 16810 cn® can provide tunneling in the current flow, and as a result the
tunneling become the donant factor in the junction g2f]. Consequently, tunneling

may not be the most effective mechanism in this desfiagcture. The requirement

for interface recombination (IR) transport mechanism, the activation enehgflodf
versusl/T (Fig. 4.30) should be approximately equal to band gap of Z&5|[ From

the corresponding graphical relation, the activation energy for interface
recombination was found about 0.33 eV, and it cannot satisfy the requirement of this
transport mechanism model. In order to analyze the suitability of the model based on
reconbinationgeneration (RG) in depletion region, th&(lo/T°?) versus 1T is
plotted in Fig.4.31. By this modelthe idealiy factor value is equal to 2 [1§3s0

that activation energyound from the slope dh(lo T%?) versusl/T plot (0.40 eV)
shouldbe closeo hdf of the band gap of ZIS?62 266. According to these results,
therewas insufficient evidence for these modets satisfy thedominant transport

mechanism.
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Figure 4.32: Plot ohkT/qversuskT/qgfor the rZIS/p-Si device.

Although, the ideal TE model requires thmashould be equal to 1, ithe plot of
nkT/qas a function okT/q(Fig. 4.32), there is a linear behavior with thlepe closer

to unity. Deviation of thd@ effect is usually accomplished by this type of plot &nd
indicatesthat there can be a modified thermionic emission transport ni@igl It

shows that the ideality factor is temperature dependent and the observed values need

to be modified over the TH his modification can be expressed as
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»
E P o (4.38)

whereTo is a constant independent of temperature, however depesfdéetapplied

bias voltage [26B This model is the modification of TE wiffy, and thisanomalyis

related to the interfacial disorder at or near the junction. From the4Bg, the
relation betweem and inverse temperature givés as 211.5 K. This observation
further indicates that the conduction mechanism operating in the junction seems most
likely To affected current transport mechanism across the junction for this sample in

the whole temperature region.
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Figure 4.33: Plot of versusl/T for the rZIS/p-Si device.

However, the predominant current transporthamism is found to be depead the
other control mechanism. At higher voltages in the range of 0.8 V, current is
observed as being proportional to the exponential power of voltage 4Bi).
Therefore works onSCLC mechanisnwereconcentrated othis region. According
to the typical SCLC characteristic, currdnis proportional toV with the following

equation,

(4.39)



whereUis the dielectric constanty is thefree spac@ermittivity, € is the mobility of
charge carrierdNc is the effective density of states in the electronic band etige,
the samplahickness No is the trap density per unit energy range at the conduction
band,| is a power ofV given byl=m-1=T+/T. The figure clearly showsthat the
applied voltageausesan exponentiathangein the slopes of curveas expected for
exponential distribution of traps by the E§39[269]. According to this equation,

calculatedm, | andTr values as a function of temperature are listed in Tah®

1
v

o« K 4 4 Ave

e

VvV

vy b

\
\
1
\
\\
LR
Ay

Y

\,

\

S U S S S N

NN

AT U B T T

LI 2R 3

hY

A
ARATANNY Y
AR

\

A

AR TR URY

AY
\

\\\\
pde

\
u

@ v AOd4d)pen

220K
240K
260 K
280 K
300 K
320 K
340 K
360 K

-0,1

Figure 4.34: Plots dh(l) versudn(V) for the rZIS/p-Si device.

By using the Fig4.34, the order of voltage relation was found to be greater than 2
that is related to the energy distribution of traps instead of discrete (seelJ able
4.13). This indicates the existence of tI®CLCs with the e&ponential trap
distribution [263 27(. Tt is a parametedepending on temperature aafiects the

exponential distribution of trap#t can be written as,

0
60 §QbN my (4.40)

whereN(E) is the trap density per unit energy range at an engrigyver thanthe
conduction band edge. The SCLC measuremeantspresenteliable resultson the
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locations of trapping states and the density thiem in the energy gap of the
semiconducting mateais. The total concentration of trapl is givenas P71, 277,

o0 0 Qy (4.41)

In order to determine botlRr andNo, In(l) versusl/T at different bias voltages was
plotted in Fig.4.35. The slope of the figure can be analyzed according to the
equation P71]

QuE0 ., - B
ae

- 4.42
apY Y tEaT (4.42)

At high voltage region, the traps are saturated and as a result of this, the current
become space charge limited. Therefore, the injected carries directly contribute to the
current conductiomprocess and this charge carrier contribution increases the current
flow. As given in Table4.14, the values ofNt and No increases with increasing
applied voltage which can due to thermalgnerated more charges [25®n the

other hand, T+ values show generally decreasing behavior with increasing
temperature, which means that the entire distribution of traps lie narrower energy

interval in the band gap with increasing temperature.

Table4.13: The SCLC analysis results of th&Is/p-Si hekerojunction diode.

T (K) m | Tr (K)
220 10.67 9.67 2127.84
240 9.48 8.48 2043.50
260 8.47 7.47 1942.23
280 7.54 6.54 1831.34
300 6.63 5.63 1689.81
320 5.63 4.63 1480.80
340 4.96 3.96 1347.73
360 4.36 3.36 1211.36
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Figure4.35:Plots ofin(l) versusl000/Tfor the rZIS/p-Si devices of

different bias voltage

Table4.14: TheNr andNp values obtained by using the SCLC analysis with different

voltage values in the high bias region at examined temperatures.

N (106 %)

No (x1088 m3)

T V=0.5V V=0.6V V=0.7V V=08V V=09V V=0.10V
220 6.65 6.23 4.63 3.03 2.08 2.12
240 6.92 6.48 4.92 3.30 2.31 2.31
260 7.20 6.73 5.23 3.59 2.56 2.51
280 7.55 7.04 5.62 3.97 2.90 2.78
300 8.02 1.47 6.17 4.52 3.40 3.20
320 8.77 8.14 7.08 5.47 4.30 3.98
340 9.38 8.59 7.21 6.17 4.99 4.62
360 9.83 9.09 8.45 6.99 5.81 5.43

The FV plot for the reverse voltage region can be observed in4223.. Current

transport characteristic of the diode in the reverse voltage region cannot well

described by usual diode characteristic. There is an increasing behavior in the reverse

current on temperature as givenimlr) vs. T plot (Fig.4.36) and this rsult can be
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taken as the indication of tunneling mechanemid modeled as presented in [R73
According to this multistep tunneling model, th& Irelation for the reverse bias

region can be expressed 234,
0 . 0
—Qowf AR Q) — 4.4
- QR ) G0 <5 (4.43

wherea is the lattice constant aridi is the traps concentration for tunneling process.
Moreover, for the tunneling characteristic, the temperature dependenieeisof
implicit in Uy in this expression [275As multi-step tunneling is considered, the
number of tunneling steps was found in the order éfal@l the trap concentration

about 16, and these values decreases with increasing sample temperat4r8g)ig.
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Figure4.36: Plot ofin(Ir/V) versus( &V)*?for the nZIS/p-Si device.

The results of the &/ measurements atbom temperature with respect to the
variationof the frequency for the-AlS/p-Si diode aregiven in Fig.4.37. This graph
showsthat there is no remarkable change in the capacitance values at all voltage
region, whereadow capacitance dispersion digh positive voltage region is
observedThis is the case that the minority carrier concentratimnotfollow the
frequency changat the any applied voltage value. Therefore, it rbayresulted

from the posible traps in the surface and@bulk region 15].
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Figure 437: Room temperature-¥ plots of nZIS/p-Si hetergjunction

under differenfrequencies

From the GV analysis, reverse biasC? plots of this diode under different
frequencies are shown in Fi¢.38. As seen in this figure, the is an almost linear
variation of the C? valueswith V. This linear behavior observed in thiglot can be
attributed to the uniformity ithe carrier concentratioand also abrupt nature tife
junction[6, 276. Moreover,the ptype Si wafer used in this junction formation has
very low resistivity valuevith compared to the depositeeZits thin film layer, this
junction can be assumed actingaae sided abrupt junction, sd € characteristic
can beevaluatedas a Schottky diode76, 277

o o QY

5 (4.44)

whereVy, is thebuilt-in potential A is the effective area of the diode aNgis the
donor density of ¥ZIS layer.Starting from this relationthe slopeof the Fig.4.38

can beexpressed7q as
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B ¢
Qw no --0

(4.45)

which is used to determine tbkarge densitiNg, and the intercepto of this figure at

the votage axiscan be attributed t@; as,

® o 2% (4.46)
Then, the barrieneightof the device can be obtained from this intercept value as
B no Qv (4.47)

where/ is the penetration of the Fermi level in the gap of the semicond@&ifr [

From this relation, the calculated barrier height values are in aagreeé mentvith

the results of the darkVt analysis. However, these values are around 0.80 eV at the
lower frequencies whereas they decrease to about 0.65 eV with increasing the
frequency value. In this case, the calculated donor density values are approximately
equal to each other with a very small variations and the average value of them is
found as 2.78x18 cm?®. This value is also in a good match with the Heflect

results of the agrown ZIS film sample.
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Figure 438: The variation o€2 with voltage for the fZIS/p-Si device
under different frequencies

At low frequencies in the @ measurements, the measured capacitance values are
regarded as being with the effedtstatesn the depletion and interface regior@n

the other handthe high frequency capacitance valussn be resultednly from the
statesin the depletion regionUnder this consideration, capacitance valuwese
plotted with respect to frequency values at zero bias case 4B#@). Then, the
frequency dependence of zero biased capacitance vafae®bserved as being
strong at low frequesies compared to the values at high frequencies. Therefore, this
indicated that thereveresome high interface states generating higher capacitance in
the junction[278]. Thus, this expression roughfjavethe number of total interface
statesNss by using the equatiof278, 279,

¥ (4.48)

whereCo ow andCo high are the low and high capacitance valuespectively At zero
bias and room temperature, the number of interface states was calculated from the
high andiow capacitance values to be 6.87%&672V1 [279, 28(.
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Figure 439: The variatiorof capacitancat zero biasvith frequency

in then-ZIS/p-Si device

After these IV and GV analysis, the band diagram of the fabricatedl®/p-Si

heterojunctioowasc onst ruct ed

In this diagram, the eb#ron affinity valuewas estimated from the ZnSe band

on

t he

b a ¢.40% [284. f

structure[282 and also from the results of the optical analysis of @8 plesthe

fundamental band gap value of thegaswn film wasused. Then, with the calculated
room temperature barrier value, this band diagreas approximated for the ZIS

type of structures. In addition, the electron affinity and the band gap oftipe 5+

waferwasaccepted as 4.01 ednd 1.1 e\[283]. In this band diagram, as a result of

Ande

being an abrupt heterojunction, between the conduction and also valence bands of the
layers, band offsetaere observed. Thushe conductionand valenceband offset

valueswereapproximated at be abou0.86 and 1.73 eV, respectively.
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Figure 440: The band diagram of theZIS/p-Si device.

The spectral photeesponse measurements are based on measuring the photocurrent
as a function of the illumination wavelength. In order to determine pdpotral
working range of the junction the wavelength dependentnieasurements were
carried out inthe spectral range of 4B00 nm. This measurement was also
performed in order to see the effects and contributions-$f gnd RZIS on this

device structure. According to the phaetsponse measurement, the band edges were
found tobe at 620 nm and 118tn (Fig.4.41). From the ZIS thin film layer, the

main photecurrent peak corresponds to 2.0 eV. The other peak is originated from

the band gap of the Si substrate, which is around 1.1 eV.
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CHAPTER 5

RESULTS AND DISCUSSIONS?2
(Cuo.sAgo.sinSex THIN FILM LAYER)

5.1 Introduction

Polycrystalline thin film solar cells based on CIS and AIS ternary chalcopyrite
semiconductocompounds belong to a group efill-VI> compounds are popaid in

solar cell applications J2and nonlinear optical devices due to being stable and
efficient absorber material [40 Family of these ternary chalcogenides is
isoelectronic with the zincblerdll-VI compound semiconductors. By substituting
two cations instead of one in a regular zikende type lattice, alternative series of
bonds can be obtained which results in differences with respect to the structural,
electronic and optical propertieshdse chalcopyrite semiconductors within the same
family have direct band gap, and high absorption coefficients, which make them
popula in the device applications [#1Recently, the quaternary structures have been
preferentially studied by different resel groups due to the advantage of tailoring
suitable values of lattice parameters and energy band gap via the proper choice of
composition to reduce the disabilityf the constituent elements [490n this
purpose, the maximum solar cell efficiency obgginfrom the Cu(ln,Ga)Se
quaternary alloy system that achieved through group Il isoelectronic substitution of
In by Ga. Therefore, the research on group | substitution is based on the similar

benefit of these works and Ag is of greatnaist as a substie for Cu [56.

Studies on the quaternary compoundyAQi-«xInSe (similarly Cu.xAgxInSey) films
as an absorber material for hetguaction solar cells are a subject of interest since
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by changing the composition of the constituent elements in therqaatealloys, it
enables to the tuning of the material properties. Therefore, this quaternary alloy,
which is the combination of the ternary chalcopyrite compounds CIS and AIS, can
give opportunity to change the structural, optical and electrical chasticenof the
material for the requirements on usage. The optical band gap of these compounds for
x=0.5 is lying in he range of 1.05 eV1.24 eV [42, 4B As it is known, very little

work has been reported on the growth and characterization of CAISfiltnin
structures. Most of the wks are related to structural [42, 48, 49], electrical [45, 49],
optical properties [436, 49, 52, 53, 56], and device behaviors [4],BCAIS thin

film deposited by different deposition methods.

5.2 Structural Characteri zation of CuosAgosinSe: Thin Films

The compositions of the films were determined by EDS in order to study the
stoichiometric compositions of the deposited thin films. The atomic ratios of the
elements relative to each other in the CAIS thin films wabeilated in Tablé.1

with respect to the annealing temperatures.

Table5.1: EDS results of agrown and annealed CAIS thin films

Sample Name Cu (at %) Ag(at%) In(at%)  Se (at %)

As-grown 12.11 9.98 24.32 53.60
Anl-300 12.57 10.28 24.33 52.82
Anl-400 12.67 10.98 26.23 50.11
Anl-500 12.87 11.04 26.47 49.61

The films formed at the substratemperatureof 200AC wer e found to be
stoichiometric. Although there were slight changes in elemental composition of the
films with the annealing processes, the films kept its stoichiometric characténistic.
the EDS analysis, all films were found to be deficienB&and this deficiency was
increased by increasing the annealing temperature due to -theaperation of
weakly bounded Se from the substrate surface during the annealing process because
Se is more volatile than the other elements. Since the EDS qtieatdaalysis is
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based on the relative abundance of the constituent elements in the composition,
decrease in the Se ratio may result in increase in the ratio of the other elements.
However, except Se content in the structure, the deviation of the ratomstituent
elements from agrown film to annealed film at 508 C swalow the detection

limit (D2%) of the measuring system.

The thicknesses of the films were measured electromechanically by a profilometer
and they were found about 540, 530, 520 a®@ Bm, for the agrown films, and

films annealed at 300, 400 and S8 , respectivel y. Accordi

measurements, the film thickness of the all films could be accepted as in the same
order of magnitude around 500 nm. However, the slightedese in the thickness
values with increasing the annealing temperature can be taken as the indication of the

decrease in the amount of some constituent elements in the structure of the films.

XRD analysis was performed to investigate the phase formatidrio compare the
crystalline size under the effect of annealing temperatidesides, these analyses
help to observe the possible changes in the film structures depending on the
compositional differences and annealing temperatdnes.characteristi dvalues

and intensity values of the diffraction peaks corresponding-gwagn and annealed

thin films for each deposition were compared with each other with the appropriate
XRD data sets from ICDD data bag&cording to the XRD results, the-gsown

CAIS films reveal single phase and polycrystalline natir¢he XRD measurements

of the thin films, the high intensity reflection was obtained at the majordefk 7 A
which indicates the preferred orientation of CAIS films. It is reported as in the (112)
phase orientation and giving tetragonal crystalline structd@. [Actually, the
growth ClISusually leads to filmsvith preferred (112) faceting [2B4nd the same

has been found true for the other ternary constituent steycd® films [283. As
shownin Fig. 5.1, the peak intensity of the (112) reflection of the CAIS phase
dominated all XRD spectrdy increasing annealing temperaturiee tpeak of the
preferential orientation (112) becomes mortense;however there is no noticeably
change in peak positions of samples annealed at different temperduoresver,

the additional phases were observe@ @ osi ti ons of about 36,
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the corresponding (211), (220/204), (312/116) and (423/@2Btaline orientations,
respectively [48 These XRD profiles are in a good tola with the previous works
[42, 48, 49, 55, 28&87. In adlition, there are no any extra diffraction peaks in the
XRD pattern of CAIS films from the formation of additelnmixture of crystalline

phases different than the quaternary structure.
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Figure 51: The XRD patterns of the @sown and annealed CAIS thin films at

different temperatures

The crystalline sizes in the CAIS thin films were estimated and comparadiry
Scherer formulag88 where k was taken as 0.94 derivedni the simple cubic
crystals [289 The results of this calculation is not related with gteain or
composition variationgn the structureas a source of peak broadening, so that the
grain size values can be underestimd®2a{]. From this analysis, the grain sizef

the asgrown and annealed films were calculated in the order of 6.5, 7.1, 8.6 and 12.9
nm, respectively. This result can bdated to the improvement in the crystalline
structure under the annealing procegsrnary analogs, CIS and AIS structures,
belongs to the tetragal crystal system whem@-2a[291]. The lattice constants of

the CIS and AIS structureerereported as about 58 7 62 92 ][ and 6. 106 | [ 2
respectivel y. Therefore, the | attice constan
bet ween these values as in increasing behavi
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Vegar d @9 Thaswvuadfral parameters for the CAIS thin films with the same
diffraction spectra were reported @&s0.5937 nm and=1.1633 nm according to the
peak positins of the diffraction phasedd]. Therefore, the tetragonal distortion for
these chalcopyrite materialsas found approximately as 0.040. From the XRD
results of the films and by using B2, the strain values were found as 4.12, 3.79,
3.09 and 2.07 (x1®) for the asgrown and annealed samples, respectively. This
result showed that with increasing in graimes the strain value of the CAIS films

decreased with applying thermal annealing and increasing annealing temperature.

This alloy is the quaternary analog of the ternary CIS and AIS semiconductors.
Because of the lack of the reported work on RamanspetCAIS structure, simple
structural relations between these ternary and quaternary compounds were discussed
in order to investigate the lattice dynamics of the deposited films5Righows the
Raman data including three observed peaks. The mostsentRaman peak was
identified at about 175 ctwhich was positioned between the CIS Ramamade

177 cm! and AIS Raman Amode 172 cm [295]. In fact, A1 mode which is the
strongest mode generally observed in the Raman spectrélle¥ll. chalcopyrite
compounds [296 Therefore, these peskould indicate the A1 Raman mode of this
type of quaternary semiconductor structure. A1 mode appears for all samples in as
grown form and annealed at different temperatures and it was reported thsitynte

of Al peak is directly proportional torystallinity of the sample [297 This result

also verifies the XRD results of the samples. In the Raman spectra of CAIS films,
there were two very weak peaks with respect to intensity of the main peak. khe pea
at 213 cmt can be attributed to the B2/E1 (LO) mode which corresponds to the 215
and 216 crit for CIS and AlSrespectively [29F The other Raman frequency at 230
cmt can be assigned to the B2 (LO) maaeobserved in CIS structure [2929§].
Thesemodes reflect the vibration of ii&e atoms in antiphase [496n fact, the
Raman peaks iB2 and E modes arattributed to theexcitation for light polarized
paralel and perpendicular to the optic axis, respectivEhere is no signal related to

any seondary phases or contamination. Since the spectra of CAIS films seem to be
reliable and complete with the reported data for CIS and AIS compounds, their

structures could be confirmed as to be chalcopyrié analysis was based on the
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comparison betweeternary and quaternaryompoundsitherefore, further studies

are necessary for this compound.
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Figure 52: Raman spectraf the asgrown and annealed C&lthin films at different

temperatures

In order to study the surface morphology of the samples, BElsurements were
performed and the SEM images of thegaswn and annealed CAIS samples are
shown in Fig.5.3. In general, SEM micrographs clearly show the structure
homogeneities and surface uniformity of thien8 with grainsizes in about tens of

nm. As seen in Fig.3 (a), surface of the agrown sample has a smooth, compact,
and densely packed morphology. Although the crystal structure of the CAIS samples
was considerably improved by annealing, segregation effect was observed on the
surface of the arealed samples. According to the EDS analysis of these films,
considerably decrease in Se ratio was observed with the effect of annealing. Together
with specific EDS analysis, the segregated regions on the surface of the films was
found that the relativelglark regions on these film surfaces are the indication of
possible segregation of Se atoms and/eev&poration from thin film surface due to

the high vapor pressud Se [299. In addition, there are no any pinholes and voids

observed on the plangew SEM images of films.
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Figure 53: The SEM images of a) the-geown and annealed CAIS thin films at
b) 300, c) 400 and d) 500 C

In addition to the SEM analysis, AFM measurements were carrieth aldtain the
topography of the filmsince it is extremely sensitive to surface conditions than
SEM imaging. Fig.54 shows the 3D topographic images of the CAIS samples.
Although surface morphology of the all CAIS samples seems similar to eactasther
a result of SEM analysis, the AFM measurements revealed that the formation of
crystallites on the agrown film surface. These bright grains can be evaluated as Se
crystallites accordingo the pevious studies [286 As reported in this work, with
annealilg process under the nitrogen atmosphere, these Se spots disappeared. This
may indicate the possible -evaporation of Se from the surface of the films by
annealing process he surface morphology from AFM studies shows thatafe
grown film samplesre smooth withhe rootmeansquare (RMSyurface roughness

of about 1015 nm except the Se crystallitpged up irregularly on the surfacéhe
roughness values detected from this analysis foatimealed films were 15.5, 6.5,
and 8.3nm, respectivelyAs a result of thisthe surface of the filnis observed as
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beingmore closepackedby applying the anealing process at 300 and 48@COn

the other handthe further annealing process at 580C s h ihat thel grain
formation on the surface of the filnwas collapsed and the surface roughness was
decreasedTherefore, this result indicatedat the annealing processes with different

temperature significantly affestithe morphology of the films.

Figure 54: The AFM image®f a) the aggrown and annealed CAIS thin films at
b) 300, ¢) 400 and d) 500 C

The detailed XPS peak shape analysis of the core level spectra of the films was
carried out to determine the chemical bonding nature of surface andumtsare
region of theCAIS samples. Besides, in order to carry out XPS depth profiling, the
surface atomic layers were sputtered by using\2 Ar+ ions for 5 min in a well
controlled manner. XPS spectra of the CAIS films wgesvn form and annealed at
different temperaturesefore and after spiering were illustrated in Figh.5 and5.6,
respectively. The existence of C peak in these spectra may be due to the
contamination effect of the substrate, evaporation sowepositionsystem and
characterization instruments. Inchiibn, there is O 1s photoelectron peak in the XPS
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spectra of the films before sputtering process. The reason of this background signal
even it was in the agrown form indicates the experimental contamination as it was
expected for the existence of C ge@his contamination on the surfaces of the films

also increas with increasingn anneéing temperature. This indicatedat although

there were in an argon flow in annealing furnace during annealing, the samples may
be oxidized in these processes accidentally. The given XPS spectra ofgttosvas

and annealed CAIS thin films atifferent temperatures includeall constitient
elements; Cu, Ag, In and Se. Then, the XPS analysis was done for the identification
of the dominant photoelectron peaks of these elements observed in the spectra.
Therefore, In 3d, Cu 2p, Ag 3d and Se 3d peaks were analyzed near the surface and

local chemical environment by Gaussian fitting analysis.
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Figure5.5: The XPS spectra of the-ggown and annealed CAIS thin films

at different temperatures before sputtering
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Figure 56: The XPS spectra of the-geown and annealed CAIS thin films

at different temperatures after sputtering

Fig. 5.7 shows the valance band electronic structure of In-grasn and annealed
CAIS thin films. From this figure, the corresponding photoelectron peaks were
observed as a wetlefined spiinorbit doublet with an obvigs separation between
the 3/2 and 5/2 sublevelShe XPS analysis of In 3d peak with fitting parameters
were summarized in Tab&2.The binding energy values obtained from I, 3ukak

are also given in Tablg.3 and corresponding energy separatietween these two
components formed by the spanbit coupling are calculated as 7.8, 7.9, 7.7 and 7.5
for the asgrown film and annealed films at 300, 400 and 0C r especti vel y.
Although these peak positions are very close to each other, an inobssseed in

the binding energies may be due to the increase in the oxidation state which causes a
decrease in the screening of the mdelectron from the ion core [3pOMoreover,

local chemical environment on the surface of the films may also causessittalin

XPS peak positions with respect to the each other.

160



465

@ , In-In
\
n In 3d 3/2
H
b= ]
£
Lt
>
%
c
o
E
\
v T T T T Y T T T T
430 435 440 445 450 455 460
Binding energy (eV)
(© In 3d 5/2 pllibe
A ~——In-In
z In 3d 3/2
c
=]
g
8
s .
Z
c
8
E j
ar N\
T T T T T T
430 435 440 445 450 455 460

Bindina enerav (eV

)

465

43

—=—1n3d
(b) In 3d 5/2 In-n
) N
£ |
5 In 3d 3/2
e}
E |
2
‘©
c
g
E
gy A\
T T T T T T o T
430 435 440 445 450 455 460 465
Binding energy (eV)
—=—In3d
(d) In 3d 5/2 o
|
—_ /
g I
5 In 3d 3/2
= | ¥
g '
.
2
3
=
0 435 440 445 450 45

5 460 465
Binding energy (eV)

Figure 5.7 In 3d core level XPS spectrum for a) thegaswn and
annealed CAIS thin films at b) 300, ¢) 400 and d) A0D

Table 5.2: Decomposition parameters of In 3d photoelectron peak with respect to

3ds2line
Sample Bonding B.E (eV) (Observed  B.E (eV) [Ref]
As-grown In-In 450.9 451.4 [219
Anneal ed In-In 451.8 451.4 p19
Anneal ed In-In 451.2 451.4 P19
Anneal ed In-In 451.5 451.4 P19
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Table 5.3: Decomposition parameters of In 3d photoelectron peak with respect to
3d5/2 line

Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 443.1 444.0 20
Anneal ed 443.8 444.0[220]
Anneal ed 443.6 444.0 [220
Anneal ed 443.5 444.0 [220

The corelevel spectra of the Cu 2mgion are illustrated in Figh.8 for the CAIS

films. The corresponding peak intensity increased with annealing temperature which
is consistedwith behavior as found from compositional analysis. From these
photoelectron lines, the sporbit doublet of the Cu 2p core level transition at
binding energies of about 931 and 98X were observed and the corresponding
fitting parameters are listed in Taldel and 55. In addition, for the agrown CAIS
sample, there is a strong €satellite positioned at around 942 eV [J0IThis
satellite feature was related to shalge transitios by ligam-to-metal 3d charge
transfer [302 303. However, the sphorbit splitting seemsto be approximately

constant for agrown and annealed CAIS films.
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Figure 5.8 Cu 2p core level XPS spectrum for a) thegeswvn
andannealed CAIS thin films at b) 300, ¢) 400 and d) A0D

Table 5.4: Decomposition parameters of Cu 2p photoelectron peak with respect to

2ps2line
Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 951.1 951.6 [304
Anneal ed 951.5 951.6 [D4]
Anneal ed 951.2 951.6 [D4]
Anneal ed 950.8 951.6 [D4]
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Table 5.5: Decomposition parameters of Cu 2p photoelectron peak with respect to

2pzi2line
Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 931.1 932.7 [D5]
Annealedat 3 ( 931.7 932.7 [D5]
Anneal ed 931.6 932.7 [D5]
Anneal ed 931.3 932.7 [D5]

Similar to theXPS analysis of In, the intensity of the elemental photoelectron line of
Ag 3d core level increased with annealing proceSdesn, thedetailedpeak analysis

was illustrated in Fig5.9. Due to spirorbital splitting of Ag 3d core levels, Ag 84

and Ag 3d;2 sublevels were observed in all XPS spectra of the CAIS films. The
Gaussian fitting result@eresummarized in Tabl6.6 and5.7. Although position of
orbitals in atom is sensitive to chemical environment of atom, the peak positions and

splitting energies are very close to each other.
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Table5.6: Decomposition parameters of Ag 3d photoelectron peak with respect to

3dk2line

Sample B.E (eV) (Observed. B.E (eV) [Ref]
As-grown 372.9 373.4 [D6]
Anneal ed 373.7 373.4 [306
Anneal ed 373.0 373.4 [306
Anneal ed 373.4 373.4[306]
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Table5.7: Decomposition parameters of Ag 3d photoelectron peak with respect to
3d2line

Sample B.E (eV) (Observed B.E (eV) [Ref]
As-grown 366.8 368.1[307]
Anneal ed 367.6 368.1 B0O7]
Anneal ed 366.9 368.1 B07]
Anneal ed 367.3 368.1 B0O7]

Fig. 5.10 shows the XPS spectra of Se 3p core level fegras/n and thin films

annealed in the temperature range o-300AC. As seen iwastohi s figur
any contribution to the Se 3d peak formation and also the effect of tHeodpin

splitting associated to a 3d core level. The experimental curve fitting results for the

Se 3d photoelectron peaks are given in Tal8eA low chemical shift in the biting

energy may be due to the relative effect of the atomic composition in the film

surfaces.
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Figure5.1Q Se 3d core level XPS spectrum for a) the@svn
and annealed CAIS thin films at b) 300, c) 400 and d)A@

Table 5.8: Decomposition parameters of Se 3d photoelectron peak with respect to
3ds2line

Sample B.E (eV) (Observed B.E (eV) [Ref]

As-grown 53.9 55.5 [P
Anneal ed 53.9 55.5 [308
Anneal ed 53.2 55.5 [308
Anneal ed 53.8 55.5 [308

5.3 Optical Characterization of CuosAgosinSe: Thin Films

The analysis of optical spectra is one of the most useful tools for understanding
electronic struatre of the semiconductors [BIThe optical properties of the CAIS

films was evaluated by transmittance measurements in the wavelength interval from
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325 to 1100 nm at roomneerature. As seen in Fi§.11, an enhancement in the
transparency when CAIS thin films were subgecto annealingetween 30600A C

was observed in the optical transmission values of the films with a 40% maximum
value. This variation in transmission spectroscopy of the materials might depend on
the structural transformations and possiblendering on the surface of the tHim

with annealing process [2B6In addition, as indicated in EDS analysis, the re
evaporation or segregation of the some constituent elements form the surface of the

films may change surface characteristics of the films to metallic behavior.

40 -

As-grown
Anl-300
Anl-400

Anl-500
30 4

20 +

Transmittance (%)

10

r-4v r 1T 1T 1T 1T " 1T
400 500 600 700 800 900 1000 1100

Wavelength, % (nm)

Figure 5.11 The transmittance spectra of the CAIS samples

The absorption coefficient){ of the samples were calculated using the transmission
values by means of the relations given in E®§ and Eq4.10. whereT ( & Xhe
normalized transmittance an@ thickness of the thin films.The absorption
coefficient of the films was calculated in the visible region and they were found in
between8.5x10* and 7.040° cmi! depending on both the corresponding wavelength
value and structural variations with annealing process. The poor transmittance of the
films can also be inferred from the high absorption characteristics of the films, since

they are evaluated as the absothger in device applications [3P9
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Fig. 5.12 depicts the relation between absorption coefficient and photon energy for
the CAIS thin films in the high absorption regiaportedby Tauc [310] and Davis

and Mott [31] from which the optical band gap wdstermined. As showinom this
figure, there is only one direct optical transition that gives band gap energies for the
asgrown and annealed films as 1.51, 1.50, 1.48 andé\44espectively. Although

the calculated bang gap values are different tharresults reported by other CAIS
works 43, 5254, they are in a good agreement with resuligoreed by several
researchers [31216]. The differences with the results of the othreportedworks

may be due to thpossiblemorphologicalvariationsand also deposition conditions

for the films. However, the variation in the band gap values with the annealing
processesndtemperaturesvere higher than the substrate temperatswoeit can be
attributed to the observed structural modifications. This ch@égéso evaluated in
terms of the increase in the band tailing in the structure under the effect annealing
[314. Therefore, by increasing the annealing temperature, the widtbcalized
states tailsmay increase and so that it can be explaibgdncreaing of surface
danglingbonds around the crystallites [J1dnd increase in the density of tail states
adjacent to the band ed{&l5]. Although the spin orbit andrystal field splitting
behaviors were reported in the literature for this film structde R1, 22, 2J
valanceband splitting was not observed in the measured optical spedtra films.
Since it is not a general expectation for the chalcopyrite fil20§,[317319, the
nature of thesingleopticaltransitionin both asgrown and annealed CAIS thin films
can be relatedvith the strain valuesin the structuresOn the other handhe
variationsin the fundamental band gap values between this experimental work and
the previous studies on CAIS structure may be tuthis norcubic crystalline field
effect [32Q.
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Figure 5.12 The variation of U R with the photon energy for CAIS samples

5.4 Electrical Characterization of CuosAgosinSe: Thin Films

The electrical and photelectrical analysis of the CAISilms were based on
temperature dependent conductivity under dark and illuminated situations, Hall
Effect measurements at room temperature and wavelength dependenteghottse
measurements. These measurements were carried out by the van der Pauw method.
Therefore, under this aim, the films deposited with Malészss geometry. In order

to determine the general behavior of the conductivity and the existent current
transport mechanisms, the dark conductivity analysis were done against the ambient
temperatre and the experimentdata was illustrated in Figp.13 As shown in this

figure, the conductivity of the samples is in an increasing behavior with increasing
sample temperaturd@he variation of dark conductivity as a function of temperature
shows diferent linear regions for samples excipt annealed at 508 Cwhich can

be taken as the indication of existence of different conduction mechanism
dominating in a different temperature region with different activation energies. These
energies also implthe existence of various defect levels in the forbidden band gap
region B12]. On the other hand, at the last annealing step, the variafidhe
conductivity values wasalmost temperature insensitiveThe semiconductor

properties of the film annealed3@0A Gransformed into a degenerate form with the
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effect of segregation and/or-exaporation of Se atoma the surface structure. As
seenfrom Fig. 5.13 there are three distinct slopes in the curve, two differgions

at the low temperature and oaehigh temperaturegegionsand more than one slope

in the conductivity graph indicates differegriergylevels Therefore, the expression

of the dark conductivity of the samples was determined by considering the all
possible conduction mechanism. At firtr the high temperature region where the
rate of the electron emission was excessively affected by the change in the
temperature, thermionic emission over the barrier was analyzed as a predominant
conduction type. Above the room temperature, the cakuilactivation energies
were264.2, 201.8 and 72.9 eV for-geown, 300 and 406 C anneal ed sampl
a good agreement with correlation coefficigRt,with a value of 0.99 (Fig5.14).

Since the conductivity for the sample anneale® A Gvas almost temperature
insensitive, the corresponding activation energy calculated in terms of thermionic

emission model in the specific temperature region was found as 28.2 eV.

Anl-400
®  Anl-500

f
[-]
1

| |

In(s (1/€2.cm))

\. . .
" q\“-._ '
A
2] = As-grown

L] & Anl-300

2 3 4 5 G 7 8 8 10
1000/T (1/K)

Figure 5.13 Temperaturaependent electrical conductivity ofgsown

andannealed CAIS films
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Figure 5.14Plots ofl n ¢FvErsusTin the hightemperature region
for the CAIS film in asgrown form and annealed at 300 and 40C .
Solid lines are the best fit lines accordingeq.4.21

In the low temperature region, 1200 K, the conductivity increases slowly with
temperature which indicates the temperature dependence of the electrical
conductivity obeyingvariable range hopping modeAccording to this model, the
possibility of passingover the grain boundary potential barrier is not taken into
consideration for charge carriers because of insufficient thermal activation energy.
Therefore, hopping can be agreed as a conduction mechanism between thallocalize
states near the Fermi levdd2, 154. As shown in Fig5.15 the conductivity of the
films at this specific temperature region obe35 Mott VRH model and e
parameters related to the MMRH are listed in Tablé&.9. In general, annealing
process lowers the conductivity by sonweder of magnitude 252. In the
polycrystalline materials, the value ©§v is a measure afegree of disorder in the
structure[321], and it showed thedecreasing behavior with increasing annealing
temperatureln addition, the VRH resultesndicatedthat the calculated density of
localized states near the Fermi level deadasth annealing temperature and it may
be due to the effects of annealing processherthemical bondse-arrangements in
the films [323. Besides, decrease in the conductivity casult in the diminishing
hopping states in the structure. The expected vallaofiN(Er) are about 19cn?
and 16° cm®.eV?, respectively [52, 323, 32hand these parameters listed in Table
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5.9are in a good agreement with these woilkee fitting and calculated parameters
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Figure 5.15Plots ofl n ¢FivErsusT-Y4in the lowtemperature region

for the CAIS film in asgrown form and annealed at 300 and 40C .

Solid lines are the best fit lines according to £82

Table 5.9 Calculatedparameters dflott VRH model

Tom Som U N(Er)
Sample (K) (KY2\em) (1/cm) (1/eVem)
As-grown 8.36x16 3.57x16G 3.32x16 9.16x1G6°
Anl-300 8.01x16 9.73x164 2.37x10 5.74x16G*
Anl-400 1.67x10 1.23x10 1.62x16 5.29x168
Sample Ru(cm) Wm(meV) R> UR Ww/ksT
As-grown 1.56x10° 68.5 0.98 5.19 3.46
Anl-300 1.03x10’ 38.2 0.98 2.89 1.92
Anl-400 1.21x10° 25.8 0.99 1.95 1.30

173



In thelow temperature region, 16070 K, EfrosShklovskii T' Y2 VRH model, where
Coulomb effect serves as a barrier to the conduction process, fits the experimental
data withthe regressiorcoefficient,R> with a value of 0.99 (Figs.16). The obtaind

values of the VRH parameters mgegiven in Tablés.10. According to these results,
there is a good relation betwettis modelandthe experimental conductivityalues

at this temperature interval, and also the calculated vahsisatedthat the gap
width gpis comparable to the hopping energys due to Coulomb effect. The
characteristic EfrdsShklovskii parameters varied in a same order asha Mott
parameters. Caltated average hopping distance and average hopping energy values
for Efrog Shklovskii modelwere lower than those for Mott model as observed in
[325, 326]. This observation supportethe possibility of a crossover in VRH
mechanism from the Mott tygde the EfrosShklovskii type [24
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Figure 5.16Plots ofl n ( vierSusT-*2in the hightemperature region
anneal ed at

forthe CAISfiiminasgr own f or m and

Solid lines are the best fit lines according to £87
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Table5.10: Calculatechbarameters difros Shklovskii VRHmodel

Toes SoES Res Wes (04]

K)  (wem)  (cm)  (mev) (mev) K WedkeT

Sample

As-grown 7.06x1G 7.05x10° 5.77x10° 39.7 48.8 0.99 3.84
Anl-300 5.76x1G 9.54x10' 1.95x10® 114 6.1 099 1.10
Anl-400 5.58x1G 1.61x16G 3.33x10" 11.2 5.7 099 1.08

The photoconductivity characteristics of the samples welso investigated with
conductivity measurements under five differéhimination intensities. Fig5.17
shows the temperature dependence of dark curtend @nd photocurrentl ) in
between100 and 420 K. The graph also shows that conductivity values in all

temperature increased withcheasing illumination intensity.
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Figure 5.17: The variation of thephotocondictivity with temperature and
illumination intensity for CAIS films (a) agr own , (b) anneal ed
annealed at 400 AC, (d) annealed at 500
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As seen in Fig. 5.17the photocondictivity values are greater than the dark
conductivity values, and it careltaken as the contribution of the photoriers to

the conduction. Moreover, the conductivity of the samples incre@tiesncreasing

the illumination intensity The variation of the photoonductivity values was
investigated by photosensitivity calculatioms which it was used as a basic
paameter ér photoconductive materials [327, 3R8he values of photosensitivity
were calculated from total current measured under illumination effect under the
reference vale out darkcurrent. Then, the photosensitivity analysi$ these CAIS
films illustrated that therewas a decreasingoehavior with inceasingannealing
temperature On the other hand,he change inthe ratio of dark and illuminated
currents withthe appliedvoltage increaskwith the increasing illuminatiomtensity

for all samplesIn order to study the carrier recombination characteristics in the
CAIS films, the relation between the photocurrent and photoexcitation intensity was
analyzed. Th@owerexponet coefficientof proportionality for each film at different
ambient temperatureas calculated. The corresponding analysis for all CAIS films
at the absolute temperatures between 100 and 400 K withirsréfnents are shown

in Fig. 5.18 The variation wih the illumination intensities has the characteristic of
loc U “iwhere the exponeng, is a distinctive indicator of the neeguilibrium
carriers and determines the type of the recombination mechaB2dn The phote
conductivity dependence of ligimtensity and temperature waalculated in twe
center model [26]. At low temperatures this coefficiemtasbelow 0.5 for aggrown
films, and around 1.0 for the films annealed at 300 andMQa0,  avasalmost 05

for the films annealed at 580C . T h"¥valyes incte@sedp to 1.0 for agrown

and to 1.%or the films annealed at 300 C . Il n adddtoabaun2,0forthe r eac he

films annealed at 400 and 580C wi t h i ncr eas i rAgeording tap | e
the twocenter recombinatiomodel; asgrown and500A C  a n IC&IA thie fiims
change its behavior from sublinear to supralinear with the variation in the sample
temperature; however, the other annealed fivesefound in the supralinegrhotc
conductivity behavior at all tempenates. This increasing behavior of the exporg@nt
values with increasg ambient temperature confirmdélte longer lifetimes for free

carriers and stronger recombination process at the film suBaég [
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Figure 5.18 Thevariation of the photocurrent as a function of illumination intensity
for CAISfims(a)asgr own, (b) annealed at 300 AC,
annealed at 500 AC.

The standard HakEffect measurements were performed for all CAIS samples under
the constant magnetic field strength of 0.96 T at room temperature. From these
measurements, the sign of Hatlitage showed that all the samples aityge and

their conductivity behaviors were alsonfirmed by hot probe method. Moreover,

the room temperature carrier concentration values of tigroaen film and films
annealed at 300, 400 and 5CC wer e ¢ d.Boxdf 247a @, 1.48%10°

and 3.56x18 cm3; and the Hall mobility valuewere found as 0.33, 0.75, 1.42 and
3.58 cn?/V.s, respectively.
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