PHYSICAL PROPERTIES OF CdSe THIN FILMS PRODUCED BY THERMAL
EVAPORATION AND E-BEAM TECHNIQUES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SABAN MUSTAFA HUS

IN THE PARTIAL FULFILMENT OF THE REQUIREMENTS

FOR

THE DEGREE OF MASTER OF SCIENCE

IN
PHYSICS

SEPTEMBER 2006



Approval of the Graduate School of Natural and Applied Sciences

Prof. Dr. Canan Ozgen
Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of
Master of Science.

Prof. Dr. Sinan Bilikmen
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully
adequate, in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Mehmet Parlak
Supervisor

Examining Committee Members

Prof. Dr. Cigdem Ercelebi (METU,PHYS)
Prof. Dr. Mehmet Parlak (METU,PHYYS)
Prof. Dr. Biilent Akinoglu (METU,PHYYS)
Prof. Dr. Rasit Turan (METU,PHYYS)

Prof. Dr. Bahtiyar Salamov  (Gazi Univ., PHYS)



I hereby declare that all information in this document has been obtained
and presented in accordance with academic rules and ethical conduct. | also
declare that, as required by these rules and conduct, | have fully cited and

referenced all material and results that are not original to this work.

Name, Last name : Saban Mustafa HUS

Signature



ABSTRACT

PHYSICAL PROPERTIES OF CdSe THIN FILMS
PRODUCED BY
THERMAL EVAPORATION AND E-BEAM TECHNIQUES

Hus, Saban Mustafa
M.Sc., Department of Physics
Supervisor: Prof. Dr. Mehmet Parlak

September 2006, 84 pages

CdSe thin films were deposited by thermal evaporation and e-beam
evaporation techniques on to well cleaned glass substrates. Low dose of boron have
been implanted on a group of samples. EDAX and X-ray patterns revealed that
almost stoichiometric polycrystalline films have been deposited in (002) preferred
orientation. An analysis of optical measurements revealed a sharp increase in
absorption coefficient below 700 nm and existence of a direct allowed transition. The
calculated band gap was around 1.7 eV. The room temperature conductivity values
of the samples were found to be between 9.4 and 7.5x10™ (Q-cm)™ and 1.6x107 and
5.7x107 (Q-cm)'for the thermally evaporated and e-beam evaporated samples
respectively. After B implantation conductivity of these films increased 5 and 8
times respectively. Hall mobility measurements could be performed only on the
thermally evaporated and B-implanted e-beam evaporated samples and found to be
between 8.8 and 86.8 (cm?’/V.s). The dominant conduction mechanism were

determined to be thermionic emission above 250 K for all samples. Tunneling and

v



variable range hopping mechanisms have been observed between 150-240 K and 80-
140 K respectively. Photoconductivity — illumination intensity plots indicated two
recombination centers dominating at the low and high regions of studied temperature
range of 80-400 K. Photoresponse measurements have corrected optical band gap

measurements by giving peak value at 1.72 eV.

Keywords: CdSe, Thin film, Thermal evaporation, E-beam evaporation, Optical

energy gap, Conductivity, Photoconductivity, Photoresponse.
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TERMAL BUHARLASTIRMA VE E-DEMETI
TEKNIKLERI KULLANILARAK URETILMIS CdSe INCE
FILMLERIN FiZIKSEL OZELLIKLERI

Hus, Saban Mustafa
Yiiksek Lisans, Fizik Boliimii

Tez Yoneticisi: Prof. Dr. Mehmet Parlak

Eyliil 2006, 84 sayfa

CdSe ince filimler 1sisal buharlagtirma ve elektron demeti buharlastirma
teknikleri ile iyi temizlenmis cam tabanlar iizerine biiyiitiilmiistiir. Orneklerin bir
kismu {izerine diisiik dozda bor ekilmistir. EDAX ve X-1s1m1 analizleri hemen hemen
bire bir oranli ¢oklu kristal filimlerin (002) tercihli yoniinde biiyiidiigiinii
gostermistir. Optik Sl¢limlerin analizi yaklasik 700 nm dalga boyunda sogurmanin
hizli bir sekilde arttigini ve dogrudan izin verilmis bir gegis oldugunu gostermistir.
Filimlerin yasak enerji araliginin 1.7 eV civarinda oldugu tespit edilmistir. Isisal
buharlastirma ve elektron demeti ile buharlastirma teknikleri ile biiyiitiilmis
orneklerin oda sicakligindaki iletkenlik degerlerinin sirastyla 9.4 ile 7.5x10*(Q-cm)’
ve 1.6x10° ile 5.7x107(Q-cm)” arasinda degistigi gozlemlenmistir. Bor ekimi
sonrasinda bu filimlerin iletkenliklerinin sirasiyla 5 ve 8 kat arttigi gozlenmistir.
Mobilite ol¢limleri sadece 1sisal buharlastirma ile hazirlanmis veya elektron demeti
ile buharlastirma teknigi ile hazirlanip bor ekilmis 6rnekler {izerinde yapilabilmistir

ve 8.8 ile 86.8 (cmz/V.s) arasinda degisen mobilite degerleri bulunmustur. Biitlin
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orneklerde 1sisal sagilmanin 250 K iizeri sicakliklarda baskin iletim mekanizmasi
oldugu, 150-240 K ve 80-140 K sicaklik araliklarinda sirasiyla tiinelleme ve degisken
erimli hoplama mekanizmalar1 oldugu gozlenmistir. Aydinlanma siddeti—fotoakim
grafikleri, dl¢timlerin yapildig1 sicaklik araligi olan 80-400 K araliginin alt ve iist
bolgelerinde baskin olan iki tekrar bilesim merkezinin varligimi ortaya koymustur.
Fototepki Olciimleri 1.72 eV tepe degeri vererek optik gegirgenlik Olciimlerini

dogrulamstir.

Anahtar Kelimeler: CdSe, Ince filim, Isisal buharlastirma, elekron demeti ile

buharlastirma, Iletkenlik, Optik enerji aralig1, Fotoakim, Fototepki.
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CHAPTER 1

INTRODUCTION

In recent years, there has been a rapid development in the field of II-VI group
(CdSe, CdS, ZnSe, CdTe) semiconductor thin films owing to their wide range of
applications. As an important member of this group of binary compounds cadmium
selenide (CdSe) is of interest for its applications as high efficiency thin film
transistors [1,2] ,solar cells [3,4], photoconductors [5], gas sensors[6,7], acousto
optical devices [8], photographic photoreceptors [9]. Major attention have been given
in recent years to investigate the electrical and optical properties of CdSe thin films
in order to improve the performance of the devices and also for finding new
applications [10-14].

Polycrystalline semiconductor materials have come under increased scrutiny
because of their potential use in cost reduction for device applications. A variety of
methods have been used to prepare CdSe thin films including physical vapour
deposition, sputtering spray pyrolysis, electrode deposition, molecular beam epitaxy,
laser ablation and chemical deposition methods [15-24]. The physical vapour
deposition and its variants are often used because they offers many possibilities to
modify the deposition parameters and to obtain film with determined structures and
properties [25].

Depending upon preparation conditions, CdSe single crystals crystallizes
either as sphalerite (cubic, zinc blende) structure with space group F 43m or as

wurtzite (hexagonal, zinc selenenide) structure with space group Pmc [26-28].

Similar dimorph structure is observed for the CdSe thin films. Although most of the
researchers have reported hexagonal structure with the c axis oriented normal to the
substrate surface [25, 29, 30] there are several studies [31] indicating the cubic

structure for the CdSe polycrystalline thin films.



CdSe thin films with absorption edge at about 700 nm have a direct band gap
of 1.7 eV at room temperature which makes them a good candidate for solar cells,
light emitting diodes, photo-detectors and other opto-electronic devices. CdSe is
widely preferred in fabrication of these devices owing to its high photosensitive
behavior compared to the other I1I-VI materials [32].

The conduction mechanism in compound thin films is mainly governed by
the grain boundary defect states [33]. In pure compound films like CdSe, the grain
boundary core contains a large number of defects due to dangling bonds [34]. The
native defects of CdSe are excess Cd and Se vacancies [10, 35, 36]. As a result of
these defects CdSe often possesses n-type conductivity in bulk as well as in thin
films if it is not doped intentionally. Those defects effectively act as either trapping
or recombination centers and play an important role in the conduction processes in
CdSe thin films [34].Concentration of native defects is dependent on film growth
conditions.

In this study, we have tried to get the electrical, structural and optical
properties and distinctions of CdSe thin films grown by thermal evaporation and e-
beam evaporation techniques using CdSe powder by means of X-ray analysis, energy
dispersive X-ray analysis (EDAX), temperature dependent mobility and conductivity
measurements in the temperature range of 100-400 K, photocurrent-illumination
intensity and spectral photocurrent dependencies. The effect of Boron doping was
also studied by comparing the data obtained from unimplanted samples. Systematic
annealing on the unimplanted and implanted samples was carried out to deduce the

effect of post annealing on the electrical and physical properties of the films.



CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1 Introduction

The structural, electrical and the optical properties of CdSe single crystals are
given and general properties of polycrystalline semiconductors with a special
emphasis on the CdSe thin films are introduced in the first section of this chapter.
Starting from the second section theoretical basis of general conduction mechanisms,
photoconductivity concept and optical absorption in polycrystalline semiconductor

films has been discussed in a more detailed manner.
2.2 Material Properties

2.2.1 Structural, FElectrical and Optical Properties of CdSe Single
Crystals

The compound CdSe belongs to the family of semiconductors of the II-VI
type. CdSe Like the other II-VI compounds is dimorph at ordinary pressures.
Depending upon preparation conditions, CdSe single crystals crystallizes either as
sphalerite (cubic, zinc blende) structure with space group F 43m or as wurtzite
(hexagonal, zinc selenenide) structure with space group Pmc [26-28]. Sphalerite is
the stable low temperature phase and the cubic-to-hexagonal transition occurs at

T, = (95 iS) °C [37]. In parallel to this result Yeh et al. [38] have calculated a

positive energy difference between hexagonal and cubic structures. However, the
energy difference is only a few meV per atom so when the samples are prepared at

temperatures higher than 7. the wurtzite structure is retained at room temperature.



Table 2.1 gives crystal parameters of cubic and hexagonal phases taken from the

IDDC database Card No. 19-0191 and IDDC Card No. 08-0459 respectively.

Table 2-1: Crystal parameters (a, b, ¢) for different CdSe structures.

Crystal Structure a(A) b (A) c(A)
Cubic 6.077 6.077 6.077
Hexagonal 4.299 4.299 7.010

When both of the wurtzite and sphalerite structures are referred to hexagonal
axes as in fig.2.1, it becomes clear that they are strictly related from a geometrical
point of view [26-28]. In constructing the hexagonal cell of the sphalerite, the cubic

[111] direction is taken as hexagonal [001], with hexagonal axes related to the cubic
ones as ¢, = \/gac anda, = (1/ V2 )ac. As can be seen, the two forms differ essentially

for the packing along the ternary axis, which is of the kind fcc (i.e., ABC) in the
sphalerite and hep (i.e., AB) in the wurtzite [39].

CdSe Single crystals have a specific density of 5.816 g/cm3 and melting point
of 1541 K. Hardness of these crystals is about 4 MQ and their thermal conductivity is
3.49 W m™ K [40].

CdSe single crystals exhibits n-type electrical conduction without doping
intentionally and their conductivity ranges changes between 107-10" (Q-cm)™. Hall
mobility of CdSe single crystals has been measured to be between 325-1050 (cm?/V-
s) [40,41]. CdSe single crystals with 2mm thickness transmit the light with
wavelength between 0.53-15 pm. Their refraction index is 2.55 for incident light at
900 nm.



Figure 2-1: Wurtzite (left) and sphalerite (right) structures referred to hexagonal
axes. Se atoms are represented by large white circles and Cd atoms by small black
circles. The cubic [111] direction of sphalerite is taken as hexagonal [001].

Hexagonal axes are related to the cubic ones as ¢, = \/gac and a, = (1/ V2 )ac.

2.2.2 Properties of Polycrystalline Thin Films

A solid material is said to be a thin film when it is built up as a thin layer on a
solid support, called substrate. Composition of individual atomic, molecular or ionic
species can be controlled during deposition either by physical processes and/or
electrochemical reactions. Many techniques have been developed for thin film
deposition. Vacuum evaporation, sputtering, molecular beam epitaxy and chemical
deposition are the mostly used methods to grow thin films.

The differences between the bulk materials and their thin film forms arise
because of their small thickness, large surface-to-volume ratio and unique physical
structure which is a direct consequence of the growth process. Optical interference,
electronic tunneling through an insulating layer, high resistivity and low temperature
coefficient of resistance are some of the phenomena arising as a result of small
thickness. The high surface-to-volume ratio of thin films due to their small thickness

and microstructure can influence a number of phenomena such as gas absorption,



diffusion and catalytic activity [42]. It is not simply the thickness which endows thin
films with special and distinctive properties. The most important differences between
the bulk materials and their thin film forms are the result of microstructures produced
by progressive addition of basic building blocks one by one. Films prepared by direct
application of a dispersion or paste of the material on a substrate are called thick
films irrespective of their thickness. Thick films have different properties than thin
films.

Modern thin film technology has evolved into a sophisticated set of
techniques used to fabricate many products. Applications include very large scale
integrated (VLSI) circuits, sensors and devices; optical films and devices; as well as

protective and decorative coatings.
2.3 Conduction Mechanisms in Polycrystalline Thin Films

Conductivity values of the polycrystalline thin film may completely differ
from the conductivity values of the single crystal of the same material. The
distinctions between polycrystalline thin films and single crystals are related to
structural and surface effects, reduced mobility of the carriers colliding with the
boundary interruptions and change in the carrier density due to space charge regions
at the intra-grain interfaces. So transport mechanisms in polycrystalline thin films are
strongly dominated by boundaries of the grains rather than the grains themselves [43]

Similar to the single crystal semiconductors, polycrystalline semiconductors
have valance and conduction bands. Space-charge regions between grains bend these
bands and create potential barriers to current carriers. Fig. 2.2 gives the energy band
representation of an n-type polycrystalline semiconductor in an external electric
field.

In general, three types of conduction mechanisms provide the current
conduction through polycrystalline thin films. Thermionic emission, tunneling and
hopping mechanisms dominate the current conduction at highest to lowest
temperature regions, respectively. Following sections presents the theoretical

background for these mechanisms.



« Grain - Grain
Boundary

Figure 2-2: Energy band diagram of n-type polycrystalline semiconductor in an
external field

2.3.1 Thermionic Emission

Various models have been proposed to explain the transport mechanisms
analytically. The ones presented by Volger [44], Petritz [45], Berger [46,47] and Seto
[48, 49] are general and pioneering models among them.

The first approach which was developed by Volger tried to explain the
transport phenomena with ohmic conduction behavior of carriers in serially
connected homogenous highly conductive grains and low conductive grain
boundaries.

Petritz developed a better approach based on the thermionic emission of
carriers from grain to grain. As Volger did, Petritz characterized the film with
serially connected grain and grain boundary resistances but averaged them over
many grains. A single grain and a single grain boundary with resistivities p; and p»

respectively compose a region with total resistivity p ,
Py =P +p, (2.3.1)
Petritz assumed that p,>>p; and used diode equation for boundaries. After

these assumptions current density- voltage (j-/) relation is written as



b _
j=qn, (;;—Tﬂ) exp(z—T(p”j {exp(:—TVh) - 1} (2.3.2)

n,. average majority carrier density in the grains,

where;

@p: potential height of the barrier,

Vp: voltage drop across the barrier,

m’: effective mass of the carriers.

Since a thin film is composed of many such cascaded regions, the voltage
drop across a single unit is very small. So we can assume V, << kT/q and write

equation 3.2.2 as,

b2
. 2 1 —4q¢,
=q'nV,| ——— | ex 233
J=qn, b[zmﬂkT e (2.3.3)
if there are n, grains per unit length, conductivity can be written as
)5
2 1, 1 —4%P
oc=q° | ——— | exp| /& 234
1 nc(2m ﬂkTJ p[ kT j ( )

Petritz observed that the exponential dependence of current density to 1/kT
characterizes the barrier. His assumption p,>>p; made him concluded that it is not
the carrier concentration but the mobility has an exponential inverse temperature

dependence; that is,

—qQ,
= 1% 235
Hy ﬂoexp£ iT j ( )

A more general form of Eq. 2.3.5 is obtained if scatterings within the grain
are taken into consideration in this case po= uw(T), the bulk value of mobility.
Berger extended Petritz model by demonstrating exponential relation of Hall

coefficient and carrier concentration with 1/kT. Berger showed that

R, =R, exp(E%T) 23.6)
noc exp(_ E%T) (2.3.7)
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where E, is the carrier activation energy which depends on the relative carrier
concentration in grain and boundary regions. and will be discussed below.
Contributions to the model are made by Mankarious [50] who observed that
conductivity can be written in a more general form in terms of conductivity

activation energy E; as

o oc exp(_ E%T) (2.3.8)

since
o =neu, (2.3.9)

relationship between conductivity activation energy, carrier activation energy and
barrier height can be predicted to be
E_~E +qo, (2.3.10)

Analogous to the Berger and Petritz models, grain boundary trapping model
provided by Seto [48,49] is also based on potential barriers at grain boundaries.
These barriers are produced by active trapping sites at the grain boundaries that
capture free carriers and create space charge regions.

There are two possible conditions Q>NL or Q;< NL where Q; is trap density
at the boundary surface (cm’z), N is free carrier (impurity or doping) density (cm’3)
and L is the grain size.

If Q> NL the grain is completely depleted from carriers and trap states are
partially filled. Increase in the carrier concentration increases the strength of the
dipole layer at boundaries so the barrier height. For this case average carrier

concentration can be written as

/2 Pé!
n, :(ij( 271'6ij exp[ B+ Jerflﬁ (L) } (2.3.11)
gL\ N kT 2 \2ekT

where n; is the intrinsic carrier concentration of the single grain and

q’I’N
8¢e

E, =qo, = (2.3.12)

For the second case (Q< NL) only a partition of grain is depleted from
carriers. Since all the traps are filled when Q= NL further increase in the carrier

concentration decreases the width of the dipole layer and barrier height. In this case,



kT CIN) gL N

i | S N

and then by inserting this equation into Eqn. 2.3.4 the conductivity can be written as

o ocexp[—(;Eg —Efj/kT} for Q, >NL (2.3.14)
and
7 —E,
o T 72 exp T for O, <NL (2.3.15)

For both of the cases the effective mobility is
272 %
qL —49,
=| ——| exp|l —*% 2.3.16
Her [27zm kTJ p( kT j ( )

2.3.2 Tunneling

Thermionic emission model discussed above explains the most of the
electrical properties of polycrystalline semiconductors at high temperatures.
However, it is not enough to explain the saturation tendency appearing at low
temperatures. In order to make a complete explanation of temperature dependence of
conductivity other transport mechanisms have to be taken into consideration.

Quantum mechanical tunneling of carriers through high but narrow potential
barriers at grain boundaries is one of the mechanisms limiting the resistivity of
polycrystalline thin films.

Garcia et al [51] have developed a model that explains tunneling currents
through In-doped CdS grain boundaries for partially depleted grain case with the
energy band diagram given in Fig.2. They found the energy barrier height to be

b= 8eN, 5

(2.3.17)

where N7 is the trap density and Np is the carrier density.
Transmission probability of a carrier with energy E relevant to this potential

barrier can be given in terms of WKB approximation as;

T:exp[—zj,/warx] (2.3.18)
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Figure 2-3:Energy band diagram for heavily doped polycrystalline thin film.

If a potential difference AV occurs at the barrier, the symmetry of the
potential is lost. A suitable expression of the tunneling current density J; was
calculated by Simmons [52]. The net current which is calculated as the difference

between the current from left to right and right to left, is expressed as

FT
J, :J(’[WJ (2.3.19)

with,

_27°kAsy2m”
4,

Where As is the barrier width, gzbis the average barrier height, m’ is the effective

F (2.3.20)

mass and Jy is tunneling current density at 0 K which can be expressed as

2. 2m" g, A7As+[2m" B,
" :Vwe,q{_ ”_MJ 0321)

n’ h

If L is the grain size the film conductivity can be found using 6=LJ/V . For

the small values of FT, o; can be expressed as

o, = 00[1 + (%zjﬁ} (2.3.22)

11



2.3.3 Hopping

Energy band diagram of a semiconductor is not composed of only valance
and conduction bands. Sufficient disorder in material can produce the characteristic
solutions of the Schrédinger equation which are localized in space. Anderson [53]
gave a quantitative criterion of localization for widely spaced and tightly bounded
impurity states. Wave function of those states fall off exponentially with separation
between states as exp(-aR). Here a is the decay constant and R is the average
distance between states.

In polycrystalline thin films, trap states at the grain boundaries act as
localized states. Fig. 3.a shows energy band structure with such localized levels.
Hopping of carriers between these states provides current through boundaries. At low
temperatures, impurity concentrations for which thermionic emission and tunneling
make small contributions to current density, hopping becomes the most dominant
conduction mechanism. Mott and Davis [54] have given a successful model of this

transport mechanism.

E,
E _ 5 E
I e v _
-n - r- _‘_‘-i-\.._‘
- T S
E, E,
a) b) c)

Figure 2-4: a) occupied (straight) and empty (dotted) localized states between
conduction and valance bands. b) Excitation of the carrier to the conduction band. ¢)
Hopping conduction.
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if Fermi level is below the mobility edge, the conduction will be of two types:
i-)Excitation of the carriers to conduction band. The contribution of this

process to the conductivity is

E.-E,
o =0, exp(— T ) (2.3.23)

This form of conduction is normally predominant at high temperatures or
when E.-Eyis small. Figure 3.b illustrates this process.

ii-) Thermally activated transitions of carriers between localized states near
the Fermi level. When an electron in an occupied state below Eg, receives energy
from a phonon, it moves to a nearby state above E;. Product of the following factors
gives the probability per unit time that this event occurs.

a) The Boltzmann factor ( exp(-AE/kT) ). Where AE is the energy difference
between initial and final states.

b) A factor v, depending on the phonon spectrum.

¢) A factor depending on the overlap of wave functions.

The last factor give rise to two types of hopping mechanism named according
to the hopping range. First of them is constant range hopping, in which carriers can
jump only to the nearest state, occurs only in the case of weak overlap i.e. aR>>1.
The second possibility is variable range hopping, in which carriers jump to another
empty state away from the nearest one. This mechanism is always to be expected if
aR is comparable with or less than unity, or in all cases at sufficiently low
temperatures.

To find the conductivity for the constant range hopping, we must first write
the difference of the hopping probabilities in two directions, such as;
AE + eROFj

2.3.24
T ( )

P =V, exp(— 2aR, -

where F is the applied field and AE =~ 1/R,® N(Ej). To obtain the current density j we
must multiply this factor by e, R and carrier density within an energy range of kT at

the Fermi energy. So

Jj= eR(2kTN (Ef ){Vph exp(— 2aR, - %](sinh( eIIEOTF DJ (2.3.25)
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since o = j/F for weak fields conductivity can be written as
o= 262R02N(Ef (Vph exp(— 2aR, - %D (2.3.26)

Mott [55] calculated the conductivity due to variable range hopping by
pointing out that hopping distance increases with decreasing temperature. An
electron can hop to a site within its hopping range R. There are 4n(R/Ro)’ /3 such
states with average hopping distance 3R/4. Normally it will hop to site for which the
activation energy is the minimum and equals to

3

-— (2.3.27)
AR’ N(E,)

The most probable hopping distance can be calculated using average hopping

distance and Eqn. 2.3.27

1/4
R = [;] (2.3.28)
27aN(E kT

Using Eqn.2.3.27 and 2.3.28 the hopping probability given in Eqn.2.3.24 reduces to

-B
p=v, exp(m) (2.3.29)
where
N/
a
=B, (2.3.30)
kN(E )

with By lying in the range 1.7 - 2.5. Furthermore the mean activation energy for
variable range hopping is

B

AE=—"
3R*N(E,)

(2.3.31)

Employing the same calculations used to obtain Eqn.25 the conductivity can

be expressed as,

1/4
o= %expl— (%j } (2.3.32)

where
N(E 1/2
o, = 3q21)ph[gJ (2.3.33)

14



T, =ﬁ0;—) (2.3.34)
!
in which A is a dimensionless constant.

In polycrystalline materials the temperature range over which variable range
hopping is predominant is related to the grain size. If L>>Lp variable range hopping
has a small contribution to the conductivity even at very low temperatures. On the
other hand if L<<Lp variable range hopping controls the conductivity over a
considerable wide range of temperature. Where Lp is the Debye length which is

given as

1/2
ce kT
L. = 0 2.3.35
’ (fNj ( )

where ¢ is the dielectric constant and N is the impurity concentration of the material.
2.3.4 Hall Effect

An important measurement technique which is used to determine carrier

concentration, carrier type, and the mobility of a semiconductor material, is the Hall

effect method. Mobile charges are subject to Lorentz force when a magnetic field B
is introduced to a current carrying conductor. As a result of this force charges are

accumulated to the edges of conductor and forms a dipole which is perpendicular to

both B and / . Accumulation process continues until

Bxv=E (2.3.36)
where vis the drift velocity of carriers, and E is the electric field produced by
accumulated carriers.

If v=v_ and B= l§z then E = —Ey . For the sample given in Fig. 2.5
I =twnqgv (2.3.37)
Where n is the carrier (hole or electron) concentration. Using Eqn. 1 and 2,

Hall voltage can be written as

_ BI

V. =
f tng

(2.3.38)

and the Hall coefficient is defined as

15



R, =—="11L (2.3.39)

Figure 2-5: Schematic diagram of Hall effect.

Finally we can define the hall mobility using the relation o = nqu, as
M, =OR, (2.3.40)
Measurement of the Hall voltage gives a direct measurement of
carrier density and type. But Hall mobility does not give the complete definition of
mobility in semiconductors. Actually there are four different types of mobility which
must be differentiated from each other [56]. These mobility types are as follows;
i) The microscopic mobility is the mobility that free carriers actually have.

This type of mobility can not be experimentally measured. Ifv, is the drift velocity of

the free carrier and E is the applied electric field microscopic mobility can be

expressed as
Hoie =V, | E (2.3.41)
i) “Conductivity mobility” is calculated from o = nqu and identical with the

microscopic mobility for every practical purpose.
iii) Drift mobility is similar to the microscopic mobility but involves trapping
processes.

iv) Hall mobility is the one obtained from Hall effect measurement.
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2.4 Photoconductivity

Photoconductivity phenomena in a semiconductor material can be
characterized with three basic quantities: the photosensitivity, the spectral response,
and the speed of response [57]. Photosensitivity of a material is defined with the
amount of photocurrent or with the ratio of photocurrent to the dark current. On the
other hand, speed of response is how fast a material switches between steady state
dark and photocurrent. Observation of transient process provides an important data to
examine trap density. Dependence of photoconductivity to excitation wavelength is
called as spectral response.

Since photoconductivity occurs as a result of photon absorption, a close
correlation is expected between the optical absorption spectrum o vs. hv and
photoconductivity spectrum Ac vs hv. Photoconductivity is controlled by the surface
lifetime in high absorption region while bulk lifetime is dominant in the low
absorption region where the photons can penetrate into the material.

Both the carrier density and the carrier mobility of a semiconductor material
may change under illumination. So dark conductivity of a semiconductor is given by
Eqn.2.3.9 is increased by photoconductivity Ac as.

o, +Aoc = q(no + An)(yo + A,u) (2.4.1)

Here only one type of carrier has been considered for simplicity. It is
generally true that
An=Gr, (2.4.2)

where G is the photoexcitation rate and 1, is the free electron lifetime.
Several mechanisms may give rise to change in carrier mobility. Those
mechanisms are:
- Density and cross section of charged impurities from which the
carriers scatter may change under illumination.
- Photo excitation may decrease the height of the barriers and the
width of depletion regions in polycrystalline materials.
- Carriers may be excited to a band with a different mobility.

Also an additional complexity arises from the fact that lifetime may be a

function of excitation rate. If 1, varies as G’ , the Ac varies as G’ . y >1 corresponds

17



to an increase in the lifetime with increasing excitation rate. This phenomena is
called supralinear photoconductivity. Else if y<l it is called sublinear
photoconductivity.

Value of v can be determined by measurement of the photoconductivity as a
function of photoexcitation rate, and is used to specify appropriate model for the
photoconductivity process. Three basic models causing different y values will be

discussed below.
2.4.1 Intrinsic Photoexcitation

The simplest model of photoexcitation assumes an energy-band diagram with
no trap levels as shown in Fig 6. Photoexcitation rate G and thermal excitation rate g
are balanced by the recombination across the band gap with a recombination rate R.

in dark

g=n,p,R=n,"R (24.3)
since n, = p,and An = Ap for the intrinsic material, under illumination the above
equation can be written as

G+g= (no + An)R(p0 + Ap) = (n0 + An)zR 24.4)

For the intrinsic material, it is usually true that g<<G and n, <<An.

Therefore

G o (AnY
since Y = 0.5 a case of sublinear photoconductivity is observed. Free carrier lifetime

decreases with the increasing photoexcitation rate.
2.4.2 One center recombination model

Addition of a single trap level between valance and conduction bands
radically changes the photoconductivity behavior. Fig. 7 shows the energy band
diagram for this case. Only the transitions given in the figure are considered in this
model. Thermal excitation is neglected and only one trap level with a density of N; is
included. Then, th generation rate at equilibrium can be written as

G=np,(N,—n,) (2.4.5)
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Figure 2-6: Energy band diagram for the intrinsic photoexcitation

nfB,(N, —n,)=npp, (2:4.6)
G = ntpﬂp (247)
where n is the density of occupied trap levels, 5, and 8, are electron end hole

capture coefficients respectively. It is evident that only two of these equations are
independent. However, one needs three equation for determination of generation rate,

the missing equation comes from charge neutrality,

n=p+(N,-n,) (2.4.8)
dependence of n and p on G can be determined from eqns.(2.4.5-2.4.8).

G=(N,-G/nB,\n-G/np,)B, (2.4.9)

G=(N,-G/pB,\p+N,_G/pp,)B, (2.4.10)

For small values of n or low intensity photoexcitation, there is a hole in the
recombination center for every electron in the conduction band and almost all of the
recombination centers are filled. So

n= (N , =N, ) ~0
2 o . . .
therefore, G =n"p, and G = pN,f,, the other limit case is large values of n or high

intensity photoexcitation. If B,>> [, almost all of the recombination centers are

emptyand n=p c G
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Figure 2-7 Energy band structure for one center recombination model.

2.4.3 Two center recombination model

Next step in the discussion of photoconductivity models is two center
recombination model. Typical energy band diagram for an n type material with two

trap levels is given in Fig.8. One of the trap levels in the figure is a sensitizing center
which is a doubly negative acceptor with ﬂpS ~ ,BPR and ﬂns << ﬂnR. Where the

indexes S and R represent sensitizing centers and recombination centers respectively.

E;
BHS ljnlt
E,
G
[HE— A— N“
et N
R
B B,
E.

Figure 2-8: Energy band diagram for a two center recombination model.

20



As the addition of the first recombination center did above, the addition of the
sensitizing center gives rise to new physical results. Some of them are

e Imperfection sensitization

e Supralinear photoconductivity

e Thermal quenching of photoconductivity

e Optical quenching of photoconductivity

e Negative photoconductivity

e Photoconductivity saturation

An abrupt decrease in photocurrent is observed when the temperature of the
sample is raised above a critical value. The value of the critical temperature increases
with increasing photoexcitation intensity. This is called thermal quenching and it is
simply another way of looking supralinear photoconductivity phenomena [57]
described above. If we plot Ac vs. G at constant temperature, we see supralinear
photoconductivity, if we plot Ac vs. T at constant photoexcitation intensity, we see

thermal quenching.
2.5 Optical Properties of Polycrystalline thin films

Investigation of optical properties of polycrystalline thin films generally
focuses on optical band gap and refraction index calculations. A polycrystalline film
is not solely composed of perfect bulk material separated by grain boundaries; it also
includes defects like unwanted impurities, stoichiometry deviations, point defects. In
general optical properties are less sensitive than electrical properties to those effects
[58].

Optical band gap of a semiconductor material can be determined from the
absorption spectrum of the material. A rapid rise in the absorption coefficient is
observed when the incoming photons have enough energy to excite electrons from
the valance band to the conduction band. Those band to band or exciton transitions
are called fundamental absorption. However certain selection rules are effective on
band to band transitions, so band gap can not be estimated in a straight forward

manner, even if competing absorption process can be accounted for [59].

21



Basically two types of optical transition can occur at the fundamental edge of
crystalline semiconductors, direct and indirect. Both of them involve photon electron
interaction which is resulted with the excitation of the electron from valance band to
the conduction band. If the electron has the same wave vector in both of bands the
transition is said to be direct. But the electron may not have the same momentum in
valance and conduction bands. In this case the electron must also have an interaction

with phonons to transfer required momentum and the transition is said to be indirect.

T

-

hv

>
<&

/

a) b)

Figure 2-9: Direct (a) and indirect (b) transitions.

In a direct transition if all the momentum conserving transitions are allowed,

the transition probability P is independent of photon energy and absorption
coefficient has the following spectral dependence;

a(hv)= 4 (ho-E,)" (2.5.1)

where A"is a function of reduced hole and electron masses. In some materials,

quantum selection rules forbid direct transitions at £ =0 but allow them at £ =0.
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Hence transition probability increases linearly with (hU—E g) and absorption

coefficient is given as;
a(hv)= 4'(ho-E,)" (2.5.2)
A two step process is required for an indirect transition because a change in
both energy and momentum occurs. Since the photon has a very small momentum an
interaction with a phonon is needed. Only the phonons which can supply the proper
momentum change are usable. These are usually the longitudinal and transverse

acoustic phonons. During the transition a phonon with characteristic energy £, is

either absorbed or emitted. Absorption coefficients for each case are,

Alho-E, +E, )

a,(hv)= Z for ho>E, - E, (2.5.3)
exp| = -1
and
Ahv-E, - E
a,(hv)= ( 5, for hv>E +E, (2.5.4)

ofi)
kT

respectively. Since both of the processes are possible when hv>FE, +E, the
absorption coefficient must be written as
a(hv)=a,(hv)+a,(hv) for hu>E, +E, (2.5.5)

In addition to band to band absorption, impurity effects in the
absorption spectrum may be observed. These effects include acceptor-conduction
band, valance band-donor, and possibly acceptor-donor transitions, all on the low

energy side of the absorption edge.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

3.1 Introduction

In this chapter, the details of CdSe thin film growth and heat treatment
procedure, structural, optical and electrical characterization methods and analysis of
experimental data are summarized. The thin films were deposited on soda lime glass,
tin oxide coated glass, indium thin oxide coated glass and silicon wafer substrates by
the thermal evaporation and e-beam evaporation techniques. Hall-bar and van der
Pauw mask geometries were used to examine electrical and electro-optical properties
of the samples. Structural and compositional characterizations of the films were done
by the help of X-ray diffraction (XRD) and the electron spectroscopy for chemical
analysis (ESCA-XPS). Temperature dependent conductivity and Hall effect
measurements in between 80-400 K are carried out to deduce the electrical
characteristics of the films. Also temperature dependent photoconductivity
measurements under different illumination intensities ranging from 17 to 113
mW/cm® and under different wavelength ranging between 350 and 950 nm have
been carried out in the temperature range of 80-400 K. Optical transmission spectrum

of films has been examined in the range of 200 to 1150 nm.

3.2 The Preparation of CdSe Thin films

3.2.1 Substrate and Sample Preparation

The soda lime glass, tin oxide coated glass, indium thin oxide coated glass,
and silicon wafer substrates were used as substrate material for the deposition of
CdSe thin films. The glass slides were prepared by cutting the commercial soda lime

glass, into a suitable dimension compatible with the dimension of substrate holder by
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using a diamond cutter tool. The glass slides were thoroughly cleaned before the
deposition process in order for the glass substrates to attain a plausible sticking
coefficient as the following procedure;

- The glass slides were first cleaned in a dilute solution of chemical
detergent to remove the impurities and the protein materials on the surface of the
slides.

- The same procedure of cleaning with detergent was repeated at a solution
temperature of 70-100°C in a separate container.

- Rinsing with hot water was applied to remove the layer of detergent
solution from the substrate surface.

- The glass slides were cleaned in a solution of trichloroethylene for 10
minutes and rinsed in hot water

- The glass slides were boiled in a solution of H,O, 30% in order for the
organic materials on the surface to gain the water solubility.

- Finally, the glass slides were rinsed in hot distilled water to get rid of the
possible residues attained during the cleaning procedure.

The cleaning procedure was performed in an ultrasonic cleaner. The
substrates, after the cleaning process, were kept in methanol. Prior to deposition the
substrates were taken from the methanol and dried by blowing hot air or pure
nitrogen.

The electrical measurements to be carried out acquire suitable sample
geometries. The desired sample shapes used for the deposition of the films and

metallization masks for these shapes are shown in Fig. 3.1 and 3.2, respectively.

Figure 3-1: van der Pauw (Maltase-Cross) geometry, and Hall bar (Six-arm bridge)
geometry.

25



The thin films are deposited in the six-arm-bridge (sometimes called as Hall-
bar) and the “Maltese cross” geometry, which are appropriate for the standard Hall

effect measurements and van der Pauw method respectively.

Figure 3-2: van der Pauw and Hall bar metal contact geometry.

3.2.2 Growth Process of CdSe Thin Films

The thermally evaporated grown CdSe thin films were all deposited in a
Varian 3117 vacuum system. This system basically consists of a rotary vane
mechanical pump, an oil diffusion pump with liquid nitrogen trap and a bell-jar
vacuum chamber with gauges, deposition sources, substrate holder and other
accessory equipment, as depicted in Fig. 3.3. Stainless steel bell-jar vacuum chamber
is sealed to a stainless steel base plate with a rubber gasket. The base plate provides a
large port for a pumping system and an array of smaller ports, or feedthroughs, for
deposition sources and vacuum components. The lowest attainable pressure with this
system is around 10 Torr. The fittings of the bell-jar were configured to be suitable
for the growth of the thin films. A quartz ampoule, which is wound with
molybdenum wire and situated within metal shields to stabilize the source
temperature, was used to hold the source material and heat was produced by passing
an electrical current through that wire. The temperature of the ampoule was manually
controlled by manipulating the current supplied by the variac placed inside Varian
3117. The measurement of the temperature of the source was made by a Pt/Pt-
13%Rh thermocouple, which is placed within the source and controlled by an

Elimko-400 temperature controller.
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A substrate heater was used to improve film adhesion, control grain structure
and minimize the surface roughness. An aluminium block, which has holes along the
length and chrome-nickel heating wires covered with insulating quartz tubes placed
inside these holes, constitute the substrate heater. The substrates and the masks were
placed in a sandwich structure between the aluminium holder containing nine
rectangular holes suitable in size and aluminium substrate holder with heater. Copper
sheets have been places on the back side of the substrates to maintain a uniform
substrate heating. The copper-constantan thermocouple was used to measure the
temperature of the substrate, which had a place approximately 15 cm above the
source. Again Elimko-400 temperature controller provided the control of the
temperature at the substrate. A stainless steel shutter is mounted between the source
and the substrate holder to start and stop the process of deposition.

The evaporation process can be organized to follow the procedure as follows;
about 1 gr of CdSe were used as evaporation source material. The source material
which was Alfa Aesar brand 99.995% pure CdSe, were powdered and placed in a
quartz ampoule which was wound with a molybdenum-heating coil. The substrates
were placed into the substrate holder together with the masks. After the vacuum
pressure of about 5x10°% Torr was reached, the source was heated up to 640 °C,
which is the starting temperature for the evaporation of the CdSe, synchronously
with the substrate. The temperature of the substrate was kept at a fixed value at 30,
150 and 200°C for different evaporation cycles. The shutter was opened to start the
deposition process. The thickness and the growth rate of the films were measured by
Inficon XTM/2 Deposition monitor. The deposition was stopped by closing the
shutter when the required thickness was attained. The deposition rate was kept
constant at 6 A/sec through all of the growth cycles. In order to prevent possible
oxidation of the films, system was allowed to cool down to room temperature after
completing the deposition process, without disturbing the vacuum conditions.

A home made stainless steel vacuum chamber with Laybold turbo molecular
pump were used for deposition of CdSe thin films with electron beam evaporation
technique. At many points the growth process was similar with the thermal
evaporation method discussed above. Again the vacuum chamber has been cleaned

and the vacuum grease has been applied to rubber gasket before each run. The same
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Figure 3-3: Illustration of the thermal evaporation system utilized in the deposition of
CdSe thin films. 1. Stainless steel bell-jar, 2. Window, 3. Substrate heater, 4.
Substrate holder, 5. Shutter, 6. Feedtrough, 7. Thickness monitor, 8. Source boat,
9.Air Valves, 10. Filament current wires, 11. Source heater 12. Roughing valve, 13.
Foreline Valve, 14. Diffusion pump, 15. Liquid Nitrogen Trap, 16. Diffusion pump
heater.

substrate holder, with substrates and masks in it, has been placed 15 cm above the
evaporation source. The same kind and amount of source material within a 2 cm
diameter graphite crucible has been placed in the water-cooled cavity of the electron
beam source.

After the vacuum pressure of about 5x10°® Torr was reached a 60 or 75 Vims

AC potential has been applied to substrate heater to obtain stable 150 or 200°C
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substrate temperature respectively. Substrate temperature has been monitored by a
Fluke digital thermometer with k-type thermocouple fastened on substrate holder.
Power supply of e-beam source has been opened after all the substrates have reached
the thermal equilibrium. Beam has been focused on the source by the help of the
electromagnets and beam intensity has been adjusted to obtain desired evaporation
and deposition rate. Then the shutter was opened to start the deposition process
taking approximately 8 minutes. Deposition rate and film thickness has been
measured by Inficon XTM/2 deposition monitor. The deposition rate has been kept
about 6 A/sec throughout the growth process. Shutter and e-beam source has been
closed as soon as the desired thickness was reached. Monitored deposition rate
dropped below 0.1 A/s after this moment. After completing the deposition process,
system was allowed to cool down to room temperature without disturbing the
vacuum conditions. Following to the deposition of CdSe thin films, the thickness of

the films were measured by Dektak 3030S profilometer.

Pyrex
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Thermocouple - —ﬁlﬁﬂ _______ . Hot
Plate
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Temperature | |
Controller | ||| I |
Nitrogen T : i ——————— Nitrogen
Inlegt < _@" " Outlet

Figure 3-4: The hot plate setup for annealing process.
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3.2.3 Annealing

Following the evaporation cycle, some of the CdSe films were annealed in
nitrogen environment for 30 minutes at fixed temperatures in the range of 100-500
°C using the system pictured in Fig. 3.4. This system consists of chrome-nickel
heating wires insulated by quartz tubes squeezed between two aluminium plates. The
heating was supplied with a manually operated variac and the temperature on the
plate was monitored with a NickelCrome-Nickel thermocouple and Elimko-400
Thermo-couple controller. During the heat treatment, continuous pure nitrogen gas

flow was maintained.

3.2.4 Electrical Contacts

Indium contacts on CdSe thin films for electrical measurements were
produced by metallic evaporation through the suitable contact masks onto samples.
The metallic evaporations were performed by using Nanotech evaporator system as
depicted in Fig. 3.5. The lowest attainable pressure in this system was 10 Torr by
using an oil diffusion pump with a liquid N, trap. Indium (In) with the purity 99.9%
was used as the ohmic contact material for all samples. The metallic evaporation
process took about 10 minutes allowing a 300-500 A thin metallic layer on the
surface of the CdSe thin film.

The electrical measurements were carried out by soldering insulated copper
wires to the evaporated indium contacts by using indium. The ohmic behaviour of
the contacts was checked by the linear variation of the current voltage characteristics

that is independent of the reversal of the applied bias.
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Figure 3-5: Illustration of the metallic evaporation system. 1. Substrate holder, 2.
Shutter, 3. Heater current leads, 4. Source boat, 5. Filament current wire, 6. Baffle, 7.
Ventilation valve, 8. Liquid Nitrogen trap, 9. Water-cooling element, 10. Diffussion
pump, 11. Mechanical pump, 12. Fine valve, 13. Pirani gauge, 14. Roughing valve,
15. Pressure switch, 16. Penning gauge.

3.3 Structural Characterization

X-ray diffraction technique was used to specify the structural parameters, the
existent phases and the orientation of as-grown and annealed polycrystalline CdSe
thin films. The X-ray diffraction measurements were performed by using a Rigaku
Miniflex X-ray diffraction system equipped with CuKo radiation of average
wavelength 1.54059 A. All X-ray diffractograms were taken with the same
parameters, such as, 20 is in between 5° and 90° and scan speed of 2 degree/min.

Also higher resolution measurements with smaller scan speed (0.25 deg/min) have
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been taken between 25° and 27°. High resolution measurements have been used to
estimate grain size by using Scherrer method. The peak matching analysis was made

by using the computer software and database of X-ray diffraction system.
3.4 Electrical Measurements

The investigation of the electrical properties of the deposited CdSe thin films
includes the temperature dependence of the dark resistivity and mobility of CdSe thin
films with the standard dc-measurement technique applied on the prepared Hall-bar
samples and van der Pauw method on the van der Pauw samples. To increase the
accuracy of measurements and provide standard measurement conditions several
control programs has been developed using LabVIEW graphical development
software. Most of the electrical measurements have been performed by a computer
using those control softwares. The temperature dependence of the dark resistivity and
mobility were carried out in the temperature range of 80-400 K by means of a Janis
Liquid Nitrogen VPF Series Cryostat, as shown in Fig. 3.6. The temperature of the
samples inside the cryostat was measured with a GaAlAs diode sensor and controlled
by a LakeShore-331 temperature controller. The vacuum inside the cryostat was
achieved by the help of Ulvac Rotary pump. Cooling of the system was performed by
adding liquid nitrogen to the trap through the fill port. After the addition of the liquid
nitrogen, the temperature of the sample cools down to 80 K and then was gradually

increased by 10 K steps to perform the required measurements.
3.4.1 Resistivity Measurements

The electrical measurement reliability strongly depends upon the ohmic
behaviour of the metal contacts. The I-V plots on log-log scale were found to be
linear with a slope of almost unity and symmetrical with the reversal of the current in
the entire temperature range studied, indicating the ohmic behaviour of the contacts.
The experimental set-up for the resistivity measurements of Hall-bar type samples is
given in Fig. 3.7a. A constant current was applied between two end contacts (1 and
5) by using a Keithley 220 programmable current source and the voltage drops across

the contacts (1 and 5) were measured by using a Keithley 2001 electrometer. The
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range for the applied current varies from sample to sample in accordance with the

total resistances they have.

Vapor Vent «----, pranneeeeee * Liquid Nitrogen
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Vacuum 4 Chamber
Gauge .
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Figure 3-6: Illustration of the liquid nitrogen, sample-in-vacuum type cryostat.

The electrical resistivity expression for the sample can be written as;
wtV
LI

where w is the width, ¢ is the thickness, L is the spacing of the contacts across which

0 (3.4.1)

the voltage is measured and V/I is the inverse slope of the [-V characteristics.

The sample dimensions and the electrode spacing were measured by using a
travelling microscope having an error of £ 10 um. The measured total length, width
and electrode spacings of the film were 1.72 cm, 0.25 cm and 1.34-0.28 cm,

respectively. The possibility of a malfunctioned contact was checked by comparing
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the measured voltage drops across different contact pairs with their measured
transverse voltage drops.

van der Pauw technique which is illustrated in Fig. 3.7b is the most accurate
method to measure the resistance of thin films. van der Pauw method has advantage
to eliminate number of spurious voltages compared to dc method discussed above.
Two important error eliminated with this method are imperfect alignment and
thermoelectric voltage generated by the thermal gradient between probes. Table 3.1
gives a list of voltages measured for this method. The current supplied by a Keithley
220 programmable current source, and voltage was measured by a Keithley 2001
multimeter. Keithley 619 Multimeter has been used to measure the voltage between
the current probes in order to reprogram the current source for supplying highest

possible current without exceeding the voltage limit.

Table 3-1: Measured voltages for van der Pauw method.

Voltage Current Applied | Voltage Measured
Designation Between Between
Y 1-2 3-4
V, 2-1 3-4
V3 2-3 4-1
V, 3-2 4-1
Vs 3-4 1-2
Vs 4-3 1-2
\i 4-1 2-3
Vs 1-4 2-3

Once the voltages listed in table 3.1 are measured the resistivity can be

calculated as follows. Two values of resistivity £4° P are calculated as follows [60]

Tt

pi=gi o7 LVt Vi=Vi=T) (342)
Tt

Ps :m7f3(V6+V8_V5_V7) (3.4.3)
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Figure 3-7: Experimental arrangement for resistivity measurements a) Hall-bar
samples b) van der Pauw samples

where p,, p, are resistivities in ohm-cm, t; is the sample thickness in cm, I is the
current through the sample in amperes, f,, f, are geometrical factors based on
sample symmetry, and are related to the two resistance ratios Q,, 0, as shown
below ( f, = f, =1 for perfect symmetry).

_ VZ_VI
V-V,

_ Vs_Vs

= 3.4.4
VeV, (44

0, oF

Qand f are related as follows:
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Q_I: / arccosh(wj (3.4.5)
O+1 0.693 2

Note that if p,and p, are not within 10% of one another the sample is not
sufficiently uniform to determine resistivity. Once p,and p, are known, the average

resistivity p,,. can be determined as follows:

+
paye =LA Ls 2p ? (3.4.6)

3.4.2 Hall Effect Measurements

The Hall effect measurements were carried out on both Hall-bar and van der
Pauw type samples by dc-method. In general, the applicability of this method is
taken into consideration when the sample resistance is the range of 10°-10° ohms.
AC-method is the suitable one for lower-resistive samples in application [43]. The
same circuit design as in Fig. 3.7a was used for Hall effect measurements of Hall-bar
samples with an applied magnetic field perpendicular to the current and the sample
surface. Walker Magnion Model FFD-4D electromagnet was used for producing the
magnetic field. Strength of applied magnetic field was kept constant (about 1 T) in
all measurements. The current supplied by a Keithley 220 programmable current
source between contacts 1 and 5. The induced Hall-voltage was measured between
the contacts 3 and 7, by using a Keithley 2001 multimeter. For Hall-bar samples, the
measurements were made by a series of readings with the consideration of various
combinations of the magnetic field directions and the current values and directions to
eliminate unwanted voltages producing errors during the measurements, such as,
Ernest voltage, Ettingshausen voltage, Nernst voltage, thermoelectric voltage, and
contact voltage. Table 3.2 gives a list of voltages measured for this method.

By taking all the combinations of magnetic field and current into account,
Hall voltage (Vy) can be calculated from the relation;

WV, +v,-v,-V,)l4=V, (3.4.6)

and

_IBR,

V, )

(3.4.7)
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where Ry=1/ne 1is Hall coefficient. The plot of IB versus Vy curve should have a

slope of #/Ry from which the electron concentration # is calculated.

Table 3-2: voltage measurements for Hall-bar samples.

Voltage Current Applied Magnetic Field
Designation Between Direction
Vi 1-5 +
V, 1-5 -
V3 5-1 +
\2 5-1 -

For van der Pauw samples, the Hall effect measurements were done together
with the resistivity measurements using a control software. The experimental set-up
for van der Pauw samples is shown in Fig. 3.8. 12 measurements have been taken to
determine the hall voltage in each temperature step. Measured voltages have been
given in Table 3.3

Once the voltages are measured, two hall coefficients, R,. andR,, have

been calculated as follows:

2.5%107¢
Ry ="V, =V, +V,-V,) (3.4.8)
BI
2.5%10"¢.
R, = T(V4 —V,+V, =V,) (3.4.9)

where R,. and R,,, are Hall coefficients in cm’/C, ¢, is the sample thickness in cm,

B is the magnetic flux, [ is the current in Amperes. Similar to the van der Pauw

resistivity measurements R,. andR,;, should be within 10% of one another, in a

sufficiently uniform sample. Finally average Hall Coefficient and the Hall mobility
can be calculated as follows:

RHC + RHD

Ry v = 5 (3.4.10)
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p =M (3.4.11)

Pave

where p,, is the Hall mobility in cm’/V-s and p v 1 the average resistivity

in Q-cm, found with van der Pauw resistivity measurement.

Table 3-3: Hall -voltage measurements for van der Pauw samples.

Voltage Magnetic Current Applied Voltage Measured
Designation Flux Between Between
Vv, +B 1-3 4-2
V, +B 3-1 4-2
V; +B 2-4 1-3
V4 +B 4-2 1-3
Vs -B 1-3 4-2
Ve -B 3-1 4-2
\% -B 2-4 1-3
Vg -B 4-2 1-3
Vo 0 1-3 4-2
Vio 0 3-1 4-2
Vi 0 2-4 1-3
Vi 0 4-2 1-3
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Figure 3-8: Experimental arrangement for Hall effect measurements for van der
Pauw geometry.
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3.5 Photoconductivity

The photoconductivity measurements were performed inside the Janis
cryostat equipped with a cooling system by means of liquid nitrogen between the
temperature range of 80-400 K. Photoconductivity characterization of the samples
was carried out in two ways.

a) Photocurrent under different illumination intensities, temperatures and

bias voltages has been measured.

b) Photocurrent under different illumination wavelengths, temperatures and

bias voltages has been measured.

In the first type measurements samples were illuminated by using a 12-watt
halogen lamp of relatively large illumination spectrum. The lamp was placed at a
height of about 0.5 cm above the sample to provide a homogenous illumination on
the whole surface. The illumination intensity of the lamp was changed by changing
the current passing through the lamp in the range of 50-90 mA with 10 mA steps.
ILFord 1700 Radiometer was used to determine the illumination intensity values for
the lamp at different applied currents. Table 3.4 gives measured illumination

intensities for given current values.

Table 3-4: Illumination intensity of the halogen lamp for given current values.

Lamp Current (mA) 50 60 70 80 90
Ilumination Intensity mW/cm” 17 34 55 81 113

For illumination intensity dependent photoconductivity measurements lamp
current is supplied by Keithley 220 programmable current source. Bias voltages are
applied by Keithley 2400 Sourcemeter and current was measured by the same device.
Experiment was completely automated by using a LabVIEW program. Control
software has provided standardization in illumination time and decreased
experimental errors significantly. In each temperature step first dark current has been

measured. Following the dark current photocurrent data were taken at five different
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light intensities. The light intensity dependent photocurrent data was used to
determine the type of the recombination process which gives information about the
statistical distribution of the traps inside the energy band gap. Fig. 3.10 gives the

experimental setup for this measurement.

| LakeShore 331

Temperature
Controller

PC

> 1:Sample
Keithley 2400 2:Hal
Sourcemeter =raagen
Lamp
Keithley 220
Current Source

Figure 3-9: Experimental setup for the measurements of photoconductivity.

Photoresponse of the samples to illumination at different wavelengths has
been measured under several bias voltages in a temperature range between 100-
400K. A 150 watt halogen lamp was used as a light source. Light bundle has been
focused on a Oriel MS257 monochromator which has a 1200 lines/mm diffraction
grading. A shutter has been placed between the lamp and the monochromator to
control the illumination cycle. Outgoing monochromatic light is directed to the
sample kept under vacuum behind the quartz optical window of Janis cryostat.
Voltage bias is applied by HP 4140 picoampermeter and the photocurrent is

measured with the same device. All of the measurement controlled with a computer
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software. Fig. 3.10 gives the experimental setup for this measurement. Wavelength
dependence of illumination intensity has been measured with a Newport radiometer

and given in Fig. 3.11.
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Figure 3-10: Experimental setup for wavelength dependent photoconductivity

measurements.
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Figure 3-11: The illumination intensity - wavelength dependence of the halogen
lamp-monochrometer system output used in the wavelength dependent
photoconductivity measurements.

3.6 Optical Measurements

Optical transmission spectrum of CdSe thin films has been has been
examined for incident light wavelengths between 325 nm and 1150 nm at room
temperature. Measurements have been taken with Pharmacia LKB Ultrospec III UV-
VIS spectrometer for 325-900 nm region and with Bruker Equinox 55 FT-IR-NIR
spectrometer in 600-1150 nm region. Background correction for the glass substrate
has been performed in each measurement. Transmission spectrum has been used to

determine optical bandgap value and type as discussed in section 2.5.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the results of structural, optical and electrical measurements
carried out for the characterization of the unimplanted and boron implanted CdSe
thin films are presented. Relevant discussions of these results with the consideration
of the effects of deposition method, deposition conditions, post annealing and B
implantation on the material properties are carried out.

The structural and compositional analyses are given in the first section of this
chapter. In the second section, optical measurements focusing on the investigation of
optical energy gap is presented. The results obtained from the -electrical
measurements, namely, the temperature dependent values of conductivity, carrier
density and mobility parameters studied in the temperature range of 80-400 K are
discussed in the third section. Finally, the photoexcitation intensity and wavelength
dependent photoconductivity properties of the CdSe thin films have been given in the
fourth section of this chapter. Samples are named due to the evaporation cycle they
have been deposited. Deposition parameters for the samples have been given in

Table 4.1 and abbreviations given in this table are used through the whole chapter.
4.2 Structural and Compositional Characterization

To investigate the influence of growth method, growth parameters and post
annealing conditions on the structural, morphological and compositional properties
of CdSe thin films, X-ray diffraction (XRD), energy dispersive X-ray microanalysis
(EDXA), X-ray photoemission spectroscopy (XPS) studies has been performed.
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Table 4-1: Summary of deposition parameters of samples

Sample Name | Evaporation Technique | Substrate Temperature (C°) | Thickness (um)
T1 Thermal 147 245
T2 Thermal 192 0.8
T3 Thermal 30 1.1
El e-beam 146 1.16
E2 e-beam 195 0.76
E3 e-beam 204 0.8

4.2.1 EDXA Results

EDXA studies has been performed for e-beam evaporated (E3) and thermally
evaporated (T3) CdSe thin films in order to investigate the Cd / Se ratio and impurity
content. The results have showed that the stoichiometric composition of the source
material has not been perturbed too much during the deposition. It has been found
that films grown on cold substrate with thermal evaporation have atomic
concentrations of 49.15% Se and 50.85% Cd, while films grown with e-beam
evaporation at a substrate temperature of 200° C have a composition of 49.23% Se
and 50.77% Cd. No impurity content has been observed in EDXA pattern of as
grown films.

Effects of annealing in N atmosphere and under vacuum (<107 Torr) has
also been studied on T3 type samples. Therefore, the composition of the CdSe
changed slightly with annealing owing to loses of more volatile selenium. Atomic
percentage concentration of Se in the films has decreased from 49.15% to 48.51%
after a series of annealing process in N, atmosphere ending with an annealing at
400°C for 30 minutes. The ratios have decreased to 49.10 / 50.90 and 48.46 / 51.54
for films annealed under vacuum at 250° C and 500° C respectively. It is expected
that re-evaporation of selenium is less significant compared to other Se composites
like InSe [59] since all possible crystallization phases of CdSe thin films have 1/1

atomic ratio. As result of this EDXA studies, one can see that vacuum condition does
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not assist the re-evaporation of selenium but prevents the contamination of
impurities. C, O and Na peaks appearing for films annealed in N, atmosphere
whereas not observable in the EDXA patterns of the films annealed under vacuum.

EDXA patterns have been given in Fig. 4.1.
4.2.2 XRD Measurements

As discussed in section 2.2.1 CdSe like the other II-VI compounds is dimorph

at ordinary pressures and crystallizes either as sphalerite structure with space
group F 43m or as wurtzite structure with space group P,mc . The energy difference is

only a few meV per atom so when the samples are prepared at temperatures higher
than 95°C which is the critical temperature for cubic-to-hexagonal transition, the
wurtzite structure is retained at room temperature.

It is known that CdSe thin film may grow with either cubic or hexagonal
structure similar to the CdSe single crystals [61]. In this study, XRD technique is
used to determine the phases present and the orientation of polycrystalline CdSe thin
films deposited by thermal evaporation and e-beam evaporation techniques. XRD
measurements have been performed following to each annealing process in order to
observe the possible changes in crystal structure.

The XRD spectra has revealed that the CdSe films deposited at different
substrate temperatures have polycrystalline structure and post depositional heat
treatments did not alter the structure of as-grown film remarkably. Furthermore,
identification of the appearing crystalline peaks confirmed that both of the cubic and
hexagonal phases of CdSe exist in all of the deposited films. Peak positions and
relative intensities are in a very good agreement with the IDDC database and
previous works [25, 62-63]. No additional peak which does not belong to one of
those phases exists in diffractograms. This result shows that Se/Cd ratio is very close

to 1 and in agreement with EDXA results.
All of the XRD diffractograms has a single major peak at 20 =26.1° which

indicates the preferred orientation of films are 002hexagonal (111cuvic) parallel to the
substrate surface. Also several minor peaks whose intensities do not exceed 7% of

the main peak are observed. Fig.4.2 gives the XRD diffractograms of as-grown CdSe
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Figure 4-1: EDXA patterns for T3 samples a)Asgrown, b) Annealed at 400°C in N,
atmosphere, ¢) Annealed at 250°C under rough vacuum, d) Annealed at 500°C under
rough vacuum.
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thin films deposited under different conditions. Table 4.2 summarizes d-value, miller
indexes and relative intensities of major and several minor peaks, while Table 4.3
gives a list of main peak intensities.

The crystalline sizes (D) were calculated using the Scherrer formula [64]
using the full-width at half~-maxima of the main peak ()

~ 0942
P cosb

(42.1)

The strain (g) calculations could not be performed since the minor peaks are
too small and usually could not be fitted with Gaussian distribution. Calculated grain

sizes vary between 40 and 95 nm.

35
30
1 S .
25 .
’g‘- - A P N | o A ['_-3
s 20
S 7 T2
E 154
vl
S 7 E2
i El
5
0: o, PSR .
T y T ' T y T y T y !
0 20 40 60 80 100

20 (deg)

Figure 4-2: XRD diffractograms of the as-grown CdSe thin films deposited at
different evaporation cycles.
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Results indicate that crystallization process is directly related to deposition
conditions especially substrate temperature and film thickness. For lower thickness

such as in sample T2, the films have random particle orientation, identified by the

Table 4-2: Positions, properties and measured relative intensities of as-grown CdSe
thin films.

Peak # 1 2 3 4 5 6 7 8 9 10

hkl 100, | 002y, | 101, | 102y, | 1104, | 103y | 112y, | 105, | 3004, | S11¢
111c 220c 311c 422c

26 239 | 254 | 27.1 | 351 | 42 | 458 | 49.7 | 719 | 76.8 | 82.4
(in deg)

d-value | 3.72 | 3.51 | 3.29 [2.254[2.151 | 1.98 | 1.834 | 1.312| 2.24 | 1.169
(A)

Sample I/I() I/I() I/I() I/I() I/I() I/I() I/I() I/I() I/I() I/I()

T1 0.3 100 | 0.7 - 0.5 1 1.2 0.7 - 1.2
T2 2.6 100 | 2.6 0.8 4.6 3.6 7 1.4 1.1 1.6
T3 0.5 100 | 0.5 0.4 0.7 0.8 0.6 1.8 - 1.4
El 1.3 100 1.2 - 24 2.1 1.6 1.2 1 1.3
E2 - 100 | 0.5 - 1.8 2.7 1.4 - - 1

E3 0.3 100 | 0.7 - 0.4 0.7 0.5 0.5 - 1.1

Table 4-3: Summary of main peak intensities.

Sample Tl T2 T3 El E2 E3

Main peak intensity | 23218 3764 12475 5114 4797 12639
(cont/Min)

presence of various peaks at (110y), (112) etc., As the film thickness increases the

002;, diffraction peak becomes more and more dominant as observed in T1 samples.
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These results indicate that at the initial stages of the film formation, the deposited
atoms are at random orientation. As the thickness of the film increases the
polycrystalline grains begin to orient mainly along (002;) direction [29].

Post depositional annealing generally improves the polycrystalline structure
of the films. Improvement occurs due to crystallization of existing amorphous
phases. But it is not applicable to the films in this study. Since all of the films grow
in polycrystalline structure annealing did not cause any re-crystallization. The only
exception is observable in films deposited with e-beam evaporation (E3) and
annealed at 450°C. In this sample (103;) and (105,) peaks become clearer while
peaks at 20 = 42° and 20 = 49.7° completely disappears. Effects of annealing on
XRD patterns are given in Fig. 4.3. Erskine [63] et al. has reported comparable (80-
100 nm) grain sizes using the electron micrographs of surface replicas of CdSe thin
films and noted that no significant grain growth occurs during annealing.

No measurable change has been found in main peak intensity and grain size
for B implanted samples. Shepherd et al. [65] has reported similar results for the B-
implanted CdSe thin films up to doses of 1x10'® ions/cm®. They have also implanted
Al and Cr ion into CdSe and reported significant changes in the crystallography of
the films, namely a decrease in the value of the ¢ consistent with the implanted ions
occupying substitutional sites. On the other hand the smaller ionic radii of B

compared to Al, Cr, Cd causes less effect in structure [65].
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Figure 4-3: X-ray diffraction patterns of samples a) T1, b) T2, ¢) T3, d) E3 for
different annealing levels.
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4.3 Optical Characterization

The optical properties of e- beam evaporated and

thin films have been studied to investigate the influence

parameters and post annealing conditions on the optical parameters. The transmission

measurements were carried out by using a Pharmacia LKB Ultrospec III UV-VIS

spectrometer in the range of 325-900 nm region and a Bru

spectrometer in the range of 600-1150 nm. Figure 4.4 shows typical transmission

spectra for investigated films. Interference maxima and minima due to multiple

reflections on the film surfaces can easily be observed.
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Figure 4-4: Typical transmission spectra (Sample T3 as-grown )

Although refractive index have been calculated for

using the Swanepoel method [66] the optical part of this work has focused on the

investigation of optical energy gap of the samples.
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The optical absorption coefficient has been calculated from the transmission
data using the relation,

i
o _Eh{zj 4.3.1)

where d is the thickness [,/ are intensities of incident and transmitted lights,

respectively. Reflection coefficient for each wavelength is also necessary to calculate
the absorption coefficient sensitively. Fortunately, optical energy gap of a
semiconductor material is not directly related to value of absorption coefficient but
the wavelength at which transmission spectrum start to change significantly. So a
constant reflection coefficient will not effect the energy band gap calculations. This
assumption is not inaccurate since our interest focuses on a very narrow band of the
spectrum (about 10 nm) around the fundamental absorption edge. Reflection
coefficient has been taken to be zero through this study.

Variation of the optical absorption coefficient near the fundamental
absorption edge has allowed us to determine the optical energy gap as discussed in
section 2.5. The absorption coefficient (o) at the optical absorption edge varies with

the photon energy (hv) according to the expression ;

(ahv)=Alho-E, ) (4.32)
where A is a constant and £, is the optical energy gap and n is an index having the
values of % for the direct allowed transition and 2 for the indirect allowed transitions.
In order to determine the suitable n value (ehv)'" vs. hois plotted for n= Y% and
n=2. A typical plot is given in Fig. 4.5.

As observed from the figures, the plots for n= ' fit well to the expression
given by equation 4.3.2. Thus, a plot of (ah L))2 as a function of /v yields a linear

portion in the region of strong absorption near the absorption edge, indicating that
absorption takes place through allowed direct interband transition [59]. Optical

energy gap values have been obtained by extrapolating these linear portions to
the 4o axis. Figure 4.6 shows the variations of (e/v)’ as a function of Ao for all of

the as-grown samples and Table 4.4 gives the calculated optical energy gap values

for these samples.
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Table 4-4: Optical band gap energies of as-grown samples.

Sample T1 T2 T3 El E2 E3
Optical band gap(eV) | 1.66 1.72 1.75 1.73 1.91 1.73
4 -x10° . " 4x10°
; / (chv)
1 ¥ (c:thv)”2 i
/|
3 - / ' -3
T / 1 €
o b
3 24 . 12"
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— 3
i ﬁ' ] =
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hv (eV)

Figure 4-5: Comparison of (ahv)’ and (ehv)’” plots.

Optical band gap of all as-grown samples are 1.73+0.02 eV with two

expectations. First of them is T1 whose energy gap has been calculated to be 1.66 eV

is four times thicker than the other samples. Very low transmission rates caused by

the thickness makes the determination of absorption edge difficult and decreases the

band gap. Similar observations of decrease in the band gap with increase in film

thickness were reported by Velumani et al. [29], and Pal et al. [67]. The second one
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Figure 4-6: The variation of (ahv)” as a function of hv for all as grown samples.

is E2. Two different linear regions appear in this sample indicating the existence of
two different direct band gap energy with E;;=1.68 eV and Ey,=1.91 eV. The two
direct transitions observed in the films may be attributed to spin orbit splitting of the
valance band [29, 67, 68]. Almost the same values have been reported by Mondal et
al. [69] for the CdSe films on the glass substrates.

Transmission measurements have been repeated after each annealing step for
all samples. Figure 4.7 shows the variation of the optical energy gap as a function of
annealing for selected samples. It is observed that annealing does not change the
energy gap. Variations limited to a few meV and irregular, is caused by experimental
errors. These results are in agreement with the XRD results which indicate that
crystallite does not increase with annealing.

Effect of boron implantation on the energy gap has also been studied.
Implantation and annealing of the implanted films did not produce any observable

change in the optical energy gap. This result indicates that the boron atoms produce
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intersitional impurities and does not create additional highly populated localized
states inside the energy gap. Figure 4.8 gives the (ah u)2 vs. hv plots of as grown, as

implanted and annealed samples grown with thermal and e-beam evaporations.

4.4 Electrical Characterization

In this section, the results of the electrical measurements carried out on the e-
beam evaporated and thermally evaporated CdSe thin films have been presented.
Dominant conduction mechanisms at different temperature regimes have been
discussed and also effects of boron implantation on the conductivity of the films have
been analyzed.

For the electrical measurements on the samples, indium contacts were
obtained by evaporation of indium on the films using suitable masks. In the first step,
the ohmic behaviors of the contacts were checked by measuring linear variation of
the I-V characteristics, which was independent from the polarity of applied currents
and contact combinations. A typical example for logarithmic plots of I-V is shown in

Fig. 4.9.
4.4.1 Conductivity Measurements and Conduction Mechanisms

Electrical conductivity of the films has been measured with DC and van der
Pauw techniques discussed in Chapter 3. Sign of the measured Hall-voltages
indicated that all of the CdSe thin films exhibit n type conduction. This result
corrects the EDAX measurements which had revealed the existence of excess
cadmium. The room temperature conductivity of the thermally evaporated CdSe thin
films vary between 10~ and 10" (Q-cm)”'. Compared to thermally evaporated ones e-
beam evaporated CdSe thin films are much more resistive with conductivity values
varying between 5x107 and 1.5x10° (Q-cm)”. B implanted T2 samples have a
conductivity value about 5 times greater than the unimplanted ones. Very high
resistivities of the e-beam evaporated films make the electrical characterization of the

samples difficult, especially for the Hall-effect measurements. Room temperature
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electrical parameters of the as-grown CdSe and boron implanted CdSe films has been

given in Table 4.5.
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Figure 4-9: Typical I-V characteristics for CdSe thin Films with indium contacts.

Table 4-5: Summary of the conductivity, mobility and carrier density values of as

grown samples at room temperature.

Sample o (Q-cm)’ i (cm”/V-s) n (cm™)
Tl 1.2x107 86,8 -

T2 7.5x10™ 11.8 5.9x10"
T2 (B imp) 3.4x10” 18.3 1.9x10"
T3 9.4 - -

El 1.7x10°® - -
E2 5.2x10” - -
E3(B imp) 1.2x107 - -

58



The temperature dependent conductivity in CdSe thin films was measured in
the temperature range of 80-400 K in order to reveal the dominant transport
mechanisms and the general behavior of the conductivity. The temperature
dependent conductivity of the CdSe thin films deposited with both techniques shows
very similar behaviors although they have very different conductivity values. Such
as, the variations of the conductivity with the temperature for both films are similar
but resistivity of e-beam evaporated sample is 500 times greater than the thermally
evaporated one. In both type of samples the conductivity increases very slightly
between 80 and 220 K but after 220 K a very sharp exponential increase is
observable. Similar behaviors are commonly observed in polycrystalline
semiconductor thin films [42]. Typical temperature dependent conductivity behavior

of CdSe thin films is given in Fig. 4.10.
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Figure 4-10: Temperature dependent conductivity of thermally evaporated (left axis)
and e-beam evaporated (right axis) as grown CdSe thin films.
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Transport mechanisms in the deposited films have been investigated by
analyzing the temperature dependent conductivity values. The possibilities of
dominant conduction mechanisms within possible conduction mechanisms as
discussed in section 2.1 are studied by comparing them to each other at different
temperature regions. Temperature dependent conductivity parameters proposed by
these mechanisms are summarized below.

1) Thermionic emission over the grain boundary potential barrier.

E
oNT =0, exp| ——= 4.4.1
0 p( ij ( )
2) Thermally assisted tunneling.
2
o= 0'(')(1 +%T2] (4.4.2)
3) Hopping
V%
oNT = o) exp —(?0] (4.4.3)

The variations of ln(aﬁ ) as a function of inverse absolute temperature of

the thermally evaporated and e-beam evaporated as-grown CdSe thin films have been
given in Fig. 4.11a and b. All of the plots indicate the existence of two linear regions
with a transition region between them.

At low temperatures, conductivity of the thermally evaporated samples
increases slightly with activation energies between 7.5 and 17.7 meV. After 230 K
conductivity starts to increase much sharply with activation energies between 50 and
233 meV. It has been observed that the conductivity of the as-grown samples
increases with decreasing substrate temperature while activation energies are
decreasing.

Another factor that affects the conductivity of the films is film thickness. The
effective mean free path model [70] gives an expression for the thickness

dependence of resistivity of polycrystalline semiconducting films as;

31,(1-p)
p:pg(l+gTJ for [, /t>0.1 (4.4.4)
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where p, is the resistivity of an infinitely thick polycrystalline film,/, is the mean

free path in the corresponding film, ¢ is the film thickness and p is the specularity

parameter. Mohanchandra and Urchil [71] has found that p,=0.2 (Q-cm) and
_ -6
1,(1- p)=6.96x10"° (cm) for CdSe.

As mentioned earlier, the samples evaporated by e-beam show similar
temperature dependent conductivity characteristics with higher resistivity and
activation energy values. Conductivity results are in correlation with the XRD
observations which anticipate lower crystallites and smaller grain sizes for those
samples. In low temperature region below 220 K, e-beam evaporated CdSe thin films
have activation energies of 7.3-10.5 meV. Their activation energy increases to 470-
318 meV above 250K. Calculated activation energies for all samples are given in

Table 4.6

Table 4-6: The activation energy (E, )of as grown CdSe thin films obtained from the
temperature dependent conductivity measurements. * indicates the B implanted
samples.

Sample T1 T2 T2%* T3 El E2 E3*

E, (meV)in 80-230 K | 17.7 16.6 5.5 7.5 10.6 7.3 7.9

E, (meV) in 240-400K | 216.5 |233.1 | 184.0 | 49.5 318.0 | 469.8 | 258.8

Another part of this study was investigation of the effects of doping with
boron on the structural, optical and electrical properties of CdSe thin films. For
doping process ion implantation technique was used and the surface of the sample
was bombarded with the ion beam of 10" ions/cm® at 100 keV Due to low
implantation level structural and optical characteristics of the films has not changed
considerably. On the other hand, significant changes have been observed in the
conductivities of the samples. Boron implantation has decreased the activation
energy of T2 sample to 184 meV and 5.5 meV in high and low temperature regions,
respectively. Conductivity of the both samples increased after annealing at 250°C but

drop below the as-grown values after the second annealing step at 300°C. The results
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can be explained with an increase in crystallite and/or segregation of Se atoms. Fig.
4.12 is given for the comparison of the conductivity versus temperature plots for
thermally evaporated (T2) as-grown and as-implanted CdSe thin films. And Fig. 4.13

is given to show the effects of annealing in these films.
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Figure 4-11:The variation of IH(GT 12 )as a function of the inverse absolute
temperature for a) thermally evaporated, b) e-beam evaporated CdSe samples.
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Conductivity of the films deposited on cold substrate (T3) by thermally
evaporation is significantly higher than the ones deposited on the hot substrates. This
implies that increasing substrate temperature produces defective structure, whereas
the disordered structure of these films is not visible in XRD measurements as it
appears with electrical measurements. Resistivity and activation energies of these
films increased with annealing as a result of decrease in selenium ratio and defects in

structure, respectively.
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Figure 4-14: The variation of IH(GT Y 2)as a function of the inverse absolute
temperature for T3 samples.

The variation of activation energy implies that different conduction
mechanisms take place in different temperature regions. For all of the samples, the
thermionic emission of the carriers above the grain boundary is the dominant
conduction mechanism above 250 K. Experimental results fit very well with the
models discussed in section 2.3.1. A more detailed analysis of the conductivity-

temperature data was required to find the dominant conduction mechanisms at low
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temperature region. o — 7T~ and Ll’l(O‘T v 2)—T “* graphs corresponding to thermally
assisted tunneling and variable range hopping, respectively, have also been plotted
for each measurement in order to compare the models with experimental data. As
shown in Fig. 4.10 a-c, Ln(O'Tl/Z)—T’l/“, o—T?, and Ln(O"Tl/Z)—IOOO/T plots
show linear behaviors in the temperature region 80-160 K, 170-240 K and 250-420 K,
respectively. The temperature regions may change by an amount of = 20 K for

different samples grown with thermal evaporation.
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Figure 4-15: a)Ln(o-Tl/z)—T’l/“, b)o-T7, and c)Ln(chl/z)—IOOO/T plots for as
grown T3 samples.

Although the conduction mechanisms has been easily identified for thermally
evaporated samples it was impossible to select the best fitting mechanism for the e-
beam evaporated samples whose conductivity decreases down to 10 (Q-cm)™ at low
temperatures. Boron implantation has increased the conductivity of those samples

and made the analysis possible. Obtained results for those samples were similar to
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the thermally evaporated ones. These results have been interpreted in terms of the
thermionic emission, tunneling and hopping theories as discussed in section 2.3 we
investigate each of the three temperature regions over which at least one of the above
conduction mechanism predominates. We found that thermionic emission over the
barriers is the main conduction mechanism above 250 K. For conductive samples in
the mid temperature regions 170-240 K the contribution from tunneling must also be
taken into account. Hopping conduction appears to be the appropriate model to
explain the temperature dependent conductivity below 160 K for all samples. In
polycrystalline materials at low temperatures the carriers can not be transferred into
the grain by thermionic emission, they do not have the enough energy to cross the
grain barrier potential and the conduction involves the grain boundaries. In the grain
boundary trapping model, the trapping states are created by the disordered atoms and
the incomplete bonding among them, are distributed in the band gap. Depending on
the temperature and also on the distribution of those states in the gap some of the
trapping states are filled with carriers and are charged. The empty state may capture
an electron from the charged states under favorable energy conditions. Then, a
possibility for the conduction is by hopping of charge carriers from filled trap sates
to empty trap states. The filled states may subsequently release the electron and thus
help in conduction by means of hopping and photo assisted tunneling. Since filling
up the trap states also rises up the Fermi level that results in lowing of the grain

boundary potential and increases the probability of tunneling of the carriers.
4.4.2 Determination of Carrier Concentration and Mobility

The temperature dependent Hall-effect measurements were carried out only
on the samples whose conductivity is high enough to take reliable data. All of the
Hall effect measurements has been taken under the constant magnetic field strength
of 970 mT. The sign of Hall-voltage showed that all the samples are n-type. The
electron concentrations (n) in the CdSe thin films were calculated using the
expression;

Wy _ r

R, = 4.4.5
IB " e ( )
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where V,, is the Hall voltage, ¢ is the film thickness and r is the Hall factor which is
assumed to be equal to 1 for this study. Reliable Hall effect measurements could
have been performed only on T1, T2 and boron implanted T2, E3 type samples.
Ln(yT V2 )— 1000/T plots of as grown and annealed; boron implanted T2 samples is
given in Fig. 4.16
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Figure 4-16: The variation of ln(yT Y 2)as a function of the inverse absolute
temperature for B-implanted T2 samples.

The analysis of the temperature dependent mobility were performed

according to the conduction mechanism of thermionic emission where the effective
mobility as a function of potential barrier height at the grain boundary, ¢, , is defined

as

T exp| Z9% 4.4.6
M=l p[ T ( )

The slopes of Ln(yT 12 )— 1000/T plots give the barrier height,#,. For the
unimplanted as-grown T2 samples barrier height is calculated to be 45.3 meV at high
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temperature region (in 280-400 K). For the boron implanted samples the barrier
height was found to be 44.8 meV. These results indicate that boron implantation had
no effect on barrier heights before annealing. Calculated barrier heights for the
unimplanted and B-implanted samples have increased to 78.4 and 83.6 meV after
they have been annealed at 250 K for 30 minutes. The increase in the potential barrier
can be explained with the increase in the number of trap states arising from the
incomplete bondings between trap states at the grain boundary. These could be
related with segregation of Se atoms which increases with annealing as observed

from the EDAX results.
4.5 Photoconductivity Analysis

The temperature dependent photoconductivity measurements have been
performed in the temperature range of 80-400 K at different electric field strengths
and illumination intensities. In addition to dark current, the currents under the
illumination of halogen lamp at light intensities 17, 34, 55, 81 and 113 mW/cm® have
been measured. Also the spectral responses of the films under monochromatic light
have been examined in the wavelength region of 400-960 nm.

Photoconductivity measurements were useful tools especially for the
characterization of highly resistive samples. The conductivity values of e-beam
evaporated samples (E1, E2, E3) increased up to 250 times at low temperature
regions where the number of thermally activated carriers were very limited. Photo-
current was still very significant for thermally evaporated samples (T1, T2, T3) with
an increase up to 40 times at lowest temperatures. Figures 4.17a and b. give the
typical current versus inverse temperature plots for thermally evaporated (T4) and e-
beam evaporated (E1) samples.

Conductivity versus temperature dependencies of samples showed similar
characteristics under illumination and in dark. The only expectation occurred for the
boron implanted T2 samples. Conductivity of this sample decreased under
illumination with increasing temperature while the dark conductivity increased in the
same way with the other samples. Since most of the carriers have been excited to

conduction band optically, activation energies calculated from the slope of

Ln(GT V2 )— 1000/T plots has decreased with increasing illumination power.
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The photoconductivity has been calculated by subtracting the dark
conductivity from the measured conductivity under illumination. The
photoconductivity increases with the increasing temperature until the number
thermally activated carriers exceeds the number of optically excited ones. Since the
recombination limits the number of carriers in the conduction band after this critical
temperature photoconductivity starts to decrease. This phenomena is called thermal
quenching as discussed in section 2.4.3. The value of the critical temperature
depends on the photo-excitation intensity, i.e. increases with the increasing intensity.
Intersection of dark conductivity with the critical temperature points is more clearly
visible for the e- beam evaporated samples which are more sensitive to light. Critical
temperatures are slightly larger than the temperatures at which dark current equals to
photocurrent for thermally evaporated ones. But the correlation is still visible. Dark
current and photo current versus inverse temperature plots of as grown T2 and El

samples are given in Fig 4.18 a and b.
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Figure 4-18: The variation of photoconductivity as a function of inverse temperature
at different illumination intensities for as grown a) T2 and b) E1 samples.

Characteristic of the recombination centers has been determined from the
photocurrent versus illumination intensity plots at different temperatures and applied
fields. Fig. 4.19 and Fig.4.20 gives the /n I, versus In ¢ plots of as-grown T2 and
E1 samples at different temperatures and applied electric fields, respectively. Linear
characteristics have been observed at each temperature for both samples. Results

indicate that photocurrent depends on illumination intensity as 7, o ¢". n values

have been calculated to be in the range of 0.92 -1.26 and 0.93-1.12 for the two
reference samples mentioned above. Observed sublinear and supralinear
photoconductivity regions can be explained with the two center recombination model
discussed in section 2.4. n values are greater than 1 in high temperature region and in
lowest temperature region (for e- beam evaporated samples only) indicating the
existence of two donor levels dominant at low and high regions of the examined

temperature range.
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Figure 4-19:Photocurrent-illumination intensity behavior at different temperatures
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Figure 4-20: Photocurrent-illumination intensity behavior at different applied electric
fields for as grown a) T2 and b) E1 samples.
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In addition to illumination dependent photoconductivity measurements
wavelength dependent photoconductivity measurements have been performed. For
these measurements a 150 Watt halogen lamp and a monochromator has been used.
Measurements have been performed in the temperature range of 100 and 375 K.
Photocurrent has been calculated by subtracting the dark current from the measured
current under illumination. Finally, photocurrent values have been normalized using
the illumination spectrum of the light given in the Fig. 3.11. Fig. 4.21 a, b and ¢ gives
the photo current values as a function of photon energy for as-grown T2 and boron
implanted T2 and E3 samples respectively.

Photocurrent versus hv plots show that the maximum value of the
photocurrent for as grown and un-implanted samples is around 1.72 eV. This value is
the same with the optical band gap calculated from the transmission measurements
for this sample, indicating that same energy level in the energy band is responsible
for optical absorption and photocurrent. After this point photocurrent decreases very
slightly in 1.72- 1.85 eV region.

On the other hand for the boron implanted samples the optical behavior is a
little bit different. For both thermally evaporated T2 and e-beam evaporated E3
samples the photocurrent reaches to a maximum value at 1.85 eV and start to
decrease immediately after this point. This could be the effect of deep trap levels
introduced by the implantation and disorder in the structure of films.

In parallel with the conductivity and illumination dependent
photoconductivity results photoconductivity of the samples increases slightly when
they are annealed at 250° C but decreased below the as-grown value with further
annealing at 300 K. The photon energy causing the maximum photocurrent has not

changed with annealing as shown in Fig. 4.22.
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Figure 4-21: Photocurrent as a function of incident photon energy at different
temperatures for as grown a) T2, b) B-imp T2 and c) B-imp E3 CdSe thin films.
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Figure 4-22: Photocurrent as a function of incident photon energy at 300°K for a) T2,
b) B-imp T2 CdSe thin film after various annealing steps.

Another important observation was the decrease in the photoconductivity
with the increasing temperature for B implanted T2 samples. The same temperature
dependence has also been observed in the wavelength dependent photocurrent
measurements of the sample. On the other hand e-beam evaporated, B-implanted
samples behaved like unimplanted ones as seen in Fig. 4.12.c. Plots of illumination
dependent and wavelength dependent photocurrent are given in Fig. 4.13 and 4.12b
respectively. The negative temperature dependence of photocurrent has been
disappeared after the sample is annealed at 250°C. After they have been annealed at
250 and 300°C, the results obtained for the un-implanted and B-implanted samples
gave similar values. It shows that these behaviors could be related with increasing
disorder in the grain and/or in the grain boundary regions for polycrystalline

materials because effect of annealing and/or activating the implanted boron atoms.
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Figure 4-23: The variation of photoconductivity as a function of inverse temperature
at different light intensities for as grown boron imp(T2) samples.
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CHAPTER 5

CONCLUSIONS

The aim of this study was to investigate and compare structural, optical and
electrical properties of the CdSe thin films deposited by thermal evaporation and e-
beam evaporation techniques and to investigate the effects of low dose boron
implantation on these properties.

The compositional analysis performed with EDAX indicated that almost
stoichiometric CdSe thin films with excess cadmium smaller than 1% are deposited
with both of the deposition methods. A systematic decrease in the Se content has
been observed in the EDAX patterns as the annealing temperature increases. Same
patterns also showed that annealing of the films under rough vacuum conditions does
not enhance Se evaporation but prevents the contamination of the films. In parallel
with the EDAX results, identification of the peaks in the XRD patterns has
confirmed that only the hexagonal and cubic phases of the CdSe exists in the films.
Elemental Cd or Se peaks did not appear in XRD patters. It has been observed that
all of the films were highly oriented in (002,) planes parallel to the substrate. Grain
sizes of the films have been calculated using Scherrer formula and found to be
varying between 40 - 95 nm. Almost no significant changes have been occurred in
the XRD patterns as a result of annealing. The associated changes in the crystallinity
and grain size were only marginal.

The results of optical analysis showed that optical absorption in the CdSe
thin films takes place through allowed direct interband transition. Variation (ahv)® as
a function of hv has been plotted for all samples to determine the band gap energy.
Two linear regions have been observed in plots indicating the existence of two
different band gap energy values, which may be attributed to the spin orbit splitting
of the valance band. The low values of the energy band gap varied between 1.64 and

1.68 eV while the high values which have been obtained from the extrapolation of
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the second linear region found to be varying between 1.66 and 1.91 eV. Annealing of
the samples even at the high temperatures up to 500°C, have not created any
observable changes in the optical band gap energy. These results support the XRD
measurements which indicate that crystallinity and grain sizes of the samples do not
change during annealing. Low dose (1x10" jons/cm?®) boron implantation did not
create any observable sign in the optical and structural results of thermally
evaporated and e-beam evaporated CdSe thin films.

The distinct behaviors between thermally evaporated and e-beam evaporated
CdSe thin films were observed during the investigation of electrical properties.
Room temperature conductivity values of thermally evaporated as-grown films
varied between 9.4 and 7.5x10 (Q-cm)™". It has been observed that conductivity of
the films decreases with the increasing substrate temperature. The decrease in the
conductivity can be explained with the decrease in the point defects and consequent
decrease in the number of free electrons in the conduction band with the increasing
substrate temperature. On the other hand, significantly higher resistivity values have
been measured for e-beam evaporated samples. Room temperature conductivity
values of as-grown samples produced with this method varied between 1.6x10° and
5.7x107 (Q-cm)’. Similar decreasing behavior in conductivity with increasing
substrate temperature has been observed in e-beam evaporated CdSe thin films. In
addition to deposition method, boron implantation has resulted significant changes in
electrical conductivity of the samples. Room temperature conductivity values of the
as grown samples have increased 5 and 8 times for thermally evaporated and e-beam
evaporated samples respectively. Post annealing at 250°C has increased the
conductivity of the unimplanted and B implanted samples slightly but the
conductivity has drop below the as grown value when the samples annealed at
300°C. This implies that boron atoms in structure are activated with annealing and
result in disordered structure in the grain boundary regions.

The Hall mobility measurements could only be performed for the samples
which are conductive enough to give reliable data. The Hall effect measurements
have showed that the films are n-type. This result has been expected since the films
are known to be Cd rich from the EDAX results. The mobility values were found to

vary in between 8.8 and 86.8 cm’/V-s depending on the annealing temperature and
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film thickness. The temperature dependence of the mobility showed an exponential
behavior at high temperature region (250-400 K). Calculated grain boundary barrier
height was found to be in the order of kT allowing the thermionic emission model to
apply to the transport properties of the samples.

Photoconductivity measurements have revealed that e-beam evaporated
samples have better photo-response as a result of to their higher dark resistivity.

Photoconductivity results also indicated that photocurrent depends to illumination

intensity as /,, o ¢". n values have been calculated to be between 0.92 -1.26 and

0.93-1.12 at various temperatures for thermally evaporated and e-beam evaporated
samples, respectively. For those samples » values has decreased until a 200 and 300
K, respectively and then started the increase. The variation of n indicates the
existence of supralinear-sublinear-subralinear regions respectively with increasing
temperature. These results may be explained with the existence of two discrete set of
donor levels dominating at different temperature ranges one is at the low edge the
other is at the high edge of temperature range of measurements. Illumination
wavelength versus photocurrent measurements indicated that maximum photo
current passes through the unimplanted samples when the incident photons have
energy of 1.72 eV which equals to the optical energy band gap calculated for these
samples. For both of the e-beam and thermal evaporated samples the maximum
photocurrent has been observed at 1.85 eV after B implantation.

In general the electrical properties of the CdSe thin films are strongly affected
by the deposition conditions such as deposition method, substrate temperature, B
implantation. and post depositional annealing while the structural and optical
properties are less sensitive to them. These results indicate that deposition conditions
do not affect the grains as much as it does the grain boundaries.

Thermal evaporation and e-beam evaporation offers many possibilities to
modify the deposition parameters and to obtain films with determined resistivities
without changing the compositional, structural and optical properties. Implantation
with suitable elements is also a good method to tailor the thin film properties. Boron
implantation has given well results since it has significantly enhanced electrical

parameter without changing the structural and optical properties.
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For further study, we will try to make a detailed analysis of transient photo-
response of CdSe thin films in order to investigate the electronic density of the trap
states as well as the recombination processes. We will also carry out space charge

limited conduction measurements to determine the trap levels and trap behaviors.
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