Chapter 3

sis of Thin Film

In this chapter, / “electrical, optical and structural properties of

thin film will be di electr w:\ ope sere obtained using Hall effect

measurement with : techhique ‘ optical properties, such as trans-
2t

Theoretical

mission and absorpti 1 be determined from optical transmission
measurement. The res ora .‘ measurement can be used to determine
the thickness of the film usi .-. nce from the transmission patterns. The
structural prop .. ties ‘

X-ray diffractiongd. R |
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basic experimental configurations. One of these is the four-point probe method, as

r allinity are characterized by

shown in Fig. 3:1. The current is injected to the material and the current density
._é
(J) is written as

T = nqv, (8.1)

where n is the carrier concentration, g is the electronic charge and 7 is the drift

velocity of the carriers. The relationship between the drift velocity and electric field
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Figure 3.1: Configur Lpdin or determination of thin film

resistivity [23] f 7
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Figure 3.2: Configuration for Hall effect measurement on rectangular-shaped sample

that is n-type semiconductor [23]
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—
(E) is given by
s % —
v =pk, (3.2)
where p is the mobility of the carriers. Then, Eq. 3.1 can be written as
— —
J =ngukE. (3.3)

From Ohm’s law, the current density,is directly proportional to the electric field,

and can be written as :
. ) 3.4
4, > (3.4)

——

where o is the con gs. 3.3 and 3.4, the resistivity

(p) can be then e
(3.5)

schemes provide some of the
r properties of thin films. The

physics of this method i e ] detail, and it is an important

3.1.1 Hall.Effect
iy

Consider an expegnenta onfigu ect%ular shaped sample shown in

Fig. 3.2. For an n- semlconducto uch as the ZnO thin films, the magnetic
freo <F>ﬁh‘h! Elie’ﬁ} dia Vlﬁ W 21179
¢ F= ;] (3.6)
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an accumulation of negative charges on the lower surface of the film. For this
sample geometry, the magnetic force in the -y direction driving the negative carriers

(electron) is
Fy = —qu.B;. (3.7)

If the negative carriers have a mobility (u.), then

B = B (3.8)
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The force is then rewritten as
F, = —qunE.B.. (3.9)

The electric field (E,) in the -y direction is created by the effect of accumulated
electrons. This field is a measurable quantity and is called Hall field (Ey), given by

(3.10)

where d is the film thi

no current flows in

The foree-resulting from the Hall field cancels the

effect of the magne tha \ h""l-n direction) current flows. At

\ : ‘en as

equilibrium, J, =0, t

Bw (3.11)
A\\\
As a result, the mobi | be Calct 0 ,\,.t, measured Hall field,
.' -\ (3.12)
The measured quantity in . rement is F, while the externally controlled

parameters are Ji ar “The Hall i ‘ defined as

—

(3.13)

From Egs. 3.1, 3.8 an

.12, one obtai
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propriate changes in polarities in the equations. In compensated semiconductor

samples, where both negative charges (electrons) and positive charges (holes) are
present, Ry is given by [23]
1[ p—nb?
Bemae b 3.15
o= [ &) S

where n and p are the concentration of negative and positive charges, respectively,

and b is the mobility ratio, pn/pp.
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Figure 3.3: Van d ni rly-shaped and uniform thick-

ness film

One limitation of ibed in the previous section is

the requirement th of a rectangular bar. In many
cases, real samples aré naf bs of semiconductor materials. This
complicates the Hall measurenent y shaped films with uniform thickness
can be analyzedivery easily by using the Van der Paliw technique, as illustrated in
Fig. 3.3. The ‘:a ‘ ;T iple and their sizes must be

much smaller than‘circumference of a sample whi are the important conditions

b”“ﬁﬁﬁﬁw@mswﬂwn

The cirrent is fed through the contacts 0 and 1 while the voltage is measured

YRTRI T ﬁmﬁﬂmaﬂ

Rp123 = (3.16)

Similarly, the current is fed through the contacts 1 and 2 while the voltage is

measured at the contacts 3 and 0, then the resistance Rjz30 is

V;
Rizs0 = I—?’;’ (3.17)
1

From Egs. 3.16 and 3.17, the resistivity (p) can be calculated by using Van der
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algebraic manipulation, Qx;ﬁwﬂfa%hg,.;{‘, =,

0 —— = .19
where f is the co&ction functi

in Fig. 3.4. For s trically placed contacts, f is equal to 1 and the resistance
yIRmet: p &9

ratio is eﬁlu.ﬁj) %w@cweﬁ%ﬁ’w Pauw technique is used

under the ﬂl'agnetic field. The °(;urrent is input from the contact 0 to 2 while the
@r
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bothwith forward magnetic field and reverse magnetic field (—§) Van der
Pauw showed that the Hall coefficient is given by [27]
d
Ry = 2_B'AR02,137 (3-20)

where the value ARgg 13 specifies the change in resistance with the forward and

reverse magnetic field. Therefore, the Hall mobility can be calculated from

Ry d
/J,:——-:-—-

: 21
2 2BpAR02’13 (3.21)
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Then, the carrier concentration can be determined from Eq. 3.5 with the expression
i

n=— 3.22
apu ( )

3.2 Optical Properties

3.2.1 Optical Techni sasuring Film Thickness

nﬁquick and nondestructive tech-

thin films with generally high

The optical measure
niques used to deterr
accuracy. The ke ference of two beams of light
whose optical pat kness [23, 28]. The incoming

beam is incident omfs a transparent substrate such as a

For better undefsts gt ",,; 1 of ght which produces the interference
in thin film can be shg :'._ 3 i he simplest ideal case is a film surface
and substrate that are per at thas a uniform thickness. The transmission

(T) of the systef. P ‘on the paramet the optical constants, the

! indices of refraction (n) of the
substrate and thgmedlum abov . The ﬁgxs thickness can be calculated

from interference pattesns or fringes ofythe optical transmission of thin films.

% uﬂgdﬂﬁmﬁlﬂﬂ ’l'mm‘ihickness d and index of

refraction ngzo. The light beaths travelling in, air are nearlyznormal to the surface

ot BT b b 9 Fin) G o o

medlum of refractive index n; toward a medium of refractive index ny undergoes a
180° phase change upon reflection when ny > 14 and no phase change if ny < nj.

The wavelength of light ), in a medium whose refractive index n is
Ap = —; (3.23)

where ) is the wavelength of the light in free space. From Fig. 3.5, the beam

1 thus undergoes no phase change with respect to the incident beam because it
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Air

N,;< Ngy 6= Ngzo

Figure 3.5: Inte;/ o tra \ from a thin film is due to a
combination of beams 24 "‘. \
A

1816 < ngzo, the reflected beam at

v \ m surface, undergoes no phase

n the upper surface at the point B and
then transmitted through af | oint C, also undergoes no phase change
because of naj; <in , point B. hé beam 1 has the same phase

with the beam “’1 . "

However, fhﬂ)eam 2 travels a distance 2d bﬁre the beam transmits at the
point C. ‘ﬁr?'m ﬂa%’ﬂrﬁ[ ﬁni‘it through the film and
transpare uﬁ,ﬂ he result is'the i :1 trénsmitted beams of light.

¢

RN TR 1
w:ﬂeng hs'(photon energies less than the mﬂhe smission (T) exhibits

oscillations from interference effects in the transparent film. At short wavelength

it

(photon energies greater than the bandgap), T rapidly decreases to zero. Such a

typical relationship between transmission and wavelength is presented in Fig. 3.6.

The notation Typax and Tyn refer to the value of the maximum and minimum

in T, respectively. In general, the condition for constructive interference (Tuax) in
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Figure 3.6: Optical #a
length and the resul

such situation is

(3.24)
where m = 0, 1,2, e (Fuin) satisfy the same quality
with m = 1, 2, 5@ the long wa 5 Fiom [Eq. 3.23, then Eq. 3.24 can
be written as : I

2nd > mA. (3.25)

Consider ﬂan wﬂnﬁ wggsﬂsﬁn patterns according to

wavelengths )\1 and )y, the number of osc1ll ions (M) betv‘.esn the two extreama

QA RIANN I SJW]’JVIEHQ d

From Eq. 3.25, we can write
1
- - A 3.27
M =2nd | — )\1 /\2 /\1A2 l)\z 1| ( )
Therefore, the film thickness (d) can be determined according to
g Ml (3.28)

2n IA2 — )\1' ;
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3.2.2 Optical Absorption Properties

Radiation absorption occurs in the majority of media. The intensity I of a light

wave in the thin film decreases as [23]

I = Iyexp(—azx), (3.29)

a is the absorption coefficient and is elated to'the imaginary part k of the refractive

index through the expressi 123 _“.ﬁ

(3.30)

bsorption is a phenomenon of
fundamental interes itg.re he dynamics of the electrons and ions
of the film under the : .-., 60! radiation. The electrons absorb
energy of radiation thaf i qu : ‘ er }.‘1 bandgap of semiconductors for
interband (band-to-ban : ;;-;_;, n fF ‘. th saximum point of valence band to
the minimum point of cond -....'. ang herefore, the absorption edge is defined

by the minimum gnerg radiation for ad transitions of the electrons. The

Allowed direg transitions; |2¢

ﬂuaqwﬂwﬁWﬁﬁﬂﬁ s

Forbidden direct transmo‘s

ammnimuﬁmmmaa

(3.32)

Indirect transitions [29],

c 2
= (v~ B,)’. (3.33)

where A, B,C are the constants, hv is the photon energy and E, is the energy
gap of the semiconductor. For the ZnO thin films, which is the direct bandgap
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Figu afisthission and - ction of the film

semiconductor, the i d direct transition because the

electrons transit fro band at the same wave vector.

CL10]
o\

Then, the simple parabel d for interband transition model of ZnO

thin films. E .,MT :1,? A
Ak d v
S
3.2.3 Det et ik A oefficient
5 ]
Concider a norma : 3.7 the absorption coefficient can

be calculated dlre y from the transmission of the films. The transmission (T') and

- Mﬁm{m :m e
RRANIUNBIBHRENNY o

L _ (n—1P+k
Iy (n+1)2+k*
If the film has a large thickness (d), then R?exp(—2ad) << 1 and Eq. 3.34 can be

R= (3.35)

reduced to

T = (1 — R)? exp(—ad). (3.36)
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In general, the changing of photon energy of incident wave affects the reflection (R)
slightly. Then, the term (1 — R)? can be approximated to a constant. From Eq.

3.36, the optical absorption coefficient is

i 0
a=- In( It) +C, (3.37)

where C is a constant. Since the reflection is approximated by a constant, the

ai Wl value. In experiments, the background

grfection of thin film is subtracted for
——

the correct absorption eeeiiicien
—

3.3 Structs

The crystal struc ! -ear {otermined from an X-ray diffraction
(XRD) pattern. T _J_ involves this phenomenon will be de-

3.3.1 X-ray Diffract
et e,
)

X-ray is the ele Y ——__ S-high-transmission through the medium.

The wavelength, - e
from 0.5 to 3A that is shorter than the interplanar spacing (d) of the crystal for the

diﬁractioﬂ)ﬁ ‘ﬂI? ﬁ ' itissccomposed of the arranged
parallel planes ogtomsm the 1rﬂmm-my are reflected from
3 it X i‘ ? ting ¢ lﬁ 11 fraction of the
rﬁmhaﬁﬂimjf]ﬁﬂo h?lgij Ern. The diffracted

beams are found when the reflections from parallel planes interfere constructively
and destructively, as shown in Fig. 3.8. The path difference for X-ray reflected
from adjacent planes is 2dsin 6, where ¢ called Bragg angle is measured from plane.
Constructive interference of the radiation occurs when the path difference is an

integer number n of wavelengths ()) of X-ray, so that

2dsinf = nA. (3.38)



35

Incident beam Reflected beam

.

/ R
S anes
\‘ //

Figure 3.8: Diffractio . 1 pars ' , . 1n the crystal followed by Bragg

law

Equation 3.38 is kng ! aw ‘1 he interference patterns can be
observed by measurin ties 7' ; d X-ray at varied diffraction angles
(26), which are the :_'é;";"_ ween T 1 beams and incident beams. For the

same element or.# 70

highest inten f constructively interference
aCtic -“-1"?'._ of (hkl) plane can be defined

at the same di
that d = dpp, W il e h,k and [ are Miller indicie The planes in the crystal are
indicated b ﬁ miller indieies. The relaﬂe‘nshi between the Miller indicies, lattice

1 bl ok ek bl i gt strctre s

wurtzite structure composed of two hexagonal-closed-packs (ag= b) can be expressed

AR A NIAHLIN LA

Therefore, the lattice constants of ZnO can be calculated from Eq. 3.39. For
ZnO powder standard (JCPDS 05-0664), the lattice constants a = 3.249A and
¢=B6.206A.

constants

(3.39)
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