CHAPTER 3

ANALYTICAL METHODS OF THIN FILMS

Theoretical backgrounds involved in the analysis of the films will be described in this

chapter. The deposited films are ) )r_their electrical, optical and structural

properties. The electrical pigj - such/as elCCirical resistivity, Hall mobility and
ﬁeasurement using the Van der

on and absorption coefficient
:-\ p

carrier concentration are.ob

Pauw method. The optie#"p

can be determined fro i ity 101 - -, nent. The result from the optical
measurement can be d the thickness of the film

using the interference hé fransmi #\\ \ The structural properties in

terms of crystallinity a ~ are characterized by X-ray

diffraction method.

3.1.1 Resis

Consider a serm@ﬂuctor sample ghown in Fig. 3.1, which has a cross—

sectional area ﬂ b adah )Y b mw:gnl}ﬂ‘; n electrons / cm’.

Suppose we appﬁl an electric field E glo the sampl

ammmmumqwmaa

k 5 N AREA = A

Figure 3.1: Current conduction in a uniformly doped semiconductor bar with length

L, and cross—sectional area A .
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The electron current density J, flowing in sample is
J, === =—gnv,, (3.1)

where I, is the electronic current, g is the electronic charge and v, is the drift

velocity of the electron. The relati Ops etween the drift velocity and the electric

field is given by

(3.2)

where 4, is the electr® V's. Thus the Eq. 3.1 can be

written as
(3.3)
A similar argumer Iso : ‘_‘ e en We consider holes as carriers instead
of electron. By taking the chdrge dithe ho positive, we have
il 34
: ~
The total current flowing in t d @ to the applied electric field

]
W
E can be written as the s%;n of the electron and hole current component:

ﬂﬁﬂ’}ﬂﬂﬂﬁﬂﬂ’lﬁ‘i 69
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o =(qnu, +qpu,). (3.6)
The resistivity of the semiconductor, which is the inverse of o , is given by

i — ;. (3.7)
o q(nu, + PH,)

il

Yo,
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Generally, in extrinsic semiconductors, only one of the components in Eq. 3.5
or 3.6 is significant due to the many order of magnitude difference between the two

carrier densities. Therefore, Eq. 3.7 reduces to

(3.8)

(3.9)

The most commog istivity is the Van der Pauw
method which is the four-goi L probe H que.\This technique can be used to

analyze arbitrary shaped sample Without knowing the current pattern, as illustrated in
Fig3.2. TP

Figure 3.2: A flat arbitrary shaped sample with Jour small contacts 0, 1, 2 and 3 on
the periphery.
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The resistivity can be correctly measured, if the following conditions are met [28]: (1)
the contacts are at the circumference of the sample, (2) the contacts are sufficiently
small, (3) the sample has a uniform thickness and (4) the surface of the sample is
singly connected, i.e. the sample does not contain any isolated holes.

Consider a semiconductor sample of arbitrary shape with four small electrical

contacts: 0, 1, 2 and 3 at arbitrary places on the periphery satisfying the conditions

(3.10)

Similarly, the [ife af ontact 1 and taken out at the
contact 2 while the vo ntacts 3 and 0. The resistance

Ry 5 18

(3.11)

X

e BXists a simple relation [28]
¥

AT oo
where QlMlﬁlﬁﬂﬁ m;wgieﬁﬂvq at e naterial. T d

and the rékistance Ry, 2; and Ry, 5, are known, the resistivity can be calculated from

From Egs.3.10 and 3. ;i be
/

Ry » +R R,
P 7 | Koy + Ry, 5 £l Do | (3.13)
In2 2 R 5
Ry

where f is the correction factor depending on the ratio as shown in Fig. 3.3.

12,30
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0.6

0.4 =

0.2

1000

Figure 3.3: Co esistance ratio [17].

Thus, to determine p, we firs : it , read the correction factor f from

Fig. 3.3 and then fin

In particular symmetry then in this case
the contacts 0 and 2 are*placed on the line of symmetry, While the contacts 1 and 3 are

MV tio) 1)1y i

130123 ~'IQZ30 (3'14)

mmﬂ‘imum'mmaﬂ

is equal to 1, so the value of f from Fig. 3.3 is equal to 1. The

and the rdti
resistivity can easily be found from Eq. 3.13;

7d

pP= EROI,B’ (3.15)
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/

w&? and 3 on the sym:netry lines.

Figure 3.4: The samples With'

3.1.3 The Hs

The Hall effect used method to determine

the carrier type and co ationfin the semicondu ample,
Consider an n 78 \ shown in Fig. 3.5, with an

applied electric field alo plied magnetic field along the z

direction.

. I

Il
\Y%

Figure 3.5: Basic setup to measure carrier concentration using the Hall effect.
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The Lorentz force, gv x B(= —qv,B_) due to the magnetic field will exert an

average downward force on the electrons flowing in the x direction. The downward—
directed current causes an accumulation of electrons at the bottom of sample giving

rise to a downward—directed electric field Ey. The establishment of the electric field

Ey is known as the Hall effect. In the steady state, there is no net current flowing

(3.16)

or

(3.17)

The electric field in and the Hall voltage is given by

V, = Eyd. Using Eq. 3 cifetron ¢ , the Hall field Ey in Eq. 3.17

becomes

(3.18)

where

quidnepinens
The ng Eﬁlﬁs\lﬂ(ﬁm tuhu:lgt Yr] ﬂ jm‘@nt g!:nsity and the

magnetic rﬁeld. The proportionality constant Ry, is the Hall coefficient. A similar

result can be obtained for a p-type semiconductor, except the Hall coefficient is

positive:

R, =—, (3.20)
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where p is the carrier concentration of holes. For the case of mixed conduction

(i.e. an appreciable number of both holes and electrons), the Hall coefficient has a

contribution from each carrier. Then R,, is given by [29]

2
R, = (l/q)(P—b2 n), 3.21)

yields

, (3.22)

where all the quantities ogfthe ion can be measured. Thus,

the carrier concentration cag q- 3.22. Similar result can be

obtained for hole,

(3.23)

3.1.4 Hall Mobility,

Theﬂalﬂpy,m;;ﬂby[y]sw J1N9
ammnmmmfmmaa

Since o is shape-independent as discussed in section 3.1.1, the Hall mobility can

then be measured on an arbitrary shaped sample, using the Van der Pauw technique
under the magnetic field. The current was applied to one of the contacts, such as
contact 0, and taken off at the contact 2. The voltage is then measured between the

contacts 1 and 3. The resistance R, ,, is obtained by
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V

Roz.13 = 71—3' (3.25)
02

We measured Ry,,; both with applied magnetic field and without applied magnetic

field. This changes R, ,, by an amount ARy, ;5. Then the Hall coefficient is given by

(3.26)

and the Hall mobility can be"?

(3.27)
3.2 Optical Analys

3.2.1 Optical

The measurement of the ;':': 8S parent thin films using transmitted

Jode.
light is a well-estahli ' pptigal technique for the

determination of think dir imtefaction of the film with

: L .1 .
electromagnetic radiation) It can be said that this echniquéis easy, nondestructive and

high accuracy for measurément. In additiongthe optical technique can be used to

determine the oﬂau)r&]a@ s%q. Ejmm%we Ie] mﬁsprption coefficient.

A schemalit diagram of the transmitted li% through a tragsparent thin film
such as W:ﬂil@ ﬂlﬁw gé %ﬂ qqm@a}s&}msited on a
transparengjsubstrate such as a soda—lime glass (SLG).

Consider the ZnO(Al) film of a uniform thickness d and an index of refraction

N za0can - Assume that the light rays traveling in air are nearly normal to the surface of

the film. It is a fundamental property of optics that the light pass through an interface
between materials of different indices of refraction will be divided into transmitted
and reflected components. To determine whether the reflected or transmitted rays

interfere constructively or destructively, we first note the following facts:
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Air
A
ZnO(Al) film Id
B
SLG Mgy <Psi6 < Mzoan

Figure 3.6: Interferg oht traveling. different paths through a film.

— A wave travelin 0 g '- ditim Yof'\inde of refraction n, toward a
medium of in ergoes a 180° phase change upon
reflection when # > .7 1 undergoes nd phase change if n,< n,.

— The wavelength of li "“;H' 7 amedium whose refraction index is 7 is

IS 4

)
uJ
= wavelength of the hght in free space.

Let us apply tﬁ ﬁﬁdgﬂﬂﬁ@”}ﬁﬂkﬂ,tﬁ n,, . The transmitted

ray 1, 1], whichlis transmitted frorg the lower ﬁlm surface (B) undergoes no phase

s AR AR FRNA AWIRHA R Y 7 o

reﬂectedqfrom the upper film surface (A) undergoes no phase change because it is

(3.28)

where A is

reflected from a medium (air) that has a lower index of refraction. Therefore, /! is in

phase with /. However, I travels an extra distance 2d before the waves recombine

under the surface B. If 2d equals to integral number of wavelength, then they

recombine in phase and the result is a constructive interference. In general, the
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condition for light transmitted through a film, a maximum in intensity, T, will occur

when
2d = m/t,, . (3.29)

where d is the film thickness and m is a non negative integer (m =0, 1, 2,...).

Because 4, = A/n, so we can write Eg.

(3.30)

If the extra distance 2d {ra .2 half-integral multiple of the

wavelength A , then the »and the result is destructive

interference (minimum intg U t i0 L for destructive interference,

Ly 15

mn

(3.31)

Equation 3.30 can be used to de through the relationship

A -y (3.32)

":I 2n

B ﬂﬁ“ﬂ T‘Vfﬂ?ﬁfﬂmﬂ‘iﬁ"“‘ poa

one cycle i =1,

wa] aqﬂmmﬂr]a E‘I (3.33)

(/A4 ~Y4)  2nA(1/A)

where 1/ is the wave number and A(1/2) is the wave number interval between two

maxima or minima of the oscillatory transmission curve as indicated in Fig. 3.7.
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% Transmission

In Fig. 3.8, e -deses Seficonductor. When  the
semiconductor is illuml t O create electron-hole pairs. In

the case (a), the photo energy hv is greater than E an electron-hole pair is

et G 14| P e vt e

heat dissipation uﬂlb) Both processes Are called mtrmszc transmo band-to—band

RN GAG ISAY I YR Bt

there are dVailable energy states in the forbidden gap due to the physical defects as
shown in Fig. 3.8 (c), and is called extrinsic transition. For reverse situation, an
electron at the conduction band edge recombines with a hole at the valence band edge
resulting in the emission of a photon with energy equal to that of the energy

difference.
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\k& »
hv AN
E,
Figure 3.8: Optical ah§o for! ¥, ‘u& =E, and (c) hv<E,.
Now, let us ass that a.s 3! siilluminated by a light source with
intensity /,. As the light tr el conductor, the transmitted light 7, is

decreased due to the, abse pically, the absorption is

expressed in terms &z f1 ': is defined as the relative
p Y S

rate of decrease in lig !i tens on path:

Ausingmitibnny o
R DR T

I(x)=1,e". (3.35)
The intensity that exits from the other side of the semiconductor at x = d (Fig. 3.9) is
I(d)=1,e", (3.36)

where « is related to the extinction coefficient £ by
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=" (3.37)

where A is the wavelength of the light in vacuum.
The fundamental absorption refers to band-to—band (intrinsic) transition,
which manifests itself by a rapid rise in absorption, can be used to determine the

energy gap, E e band-to—band transition can be divided

¢» of the semiconducto
into the following:

Allowed direct trarisitions

’

where A’ is constant , A /

(3.38)

i¥

Enly

Auefineninenns
RPN INENAY

I I (b)

[O) I

Figure 3.9: Optical absorption: (a) Semiconductor under illumination, (b)

Exponential decay of light intensity.
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Forbidden direct transition, [32]

chv = A’ (hv—E. )" (3.39)
NG .

where A" is constant.
For the ZnO(Al) film, the band—to—band transition is the allowed direct

transition. The electrons are excited fro e valence band to the conduction band at

Consider a no n Fig. 3.9 (a), the transmission 7 and

of incident light 7, the

intensity of transmitted Jig _and “ih Tl eflected light I, as the

(3.40)
V. ‘:‘ (3.41)
0| I
Semicondugtor Ei | ly | g rgies less than the
energy gap andﬁfeu mﬂﬁ ﬂn gﬁiﬂlﬁzecond term in the
denominator, thenqll 7 ¢ - .
ARSI NN

If R and d are known, & can be obtained from Eq.3.42.If R is not known, one can
measure the transmission of two samples having different thickness d, and d,. Then

« 1s obtained from

T

~ e®dd) (3.43)

)
=
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Note that since 7, =1,,/I, and T, =1,,/I,, then it is not necessary to know I, in

using Eq. 3.43 because one can replace T,/T, by 1,/1,, .

3.3 Structural Analysis

3.3.1 X-Ray Didiirs

X-ray is the ele githe wavelength in the fange
from 0.5 A to 2.5 A. It

diffraction effect.

Ing .‘w.‘% structure using the

In Fig. 3.10, the i@€1dgnt __ 1S af ] \ are reflected from the crystal
plane in the crystal. The afigldfo _'{T:“_:a’-L_E: 5 g A" the angle of reflection. The
diffracted beams 1” and 2"Fareiiéend wh e reflections from parallel planes

AR NEBAM 8
9

Figure 3.10: Diffraction of X-rays by crystals.
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The path different for X-ray reflected from adjacent planes is 2d'siné. The
constructive interference of the radiation occurs when the path difference is an

integral number n_of wavelength (A ) of X-ray, so that
2d'sin @ = nA. (3.44)

This relation was first formulated by W_I, Bragg and knows as the Bragg law.

3.32 Crystallite Size- | " é_,

The intensities of*@fffrae ' \‘ ed diffraction angles (26),
can be used to calculate'the g

can be estimated using

(3.45)
where g is the grain size, He S iy clength, @ is the Bragg diffraction
angle in degree and FWHM i is .‘i:‘?r:*- it half maximum in radian of the

]

¥
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