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SUMMARY

In this thesis, surface properties of TIGaSe; and TlInS: crystals were studied to
understand the physical model of such crystals under the effect of an external electric
field using X-Ray Reflection (XRR), X-ray Diffraction (XRD) and Atomic Force
Microscopy (AFM) methods.

Key Words: TlIGaSez, TlInS2, Layered Semiconductors.



OZET

Bu tez ¢alismasinda, TIGaSe; ve TlInS; kristallerinin dis elektrik alan altinda
olusan mekanizmalarinin anlasilmasi i¢cin X-Ray Yansima (XRR), X-ray Kirmnim

(XRD) ve Atomik Kuvvet Mikroskop’u (AFM) metodlariya ¢alismalasi yapildi.

Anahtar Kelimeler: TIGaSez, TlInS2, Katmanh Yariiletkenler.
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1. INTRODUCTION

The main reason semiconductors are highly used in modern electronics is their
sensitivity to external factors. Improving the sensing performance by increasing the
impurities or changing the structure is not preferred [1].

In layered semiconductors like TIGaSe, and TIInS; application of an electric
field causes a long-term change in surface properties and becomes a functional way
of calibration [2].

In this study, we aim to explain the effect of an externally applied electric
field to have a better comprehension of previous works where the electric field alters
electronic  transport, rectification and memristive  behavior, excitonic
photoconductivity, and photo response [3-5].

Surface is essential in our study due to its interface nature. An interface can
be described as a small number of atomic layers at which the properties change
dramatically and the surface is a particular interface where the solid interfere with the
atmosphere. Basically, we will be inspecting structural changes caused by the applied
electric field within the solid with X-Ray Diffraction (XRD) method and surface
changes with X-Ray Reflection (XRR) and Atomic Force Microscopy (AFM)
methods.



2. TIGaSe, AND TIlInS; CRYSTALS

Ternary thallium based chalcogenide semiconductors has the general chemical
formula TI(AB2) where A can be replaced with In, Ga and B with Se, S. TIGaSe, and
TIINS; are the most studied thallium based chalcogenides over the last 30 years. In
room temperature, they are both monoclinic and belong to C$, space group
symmetry and they are both native p-type semiconductors with energy band gap
~2.1-2.2 eV.

Figure 2.1: An image of crystal lattice of TIGaSeo.

TIGaSe> and TIInS; crystals are generally fabricated with Bridgman-
Stockbarger method named after Harvard physicist Percy Williams Bridgman and
MIT physicist Donald C. Stockbarger which is a popular method to produce certain
semiconductors where Czochralski method is more difficult. Crystal lattice of
TIGaSe,. Anion layers consist of Se tetrahedron centered by Ga atoms. Tl ions

depicted by dark circles are between the layers as shown in the figure [6].



hot zone

melt
adiabatic zone

cold zone

solidification
interface crystal

Figure 2.2: Bridgman method.

Melted polycrystalline materials inside the ampoule are cooled from the end of
the seed crystal. The crucial part of this process is to tune up the cooling temperature
and growth speed. The growth process works as shown in Figure 2.2 [7].



3. EXPERIMENTAL DETAILS

Undoped high-quality TIlGaSe, and TIInS, samples were used in our
experiments. Electric fields are applied with Tektronix DC Power Supply positioning
the sample between two copper plate. X-Ray Diffraction and X-Ray Reflection
experiments are conducted with Rigaku Smartlab X-ray diffractometer. (Cu-Ka
radiation, A = 0.15418nm) and Atomic Force Microscopy experiment are conducted

with Nanoscope multimode AFM.

Figure 3.1: Tektronix PS 280 DC Power Supply.

Figure 3.2: Rigaku Smartlab X-ray diffractometer.



Figure 3.3: Nanoscope multimode AFM.



4. RESULTS AND THEORY

4.1. XRD Theory

Crystal structure can be examined with photon, neutron or electron diffraction.
Diffraction depends on the wavelength and the crystal structure. As a result of the
diffraction from every atom forming the crystal of an optical wave with a wavelength
as far as 5000A results with optical diffraction. If the incident radiations wavelength
Is near to the lattice parameter or smaller the diffraction can occur in very different
directions.

Bragg’s Law is a simple and elegant form of giving coherent and incoherent
angles for scattering from a crystal lattice. When X-rays interfere with a surface they
move electron clouds because of their electromagnetic wave nature resulting re-
radiating waves in the same frequency. This phenomenon is called Rayleigh (elastic
scattering) scattering [8-11]. A similar scattering occurs when an unpaired electron
interacts with a neutron wave, nuclei or a coherent spin interaction. These
constructive or destructive re-emitted wave fields produce a diffraction pattern on the

intensity counting detector [12-13].

4.2. Bragg Interpretation of The Laue Condition

Any three lattice points which can form a triangle defines a plane called lattice
plane. These lattice planes can be used to show a particularly simple interpretation of
the diffraction from the lattice. Distance of these three lattice points from the origin
must be an integer multiple of the basis vector as the basis vectors are the smallest
vectors which can define next closest parallel plane. If we call these points which are
the integer multiple of the basis vector as m,n, o then these points should be h” = 1/m
k’ = 1/n and I’ = 1/0 in reciprocal space. Thus h, k’ and I’ points will become (hkl)
called Miller indices when multiplied by an integer p. Between these planes formed
with h, k, I indices we can form other equivalent planes containing the same density
of atom which their numbers are exactly p times of the original planes. We can now
obtain index triplet (hkl) of co-prime integers using reciprocal values of points
forming these equivalent planes.



Supposing the two vectors forming the lattice plane are %—% and ‘i—f’—‘;—f

their vector product;

(al a2> (a3 aZ)
wok) T
1 1 1 (4.1

= —v (alxa2)— T (a2 xa3) — PTG (a3 x al)

is perpendicular to the plane (hkl). The multiplication of this vector by

Rk
[a1.(a2 x a3)]
will give us;
G = 9w (H a2 x a3 LK a3xal Y al x a2 4.2)
mit = 21 al. (a2 x a3) al.(a2 x a3) al. (a2 x a3) ) '
If we call the distance between parallel planes dj;;
a, a,a; Gurr 2
d'hwa = = ,G = — = 4.3
hkl X cosa (ay, Gpir) W ayGr Gt p (4.3)
Therefore, the distance to the nearest lattice plane is;
d,hkl 2T
dpi = = G (4.4)
hkl



(hkl) point of the reciprocal
lattice

(hkl) lattice plane of the
real-space lattice

\/()

A

Figure 4.1: Bragg interpretation of constructive and destructive scattering conditions.

In this figure where real and reciprocal spaces are shown superposed we can

obtain scattering conditions by taking modulus of the equation G = K

2T
— = 2k, sin 6 (4.5)

Ghi =
Akt

Which lead us to the Bragg equation.

A =2dsinf (4.6)

Where d is the interplanar distance, A is the wavelength of the incident beam
comparable to atomic spacings (Bragg’s condition). This equation indicates that
waves behave as if they were reflected from the lattice planes. The Bragg reflection
expression comes from this explanation [14]. To create a constructive interference
the path difference between these so called reflected waves should be an integer

multiple of the wavelength of the radiation. Thus, equation becomes:

nA = 2dsin@ 4.7



This expression is known as Bragg’s law. Basically, it points out coherent and
incoherent scattering angles from a crystal lattice. Which let us characterize

material’s structure deriving interplanar distance d.

4.3. XRD Results
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Figure 4.2: TIGaSe2 B Crystal under no electric field and under 60V.

This is an XRD result (Figure 4.2) of B crystal with no electric field applied
and +60V applied for 30 minutes. We observed a small shifting of peaks. Which may

indicate to a change in the crystal’s structure.
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Figure 4.3: TIGaSe; B Crystal Shifting of first peak.

In this XRD graphic, we magnified the first peak of the previous graphic, to
observe the shift in first peak explicitly. The difference 46 = 0,06 degree. As shown
in Figure 4.3.
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Figure 4.4: TIGaSe2 A Crystal under -60V and +30V.

In this experiment shown in Figure 4.4, We tryed to observe the effect of
positive and negative electric field to see if the shifting in peaks will becomes larger.

First -60V then +30V is applied to the crystal for 30 minutes.

—-60V
+30V

0,8 ‘

0,6 - ‘

0,4

0,2 1 ‘
/'\L“J. .

16 18 20 22 24 26 28
26 (Deg)

Intensity (Count)

Figure 4.5: TIGaSe. A Crystal Shifting of first peak.

This is a magnified first peak of the A crystal’s XRD results shown in Figure
4.5, where we can observe a change in first peak 46 ~ 0.3 Degree. This result
removed the doubt on the structural change, and led us look for different crystals to
find a bigger change.
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Figure 4.6: TIGaSe; F Crystal.

XRD image taken without electric field and after +30V applied for 45 minutes
to the F crystal with higher quality than our other samples is shown in Figure 4.6.
Results show that the shifting in peaks are as high as 46 = 9 degrees, which for a

structrual change in XRD is immense.

Using Bragg’s law one can find the change in d for second peak with highest
intensity;

nA = 2dsinf (4.8)
Using Cu target;
A =0,154 nm 4.9
X-Ray sensor is at 26;
20, = 23°and 26, = 32° (4.10)
d=3 ;/31 ) (.11

12



Therefore,

do = 0,772 nm (4.12)
d, = 0,558 nm (4.13)
Ad = 0,772 — 0,558 = 0,214 nm (4.14

The change in d is 27,7%. This is a very big difference. There might be another
reason to obtain such a shift in XRD plots which can be explained by the bending of

the surface meaning the change in the surface normal according to r.

4.4. XRR Theory

X-Ray Reflectivity is a high precision non-destructive technique which can be
used to determine film thickness, density and roughness. Thickness determination
can be achieved between 2-200 nm with a precision of about 1-3 A. As the incident
angle is small, the penetration depth is small too which means this is a very surface
sensitive technique. The principle underlying this method is to monitor the intensity
of x-rays reflected by a sample at grazing angles. For incident angles below critical
angle 6 total external reflection occurs. Density of the film can be obtained with this
critical angle 6c. For the angles above 6. film thickness and roughness is responsible
for the intensity of reflected beam. There are many theories explaining why and how
the reflection occurs between media interfaces starting with Fresnel Equations.

In our work, we used two different theories. First one is Porod’s Law by
Austrian physicist Giinter Porod which describes the asymptote of the scattering
intensity | (q) for large scattering wavenumbers. The second one is Guinier’s Law by
French physicist André Guinier which describes the scattering intensity 1(q) for small

wavenumbers.

13



4.4.1. Debye Equation

Debye equation is a direct way to give scattering intensity where coordinates of
atoms inside the particle is known. Assuming there are n atoms with scattering

lengths f ;(q), we can also assume f ;(q) is constant in the small angle region. Thus;

fil@=fi0)=f; (4.15)

Now we can write an equation for the average intensity;

I(q) = znzzn: j sm(qu ) (4.16)

=1 =1

Where r;; = |rl- — rj| and the sum includes all the atoms in the particle.

This equation is derived by Debye in 1915 [15]. which we can obtain an exact
formula for the small-angle scattering intensity. But it’s not possible to solve the
inverse problem due to the high number of terms generated by the double sum.
However, it can be used to calculate scattering intensity from known shapes of
particles. If a density distribution p(r) is used to define a particle instead of an

atomic set, Debye equation becomes;

_ Sln(qru)
I(q) = U p(ry) () ———— o drydr, (4.17)
Defining an auto-correlation expression;
o= [ [ [ aneeee (4.18)

We will obtain a new expression integrating it over the C-space;

1@ = | [avoroye (4.19)

14



The reduced form can be written as;

singr
qr

1(q) = f4nr2 drp=2(r) (4.20)

This is the most appropriate form of the equation to apply in many cases.

4.4.2. Correlation Function

Supposing there is no correlation in between two points separated widely, at
large r electron densities, p becomes independent and can be replaced with the mean
value p. The auto-correlation Equation 4.10 approach to a constant value; V5% which
doesn’t contain any information. Therefore auto-correlation function should be

redefined using electron density fluctuation ) instead of the electron density p.

n?=(p-p)’=p*-Vp®>=Vy(r) (4.21)

Comparing the Equation 4.10 and Equation 4.13 we can explain y(r) as the

average of the product of two fluctuations at a distance r.

4.4.3. Scattering in the Born Approximation

If we assume that the material is homogenous at our measurement scale except
for the surface. We can ignore the atomic surface. This is an acceptable

approximation for small angle scattering where ga « 1 condition is satisfied, where

sin @
A

q is the wavenumber (4r ), 26 is the scattering angle, A is the wavelength of the

radiation and a is a length scale for inhomogeneity. Born approximation gives the
differential cross section for scattering of the radiation by a system with the

expression [16-17];

do . ,
- szzfdrfdr’e“q“"” (4.22)
VooV

15



where, N is the number density of scattering particles and b is the Thompson
scattering length of the electron.

eZ

h= — (4.23)
mc?

These integrals are over the volume of the solid and the wave number q is defined as

the difference between incident and scattered wave vectors.
q = kz - kl (4.24)
Volume integrals in the equation 4.14 can be converted to surface integrals to obtain;

do

= N2b ( A)fo(ds A)(dS'. A)e a1 (4.25)

Where A is an arbitrary unit vector in space and dS is the differential surface vector
which is perpendicular to the surface. Considering we have a rough surface dS will
be chosen as the (x,y) plane. If we chose the arbitrary vector A to be the unit vector 2

equation 4.17 can be rewritten as;

a szz

J jdxdyj de dy' exp{—iq,[z(x,y)
(4.26)
—z(x",y")] }exp{—i[qx(x —x)+q,(v =)}

Where, S, is the surface of the (x,y) plane and z(x,y) is the height of the surface.
Now we will assume that [z(x,y) — z(x',y")] is a Gaussian random variable whose

distribution is related to coordinates,

X,N="—-xy" -y (4.27)

More specifically,

([z(x,y) —z(x',y)]*) = g(X,Y) (4.28)

16



From the equation 4.17 we can write for an area (L, L, ) of the surface,

do  NZ?b? ,
So

Now we can obtain direct expressions for S(q) for different models of g(R).

4.4.4. Porod’s Law

Porod’s Law is concerned with the intensity | (q) where the wavenumbers are
smaller compared to Bragg diffraction but larger than Guinier’s. Scattering vector g
is smaller or near 1 nm™. Using Porod’s Law we can’t talk about our sample at
atomic level but we can describe its electron density which will lead us to the shape
of particles on the surface and their relations.

For a smooth surface where g(X,Y) = g(R) = 0 Equation 4.21 becomes;

do 1 47

T
S@) = 2 = WL =~ gz 009 (4.30)

The born approximation is valid under two conditions,
i)  Where q is large enough so that the scattering is weak
i)  Where surfaces are locally clear-cut on a lenght scale < 1/q
At these length scales, average smooth surface can be defined. We can now derive

S(q) by averaging results over all directions of g.

_ 1
S(q) = Ef f S(q)sinwdw de (4.31)

Where, w and ¢ are polar angles of the g vector. For a constant magnitude of g,

dq.dq,

ey (4.32)

sinw dw dep =

17



Therefore, for a smooth surface equation 4.22 becomes,

_ 2T (4.33)
S(CI) = ?
Therefore;
I1(q) = Sqg™* (4.34)

The standard form of Porod’s Law indicates the intensity for a flat interface
where S is the surface area of particles. The power q* is reproduced by the factor
1/sin*0 in Fresnel Equations of Reflection [17].

4.45. Guinier’s Law

Guinier’s Law is concerned with the I (q) where the wavenumbers are much
smaller compared to Bragg diffraction. By using the Guinier’s Law we can obtain
data about the radius of gyration of the scattering objects Ry.

Radius of gyration or gyradius is defined as,

oz _ JPOITPaV

9 Jpmav (439)

where p is the scattering length density at distance r from the center of the particle,
R, represents the effective size of the scattering particle.

The efficacy of the Guinier’s Law is that R, is independent of the absolute
intensity 1(0). Guinier approximation works well for all shapes of particles. If the
shape of particle is known, then size of particles can be calculated by using the

formula RZ. For a sphere of radius R; [18].

R, = \/3/5R (4.36)

18



To examine the scattering intensity /(s) at low angles we can substitute the Mclaurin

series;
; 2,.2 4,.4
sinqr qcr q’r
=1- — 4.37
qr 6 + 120 ( )
If we restrict the Mclaurin serie to the first two terms, then around q = 0;
qZRZ
I(q) = 1(0) <1 -3 9) * (4.38)
where;
D
1(0) = 471] y(r)ridr (4.39)
0
and
1 [Py@)ridr
R e — (4.40)

2 fOD y()ridr

The expression at the right-hand side of equation * can be accepted as the first two

q2

R“z’). Thus, the beginning of the

terms of the Mclaurin series of function exp(— 2

scattering curve can be rewritten for a number of terms proportional to g* [19].

2p2

1@ = loexp(-155) (441

This is the Guinier equation derived by French physicist André Guinier [20-23]
in 1937. We will be using it to find radius of gyration R, which is directly related to

the scattering particle’s radius.

19



4.5. XRR Results
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Figure 4.7: TlInS; and TIGaSe, Crystal.

This is an XRR plot of two different samples with different density. The shift

in their critical angle shows explicitly there is a difference of density. Using general

|

where; p is the physical density(g/cm®), Na is the Avogadro constant, Mi is molar

formula;

mass (g/mol) and c; is stoichiometric contribution with respect to the chemical

formula of given compound.
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Table 4.1: Used properties in density fit calculations. References for atomic scattering

factors are given in text.

f Atomic Scattering
Factor (electrons) M Molar Mass (g/mol) | ¢ Stoichiometry
TI 77.1952 204.37 1
Ga 29.7124 69.72 1
In 49.1374 114.82 1
Se 33.2061 78.96 2
S 16.3351 32.06 2
Table 4.2: Results of density calculations.
0. Critical Angle (°) Density gr/cm3
TIGaSe: 0.323 6.3079761
TlInS: 0.308 5.7043758

We obtained results in Table 4.2; which are in a good agreement with known

data. No oscillations observed; meaning either our sample’s film thickness is too

high or the surface is too rough. Atomic scattering form factors are taken from [24].
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1E-5 A

1E-6 §
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—o—+60V

t':ﬂ'hh'.":.':. artmde
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Figure 4.8: TlInS; Crystal.

After we studied structural properties, We wanted to investigate surface

properties. In order to realize this study we have used XRR technique. This is the

21



XRR image of a TlInS, crystal under no electric field and +60V for 45 minutes
shown in Figure 4.7. We determined that with the applied electric field there is a
change in both reflection intensity and the critical angle, which refer to change in

surface.

—a— No EF
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Figure 4.9: TIGaSe2 B Crystal.

This is an XRR experiment with TIGaSe, crystal under no electric field and
+15V, +25V, +30 V applied. This experiment indicated that the change in surface
properties only occurs when the electric field is strong enough, which is +30V in this
particular example shown in Figure 4.9.

This XRR experiment is conducted as a function of time in Figure 4.9. We
wanted to observe both the rollback time of the scattering plot to its virgin condition
and if it is an instant or gradual change. The result shows that the rollback time takes

as far as 36 hours and no gradual change is observed.
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Figure 4.10: TIGaSe; B Crystal Reflectivity as a function of time.

This XRR experiment is conducted after an electric field of +60V applied for

30 min in Figure 4.10. Again at this experiment we observed a change in both

reflection intensity and critical angle after applying an electric field.
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Figure 4.11: TlGaSe> B Crystal Reflectivity at No EF and 1+60V.
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Figure 4.12: Guinier and Porod plots for TIGaSe, B1 Crystal.
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Figure 4.13: Construction of scattering vector.

We will now apply Guinier and Porod’s theories to the data in Figure 4.10. As
shown in Equation 4.16;

G = ky,— k4 (4.43)
q
2 k
0 2m
= 2ksine ~2g 4.45
q=2ksinz ~= (4.45)
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For Guinier theory as shown in Equation 4.32

2

RZ
1(g) = I exp(~12) (4.46)
If we take natural log of both side;
2R2
logl = logl,— 1 3 g (4.47)
412 R?
logl = logl, — 3/129 62 (4.48)

We draw the fitting graphic log I — 8%according these equations in Figure 4.11;

Ry = 60 nm (4.49)
As shown in Equation 4.27,;
R, =/3/5R (4.50)
Using Equation 4.40;
R = 46,475 nm (4.51)

For Porod theory as shown in Equation 4.25;

1(q) = Sqg™* (4.52)

If we take natural log of both side;

logl =logS — 4logq (4.53)
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21
log! = (log S — 4log—-) — 4log (4.54)

According to taken fitting parameter, form Figure 4.12 (b) ,value of intercept, 6 free

term in Equation 4.54, is -6. If we substitute this value in mentioned, we take;

21 2 410g2E-6
logS—4log75 —6>logS = 4log7—6 =S5 =10""2

2m\*
= | — -1_6
(F) -0

(4.55)

S =~ 2.77 nm? (4.56)

4.6. AFM

+30V30Min

Figure 4.13: TlIGaSe. B Crystal AFM Images. a) without electric field, b) after
application +30V for 30 mins.

As observed in Figure 4.14 size of the island seen in AFM results are

consistent with Ryg.
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Table 4.3: Digital Instruments NanoScope Device Specifications.

Scan size 10.00 pm
Scan rate 3.052 Hz
Number of samples 512
Image Data Deflection
Data Scale 7nm
X 2.000 pm/div
z 7.000 nm/div
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5. CONCLUSIONS

In this thesis, surface properties of TIGaSez and TlInS; are investigated with X-
Ray Diffraction, X-Ray Reflection and Atomic Force Microscopy techniques. The
results show that, an externally applied electric field manipulates the surface
structure according to Porod and Guinier theories which can be explained by the
developpement of VVolmer-Weber growth like islands.

o Externally applied electric field caused a shift of 0.1 degree for crystal B, 0.3
degree for crystal A and 9 degrees for crystal F in the XRD data, which can be
explained by either a major change in d or change in the surface normal.

e Calculations showed that density data obtained with 8. is in a good agreement
with known TIGaSe; and TIInS; density.

e Externally applied electric field also caused a change in XRR data of both
TIGaSe, crystal B and TIInS, crystal. Change observed only with applied
electric fields larger than 30V.

e Porod fitting in scattering intensity proved the change on the surface caused by
particles with surface S.

e Guinier fitting showed the approximate radius of gyration of the scattering
objects after the electric field applied.

o XRR experiments as a function of time demonstrates that TIGaSe; crystal has a
long-term memory up to 36 hours.

e AFM images proved the change on the surface structure and verified our Porod
and Guinier approach.

¢ Results show beyond any doubt, under the effect of an applied positive voltage

to the surface, negative charged entities are attracted at this direction.
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