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CHAPTER I
INTRODUCTION

1.1 Introduction

Any discussion of solar energy and solar (photovoltaic) cells should begin
with an examination of the energy source, the sun. Our sun is a dG2 star, classified as
a yellow dwarf of the fifth magnitude. The Sun has a mass of approximately 10** tons,
a diameter of 865,000 miles, and radiates-€nergy at a rate of some 3.8 x 10%
megawatts. Present theories predict “that this~output will continue, essentially
unchanged, for several billien years. It is necessary (o say essentially, because the
sun's energy output may fluctuaie by afew percent from time to time [1]. The sun
supplies energy in the form of radiation, without which life on Earth could not exist.
The energy is generated ingthe sun's"core’ tIlJ:ough the fusion of hydrogen atoms into
helium. Part of the massiof the hydrogen fs converted into energy. In other words, the
sun is an enormous nuclear fusion reactor Because the sun is such a long way from
the Earth, only a tiny propoztion (around two -millionths) of the sun's radiation reaches
the Earth's surface. This works out at an an;émnt of energy of 1 x10'® kWh/area. The
figure 1.1 compares-this amount of energy to worldwide annual energy consumption
and to fossil and nuclearenergy resources. The energy SOQrces that we primarily use
in our industrial agé are exhaustible. A supply shortage (from the technical and
economic points of View) in easily extractable oil and natural gas reserves is
anticipated in/.the first | third of ‘this 'century.! Even if large new reserves were
discovered, fossil fuels would still only last for a few more years. The amount of
energy-in the sunlight.reaching-the Earth's surface,is equivalent to ;around 10,000
times the world's energy requirements. Consequently, only-0.01 per cent of the energy

in sunlight would need to be harnessed to cover mankind's total energy needs [2].
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Photoy, f two essential steps.
First, absomtlﬂaﬁglgqmegmgr)ﬂﬁ jﬁ? lectron and hole are
then separ tu :ﬁie s to iye terminal and
holes t ﬁ}iﬁﬁiﬁ ﬁ ;jﬁ ,315‘%% Hﬁj ectiveness of a
photovoltalc device depends upon the choice of light absorbing materials and the way
in which they are connected to the external circuit [3]. The first functional,
intentionally made PV device was by Fritts in 1883. He melted Se into a thin sheet on
a metal substrate and pressed a Au-leaf film as the top contact. It was nearly 30 cm? in

area. He noted, “the current, if not wanted immediately, can be either stored where

produced, in storage batteries, . . . or transmitted a distance and there used.” This man



3

foresaw today’s PV technology and applications over a hundred years ago. The
modern era of photovoltaics started in 1954 when researchers at Bell Labs in the
USA accidentally discovered that pn junction diodes generated a voltage when the
room lights were on. Within a year, they had produced a 6% efficient Si p-n junction
solar cell [4]. In the same year, the group at Wright Patterson Air Force Base in the
US published results of a thin-film heterojunction solar cell based on Cu,S/CdS also
having 6% efficiency [S]. A year later, a 6% GaAs p-n junction solar cell was
reported by RCA Lab in the US [6]. By 1960sSeveral key papers by Prince, Loferski,
Rappaport and Wysoski , Shockley (a Nobellaureate) and Queisser, developed the
fundamentals of pn junctien solar cell operation-including the theoretical relation
between band gap, incident spectrium, temperature, thermodynamics, and efficiency.
Thin films of CdTe were also producin:g cells with 6% efficiency. By this time, the
US space program was utilizing Si PV 09115 for powering satellites. Since space was
still the primary application for photovo}}ai’c‘:s, studies of radiation effects and more
radiation-tolerant devie€s were made using-_,Li;doped Si. In 1970, a group at the Ioffe
Institute led by Alferovi(a Nobel laureat‘é*_),_ in the USSR, developed a heteroface
GaAlAs/GaAs solar cell which Selved one gf the main problems that affected GaAs
devices and pointed the way to new device.simgtures. GaAs cells were of interest due
to their high efficiency and their resistance to the ionizing radiation in outer space.
The year 1973 was pivotal for photovoltaics, in both technical and nontechnical areas.
A significant improvement in performance occurring i 1973 was the “violet cell”
having an improved shoft #vavelength response leading to a 30% relative increase in
efficiency over | state:of-the-art| Si' cells.. GaAs _heterostructure cells were also
developed at IBM in the USA having 13% efficiency [7].

In the 1970s and [1980s, high efficiency and|improved radiation hardness of
the AlGaAs/GaAs solar cells stimulated the large-scale production of AlGaAs/GaAs
space arrays for spacecrafts. An AlGaAs/GaAs solar cell with total area of 70m” was
installed in the Russian space station MIR launched in 1986. During 15 years in orbit,
the array degradation appeared to be lower than 30% under conditions that included
appreciable shadowing, the effects of numerous docking, and a challenging ambient

environment. At that time, it was the best large-scale demonstration of AlGaAs/GaAs
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solar cell advantages for space application. Further improvement of the LPE
technology allowed obtaining the efficiency of 24.6% (AMO, 100 suns) on the basis
of the heterostructures with an ultra-thin AIGaAs window layer and the back surface

flied layer [8].

1.2  Problem Statements

(1) To study fundamental definition of solar cell such as the materials, the
structure and optical properties.

(2) To research and to fabrica_)te the solar cell focusing on AlGaAs/GaAs
heterostructure.wsolar.- cell, and then. to evaluated the sample by
photolumingseence; speciral response, and [V curve measurement.

(3) To proposegand 4o increase; the research of solar cells in developing
country such as my counfry, ngs.

1.3  Objective 71

The main objectives of this research;{qré:

(1) To study fundamental propertieé_bféAlGaAs and GaAs material system.

(2) To fabricate AlIGaAs/GaAs heter%s"_tfucture solar cells.

(3) To charaeterize AlGaAs/GaAs heterostructure solar cells.

14 Scope of Research
(1) To study fundamental of solar €ell structure, and how solar cells work.
(2) To study methedology of fabrication.
(3) To fabricate AlGaAs/GaAs heterostructure solar cells.
(4) /To characterize by photoluminescence, [-V. curve and spectral response.

(5) To calculate fill factor, and efficiency.

1.5 Research Methodology
(1) Literature review on fundamental of solar cells for understanding.
(2) Literature review on AlGaAs/GaAs solar cells.

(3) Design and fabricate AlGaAs/GaAs heterostructure solar cells.
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(4) Measure the electrical and optical properties of Heterostructure solar

cells.

Expected Benefits
The future benefit of this study can be:

(1) To give me the basic knowledge of solar cells, and the technical know-

how in fabricating Al eterostructure solar cells

(2) To gain knowledge . Ir f optical, and electrical properties
of the solar ce

(3) To be useful.i dge trans . ountry especially to National

ring, and Department of Electronic

ﬂﬂﬁl’mﬂ‘mWEﬂﬂ‘i
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CHAPTER 11
FUNDAMENTAL OF SOLAR CELL

2.1 General

The objective of this chapter is mainly to elaborate on the knowledge and
competencies of solar cells from many previous researchers who studied about the
solar cells. Various researches were especially conducted in heterojunction solar cells,
and most of them mostly delineated the knowledge and competencies of solar cells.

v
2.2  Fundamental definition, and operation of solar cells

To wunderstand™ the photovolltaic effect, some basic theory about
semiconductors and théir us€ as photovoltaic energy conversion devices needs to be
given as well as information on p—n junl;tion [7]. The term photovoltaic means the
direct conversion of light into el"ectricai éhergy using solar cells. Semiconductor
materials such as Silicon, Gallivm Arseriille,».Cadmium Telluride or Copper Indium
Diselenide are used in these solar eells [7].{Jf’—,

The semiconductor deéscribed so iiéir?'{"is intrinsic; it is a perfect crystal
containing no impurity. The oné which has been doped_to increase the density of
electrons relative to h@les4s—n=typesemiconductor, and the one which is doped to
increase the density of positive charge carriers relative {0 negative charge is p-type
semiconductor. The schematic illustration of 2 dimensional structures of n and p type

semiconductors-and energy-bandidiagram are shown in-figure-2.1 (a) and (b).



Figure 2.1 Schematic illustrati on of 2 dimensiofial crystal structure (a) and
, -
band diagram of n type 2

"-!l

The stgﬁure of $olar cells is a -n ‘junction, as shown in figure 2.2. If the n-

and p-type regio u‘&j Q nﬂn m ﬂl]lﬂ 5101‘1 is a homojunction.

If the semlconductor is different, wescall heterOJu tion [9].

ARIANN I IAINYTA Y
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The photon is incident on solar cell panel, and then the solar cell generates the
photocurrent. The photocurrent depends both on the spectral response of solar cell and
spectral radiation of sunlight.

Spectral response is the rate of short circuit current Ji. (1) per photon energy
P (A) absorbed by the panel, Ji. (A) and P (L) are the function of sunlight wavelength.

The unit of spectral response is ampere per watt (A/W).
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Collection efficiency is the amount of electrons that solar cells generate per
amount of the photon absorbed.

There are two definition of collection efficiency:

(1) Internal collection efficiency, Min.

In the case, there is no reflection from the solar cells panel.

(2) External collection efficiency, Next.

In the case, there is reflection from solar cells panel.

We can write the internal and external’Collection efficiency.

TsciA) Jse(d)
A) = o 2.1
e O ) Jk Dl =R @1
/ )
Newlh) < @rt Rf”a]:‘“qp 5 2.2)

R (A): Reflection index of photon at solar cell surface.
F (\): Photon flux, ameéunt of photk)%ﬁ-f;"er unit area and time unit is access on
the cells. - -

q: Electroncharge.

Actually, intefnal collection efficiency is greater than external collection
efficiency, and.both of them .are ,less than, one, Almost.of external collection

efficiency can calculatefrom (2.2)!

1 ZJSC(Z)
..~ qz F(A) (2.3)

° Collection Efficiency of p-n Junction Solar Cells
We consider the collection efficiency of p-n junction solar cells as shown in

the figure 2.3. Collection efficiency can be calculated by separating the layer of solar
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cells, n, depletion and p layer from each other; and short circuit current is calculated
by solving diffusion equation.
In steady state, continuity equation of minority carrier hole is generated by

photon in n-type in written as.

th+Pn—Pno
dx a7,

~g(x) =0 (2.4)

J,=4q M, Pk (2.5)
Continuity equatio ity carrier elec s generated by photon in p
type is written as.
d o \
Je _ nP (x) 7* s = . ‘ (2.6)

Jo=apnErdp— " @)

3

¢ - Back contact

AU
R8N

i) | T
r—
i —— ]
f
I‘J'l_‘-h
o= 4

Figure 2.3 Structure and energy band of solar cell [10].
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Je: Current of electron per unit area.

Jn: Current of hole per unit area.

Te. Lifetime of electron.

n,: Number of electron per unit area in p layer.

D.: Diffusion coefficient of electron.

g(x): generation rate of carrie

q: Electron charge. W
E: Electric field. §

Ue: Mobility of elew—’

Un: Mobility of

1. Lifetime of h
pn: Number of ho

Dy: Diffusion coefficie
Pno, Npo:  Carrier
x: Distance from s

To solve equation of 2.4 condition as follow

7 i
p.= D, "_“ % 2.8)

mﬁ%ﬂ WHRT AT 2
ARPEY NG,

dn
— p_ —
Sn,~n,)=D.—,~~H.n,E ;atx=H (2.11)

Se: Recombination velocity of electron at solar cells surface (x=H).
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Sh: Recombination velocity of hole at solar cells surface.

W: Width of depletion layer.

In depletion layer, there are built-in potential generates from space charge, but
in p and n layer, there are less built-in potential. If we are not considered the built-in

potential in p and n, we can write the continuity equation in n layer by equation of 2.4

and 2.5:

D, d P, , oyt 3 (2.12)
dx 7

g(x) =aF(1-R)exp(—ox) 4 (2.13)

Then we solve the equation 0f2.12

D — P =ACosh-—"% BEinf > ee = et L exp(~orx) (2.14)
n no Lh Lh o Lﬁ—
Ly: Diffusion distance of hole. I, = (Dym)"e.
a: Absorption coefficient.
R: Reflection ceefficient.
A and B can calculate by two conditions:
1 x =X, there are négligible excess cartiers
P TPL= O0g FA £y (2.15)

2 On the front surface of solar cells, there is recombination.

dp-p.)
D— , —/=8p,-p,) x=0 (2.16)

After giving two conditions, we can write the equation of 2.14.

SuLa,, L)Sinh X" 4 exp(-a )C,)(L"l‘h Cosh X2 ¢ Sinh X2y (2.17)
aF(-R) T Dh ' Lh ] Dh Lh Lh
PH_P"U: 22 S L ‘“L/,GXP(‘“XJ)
a L1 Dk gy Xo y cogn Xo

h h h

x = Xj is the edge of depletion layer. Photocurrent of hole ( J,) generates in n layer.
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dp
Jh:_th dxn
S, L, e S.L, X, X,
:{qm_mau} D N hL,fS S PSR B
(lzLi_l S, L’ Sinh X2 4 cosh X2 h '

h h h

In the same case, photocurrent of electron (J.) generates in n layer can be calculated

from equation of 2.16 and 2.17 by giving two conditions.

I np—np=0, x=x+w (2.19)
dn,—n,) J
2 -D— " Sdn,~n,) x=H (2.20)
From two conditions, we getd.: i
|
gE@—Bod f L5 s s
J De dxp F iy L exp[— a(XJ v W)]
@ L L 4
— ;‘ ¢ —
S.Lecyy H H Lexp(—a H ) + Sinh = H. +oL.exp(-a [ ) 2.21)
X a _ De 4 e
L. ,
5. LF Sinh + Cpsh H

For H =H:@&G+W) .
From equation of 2.1:8'and 2.21, we get “the value of photocurrent of hole (J,) and
electron (J.) correspond to absorption coefficient of phofon (o) and diffusion distance
of carriers (LefLp)™.

Next, we iconsider the photocurrent generates in depletion layer. The carrier is
excited-in depletion-layer,-and-pull out,of the external, by electric.field of p-n junction.
Those carriers are“not recombined or'recombine ‘a little~The current flow like this,

called drift current (J4,).

J ., =aF (- R)exp(-a x )l - exp(—aw)] (2.22)

W: depletion thickness.
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172

2 s a
2 (Vd—V)N Na
q NaNd

w =

(2.23)

gs: Dielectric permittivity of semiconductor.
N,, Ng: Density of acceptor, donor impurity atoms.
Va4 Voltage generates from p-n junction.
V: Bias voltage.
We can summarize, the short circuit photocutrent at each wavelength of photon in p-n

junction (Js(A)). J
J.=J, A+ LgCOF g I\ (2.24)

Nin and Nex¢ can be calculated from equati-c_;n ,_of 2.1 and 2.2. This equation can be used
the photon access on the n layer. The phé{on access on the p layer also can be used,
but there have to change the subsérfption [1?]

, il
° Collection efficiencyr of Schottk.f_bgljrier and MIS (Metal Insulator
Semiconductor) solar cells .

Figure 2.4 r(a)‘ and (b) demonstrate schematic sfructure and energy band
diagram of Schottky barrier and MIS solar cells. Both of them, the access photon of
the metal layer tunnels to.semiconductor layer. Therefore, the carrier is excited by
photon at depletion' and semiconductor layer. So the photocurrent generates at

depletion region‘is the same equation 2.22
J o = aT(DF ()1 - exp(—aw)] (2.25)

T(L): tunneling metal layer coefficient/Insulator of photon.

W: depletion thickness.
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w { 265 (V d—V)} (2.26)

Next semiconductor layer generates photocurrent of holes.

qFa Lh
J [a Lhﬂ / (2.27)

m. \: T

Electron .

Figure ﬂ4ﬁ.§5 %ﬁl ﬁaj%%ﬁ“%ﬁiﬂ@cmre of (a) Schottky

barrier, and (b) MIS solar cell [11]

ARAINIUNMINYIAY

To suppese that oLn>

Jsc(/l)z Jdr(/l)-l_Jh(l)

- T(ﬂ)qF(ﬂ){l ~exp(eam) "L } (2.28)
a Lh +1
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Therefore, the collection efficiency np(A).

J
e Je 2.29
.P= Farm (2.29)

collection efficiency (nm) of Schottky

# ;arrier recombination on the front

surface. So collection effic reater than p-n junction [11].

Ut
/ “"ﬁ.

Figure 2.5 shows the cal

barrier solar cells. There is a

=1

.

o
1

=
=
;

=
E=
!

Collection efficiency Ny,

=
%]

1 I

=15

0 §

O ’l@h‘llﬁlﬁm PN Zl’lf?/l 1YL e i

cell [11].

o Collection efficiency of heterojunction solar cells
Heterojunction solar cells are consisting of two different energy band

semiconductors being contacted to be a p-n junction. Figure 2.6 shows the sample of
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p-n heterojunction solar cells; n-type energy band diagram is wider than p-type, and
the photon accesses on n-type surface. The carrier generates in p-type is more
influence to efficiency. The electron current generates in p-type layer can be
calculated from the equation (2.6), (2.7), (2.9) and (2.20), by consideration some part
of photon being absorbed in n-type.

(2.30)

In this p-n heteroju

in figure 2.6. Hole current is rat J ‘n-type layer, calculates by using equation

Photon

Figure 2.6 Structure of solar cells where n-type energy band diagram is

greater than p-type [11].
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2.3  Output characteristics of solar cells
The following electrical and optical characteristics are used to explain the

performance of solar cells.

2.3.1 Energy conversion efficiency
It means the ratio between maximum output power per sunlight energy

incident on the solar cells and simpl

= (2.31)
Area(
2.3.2 Short circuit
If solar cells o _ al n shor we call the current flows on
the circuit “Short circuit
Figure 2.7 demonstra of solar cells. If the solar cells
is in the dark, the relation b ot ('I') and voltage ( V) of solar cells is
the same as the current equatio
I=7], [exp ,—----—— (2.32)

; :F{DhPuDenp v
PR ITRENIWNEING
Iy is call?:'!l saturation currentsand n is ideality factor of diodes

o G B AR B

l.=1 -1, (2.33)

In(=l) from equation of 2.2, A is area of the photon access.
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.= aA[F(On _(AdA (2.34)
0

To consider the resistance inside of solar cells such as series resistance ( Ry ) and

shunt resistance ( Ry, ), so we can write Lyy,.

gV —IRs) | V —IRs

s 1} + / (2.33)

L. =Io{exp[

2.3.3 Open circui ﬂ :
If output of solar \gtage that we measure, calls

“O(u)tpen circuit ﬁnﬁ gﬁ %ﬁw %{Wﬁ ;;Tﬁqﬁatlon of 2.33 by giving
R8N ;in,; UNNANYIAY

The figure 2.8 demonstrates the output characteristics of solar cells. The point of

cells is in open circuit, the

(2.35)

graph intersect voltage axis, is called open circuit voltage ( V). The point of graph
intersect current axis, is called short circuit current ( I, ). Then the maximum power (

Pmax ) 1s equal to the area of square being calculated by Vpax and Ip.x. On the figure
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2.8 also shows the parameter of maximum voltage ( Vmax ), and maximum current (

Imax )-

ik

L.
o1 Is.: Short circuit current.
B :
g Inax: Maximum current.
% Voot Open circuit voltage.
& .
g Vmax: Maximum voltage.

ax: Maximum power
0

QOutput

Figure 2.8 Maxin
Prnax = VinanX I el -- (2.36)

e of maximum power ( Ppax ) with

respect to maximur voltage (V... ) and le

7

e
. 8 3

0

wEUEINENTNYINS
wiaadinhmingdy e

4V s
_ (Isc+IO) nkT

1 + quax
nkT

(2.38)

Imax
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2.3.4 Fill Factor

An other important output parameter is the fill factor which is defined as ratio

between V maxXInax and VX,

Pmax
V.l

FF =

— Vmax X Imax
V.xI. | (2.39)

e /
V|| 0@V, /1 (2.40)
Voc exp(qui/
If series resistance ( R/
If we know the para By 3 .- ¢ efficiency of solar cells.
n= % x1 x100% (2.41)
e b A) n (A)dA
= FFx (kB /@) In|(] /[ ) +1]xgx et (2.42)

Chell 2)dA

0

Appli fect

The Jﬂl ich 1s m(ﬁwor!n? ﬁgjerent type semiconductors called
heteroj 3 and p-p, called
1sotyp ﬁfﬁﬁeﬁﬁ ﬁiﬂiﬂﬂﬁ ﬂﬁﬂé‘ﬂed anisotype.
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Y
AE,
+
— ’
B
sl Jg __________ ]L____
\ Ep
P-GITATAs T PCAAR n-GaAs

Figure 2.9 Band diagrams of AICIEaAs/GaAs homojunction solar cells [12].

i

Isotype junctien isfmore imp:ortaﬁt for homojunction solar cells. Figure 2.9
demonstrates solar cells'band diagram of’ p—Ga1 LAl As/p-GaAs/n-GaAs. If there is no
layer of p-Ga;xAliAs, the rate recombmatlon of electrons of solar cells at p-GaAs
surface will be greater than 10° cm/s So there ,lﬁ less electrons flowing out of n-GaAs,

because the electrons recombme at i GaAs -

If we grow the p-Ga, XAl As layer on p -GaAs, thé clectrons recombination at

p-GaAs is lower than 10" cm/s. and p-Ga <Al As gen_erates AEc to reflect more
electrons flowing to n-é_}aAs. Then the efficiency is high:v

Energy band gap’of Ga;.(AlAs depends on the content of Al, if x=0.7 the
energy gap is 2:5eV. Itis suitable for wavelength of photons of solar spectrum. So if
we increase thickness about 10um, the sheet resistance of Ga; xAlxAs is decreased.

Heterojunction Soldar ¢ells consist 0fin"andpitype: semiconductor. P or n type
has wide;band gap semiconductor on the top. The photon with energy less than band
gap of top layer can pass through, so called this layer as “ window layer * and this
phenomena is called ““ window effect “.

The photon can pass through the window layer, and then is absorbed at the
next layer which has lower energy band gap generates electron and hole pair. The

heterostructure solar cells have high spectral response with photon energy in between
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band gap energy of both semiconductors. We can reduce the sheet resistance of solar
cells by growing thick window layer and this window can protect other radiation in
space.

Hence, to design heterojunction solar cells, they have to select approximate

band gaps of both semiconductors material relate to the spectral response of sunlight.

On the table 2.1 shows the lattice mismatch and band discontinuity of

AE,=0eV

n-CdS/p-InP | AE. =0.12eV

n-CdS/p-CdTe AE; =0.22eV

n-CdS/p-Cu,S AE;. =0.2eV

£

-
AU INENINGINS
ARIAN TN INGINY



CHAPTER III
RESEARCH METHODOLOGY

3.1 General

Upon completion of this master’s degree project, thorough planning and
scheduling have been organized on the methodology and research sequence to ensure
a smooth running of the research program {rom literature review, experimental data

collection, discussion and validation of result.and.eonclusion.

3.2  Literature Review

Literature review imvolves a thorough search and investigation of solar cells
related issues through many different sources such as text books, articles, journals,
international conferene€ papers. Additioﬁal}y, there is also searching and browsing
through internet web pages. internct Wné'::bsbites, online library, online articles and
journals to seek complementary informatiqﬁ'. The aim of literature review is to gather
important information related to the topic a;fd Jto deepen the proper understanding of
the knowledge and competencies of heterojulncﬁison solar cells characterization.

33 Experimentat Data Correction

Not only literature review on the solar cell basic theory but also the
experimental study on _ heterojunction solar cells is needed to gain practical
information.

The technologies and equipment utilized to gather the useful practical
information ~are, Liquid Phase Epitaxy (LPE), -Melecular -Beam Epitaxy (MBE),
Photoluminescence Measurement, ‘'Vacuum Evaporation, =V curve Measurement, and
Spectral Response Measurement Machine, etc. The description of LPE and MBE

technologies, and also photoluminescence will be provided.

3.3.1 Liquid Phase Epitaxy (LPE)
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Since its invention by Nelson in 1963 [13] Liquid Phase Epitaxy (LPE) has
proved to be a versatile, flexible method to grow thin layer of III-V, II-VI and IV-VI
compound for material investigations and device application. Many”first” of
electronic devices were based on LPE structure. One important example was the
GaAs/AlGaAs double-heterostructure (DH) laser diode continuous-wave (CW) lasing

at the room temperature [14, 15]. The LPE technique has many advantages, there are

= r-'_; - _-_"-‘ ‘ d * -:\.‘IJ':?“.J';"

A Figure 3.1 Horizontal LP 116]
Vo ——

.
— —
|

AUEINNT
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F@r‘e 3:2/Mulfi-bin graphite boats [16]

/1=

(1) Experimental setup is §1mp1e and.nnexpenswe

Id

(2) Growth temperature i8 low: (approxgmately 350 to 900°C).

(3) Relatively herght growth raté of 0: ]i'mrn/rnm 1s possible.
(4) Elimination of hazards due to uSe (’i;f reactive gasses and their reactive

products. i 72

(5) Non- requlrement_oflacuumeqmpment.__é {

The 11m1tat10n§ -of LPE technique is the d1fflcu1ty of growing layers that differ
in lattice constant by more than ~1% from substrate and"its inability to produce ultra-
thin layer whose thickness-is less than, 0. lpums Hurthermore, LPE layers generally do
not have a good surface-morphology as layers 'grown by Vapor Phase Epitaxy (VPE),
as well as Molecular Beam EpitaXy (MBE). However, becausé./of simplicity and
flexibility, LPE has been attractive forygrowing complex layered structure required for
optoelectronic devices.

The horizontal LPE system, which is installed at Chulalongkorn University,
Semiconductor Device Research Laboratory (SDRL) is shown on figure 3.1. The
apparatuses use for LPE systems are

(1) Programmable temperature controller.

(2) Movable resistance furnace.
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(3) Quartz tube.

(4) Pd-purified H, as well as gas system.

(5) Hygrometer.

(6) Nitrogen hood.

(7) Thermocouple as well as gas system.

(8) Multi-bin graphite boat (see on figure 3.2).

(9) Quartz rode (use for sliding).

Actually, LPE is suitable for growing thick epitaxial layers quickly because

the growth rate is high anduit is also sui_gable foi ferming multi-layers structures, such

as heterostructures becausedt-has multi-bins graphite boats [16].

3.3.2 Molecular Beam Epitaxy (MBE|)

Molecular beam epitaxy (MBE) 1§a process for growing thin, epitaxial films
of a wide variety of materials, ranging fllrom oxides to semiconductors to metals. It
was first applied to the growth of _compc'):ijl_pda semiconductors. That is still the most
common usage, in large part because of thé}_lidgh technological value of such materials
to the electronics industry. In this‘process béél{i‘ls of atoms or molecules in an ultra-
high vacuum environment are incident upor‘rﬁ.a"_beated crystal that has previously been
processed to produce a nearly atomically clean surface. The arriving constituent atoms
form a crystalline layer in registry with the substrate, i'e., an epitaxial film. These
films are remarkable-because the composition can be-rapidly changed, producing
crystalline interfaces that aie almost atomi€ally abrupt. Thus, it has been possible to
produce a large pange of unique Structures, including quantum well devices,
superlattices, lasers, etc., all of which benefit from the precise control of composition
during growth. Because of the!cleanliness of the growth environment and because of
the precise control over composition, MBE structures closely approximate the

idealized models used in solid state theory [17].

3.3.2.1 The MBE system
The Molecular Beam Epitaxy (MBE) is consisting of four chambers: load

chamber, introduction chamber, transfer chamber, and growth chamber. Each
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chamber is separated by isolated gate valves and the substrate is transferred from load
chamber to each other chamber. The introduction and growth chambers are heater for
a heat the substrate. The ultra-high vacuum is obtained via the pumping systems are

consisting of sorption pump, ion pump, titanium sublimation pump.

Vacuum gate valve

Heater Substrate

/@on electron beam

I - i ¥ ‘.‘ : » .
-: ' ‘ = " |I RHEED screen

Electron beam

LN,-cool cryopanels

Evaporated beam
Cell shutter

Figure 3.3 (a) diagram of growth chamber and (b) schematic illustration of a

RIBER 32P MBE system [16]
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The diagram of a typical MBE growth chamber shows in figure 3.3 (a). Inside
the growth chamber of the MBE are material source cells, substrate heater, monitoring
equipment, and pumping system. The solid source of materials is separately contained
different effusion cells. During the MBE working, the chamber wall and effusion cells
are cooling by liquid N, to protect contamination as result of outgases from heated
part. There are two type of monitoring equipments such as mass spectroscopy and
reflection high-energy electron diffraction (RHEED). The mass spectroscopy is used
for particle analysis, and RHEED is used/te" observe the surface of crystallization
during the MBE grows. And there are, two iomization gauges which measures the
beam flux and background-pressure (BP). And-one of the ionization gauges is
measured for BEP is loeated at the leveli of manipulator behind the substrate, and the
other gate is situated im‘front of ion pu[;np for measuring background pressure. The
temperature measures by WsRe thérmoc:éhple and the temperature is controlled by
computer via a controller card (EUROj;HERM). In order to get a uniforms flux
profile on the surface of the substrate durlng epitaxy. All of the samples are grown on
semi-insulating (001)-GaAs substrajes m tli@dsolid source MBE system (RIBER 32P)
shows in figure 3.3(b). The substrate is at"c_-a'ci]a','ed to molybdenum block (MO in the
figure). The prior to crystal growth, the K;:)nldélnination is removed from substrate
surface for 3 hour pre-heat process in the introduction chamber before being
transferred to the gro;vth chamber. The pre-heat process has done when the pressure
in the introduction chamber is 1X10"° Torr or lower than. The temperature profile of

pre-heat process shows onthe figure 3.4.
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Toun(°C)

Time(s)

Figure 3.4 Temperature profh_e .of the pre-heat process [17].

In the pre-heat process, the samiple 1Js Y.Hfiz}t by increasing the temperature of the
substrate (Tgyp) from 30°C to 450°€ at the ﬁe z)f 7°C/min, to take one hour for ramp
up. During ramp up;ithe coﬁtﬁﬁﬁnations f.r‘.o.'rﬁqihne substyate surface is removed and
purges, at that timé the pressure also increases. Then the T is ramp down from
450°C to 30°C. The pre-heat process, this takes three hours and almost of the samples
are subject to this procéss without exception. |

When (we “finish pre-heat process;, the substrate is™transferred to growth
chamber and dé-gas is carrier out. The temperatures of effusion cells are increased
from standby~temperature «(Tga) | to jrequire stemperaturey, iny order to remove
contaminations from each effusion cells. "The profile of de-gas process for the
temperature is ramp up for Ga and In effusion cells are shown on the figure 3.5, and

As effusion cell and substrate are shown on the figure 3.6.
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cells. The effusion cell is closed

d-ld

F1gure35Tem ra ;u.,; ef
)

in the dotted line range and oj @Qﬁs " ~ ange during respective temperature
y'\ 3 f | o,
ranges [17]. -‘-‘f’}‘ £

T(°C)

3

800 T

ﬂ‘lﬂ']ﬁﬁﬂmﬂﬂﬂﬂqﬂﬂ

Rate=5°C/min

> Time (min)

Figure 3.6 Temperature profile of As effusion cell and substrate. The effusion
is closed in the dotted line range and opened in solid line range during respective

temperature ranges [17].
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The figure 3.5, the temperatures of Ga and In effusion cells are increased from
their standby temperature (Tgq) to the set point temperature at the same rate of
30°C/min. After ramp up the temperature of the effusion cell, then the each effusion
cell is measured by opening corresponding cell. Typically, BEP of In, Ga and As
effusion cells are ~10®, 107 and 10 Torr respectively. The de-gas process of effusion
cell has done last because the BEP of As effusion cell is significantly higher than
other effusion cells. So the temperature of the de-gas of As effusion cell and substrate
are ramp up in he same time fiom Tyq 100°C.£0.300°C in the same rate of 5°C/min in
order to suppress the As atoms out gasgjng from-the substrate surface. When the Ty
increases higher than 300°€; out gassing As atoms from the substrate result in the
surface roughness. Between 300°C (o ?OOOC, rate of 30°C/min. Between 500°C to
650°C, the rate of 10°C/mins Aften de—gl‘as process which prepares the effusion cells
for growing, then the substrate has {0 de-‘g;ilide process in order to prepare the surface
for subsequent epilayer sgrowth. The df—(jxide process and RHEED pattern for
substrate, the temperatre icreases in thii__'sJ__peress is shown in figure 3.7(a). When
Tsup 1s arrived 580°C, the spotty pattern shqvgs in figure 3.7(b) start to occur because
the native oxide goes out from the GaAs sub_'s'ti'ré-te. To ensure complete oxide removal
and thus a clean GaAs surface; the temperat_urg is kept at slightly above the de-oxide
temperature. Usually; Ta.,x=580°C, the temperature would be kept at 590°C until the
CO peak is almost ﬂai. i ‘
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Ty (°C) |
T Oxide desorption
Taeox+10°C
600
N~ —
Hold until CO
| pea}gils flat
300 - | //'/
150 - i%

Time (min)

(b)

Figure 3.7 (a) temperature profile of the oxide desorption process and
RHEED pattern when the temperature increases and (b) photo took from view port

showing RHEED spotty pattern at de-oxide temperature at 580°C [17]
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3.3.2.2 In-situ characterization tools

There are two important in-situ characterization tools such as mass
spectroscopy and RHEED. The mass spectroscopy is used to investigate the chemical
constitutes inside the growth chamber. And the RHEED is used to calibrate the

growth rate and indicate the 2D and 3D growth mode transition point.

* Mass Spectroscopy (An introduction to Mass Spectroscopy, Ashcroft)

- | e "R

Plate accelerate positive ions &

Sample injector

Electromagnet
deflect ions into

spray

Sample

vaporized _
o

aid ght select ion
Electron gun /i fron):,sp -
Ionizes sample

Figure 3.8 Schematic diagram of mass spectrometer

(From: www.stév.gb.com/science/spectroscopy.ﬂtml)

The mass spectroscopy is an analytical technique uses to measure mass-to-
charge (m/z).ratio of ions:“The composition;of-a sample is detetmined from the mass
spectrum. representing the masses. “A“typical mass spectrometer ‘is-comprised three
parts such as ion source, a mass analyzer, and detector system. The figure3.8 is
shown the schematic diagram of spectrometer. The sample is introduced into
ionization source of the instrument. Inside the ionization source, the sample molecules
are ionized, because ion is easier to manipulate than neutral molecules. These ions are

extracted into analyzer region of mass spectrometer where they separate according to
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their mass-to-charge ratios. The separated ions have been detected and this signal is
sent to a data system where the m/z ratios to store together with their relative
abundance for presentation in the format of m/z spectrum. In experiment, masses of
particle such as hydrogen, helium, argon, water, oxygen, carbon dioxide, and
monoxide have been checked by mass spectrometer. Especially, the complete removal
of native oxide from the substrate surface is investigated by mass spectrometer. In de-
oxide process, when the signal 28 peak (carbon monoxide) is flat, further growth
process is continued.

* Reflection High-Energy Electron Diffraction (RHEED)

Undoubtedly thessingie most important analytical tool for layer grower has
been the RHEED system for real time;,i‘ observation of the crystal structure of the
growth. Most MBE systems today cither i_{;blude an electron gun and phosphor screen
for displaying RHEED pattern while tHF layer is growing, the photo of the film
pattern is shown on figure 3.7 (b) [16]. Andthe RHEED system provides a tool for
monitoring growth rate, for a qualitativé%.{qleasure of surface topography and for
monitoring surface structure that; in certailﬂﬁétances, can provide a measure of the
surface composition. Also important “to .tﬁe_;user is that the RHEED system is
relatively insensitive to the ambient in the growth chamber, that is, RHEED images
can be obtained withequal clarity either while beams are incident on the substrate or
when the growth has-been terminated and the substrate is cooled; furthermore the
geometry is such that théretis no part of the’RHEED system positioned in front of the
sample to block aceess to the surface since the RHEED arrives at a glancing angle
[19]. The figure 3.9 is shown the schematic..diagram presentation of RHEED

geometsny shows théiincident electron beam at an angle © fo the stirface plane.
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Figure 3.9
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Figure 3.10 Schematic diagram of PL experiment set up.
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n of RHEED geometry shows
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The photoluminescence is a light emission properties of semiconductor when
excited by photon energy. While the semiconductor is excited, electron-hole pair is
generated and recombined. The resulting radiation from the recombination of carriers
is called Photoluminescence (PL) [19].

The photoluminescence (PL) spectroscopy is a useful technique for the study
and characterization of material and dynamical processes occurring in materials.
However, PL spectroscopy, like all other experimental technique, does not give a
universal, all-encompassing view of energy.aspect of the properties of a particular
material, or even more speeifically of the optical-properties of materials.

Photoluminescence«from semiconductor is-most commonly characterized via
spectroscopic techniquessThese iechniques involve measuring the energy distribution
of emitted photons aftegoptical excitatio|n. This energy distribution is then analyzed in
order to determine properties: of the ;rfliaterial, including defect species, defect
concentration, possible Stimulated emipsit)n, etc. This technique for material
characterization has achieved significant sii_gcg:_ss and popularity in this regard at least
party due to the simplicity of the teéb’_n_ique and absence of sample process

requirements [20]. #2204

34  GaAs and AlGaAs for LPE
The GaAs and AlGaAs are the basic materials for solar cell structure. The
understanding of these materials preparation and weight calculation are very

important and will be provided by this section.

3.4.1 Material preparation

The maternial which it can be used to fabricate GaAs or*AlyGa; xAs epilayer
should be commonly prepared in the Ga solvent and as other materials such as As,
and dopant is also prepared as solute. The commonly n-type dopant is Sn or Te, and
for the p-type dopant is Ge or Zn. These materials are prepared in solid form and can

calculate by the formula below.

XeatXat Xt Xn=1 3.1
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X is the m ole fraction of each other element in AlyGa;<As alloy. The Ga weight

(Wga) to As weight (W o) can be writing as

Wo=X/ XM o MW, (3.2)

M is the atomic weight of each element. Then other element can be writing

Wu=(X ! X MM/ M oW, (33)
Wim - (X im/ ﬁ"iﬂ:\ \ : G (3.4)

3.5)

Where Mg,=69.72

Ms,=118.6

The value of each element ca v%

om graphs as shown in figure 3.11,
3.12,3.13 and 3.14; ‘
\7

' i
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room temperature electron concentration in GaAs versus the atom fraction of Sn in

the liquid along the 700 and 800°C [21].

‘\ql'\ \ \ 10
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Figure 3.13 Solidus a1xAs as a function of liquidus

composition [21].
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Figure 3.14 Liquidus isotherms in the AIGaAs system [21].



3.4.2 Material weight calculation
The weight of materials are calculated by the following
° Aly35GagesAs (p) 1018cm'3, Ge-doped
Xai=0.0025
Xe=0.04
Xas=0.015
Then Xg,=1-Xa-Xas-XGe=0.

= (0.04/0.9425)(72:59/69.
=120mg o hes S

Laes

i
BN InenIneng

Then we get Xga=1-Xa-Xas-Xe=0.97
QUSRS 186 8
W= (XavXca)- MarMaa)-Wea
= (0.0025/0.97).(26.98/69.72).3g
=3mg
Waas= (Xcaas’Xca)-Macaas’/Maca)-Waa
= (Xas'X6a)-(Mcaas/Mca)-Waa
=(0.0015/0.97).(144.64/69.72).3g

o Aly35GagesAs (p

X6e=0.025 '“

41



=96.66mg
Wee= (XGe/XGa)-(Mce/Maa).-Waa
= (0.025/0.97).(72.59/69.72).3¢g
= 80.70mg

GaAs (n)
Xas=0.022
Then we get Xg,=1-Xas=0." 8

XGe=0.02

Then we get XGa—l X as-Xige- r" ,ld' '

l f

- 096

WGaas= (X 'I XGa) (MGaA VIGa)- MJ

f {518 ﬁﬂﬁ%’w J1NT

Y =142.2mg

q WARADGRNN TN YA 8

=(0.02/0.958).(72.59/69.72).3g
=60mg
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Table 3.1 Material weight

Material
Ga(g) | GaAs(mg) | Al(mg) | Ge(mg)
Solution
Alg35GagesAs(p’) | 3 96.66 3 80.70
Alp35GagesAs(p) | 3 99.05 3.079 120
GaAs(p") 3 2.2
GaAs(n) 3 0.01

The growth pr af -- e \ aded with substrate and the
material solution is alrea : 1n the quartz tube, but initially
remains outside the JE = 1t flowing N,, evaluated and
checked for leaks about 1C ”:' in d-purified H, (prevents oxidation
of solution and substrate). rrface i n

figure 3.15 (a) shows the bas

into the position for heating the boat
, figure 3.15 (b) and (c) illustrate
schematic profile of: ¢ growing time duration,

samples G and H. V

ﬂumwﬂmwmm
ammmm UAIINYAY
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Figure 3.15 (a) Basic set up of LPE system (b) and (c¢) schematic profile of

the furnace temperature versus the growing tlmg:, duration, samples G and H.

The temperature is kept constant at 800°C at least for 4 hours to substrate,

material and solution, then step up to 804°C for in-situ etchmg When the temperature
reaches peak of 804°C, and then it decreases at the rate of 0.2°C/min to saturate the
material solution, then gthe temperature of; the solution is below the saturation
condition, and the epitaxial layer started growth: Inr the other hand, the temperature is
more decreasing, the solution is oyersaturated, then the oversaturated comes into
contact with the substrate; the-oversaturated tempetature, AT will,\therefore, force the
solutionGaAs to precipitate. The growth layer is terminated by sliding the substrate
out from under solution. The thickness of growth layer can be determined by the
oversaturated temperature and the range of time which the substrate and solution are

contact and can calculate by equation of 3.6.
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d= K(AT;*'%O‘IZJ 3.6)

K : The constant which is a function concentration of As in the liquid
AT : The over saturation temperature of solution

o : The cooling rate

3.5.2 Molecular Beam Epitaxy
The growth process-of MBE briefly disCusses below

o  The GaAs substrate((100)1s1oaded into the MBE, and is cleaned by  chemical;
it is the case that the substrate is epi—réady type and kept in a dust-free condition.
After mounting on the molybdenurﬁ bloé_lg'. with indium, the substrate is preheated at
450°C for one hour in the preparation cfiﬂ,am‘ber, then the substrate transferred to the
growth chamber, this“chamber is cooli_f;g by liquid" nitrogen, and the titanium
sublimator of the growth €hamber is switchégi 6ff.
3 5

° Increase the substrate temperature (EMF oven manipulator) as well as the Al,
Ga and Si containing ¢ell.

OM 100°C —*250°C

Al 300°C ——Calibrate from the flux pressure

Ga 300°C—» 910°€

Si 300°%C———» (depend on the carriet concentration

° Rotate the manipulator up of 224 degree to obtain the “optimum” flux pressure
measurement position. First, the Ga flux will be measured. The Ga containing cell and
the main shutter are then opened, while the other shutter is closed. Adjust the Ga cell
temperature to get the flux pressure of 4.3x10"Torr (wait until the pressure is
stabilized). The growth rate of GaAs is gotten 0.8um/hour. Close the individual cell
shutter as well as the main shutter. To get the ternary compound Aly;GagoAs, we

have to adjust the Al cell temperature by reading on the gauge.
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Al flux = (Ga flux) x% (mole fraction) x % (gauge sensitivity)

=2.6164x10*Torr

And the Aly,GaggAs, Aly3Gag7As
* Aly,GagsAs

Al flux = 4.3x10‘7x@ x@
80 1.68

=5.8869x10Torr
* A10.3Gao.7AS

3 .
Al flux = 4.3x10‘7x7—8 xo-g2

1.68
= 1.0092x10 ' Totr
Gradually increase the s As cell temperd;ufe up to 190°C. To make small steps
(5°C/min each). The individual shutter of the As containing cell is opened, as well as

#

the main shutter. All other individiial shutté‘foa_tr_e closed. The partial pressure of As, is

Ad

about 20 times grater than Ga, so it might reach about 8.6x10°Torr. During the time,

the substrate temperature is adjusted to be 300°C.

° Rotate up the manipulator to obtain 320 degree (still remain opened the main
shutter as well as As cell). Increase the substrate temperature to 550°C. The electron
gun of RHEED system'is powered on‘and‘the shutter that proteécts the RHEED screen
is opened. By using the deflectors, position the electron beam so that it strike the
substrate. A.diffused light-must be observed,on, the sereen, and possibly circles due to
the surface’oxide. Gradually increase the substrate‘temperature (10°C-each step) until
spotty pattern is clearly observed. To set the substrate temperature cools down by
20°C less than that of the temperature. Deoxidation is processed for approximately
10-15 minutes. The streaky pattern will slowly appear. They gradually become less

and less diffuse as the oxide evaporates.
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° Open the Ga individual shutter to begin the GaAs deposited on the substrate.
To store at this condition until the designed thickness (2 minutes and 30 second to
obtain 2um of GaAs epitaxy for the growth rate 8.8um/hour). Other cell shutter such
as Al and Si are also opened if either the AlGaAs epitaxial layer or dopant is required

[21].

AULINENINYINT
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CHAPTER 1V
EXPERIMENTAL RESULT AND DISCUSSION

4.1 General

This chapter is composed of all the experimental results and discussions of
research data. The samples are grown by Liquid Phase Epitaxy (LPE) and Molecular
Beam Epitaxy (MBE). There are three kinds of AlGaAs/GaAs heterostructure solar
cells. The first one is of Schettky barricr diode, the second one is of fixed Al content
window layer and the third one has Al'content of 0:3; 0.2, and 0.1 window layer. All
of them were separately analyzed for spectral response, photoluminescence, and 1-V
curve measurements. Some O fhem| are calculated for their fill factors and
efficiencies. Basically, thesanalysis is‘divided into two categories in this study. First
group of samples are growa by MBE and t}}_e second group of samples are grown by
LPE. These two growth fechniques are coi'r'pp.ared in terms of their solar cell structures

and perfor mances. ;
.
3 F"

d # -3 : IJ:I;I
4.2 Heterostructure Solar ceiis realizatio

There are six, samples fabricated by MBE and two samples by LPE. Their
solar cell structures are shiowii in figure 4.1~4.6. The samples A, B, C, D, E and F are

fabricated by MBE, and samples G and H are fabricated by LPE.

4.2.1 MBE samples

The sample A 1s Schottky type solar cell grown by MBE. This sample is used
as a reference~for spectral .response and, photoluminescence~measurements. The
spectral | résponse- ‘gives 'basic’ “information’ about’ the photon absorption in

semiconductor materials used in the heterostructure.
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40nm GaAs
100nm AlGaAs
200nm GaAs Intrinsic layers
10011m Alo,zGao_sAS
300nm GaAs

v
n-GaAs
e | <« AuGe/Ni

Figure 4.1 Schematig'diagrams of Schottky heterostructure solar cells (sample
A). "

The n-GaAs substrate is used as thg starting material for solid-source MBE
growth of different crystalline layers i S@hbttky heterostructure solar cells. After
desorbing native oxide at 580°C. the temperature is increased up to 610°C for 15
minutes. The substrate temperature is then set back to 580°C. The epitaxial growth of
300nm-thick undoped GaAs buffer layer is conducted ai-580°C with a growth rate
0.6 monolayer per seeond (ML/s). During the growth, the beam equivalent pressure of
Ass was 1x10°mbar.-The in-situ observation is done by employing the reflection
high-energy electron diffraction (RHEED),"which has been widely used for the study
of the MBE kinetics and can be used fo observe the crystal gquality during the MBE
growth. Then at the same temperature, a 100nm undoped AlgpGapgAs, a 200nm
undoped GaAs, 100nm jundoped AlGaAs and 40nm undopéd GaAs are grown
respectively. The whole growth process is conducted at growth rate of 0.6 monolayer
per second. The sample is taken out from MBE chamber for further metal
evaporation. Au was evaporated to form Schottky metallic contact on the front side of
solar cells by a finger-shape pattern metallic mask in the vacuum evaporation

machine. On the other side of the sample, AuGe/Ni was deposited on over the whole
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back surface. To form the Ohmic contact, the sample is annealed in N, flowing gas at
375°C. Finally the sample is tested for its spectral response and PL.

In sample B, p-GaAs substrate is used as the starting material for solid-source
MBE growth of different crystalline layers of heterojunction solar cell with fixed Al
content of 0.3. After de-oxidation at 580°C, the temperature is increased up to 610°C
for 15 minutes, and then the temperature is set back to 580°C for the whole growth
process. The epitaxial growth starts with 500nm-thick undoped GaAs buffer layer.
Then a 50nm n-GaAs with doping concéntragion of 1x10'®cm™ and a 60nm of
Alp3Gag7As layer are grown. Finally, 9+—GaAs with thickness of 50nm and doping
concentration of 5x10" cmare grown! All process.is controlled at the same growth
rate of 0.7 monolayersper second (ML/S). After the MBE growth, AuGe/Ni is
evaporated to form double metallic layel‘rs on the front side of the sample through a
finger-shape pattern megallic'mask in th‘tz'.i'/acuum evaporation machine. The sample
was then annealed in Ny ambient at SUS)OC about 2 minutes to obtain the Ohmic
contact. Then on the back surface of séigplg, AuZn 1s deposited. To achieve the

Ohmic contact, the sample i8 annealed again in N, flowing gas at 500°C about 2

minutes. 1t _ ?_J:,
. - «—AuGe/Ni
/ 50nm n-Gads 5x10'Scm
60nm n-Aly 3Gag ~As 5%108cm™
50nm | n-Gads 1x10"%cm™
500nm Intrin'GaAs
p-Ga As

PR, | «—— AuZuo

Figure 4.2 Schematic diagram of heterojunction solar cells with fixed Al

content of 0.3 (sample B).

The preparation of sample C is similar to sample B. The only change is to

replace fixed Al content layer with stepped Al mole fractions in each of AlGaAs
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layers. The Al content in each layer is set up at 0.1, 0.2 and 0.3 respectively to

increase the band gap of window layer.

H B = . <+«— AuGe/Ni
TGaA
50nm n aAs 5X1018CH1-3
20nm n-Aly 3Gag 7As
——— 5X10180m_3
201’1m I1—_—'!|..|:|_:GEI.;]_5_—15
5x108cm™
201’1m .n-_-!.]{!_] GZJ_‘-_.};",I.S
2 5x10"8cm™
50nm n-Ga s
-
500nm Inrin Gads 1x10%cm™
pa-J‘Ga.-"’Ls
L «— Aun

Figure 4.3 Schematic diagram of?hcterojunction solar cell having AlGa;<As
)

window with stepped Ad'mole fractions (sample C).

;'I §
¥ K
The sample D has, carrier concentration and layer thickness of n'-GaAs,

Aly1GagoAs, Aly,GaggAs and_ Alo_}Ga()jASf_‘t'hé same as those of sample C, but the

undoped GaAs bufferlayer is 200nm thick.

e+ AUGe/NI

50nm DG 5x10"%cm™
ZOnm n-Aly3Gay;As 5x1 018 c m-3
20nm n-AlizGagsAs 5%10"8cm™
20nm n-Aly;GagyAs 5%10'8cm™>
50nm n-GaAs 1108803
200nm Intrin GaAs
p-GaAs

< AuZn

Figure 4.4 Schematic diagram of heterojunction solar cell, the AlyGa;<As
window with a stepped Al mole fraction having thin 200nm GaAs buffer layer
(sample D).



53

The structure of sample E is exactly the same as sample D, but the carrier

concentrations of n-GaAs, Aly;GagoAs, Aly,GagsAs and Alg;GagsAs are 1x10%m™

as shown in figure 4.5.

_ o AuGe/Ni
50nm n*-GaAs 5%10"8em™
20nm n-Aly3Gag;As 1x10"8cm

20nm n-Al)2Gag sAs 1x10"8cm?
20nm n-Aly {GésAs 1x10"%em™
50nm n-Gahs 1x10%em™
200nm Intrin GaAs
p-GaAs
F/TR'

< — AuZn

Figure 4.5 Schemati¢ diagram of heterojunction solar cell, the AlyGa;<As

window with a stepped'Al mole fraction (sa_r_np_le E).

#

The last MBE sample’ E has intrinsi¢’ layer GaAs and n-GaAs similar to
sample E, but one more window layer of n-.A1¢37Gao.63As is added to the structure as

shown in the figure 4.:6.

—e < AuGe/Ni

50nm n*-GaAs
20nm n-Aly3,/GaosAs
20nm n-Aly3Gag7As 5%10%em™
20nm n-Aly,GagsAs
20nm n-Aljs GagsAs

50nm n-GaAs 1%1 OISCm-3
200nm Intrin GaAs

p-GaAs

< AuZn

Figure 4.6 Schematic diagram of heterojunction solar cell, the AlyGa;<As

window with a stepped Al mole fraction (sample F).
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Two heterostructure solar cells are also fabricated by liquid phase epitaxy

(LPE) technique. These LPE samples are compared to pervious MBE samples. It is

noticeable that n-GaAs substrate is used as starting material in this LPE technique.

The structures of these two LPE samples are shown in figure 4.7 (a) and (b)

respectively.

O LU 77 IR e AuZn
0.16pum p-Gals 5x10"%cm™
2um 1;—_41[,’_7,'35(};{, Y- 1x10%em™
6um n-GaAs

4 -Il—.GjELAS

<+— AuGe/Ni

)"
@
e e ’f.-- :
. — .
1um4 "'_ -p-ﬁ—_-ilg 35'(’;35_‘ g AS I £) 5x10%8cm™
2um’ 1x10"*cm
6pum

(b)

Figure 4.7 (a), (b) Schematic diagram of the heterostructure solar cells,

(sample G and H) grown by LPE technique.
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After preparing the materials on the table 3.1, graphite boat containing
difference materials in multiple slots is loaded into the quartz tube. The boat initially
remains outside the heating coil of LPE furnace. First, it is flushed with flowing N, in
order to evaluate and to check for leaks (approximately 1 hour). Then it is safe to flow
with Pd-purified H,. H, atmosphere prevents oxidation of the solution and the
substrate. The heating furnace is then slided to the position of the graphite boat. In the
first processing step, the temperature is kept constant at 800°C for 4 hours in order to
saturate material solutions and then the temperature is increased to 804°C for in-situ
etching. When the temperature reaches Ehe peak of 804°C, LPE process starts. For the
sample G, 6um thick n-GaAs layer is grown by moving the substrate under the
solution consisting of Ga8g. GaAs 140mg for 6 minutes. Then Al 35GagesAs (p) 2um
thick is grown by mowng the substrate‘:". under the solution consist of Ga 3g, GaAs
62.1mg, Al 2.89mg and.Ge 12.4mg‘for 2_J'.r'.ninutes. Finally, the substrate is moved to
the solution consisting of Ga 3g; GaAélll 1422mg and Ge 64.9mg for another 10
second to grow 0.16um GaAs (p*) thick. When the sample is moved from solution,
the LPE growth is finished. The growth p“ﬁpgéss of sample H is the same as that of
sample G, but GaAs (p*) layer'is replaced | by Alp35GagesAs (p*) as shown in the
figure 4.7 (b). LPE samples are metalized with;AuZn on the front side through finger-
shape pattern metallic mask in the vacuum. The samples are annealed in N, ambient
at 500°C to obtain the Ohmic contact. On the rear side of‘the samples, AuGe and Ni
are deposited on the whole surface for Ohmic contact. The samples are annealed again
in N, flowing gas at 500°C. The LPE samples are ready for testing such as their

spectral responses and [-V curves.

4.3 Resulis and discussion
The photoluminescence (PL), the spectral responses and I-V curves
characteristics of the samples grown by MBE and LPE are investigated and

compared. The experiment results are as follows.

° Spectral responses
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Figure 4.8 (a), (b)a
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Figure 4.9 Normalized spectral responses of samples B and C
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Figure 4.11 Normalized spectral responses of samples D, E and F

The spectral responses of AlGaAs/GaAs heterostructure solar cells, sample A,

B and C, are measured. The board spectrum of photocurrent ranging from 700 to 900
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nm could be explained by the window effect of AlGaAs having a wide direct band
gap especially at the short wavelength region. The spectral responses of samples B, C
are also measured for comparison as shown in the Figure 4.9. It is found that the
spectral response of sample C is better than those of samples B.

The spectral responses of the sample D, E and F are similar to each other as
shown in the Figure 4.11

In general, wide band gap AlGaAs layers are preferable in the solar cell

structure.

° Photoluminescence(PI.)

The photoluminescenee measurement of samples A, B and C were conducted
at temperature 20°K byftising Ar" laserl with excitation power of 20mW. Sharp PL
peaks of sample A, B and C.arg at 8'-1:2, %12 and 842nm respectively. These PL peaks

are evident that epitaxial layers have good}crystalline quality for device fabrication.
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Figure 4.12 (a), (b) and (¢) Photoluminescence of samples A, B and C,

respectively
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o The I-V curve characteristics
All MBE samples having AIGaAs/GaAs heterostructures are tested for their
respective I-V curves both under dark and illuminated condition of one sun

(100mW/cm” and AM1). The I-V curves are displayed in the following figures.

Area=7.5mm’ I (mA) Sample B

1=0.5mA/div non
V=0.2V/div ( p)

(Fixed Al)
(Buffer 500nm)

ISC=O. 85mA
Voc=0.59V

[max=0.7mA
Vinax=0.42V

e T " Sample C

= e o (n on p)
(Stepped Al)
(Buffer 500nm)

ISC: 1.25mA
Voc=0.58V
Imax=0.7mA
Vimax=0.4V

AUEINENINenT
q,. w ’] aq 'to‘i"’d 3 9 % i ’} @gﬁg (;gr)lm)

(5x10"cm™)

V)

ISC=O. 6mA
Voc=0.5V
[max=0.4mA
Vinax=0.38V

(c)
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ISC: 1.3mA

Voc=0.43V
Imax=0.9mA
Vimax=0.38V

Sample F

(n on p)

(Stepped Al+0.37 Al)
(Buffer 200nm)
(5x10"cm™)

Isc=1.5mA
Voc=0.6V
Lnax=1mA
Vinax=0.5V

- = LA - . -: .
Figure 4.13 (a), (b) c), (d) and?é’ I—V" tves one sun of AlGaAs/GaAs

From these I-V Icurves all solar cell parameters are summarized in table 4.1. It
is found that jlt voltages not greater
than 0.6V. Thﬁﬂdwgthjm;ﬂﬁﬁm the third quadrant of I-
V cur 1] a) ﬁ some leakage
curren‘qm ﬁﬁﬁﬂ'[ﬁj j ﬂlﬂﬂl w E\LJT Eamples is only

5%. Th1s solar performance could be improved by high doping of p* at the back

surface of p-GaAs substrate.



Table 4.1 Solar cell parameters of samples B, C, D, E and F
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Sample | Area(mm?®) | Isc(mA) | Voo(V) | Inax(MA) | Vimax(V) | FF n (%)
B 7.5 0.85 0.59 0.7 0.42 0.58 3.86
C 55 1.25 0.58 0.7 0.4 0.38 5
D 6 0.6 0.5 0.4 0.38 0.47 23
E 10 1.3 0.43 0.9 0.38 0.61 34
F 10 L5 | 0.5 0.55 4.9
° Spectral respory
The spectral res ' les G and H are also measured and

6.0x10

Spectral response (arb.u)

2.0x10"

-7

T

T

0040 =

A

T

"la 00

PRAE;
Wavelength (nm)
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¢ 900nm as shown in figure 4.14.
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1.0x10°* +——+—4+—"——rf—+—t+——f—+——4

soxio’4+  Sample H 4

(ponn)
(AlGaAs top layer)

6.0x107 4

4.0x10” 4 yf -

Spectral response (arb.u)

2.0x107 ‘ L

AflE IngyIneing |
AR

Spectral response (arb.u)

EA T TR Y

Figure 4.14 (a) Spectral responses of sample G, (b) Spectral responses of

sample H and (c¢) normalized spectral responses of sample G and H

° The I-V curve characteristics
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The LPE samples are tested for their I-V curves at dark and one sun
illumination (100mW/cm® and AMI). The experimental results are displayed in
figure 4.15 (a) and (b) respectively. All solar cell parameters are summarized in table
4.2. Tt is observed that the breakdown voltage is improved. Voc of sample I is 0.7V

which is higher than those of MBE samples. However, over all I-V curves

characteristics are not improved. The efficiency of LPE samples is comparable with

those of MBE samples. \%‘ ’

jzllﬂA/ﬂlV‘““ Sample G

V=02V

(pon n)
(GaAs top layer)

Isc=0.8mA
Voc=0.59V
Inax=0.6mA
Vmax=0.58V

Area=6mu=

=LA/l Sample H
V=0.2V/div f
~ (ponn)
(AlGaAs top layer)

Isc=0.9mA
Voc=0.7V

1 N
a% q]laz‘aaﬂ @ MC%jW%.%HﬁT é{ Ef] AlGaAs/GaAs

heterostructure solar cells, sample G and H respectively.



Table 4.2 The calculated solar cell’s output parameters of sample G and H
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Sample | Area(mm?) | Isc(mA) | Voe(V) | Inax(MA | Vix(V) | FE | 1(%)
G 8.75 0.8 0.59 0.6 0.48 0.61 3.2
H 6 0.9 0.7 0.6 0.48 0.45 4.7

All MBE samples are grown on p-type GaAs substrate. The epitaxial layers
are undoped GaAs, n-GaAs, and Al,Ga; 3As window layer. Finally, very thin layer of
n'-GaAs for Ohmic contact iS grown on-the” top-most surface. All MBE sample
structures are illustrated.in figure 4.2,4.3, 4.4,.4.5 and 4.6 respectively. All MBE
samples are tested for their spéctral responses, I-V curve characteristics. Solar cell
parameters such as voltagegsCurrent. fill'factor and efficiency are calculated from I-V
curves. It is observable from table 4.1 that,.both Voc and Isc are too low. These can be
explained that the heterojunction is not;*in good quality. There are some junction
leakages leading to low Vocs The high serji:_e; resistance due to too low doping density
and contact resistance give small‘Isc. Theréf‘ore, the efficiencies of those MBE grown
solar cells are low. One technical problem 1s* that we do not have p-type dopant source
in our MBE system. Hence, p™ doping forbeé& surface field is not possible in our
experiment. P

LPE samples {sampies-G-and-H)-are-grown-on-n-type GaAs substrate. The
epitaxial growth is conducted from undoped GaAs, p-GaAs, to p-AlyssGagesAs
window layer, respectively. Very thin layer of p*-GaAs is used for Ohmic contact. All
LPE samples ate tested fortheirspectral; responses: andy[<V, curve characteristics. It is
found from ourexperiment data that LPE samples have some improvement in their
Voc due to better junction.quality, However, too’thick epitaxial layers grown by LPE
lead to large junction depth. The ‘absorbed photonis are mot effectively in producing
high Isc. Therefore, our LPE samples are not good solar cells due to the
uncontrollability of epitaxial layer thickness below 1um.

The comparison between MBE and LPE growth techniques for heterostructure
solar cells can give some technical information as follows. MBE can provide very thin
epitaxial layers which are ideal for shallow junction devices like solar cells. However,

junction properties and doping profiles should be carefully designed to provide both



68

high value of Voc and Isc as well as the fill factor. LPE growth technique is
appropriate for thick epitaxial layers having good crystal quality for most of electronic

devices, but LPE can not provide shallow junction depth for solar cell application.

AUEINENINYINS
RN TUUMING AT



CHAPTER V
CONCLUSIONS

5.1 Heterostructure solar cells

Fabrication of AlGaAs/GaAs heterostructure solar cells has been conducted in
this research by using both MBE and LPE growth techniques. There are six MBE
samples having different detailed structuizes. These solar cell performances are
compared to other two LPE samples. All MBE _and LPE samples are tested for their
spectral responses and “I=Vecurve characteristics: All solar cell parameters are
measured and calculated. It is'being confirmed that wide gap AlGaAs window layers
give better spectral respons€ at short wavelength region. I-V curves at dark indicate
the junction quality, €.g. leakage current and breakdown voltage. I-V curves at one
sun illumination give information of solalfcedl_l parameters and efficiency.

In our experiment results, the efficii‘,en'cy of AlGaAs/GaAs solar cell is only 5%
which is too small from the best data of méfé than 20%. This discrepancy comes from
improper design of the deviges as well as la{:k' (}f experience in solar fabrication of the

author. —,

52 Limitation of study

There is somé time constraint in this research project which was conducted in
few months time. HoWever, in our discussion, we have mentioned some technical
points which can be improved for better efficiency of the solar-Cells.
53 Further study

It is,suggested that-further study should.be-condueted-on this.research topic by

additional experimental‘procedures.

1) Each sample should be coated by anti-reflection layer on the top of
solar cell.
2) And each sample should be heavily doped on the rear surface for back

surface field.
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