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ABSTRACT 

Ulfraviolet Light Emitting Diodes (UV-LEDs) are showing a lot of promise in various 

fields such as chemistry, biology, environmental science and optics. UV-LEDs offer 

sharper peak profile, lower power consumption, and longer life time over conventional 

UV lamps. 

This thesis deals with the design and fabrication of UV-LEDs using alloys of AlGaN. 

The diodes were composed of ap-n junction of AlGaN alloy with concenfration of AIN 

approximately equal to 65%. The active layer consisted of a multi-quantum-wells 

structure with three quantum wells. The wells and barriers were composed of AlGaN 

alloys with concentration of AIN approximately equal to 50% in wells and 60% in the 

barriers. A carrier blocking layer of AIN of thickness 5nm was grown on both sides of the 

active layer in one of the samples, and its effects on the device characteristics were 

investigated. 

Separate samples of « andp type AlxGai.xN alloy were subjected to Hall 

measurements and C-V analysis to ascertain their electrical characteristics and to study 

the effects of varying AIN concenfration in the alloy. The MBE grown p-« junction was 

subjected to SEM analysis to verify the thicknesses of various layers, and 

cathodoluminescence to evaluate the crystalline quality of the sample. It was then mesa 

etched with Cla/Ar plasma to be able to provide electrical contacts to the n side of the 

diode. Electrical contacts were formed to the;? and n sides, making use of 

photolithography, e-beam metal evaporator, oxygen plasma cleaning, wet etching and lift 

off processes. The LEDs thus fabricated were tested for elecft-oluminescence, I-V 

characteristics and power characteristics. 
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CHAPTER I 

SEMICONDUCTORS' BASICS FOR 

OPTOELECTRONIC DEVICES 

1.1 Infroduction 

Optoelecfronics brings together optics and electronics within a single device. The 

material of choice needs to allow for the manipulation of light, the manipulation of 

electrical current, and their interaction. Metals are excellent electrical conductors, but do 

not allow light to fravel inside. Dielectrics like glass can accommodate and guide light 

waves, like in optical fibers, but they are insulators. Semiconductors are in between these 

two material types, as they can carry both electrical current and light waves. Moreover, 

they can be designed to allow for the transformation of electric current into light and vice 

versa. 

1.2 Electrons and Holes 

The conduction of electric current is based on the flow of elecfrons. Most 

electrons are attached to single atoms and are not able to move freely. Only some loosely 

bound elecfrons are released and become conduction electrons. The same number of 

positively charged atoms is left behind; the net charge is zero. The positive charges can 

also move, as valence electrons jump from atom to atom to fill the voids left behind by 

the conduction electrons. These are called holes. Both the carriers (electrons and holes) 

are separated by an energy gap which is the energy required by the valence electrons to 

become conduction electrons. In semiconductors the energy gap varies from 0.17eV (for 

InSb) to 6.2eV (for AIN). 

The concenfration n of electrons in the conduction band and the concentration/? 

of holes in the valence band control the conductivity a of the semiconductors. 

o = qnn„+qpiip (1.1) 
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with the elementary charge q and the mobility jU„ and y^ of electrons and holes, 

respectively. 

1.3 Fermi distribution and densitv of states 

The probability of finding an electron at an energy E is given by the Fermi 

distribution function: 

f{E) = ^-—— (1.2) 
l + exp(^^^^) 

kj 

with the Fermi energy Ep and the Boltzmann constant ke (ksT =25meV at room 

temperature). At T = OK, the Fermi energy is the highest electron energy, it separates 

occupied from unoccupied energy levels. In pure semiconductors, Ep is typically 

somewhere in the middle of the band gap. With increasing temperature, more and more 

elecfrons are transferred from the valence to the conduction band. The actual 

concenfration of electrons and holes depends on the density of electron states D(E) in 

both bands. 

Considering electrons and holes as free particles, the density of states in the 

conduction and valence band, respectively, becomes a parabolic function of the energy E 

D,{E) = ̂ { ^ y " 4 E ^ (E>Ec) (1.3) 
In n 

DAE) = ̂ {^y"^Ey-E (E<Ev) (1.4) 
2;r n 

with Wc and Wy being effective masses of electrons and holes, respectively. Figure 1.1 

illusfrates this. 
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Figure 1.1. Illusttation of energy bands, density of states, and Fermi disfribution 
function. 

The carrier density as a function of energy is given by: 

niE) = Dc{E)fiE) 

piE) = D,iE)[\-f(E)] 
(1.5) 

Integration over the energy bands gives the total carrier concentrations: 

n~ Nc exp(-
,Ep ~Ec. 

kJ 
Ey - Ep. 

(1.6) 

p^Ny exp( \ ^') 
kJ 



with the effective density of states: 

N,=2 
^mk^T^'" 

2nh' 

Ny=2\'^ 
I 27^^ 

. 3 / 2 (1.7) 

for the conduction and valence band, respectively. The carrier concentrations equated 

above are valid for low carrier concentrations only ( n « Nc, p « Ny) i.e. with the 

Fermi energy separated from the band by more than 3kBT, allowing for the Boltzmann 

approximation: 

f{E)^f,(E) = exp f E_-EZ 
(1.8) 

If this condition is satisfied, like in intrinsic materials, the semiconductor is called 

nondegenerate. The intrinsic carrier concentration «, is given as: 

^ , (-E ^ 
«, = V^P = -J^c^v exp ^ 

y2kgT J 
(1.9) 

At room temperature, n„ is very small in typical semiconductors, resulting in a 

poor electrical conductivity. 

1.4 Doping 

To boost the concenfration of electrons or holes, impurity atoms are introduced 

into the semiconductor crystal. As illustrated in figure 1.2 these dopants have energy 

levels slightly above the valence band (acceptors) or slightly below the conduction band 

(donors). Acceptors receive an additional elecfron from the valence band and become 

negatively charged, thereby generating a hole (p-doping). Donors release an electron into 

the conduction band and become positively charged ions («-doping). 



Figure 1.2. Illusfration of donor and acceptor levels within the energy band gap. 

1.5 Band-Tailing and Renormalization 

As the concentration of doped impurity in semiconductor increases, the Fermi 

levels for n andp type semiconductors gradually approaches the conduction band and 

valence band respectively. Eventually the assumptions holding in lightly doped 

semiconductors, {Ec- Ep) » 3kBT or {Ep- Ey) » 3kBT, no longer hold and the 

semiconductors degenerate. The ionization energies of donors and acceptors goes to zero, 

and all donor and acceptor atoms are ionized. In such a situation, the carrier concentration 

becomes temperature independent. Light emitting devices are often heavily doped with 

impurities to a concentration on the order of lO'* cm"̂ . This heavy doping induces band 

gap narrowing and thereby altering the light emitting processes. 

Also high carrier concentrations in conduction and valence band lead to band gap 

reduction (renormalization) due to increased carrier to carrier interactions. Both of these 

band gap reduction mechanisms add up and they are often hard to separate. 



1.6 Radiative recombination in Semiconductors 

There are two types of semiconductors: direct band gap and indirect band gap. In 

direct band gap semiconductors, the conduction band minimum coincides with the 

valence band maximum in k-space (at F valley). Direct band-to-band transition, in which 

the momentum must be kept constant, can occur between the conduction band minimum 

and the valence band maximum. In indirect band gap semiconductors, such as Si, Ge, 

GaP, the position of the conduction band minimum is different with respect to the 

position of the valence band maximum in k-space. Consequently, transition of electrons 

cannot occur without a change in the momentum, and indirect transition occurs with the 

assistance of a phonon (lattice vibration) as shown in figure 1.25. The probability of 

indirect transition is much smaller than that of direct transition because of the 

requirement for phonon assistance. Consequently, direct band gap semiconductors are the 

ones usually used in light emitting devices. 

E v -
hole 

electron 

Ephoton 
{hvj! Eg - Ephonon) 

Ephoton(hv ° Eg) 

valence band 

CRYSTAL MOMENTUM (Of K) 

indirect gap 

CRYSTAL MOMENTUM (or 1^ 

direct gap 

Figure 1.3. Band to band recombination process in direct and indirect band-gap 
semiconductors. 



1.6.1 Spontaneous emission 

When semiconductors in the thermal equilibrium state are illuminated with light 

having an energy larger than the band gap energy, electrons are excited from the valence 

band to the conduction band (optical excitation or pumping) and the corresponding holes 

are left in the valence band. The excited electrons stay in the conduction band for a 

certain time (lifetime) and then retum to the valence band through direct or indirect 

recombination processes. The energy corresponding to the direct transition is emitted as 

photon. The wavelength, X, of this photon is given by: 

/I = he/Eg » 1.24/Egjum for direct band gap semiconductors and by 

A. = he/{Eg - £'p̂ „„„„) « 1 -24/{Eg - £'̂ „̂„„„ )/jm for indirect band gap semiconductors. 

Here, h and c are Planck's constant and the velocity of light in vacuum respectively, and 

Eg and Ephonon are the band gap energy of the semiconductor and phonon energy in eV. 

This phenomenon related to the radiative recombination is spontaneous emission. In the 

spontaneous emission, the excited electrons move randomly from the conduction band to 

the valence band. The phase of the emitted light is essentially random. Not only band-to-

band transition but also band-to-impurity level transition, such as band-to-acceptor level 

and donor level-to-valence band, and impurity level-to-impurity level transitions occur in 

extrinsic semiconductors. These are shown in figure 1.4 for direct band-gap 

semiconductors. In indirect band gap semiconductors, the radiative fransition is related 

mainly to impurity levels, such as excitonic transitions at isoelectronic traps. 

The intensity of the spontaneous emission becomes high as the electron density in 

the conduction band and the hole density in the valence band are increased by the 

excitation, because the spontaneous emission rate is proportional to the square of the 

carrier density. Simultaneously, the emission peak energy becomes higher. As the carrier 

density increases, the elecfrons in the conduction band and the holes in the valence band 

are filled from the band edges in order. As the result, spontaneous emission with higher 

energy increases. This introduces the peak shift (band-filling effect). 
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Figure 1.4. Illustration of the spontaneous emission processes in direct bandgap 
semiconductors. 

1.6.2 Stimulated emission 

Stimulated emission, like spontaneous emission, is a radiative recombination 

process. Stimulated emission leads to coherent emission from a semiconductor laser 

diode. When light having an energy of Eg is incident to the excited state, the excited 

elecfrons are stimulated and move in the same phase as the incident light. This 

phenomenon results from the vibration of the dipole, which is formed by polarization of 

atoms under light incidence, being synchronized to the frequency of the incident light. 

The energy of the emitted light also coincides with that of the incident light. This is 

illustrated in figure 1.5. 
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Figure 1.5. Optical absorption and amplification due to stimulated emission. 

Pi 

The electron densities «/ at energy level E] and «2 at level E2 (E2 > Ej) follow 

Boltzmann statistics, and the ratio is given as: 

' E2-E,^ 
k,T 

(1.10) 

where p\ and pi are densities of the states of electrons at Ei and E2 respectively. The 

above equation indicates that in a thermal equilibrium state the electron density at a 

higher level is less than that at a lower energy level. Therefore, only the absorption of the 

incident light from outside the semiconductors is observed in the thermal equilibrium 

state. If «2/p2 > ni/PI as a result of excitation, however, the incident light is amplified 

and stimulated emission is observed. The relation n2/P2 > nj/pi is satisfied for T < 0, and 

this situation is called negative temperature or population inversion because the elecfron 

density at a higher energy level is larger than that at a lower energy level. 



1.6.3 Intra-band transitions 

Intra-band transitions occur in both n- and p-typt semiconductors but the most 

important transition for optoelectronic devices is that in the/>-type semiconductors. The 

intra-band transition is a result of the valence band of most semiconductors being 

separated into the light-hole and heavy-hole bands and the split-off band. The separation 

of the three sub-bands is in tum a result of spin-orbit interaction. The transitions depend 

on the doping and on temperature. These are illustrated in figure 1.6. 

conduction band 

heavy-hole band 

light-hole band 

split-off band 

CRYSTAL MOMENTUM (or K) 

Figure 1.6. Illusfration of intra-band fransitions. [2] 

1.7 p-n Junctions 

Most optical semiconductor devices include ap«-junction and their operations are 

based on the properties of thepw-junction. Carrier injection through thepw-junction into 

10 



the conduction and valence bands is required in order to generate the radiative 

recombinations in light emitting diodes (LEDs) and laser diodes (LDs). 

Thep«-junction is formed when ap-type semiconductor is in contact with an n-

type semiconductor. The junction profile can be abmpt or graded. A schematic of the 

profile is shown in figure 1.7. 

ND I «-type region: p-type region N D | «-type region i p-type region 

NAI 

Distance Distance 

Abmpt Junction Graded Junction 

Figure 1.7. Impurity distribution at p-n junctions: (a) abmpt junction, and (b) graded 
junction 

From the material point of view, there are two types of junctions: 

Homo-junctions: consisting of the same material, and 

Hetero-j unctions: consisting of more than one kind of material. 

1.7.1 Homo-junction: 

A junction which is formed of a single semiconducting material is a homo-

junction. The same material is doped p and n type on the two ends. The wavelength of 

light emitted is determined by the energy gap of the material. 

11 
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Figurel .8. (a) A p-n junction showing resulting electric field € across the transition 

region, and (b) showing the separation of the energy bands. 

1.7.2 Heterojunction: 

A heterojunction is an interface within a semi-conductor crystal across which the 

chemical composition changes. It is a junction formed by connecting two different 

materials. An important property of the heterojunction is that, at the/7«-heterojunction, 

only the majority carrier in the wider band gap material is injected into the narrow band 

gap semiconductor. The band diagram of this kind of heterojunction is shown in figure 

1.9. 

1.7.3 Double heterojunction: 

A stmcture with a heterojunction is called a single heterojunction, and a stmcture 

with two heterojunctions (which normally consists of a/?«-junction and an iso-type 

junction) is called a double heterostmcture. This double heterostmcture is widely used in 

optoelecfronic/»«-junction devices. Most of the double heterostmctures used in 

optoelecfronic devices consist of a narrow band gap semiconductor sandwiched between 

two wide band gap semiconductors. 

12 
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Figure 1.9. Energy band diagram for a p-n hetero-junction. [2] 
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When semiconductors of different band gaps, work functions, and electron 

affinities are brought together to form a junction, there are discontinuities in the energy 

bands as the Fermi levels align themselves. In an ideal case, the discontinuity in the 

conduction band AEc would be the difference in the electron affinities of the two 

materials, q (X2-X1), and the discontinuity in the valence band AEv would be found from 

AEG-AEC. This is known as the Anderson's affinity rule. For Ill-Nitrides AEc usually 

makes up 67% of AEG and AEv 33% of the total band gap difference between the well 

and the barrier. In practice, the band discontinuities are found experimentally for specific 

semiconductor pairs. Figure 1.10 illustrates a band diagram of a double heterostmcture. 
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Figure 1.10. Simplified illustration of energy band diagram of a double heterosfructure of 
AlGaN/GaN/AlGaN 

1.8 Quantum Wells 

As the active layer thickness in a double hetero-sfructure becomes close to the 

De-Broglie's wavelength, quantum effects become apparent. A consequence of confining 

electt-ons and holes in a very thin layer is that these particles behave according to the 

particle in a potential well problem. Therefore, instead of having the continuum of states 

normally available in the conduction band, the conduction band elecfrons in the narrow 

band gap material are confined to discrete quantum states. Similariy, the states in the 

14 



valence band for the holes are restricted to discrete levels in the quantum well. The 

formation of discrete quantum states in the narrow band gap material effectively changes 

the effective band gap of the material, and provides a way to alter the energies of the 

emitted photons by confrolling the thickness of the narrow band gap material. 

^ g , barrier 

^ C 

•g .QW 

i -QW Ev 

Figure 1.11. Illusfration of band diagram of a Quantum Well. 

A quantum well, to a large extent, confines the carriers within itself when forward 

biased. It is thus possible using quantum wells to restrict the emission to occur only in the 

active layer, thus getting maximum radiation at the tailored wavelength. Figure 1.1 

illusfrates the band diagram of a quantum well. The use of multi-quantum wells (MQW) 

further enhances the carrier confinement. A MQW stmcture has more than one quantum 

well, thus it can accommodate more carriers and thus allows higher light powers. Figure 

1.12 illusfrates the band diagram of a multi quantum well stmcture. 

15 
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Figure 1.12. Simplified illusfration of band diagram of a MQW stmcture. 

1.9 Superlattices 

A superlattice is a custom-made periodic stmcture, with a characteristic period of 

a few nanometers, which is much larger than the atomic periodicity but comparable to the 

elecfron wavelength. Electronic wavefunctions may remain coherent across the whole 

device and the periodic potential leads to a miniband stmcture analogous to the band 

stmcture of an ordinary crystalline solid. Figure 1.13 illustrates the concept of mini bands 

in a superlattice stmcture. At low voltages, elecfrons undergo a semi classical motion 

within the miniband but at higher voltages the miniband breaks down and conduction is 

via hopping from one quantum well to another. 

n = 2 miniband 
mini-gap 
n = 1 miniband 
mini-gap 
lowest miniband 

Figure 1.13. Illusfration of the mini bands in a SL sfructure.[3] 

In superlattices, confinement mass replaces the effective mass of elecfrons for 

conduction in the direction perpendicular to the superlattice planes. Thus a superlattice is 

16 



a new material whose properties like EG, mn*, nie* are different from either material 

which makes the superlattice. 

A superiattice differs from a quantum well with respect to the width of the 

barriers. In a SL the barrier width is lesser than that in a MQW, thus in a SL tunneling 

can occur between the barriers thus promoting conduction in the direction perpendicular 

to the SL planes. Figure 1.14 illusfrates this difference. 

MQW 

Figure 1.14. Elecfron density profile of a MQW and a SL sttncture. 

1.10 Some Insight on III-V Nitrides 

Gallium nitride and related compounds are emerging elecfronic material for the 

next generation electronic and optical devices. Amongst the III-V nittides, gallium nitride 

has generated most interest due to its application as a blue emitter. Alloys of GaN with 

indium and aluminum nitrides have also atfracted attention as their bandgaps can be 

selected by compositional control, allowing materials to be produced with optical 

absorption tailored to ulfraviolet wavelength bands. As can be seen from figure 1.15, 

alloys made from InN, GaN, AIN can span a very large band gap range. 

A key problem faced with III nitride technology is the lack of an appropriate 

substrate. An appropriate subsfrate would be the one which has the best lattice match 

with III nitride, good thermal conductivity and fransparency. SiC with ~ 1 % lattice 

mismatch with AIN is the material which best matches these qualifications but is 

extremely expensive. Another choice is Si, but its not commonly employed for large 

positive lattice mismatch (~18%) which leads to tensile residual strain.Sapphire is the 

most commonly used subsfrate but it has a large negative lattice mismatch (~14%) with 
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respect to AIN and thus leads to compressive residual strain in the films grown over it. It 

is also insulating which makes it difficult to provide electrical connections to the buried 

layer of the LED. The lattice mismatch also leads to a high density of defects in the layers 

grown over the substrate. Such defects are detrimental to the functioning of LED. To 

mitigate this effect, a buffer layer ~50nm of either GaN or AIN is grown over which the 

p-n junction is grown. 
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Figure 1.15. Band gap energy vs lattice constants of III-V Nitrides 

In III-V nittides, Mg is the most common acceptor species. But Mg is a deep 

acceptor with a low acceptor activation ionization percentage. This problem is even more 

profound in the case of AlGaN. AlGaN/GaN short period superiattices provide a solution 

to this. Ill-nitrides have very large piezoelecttic constant, therefore if the nitride layers 

are under stt-ain, large piezoelecttic fields can be generated. An AlGaN/GaN superiattice 

supports polarization fields due both to the piezoelectric effect in the strained AlGaN 
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layers and the difference in spontaneous polarization between the two layers. This field 

significantly affects the band lineup. It creates a periodic sawtooth variation in the band 

diagram. This polarization induced valence edge oscillation adds to that created by the 

valence band discontinuity between the AlGaN and GaN layers. Shown in figure 1.16 is 

the valence band diagram for Mg doped Alo.2Gao,8N/GaN superiattice taking polarization 

fields into account, the thickness of each layer is 80 A. [Reference 2] 

Figure 1.16. Valence band diagram of Mg doped Alo.2Gao.8N/GaN SL taking into account 
spontaneous and piezoelectric polarization. [4] 

The mechanism for hole enhancement in this type of SPSL is the periodic 

oscillation of the valence band edge. Acceptors are ionized where the band edge is far 

below the Fermi level, and the resulting holes accumulate where the band edge is close to 

the Fermi level. The hole density thus achieved is higher than in a bulk film. Another 

technique employed to increase the hole mobility in such SPSL is modulation doping. In 

the region A in the diagram above, the bands are pulled down so that the acceptor 

ionization is high but the mobile hole concentration is low. At the opposite interface, 

region B, a negative sheet charge is obtained and the bands are pulled up and so the holes 

accumulate here. But the acceptor ionization rate is very low. Mg doping in this region 

will serve to reduce the mobility of the accumulated holes by impurity scattering which is 
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very prominent at low temperatures. This problem can be solved by selectively Mg 

doping in the region A. This is the concept of modulation doping. 

1.11 Growth methods 

The present generation optoelecfronic devices are not made of a simple pn-

j unction. The structures consists of heterostmctures, superiattices, and quantum wells. 

Thus they require precise growth procedures. Currently, the two most dominant growth 

methods for heterostmctures are Molecular Beam Epitaxy (MBE), and Metal-Organic 

Chemical Vapor Deposition (MOCVD). 

1.11.1 Molecular Beam Epitaxy: 

MBE is one of the most versatile techniques for growing epitaxial layers. In this 

method the substrate is held in a high vacuum while molecular or atomic beams of the 

constituents impinge upon its surface. For example, in the growth of AlGaAs layers on 

GaAs substrate, the Al, Ga and As components, along with the dopants, are heated in 

separate cylindrical cells. Collimated beams of these constituents escape into the vacuum 

and are directed onto the surface of the substrate. The rates at which these atomic beams 

strike the surface can be closely controlled, and growth of very high quality crystals 

results. Figure 1.17 shows the experimental setup of a MBE growth chamber. A variation 

to the conventional MBE is the Gas Source MBE. This is usually employed for the 

growth of III-V Nitrides. Atomic nitrogen is obtained by pyrolytic decomposition of NH3 

on a heated subsfrate. Similarly Si which is a common n- type dopant is obtained from 

pyrolytic decomposition of SiH4. 

In MBE, the sample is held at a relatively low temperature (~ 800°C for AlGaN). 

Abmpt changes in doping or in crystal composition can be obtained by controlling 

shutters in front of the individual beams. Using slow growth rates (<l/mi/hour), it is 

possible to control the shutters to make composition changes on the scale of the lattice 

constant. Another distinct advantage that MBE has over MOCVD is the availability of in-

situ characterization techniques like RHEED (Reflection High-Energy Electron 

Diffraction), mass spectrcoscopy, optical absorption etc. during the growth process. It 
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also is a cleaner process than MOCVD which requires the use of highly toxic gases. But 

because of the high vacuum and close controls involved, MBE requires a rather 

sophisticated setup. Figure 1.18 shows a TEM image of an AlN/AlGalnN superlattice 

grown by GS-MBE. AIN barriers are 5 mono-layer thick (12.5 A) and AlGalnN wells are 

3 mono-layer thick (7.5 A). 

7 ^ 
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1- growth chamber 
2 - transfer chamber 
3 - LEED chamber 

4 - manipulator 
5 - electron gun 
6 - phosphorescent 

screen (RHEED) 

7 - pyrometer 
8 - ammonia injector 
9 - effusion cell 

Figure 1.17. Experimental setup of MBE. 
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CHAPTER 11 

INTRODUCTION TO LIGHT EMITTING DIODES 

2.1 Light Emitting Diode 

A Light Emitting Diode, commonly referred to as an LED, is essentially a 

forward biased/?-/; diode made of a direct band-gap semiconductor. Electrons and holes 

are injected as minority carriers across the diode junction and they recombine either by 

radiative (generating light) or non-radiative (generating heat) recombination. The diode is 

designed so as to maximize the radiative recombination processes. The wavelength of the 

light emitted depends upon the semi-conducting material used and can be in the ultra

violet, visible or infra-red region. 

X 

? ^ 
Eg(AIGaN) 

Figure 2.1. Energy band diagrams of a homo junction and hetero junction diode 

An LED can be based on a homo junction diode or a hetero junction diode. A 

homo junction diode consists of a single material doped n andp type on two ends. The 

recombination, and hence the light emission may take place over the entire length of the 
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semiconducting material. A heterojunction diode consists of at least one interface 

between different materials. As shown in figure 1.1 this leads to a confinement of the 

carriers in the active region. This confinement is known to increase the luminous 

efficiency of the LED. 

2.2 Advantages of LEDs 

LEDs offer many significant advantages over the conventional incandescent 

lighting. 

• Longer lasting, up to 10 years or 100,000 hours 

• Reduced maintenance costs 

• More energy efficient, up to 100 lumens per Watt 

• Much smaller size encouraging different lighting designs 

• Direct colors eliminating the need for expensive filters 

• Directional light eliminating the need for secondary optics required to focus light 

• No moving parts or filament leading to a robust and mgged design 

• Gradual intensity decrease as opposed to sudden total failure in incandescent 

lighting 

2.3 Tvpes of LEDs 

Based on the geometry, there are two basic types of LED. Figure 2.1 illustrate the 

two kinds. The vertical geometry can be employed in the LEDs that are grown on a 

conducting substrate. LEDs which are grown on insulating substrates such as sapphire are 

usually of the Mesa sfructure type. Such LEDs are typically mounted in the flip-chip 

fashion i.e. the LED is assembled face down on the heat-exchangers. The light emission 

can be through the top, in which case the/? type contacts are semi fransparent or through 

the substrate in which case the n type cladding layer and the subsfrate have to be 

transparent to the light emitted. 
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Vertical geometry LED Mesa stmcture LED with emission 
through semi transparent p contact 

+ 
ptype 

n type 
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Mesa stmcture LED with emission 
through transparent substrate 

Figure 2.2. Vertical geometry LED and Mesa structure LED illustration. 
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On another basis, LEDs can be classified as surface emitting or edge emitting. 

The surface emitting type LEDs emit the light in a direction perpendicular to the pn-

junction plane. In the edge emitting type, the light is emitted in a direction parallel to the 

/?/i-junction plane. Table 2.1 shows some of the relevant parameters for LEDs. 

Table 2.1: LED output color, wavelength, and bandgap related to selected compound 
semiconductors 

Light 

Color 

X(nm) 

Eg (eV) 

Materials 

Red 

610-700 

2.03-1.77 

AlGalnP, 

AlGaAs 

Green 

505-550 

2.46-2.25 

GaP, 

InGaN 

Blue 

430-485 

2.88-2.56 

SiC, 

GaN 

Violet 

400-430 

3.10-2.88 

SiC, 

GaN 

NearUV 

320-400 

3.88-3.10 

AlGaN 

Deep UV 

260-320 

4.43-3.88 

AlGaN 

2.4 Application and Market for LEDs 

Vision 2020: The Lighting Technology Roadmap^ facilitated by the U.S. 

Department of Energy states that in the next few years, general illumination will undergo 

a remarkable transformation. Just as transistors replaced vacuum tubes 50 years ago, solid 

state lighting will likely replace incandescent and fluorescent lighting for applications in 

general illumination. No other technology offers so much potential to conserve 

electticity. Solid state technologies have the potential to more than double the efficiency 

of general lighting systems in the coming decades. In addition there are various other 

application areas for LEDs. Some of the current and future areas of application are listed 

below: 

Currently: 

• Remote confrol systems (IR). 

• Full color displays, indicators. 

• Traffic lights. 
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• Car lights. 

Near future: 

• Compact UV light sources for medical applications. 

• Full color scanners, fax and photocopy machines. 

• Digital storage systems. 

• Incandescent light replacement. 
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CHAPTER III 

CHARACTERIZING METHODS' PRINCIPLES 

There are various characterization methods which were used in different stages of 

the fabrication of the LED for this thesis. The different characterizing methods used were 

• Cathodoluminescence 

• Hall measurement 

• C-V measurement 

• SEM 

• Electroluminescence 

• I-V analysis 

The underlying principles of each of the methods are discussed in this chapter. 

3.1 Cathodoluminescence 

Luminescence is the emission of light from a solid which is 'excited' by some 

form of energy. The term broadly includes the commonly-used categories of fluorescence 

and phosphorescence. Fluorescence is said to occur where emission ceased almost 

immediately after withdrawal of the exciting source and where there is no thermal cause, 

whereas in phosphorescence the emission decays for some time after removal of 

excitation. Confiision is avoided by using the term luminescence, and specifying the 

activating energy as a descriptive prefix. Thus roentgen-luminescence is produced by X-

rays, photoluminescence by light (e.g. ulfra-violet) and thermo-luminescence results from 

heating. Cathodoluminescence (CL) is the light emitted from a sample when it is excited 

by an impinging electron beam. At low temperatures the CL specttiim is very sensitive to 

the properties of a solid such as its crystal stmcture, composition, strain and defect 

concentrations. If an electron beam is positioned at different points on a sample and a CL 

spectmm obtained at each point, maps may be produced which show these properties as a 

fiinction of position. Information in the third dimension, i.e. depth information, is 

obtained by exploiting the unique property of a variable energy elecfron beam to deposit 
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energy at a depth that depends on its kinetic energy. For example, a 1.5keV beam 

deposits energy to a depth of ~30nm, while a 25keV beam deposits energy to a depth of 

~3^m in a typical semiconductor. 

The use of a CCD allows both position and depth dependent spectra to be 

acquired with acquisition times for a spectmm ranging typically from 0.3 to 40 seconds. 

Current 
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TS25K 

ample 

Quarts* 
windoAT 

Electron 
Gun 
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video 
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Monochromator 

C CD 

PC 

Figure 3.1. Schematic diagram of a CL spectrometer 

In the case of AlxGai-xN alloys position of the peaks can be used to determine the 

mole fraction of Al in the alloy. The bandgap for the AlxGai.xN alloy is given as 

Eg = 3.42+1.21x4-1.5x1 (3.1) 

The relation between the band gap and the mole fraction of Al is plotted in the 

figure 3.2. 
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Figure 3.2. Relation between the band gap energy and mole fraction of Al in 
AlxGai.xN alloy 

3.2 Hall measurement 

The key feature of Hall measurements is the ability to determine the carrier 

density, the carrier type, and the mobility with a relatively simple measurement. In this 

measurement, a current flow in the diffused layer is also subjected to a magnetic field that 

is perpendicular to the flow. 

Figure 3.3. Schematic illustration of Hall effect 
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If one assumes that only holes are present in the diffusion, there will be a Lorentz 

force acting on each hole 

F=qvxB. (3.2) 

Holes will be deflected by this force until the component of the field 

perpendicular to both the current flow and the field is large enough to equal the Lorentz 

force: 

.̂v = ^.rB,. (3.3) 

The establishment of this electric field is known as the Hall effect, and the 

resultant voltage is the Hall voltage, 

VH=y.B,w. (3.4) 

Using the expression for drift velocity, we get 

£y=^^B,. (3.5) 
(IPo 

From which, for carrier concentration/7o can be obtained as 

J B {I / wt)B I B 

^^y qiV^Jw) qtV^s 

Since all of the quantities in the right hand side of the above equation can be 

measured, the Hall effect can be used to give accurate values for carrier concentration. 

The sample resistivity can be calculated as 

Rwt ^{VcJIM 

L L ' 

Mobility of the carrier is found as 

1 (3.8) 
PQPo 

Measurement of the Hall coefficient and the resistivity over a range of 

temperature yield plots of majority carrier concentration and mobility vs. temperature. 

Such plots can be used to calculate the activation energy of the dopants. 

The Hall measurements on the samples for this thesis were performed in van der 

Pauw configuration, in the Low Temperature Hall System acquired from MMR 
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Technologies. It comprised of Low Temperature Hall Dewar for holding the sample and 

providing electrical contacts, M-50 Bench-top Electromagnets to provide the magnetic 

field, MPS-50 Power Supplies, K-20 Temperature Controllers to provide controlled 

cycling and temperature measurement over a range from 20 K to 400 K, and H-50 which 

is the LTHS Hall Measurement Controller. Additionally, there was a vacuum pump and 

high pressure Nifrogen supply for the cooling down of the sample to a temperature range 

ofSOK. 

3.3 C-V Measurement 

The capacitance-voltage (C-V) technique relies on the fact that the width of a 

reverse-biased space-charge region of a semiconductor junction device depends on the 

applied voltage. The capacitance related to the depletion layer charge in a p-n diode is 

called the junction capacitance. The capacitance versus applied voltage is by definition 

the change in charge for a change in applied voltage, 

A dQ(V„) 

^^a (3.9) 

The absolute value sign is added in the definition so that either the positive or the 

negative charge can be used in the calculation, as they are equal in magnitude. 

From p-n junction analysis we also know that, 

Qn =^^d^n (3.10) 

^. N„ 1 
<A-Vc,) 

^d^a-'^d (3.11) 

Using these equations we get 

^ _ I "J-̂  ^a^d 

We know that the depletion layer width, Xd 

\ q i^a ^d (3.13) 
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A comparison of the above two equation reveals that the expression for the junction 

capacitance, Cj, seems to be identical to that of a parallel plate capacitor. 

C - 11. 
^ ^d 

(3.14) 

The difference, however, is that the depletion layer width and hence the 

capacitance is voltage dependent. The parallel plate expression still applies since charge 

is only added at the edge of the depletion regions. The distance between the added 

negative and positive charge equals the depletion layer width, Xd. A capacitance versus 

voltage measurement can be used to obtain the built-in voltage and the doping density of 

a one-sided p-n diode. When plotting the inverse of the capacitance squared, one expects 

a linear dependence as expressed by: 

^ (3.15) 

The built-in voltage is obtained at the intersection of the 1/Ĉ  curve and the 

horizontal axis, while the doping density is obtained from the slope of the curve. 

3.4 Scanning Electron Microscopv (SEM) 

An elecfron microscope utilizes an electron beam to produce a magnified image 

of the sample. There are three principal types of electron microscopes: scanning, 

transmission, and emission. In the scanning and transmission elecfron microscope, an 

electron beam incident on the sample produces an image while in the field emission 

microscope the specimen itself is the source of electrons. SEM is similar to light 

microscopy with the exception that electrons are used instead of photons and the image is 

formed in a different manner. An SEM consists of an electron gun, a lens system, 

scanning coils, an elecfron collector, and a cathode ray display tube. The electron energy 

is typically 10-30 keV for most samples, but for insulating samples the energy can be as 

low as several hundred eV. The use of elecfrons has two main advantages over optical 
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microscopes: much larger magnifications are possible since electron wavelength are 

much smaller than photon wavelengths and the depth of field is much higher. 

The image in an SEM is produced by scanning the sample with a focused electron 

beam and detecting the secondary and/or backscattered electrons. Electrons and photons 

are emitted at each beam location and subsequently detected. These signals can detected 

and amplified to confrol the brightness of a CRT scanned in synchronism with the sample 

beam scan in the SEM. A one-to-one correspondence is thus established between each 

point on the display and each point in the sample. Magnification results from the 

mapping process according to the ratio of the dimension scanned on the CRT to the 

dimension of the scanned sample. 

The contrast in an SEM depends on a number of factors. For a flat, uniform 

sample the image shows no contrast. If, however, the sample consists of materials with 

different atomic numbers, a contrast is observed if the signal is obtained from the 

backscattered electrons, because the backscattering coefficient increases with the atomic 

number Z. The secondary electron emission coefficient, however, is not a strong function 

of Z and atomic number variations do not give any appreciable contrast. Contrast is also 

influenced by surface conditions and by local electric fields. But the main contrast 

enhancement feature is the sample topography. Secondary electrons are emitted from the 

top lOnm or so of the sample surface. When the sample surface is tilted from normal 

beam incidence, the electron beam path lying within this lOnm is increased by the factor 

l/cosG where 9 is the angle from normal incidence. The interaction of the incident beam 

with the sample increases with path length and the secondary electron emission 

coefficient increases. 

The sample stage is an important component in SEMs. It must allow precise 

movement in tilt and rotation to enable the sample to be viewed at the appropriate angle. 

The angle effect is responsible for the striking 3-D nature of SEM images, but the sttiking 

pictures come about also due to the signal collection. Secondary electrons are attracted 

and collected by the detector even if they leave the sample in a direction away from the 

detector. 
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Figure 3.4. Schematic of an SEM [10] 

Elecfrons emitted from an elecfron gun pass through a series of lenses to be 

focused and scanned across the sample. The incident or primary elecfron beam causes 

secondary elecfrons to be emitted from the sample and these are ultimately accelerated to 

10 to 12 kV. They are then detected by a detector. The basic component of this detector is 
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a scintillation material that emits light when stmck by energetic electrons accelerated 

from the sample to the detector. The light from the scintillator is channeled through a 

lightpipe to a photomultiplier, where the light incident on a photocathode produces 

elecfrons that are multiplied, creating the very high gains necessary to drive the CRT. 

The SEM used for this thesis was LEO SUPRA 35 general purpose FESEM with 

GEMINI field emission column. This instrument was capable of resolving features in the 

range of 1 nm. 

3.5 Electroluminescence 

For Light Emitting Diodes, testing electroluminescence is of foremost 

importance. It gives information about the spectral content of the emitted light along with 

their intensity. It is tested by passing current through the device and detecting the light 

emitted by the device. The light is collected by a fiber optic cable the other end of which 

is connected to a specfrometer. 

The setup used for testing elecfroluminescence of the LEDs for this thesis 

consisted of Ocean Optics specttometer with OOIBase32 as the operating system. This 

software allows users to perform the three basic spectroscopic experiments: absorbance, 

reflectance and emission, as well as signal-processing functions such as electrical dark-

signal correction, sfray light correction, boxcar pixel smoothing and signal averaging. 

The basic concept for the software is that real-time display of data allows users to 

evaluate the effectiveness of their experimental setups and data processing selections, 

make changes to these parameters, instantly see the effects and save the data. 

3.6 I-V Measurements 

I-V measurements are useful in determining a few important characteristics of the 

LEDs: the tum-on voltage, reverse breakdown voltage, reverse saturation current and the 

forward and reverse resitances of the device. 
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Figure 3.5. I-V characteristics of a/?-«junction 

To ascertain the I-V characteristics of the LEDs, contact probes are placed on the 

p and n areas of the LED, using an optical microscope to ensure proper placement. The 

probes are connected to a Keithley 2400 Digital Source Meter, which is interfaced with a 

computer using Lab View software. 

36 



CHAPTER IV 

EXPERIMENTAL PROCEDURES FOR FABRICATION 

This chapter explains the processing steps used for the fabrication of Light 

Emitting Diodes from the p-n junctions grown by GS-MBE. A flowchart depicting the 

major processing steps involved is shown as figure 4.1. As shown in the figure, the major 

processing steps used in the fabrication of the LEDs were e-beam deposition of metals, 

wet and plasma etching, and photolithographic steps. 

4.1 MBE Growth 

An introduction to the MBE growth was given in Chapter 2. Presented here is the 

discussion of the growth process parameters for stmctures used in this thesis. 

There were two sfructures grown for this thesis. The stmctures were grown on 

(0001) sapphire substrates. Effusion cells were employed for Al, Ga, In, and Mg. Atomic 

nitrogen was obtained from the pyrolytic decomposition of NH3 and Si was obtained 

from pyrolytic decomposition of silane. The first layer grown was AIN nucleation layer, 

50 nm thick, followed by Si doped AlGaN of thickness 1/im. Three multi-quantum-wells 

(MQW) with a barrier layer of Alo.6Gao.4N and wells of Alo.5Gao.5N constituted the active 

region. In the second sample, additional layers of AIN were grown separating the active 

region from the cladding layers. These layers were 5nm thick. The/? type AlGaN 

obtained with doping of Mg was a graded layer with the concenfration of Al reducing 

from about 65% near the active region to about 5% near the contacts. This was done to 

reduce the resistance of the contact layer and to achieve better ohmic contacts. The 

grading was achieved by reducing the temperature of the Al cell as the/? type AlGaN 

layer was grown. This reduced the flux of the Al and thus the concentration. 
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Figure 4.1. Continued 
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Figure 4.1. Coj^dinued. 
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Figure 4.1. Flowchart depicting the major processing steps in the fabrication of an LED. 
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4.2 Deposition Technology 

The ohmic and Schottky contacts necessary for providing the electrical contacts to 

the/? and n sides of the junction are deposited using evaporation technique. In this 

process the source material is heated thereby causing evaporation. The evaporation is 

done in high vacuum conditions, typically about 10"' torr. Due to the vacuum the 

vaporized molecules from the source reach the subsfrate surface without collisions with 

any gas molecules in the deposition chamber. As a result the deposited film is as pure as 

the source material. The main advantage of the evaporation process is that the substrate 

surface is not damaged due to the low energy of the impinging atoms. 

The evaporator used is shown in the diagram below 

The main parts of the evaporator can be divided into three main sections: 

• Vacuum system, 

• Chamber which includes the evaporating source, substrate holder, the cmcible 

liners, 

• Evaporation thickness controller. 

4.2.1 Vacuum system 

The vacuum system consists of a rotary roughing pump and a cryogenic pump. 

The rotary roughing pump is a mechanical pump that transports, compresses, and expels 

the gas. The gas expelled from the roughing pump is directed to a roof vent through a 

PVC tubing. The rotary pump is used to pump the chamber to mid range vacuum in the 

order of 10-3 torr and serves as forepumps for the cryo pump. 

A cryogenic pump, Cryo-Torr 8, is used to improve the vacuum. Cryogenic 

pumps are closed cycle refrigerator pumps that remove gases from the chamber by 

capturing them on a cold surface. The process of gas capture by high vacuum cryopump 

involves both cryocondensation and cryosorption. Cryocondensation refers to the 

condensation on a surface whose temperature is low enough such that the vapor pressure 

of the condensed substance is so low that the vapor is effectively removed from the 
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system. Cryosorption involves the adsorption without condensation of a gas on a cold 

surface. 

The procedure for the operation of the vacuum chamber is as follows: 

• After loading the samples into the chamber, the vacuum jar is completely 

lowered. 

• With the Vent valve and Collar valve and the roughing pump on, the roughing 

valve is opened. The pump is allowed to evacuate the chamber until the pressure 

i s - 10"̂  torr. 

• The roughing valve is closed, and the gate valve is opened with the cryo pump on. 

• The roughing pump is tumed off and the vent valve is opened till the pressure of 

the roughing pump reaches the atmospheric pressure. This is done to prevent the 

back flow of oil vapors from the roughing pump to the chamber. 

• The pressure is allowed to reach the baseline pressure for the deposition (-10"^ 

torr). 

Monitoring of the vacuum pressure is an important factor in the deposition. It is 

difficult to find a vacuum gauge that can measure vacuum over the entire vacuum region 

of interest (10"̂  - 10'̂  torr), so two vacuum gauges are used, an ion gauge and a vacuum 

gauge. The ion gauge measures pressure in terms of the density of molecules and has a 

measuring range of 10' to 10' torr. The vacuum gauge is a heat loss manometer, 

inferring the pressure of the gas by measuring the thermal loss of a heated wire, and has a 

measuring range from atmospheric pressure to 10' torr. Figure 4.2 illustrates a system 

level schematic of the e-beam deposition chamber used for this work. 
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Figure 4.2. System level schematic of the e-beam evaporator 

4.2.2 Chamber 

The chamber consists of cmcible liners, subsfrate holder, shutter, the crystal 

detector and the evaporation source, as shown in figure 4.3. The substrate holder, in our 

equipment, was a square metallic holder with four circular openings to hold four, 2 inch 

samples. The chamber also has a window through which cmcibles can be viewed in order 

to ensure proper alignment with the filament. 

For the evaporation of the source material, electron beam evaporation was used. 

In this technique, a stream of electrons is accelerated to high kinetic energy. The beam is 

directed at the material to be evaporated, and the kinetic energy of the e beam is 

transformed to thermal energy upon impact. The e beam heating is an efficient way of 

achieving temperatures in excess of 3500°C for uniform thin film deposition process. The 
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Thermionics e-Gun source, and its control units, has been chosen to be part of our 

evaporation system. The maximum output of the e-Gun™ source is 3000W. It has 5 

crucible positions, each capable of holding up to 2.5cc of source material. 

r 
QJfD 

Substrate holder 

Shutter 
Crystal 

Cmcible 

Cmcible arm 
Filament 

Figure 4.3. e-beam deposition chamber 

4.2.3 Evaporation thickness controller 

The e-Gun^*^ source control unit has two important accessories, which allow 

precise controlling of thickness of deposited material: 

• A deposition rate controller, which monitors the rate of deposition in angstroms 

per second. 

• A thickness confrol monitor, which indicates the film thickness that is deposited. 
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The Inficon IC/5 thin film deposition contt-oller is equipped with a high frequency 

crystal (6.0 MHz) and has a 0.00577 A rate resolution. It is a precise conttoller with a 

high resolution capability, can define up to 50 processes, store recipes up to 250 layers 

for a single process, and can use up to 24 materials, h is able to provide small power rise 

steps for the Thermionic e-Gun™ source control unit. The rate of deposition typically 

used for deposition for this work was 1.5 A / second. 

4.2.4 Choice of metal contacts 

The following conditions must be satisfied to form an ohmic metal-semiconductor 

contact: 

n-type semiconductor: 

<Pn,<</>s 

p-type semiconductor: 

where, 

^^ =metal work function 

(f>^ ^^semiconductor work function. 

The figure of merit for ohmic contacts is the contact resistance, given as Q cm ,̂ 

which should have a low value. Suitable contact resistances for LED's and laser diodes 

are around 10" Qcm . In the case of contacts to III-V Nitrides, specialized device 

applications such as high temperature operation require ohmic contacts to be more robust 

than their small band gap counterparts. The following metal combinations were used for 

providing electrical contacts to the LEDs: 

• p type : Ni-500A / Au-1000 A 

• « type : A1-200A / Ti-250A / Ni-450A / Au-IOOOA . 
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4.3 Photolithographv Processing 

Photolithography processing was used to define the metal contacts for the n- and 

/?- type SLs. The entire photolithography process was conducted in class 100 clean room 

to protect the sample from contaminants. 

4.3.1 Selection of the type of photoresist material 

All patteming techniques used in semiconductor processing employ energy-

sensitive chemical substances called resists. These are applied to the wafer as thin-film 

coatings and then selectively exposed to an energy pattem that creates exposed areas. The 

resist film is then subjected to a development process that selectively removes either the 

exposed or the unexposed part of the resist. There are two types of photoresist used in the 

VLSI applications - positive photoresist and negative photoresist. 

Positive photoresist responds to the light in such a way as to make the exposed 

regions dissolve more quickly during the development process. Ideally, the unexposed 

regions will remain unchanged. Negative photoresists respond in the opposite manner. 

Unexposed regions of the resist dissolve in the developer, while exposed regions stay 

behind. Positive photoresists tend to have the best resolution and are thus more popular 

for IC fabrication. For the fabrication of the LEDs in the lab, Shipley S1813 PR positive 

photoresist was used. 

4.3.2 Photoresist processing technique 

The basic steps that comprise the complete photoresist process used for the 

fabrication of the LEDs are shown below 

Spin coating Pre bake Exposure Development 

Figure 4.4. Photoresist process 
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Spin coating is the widely used technique to produce a uniform layer of 

photoresist of desired thickness over the sample, h involves three steps: 

• The photoresist is dispensed onto the wafer. 

• The wafer is accelerated to a final rotational speed. 

• The wafer is spun at a constant speed for a specified time. 

The photoresist spinner used was the EC 10IDT series of spinners from Headway 

Research, Inc. 

In the first step, a small volume of the photoresist solution was dispensed onto the 

sample such that it covered the sample completely. Following this, the wafer was 

accelerated quickly to the final spin speed. In this stage, high ramping rates are preferred 

as they yield better film uniformities since the solvent in the resist evaporates rapidly 

from the resist. In the third step, the wafer is spun for some time to produce a relatively 

uniform flow profile. The spinning cycle consists of solvent evaporation to produce the 

solid film. In the fabrication process, a final spin-speed of 3000 rpm for 30 seconds was 

used. This resulted in a photoresist thickness of ~ 1.5/im. The rotational speed used was 

3000 rpm. 

nm 
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1300 -
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1100 -
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2500 3000 3500 4000 4500 5000 5500 6000 6500 

rpm 

Figure 4.5. Shipley 1813 Photoresist thickness versus rotation speed graph.[12] 
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4.3.2.1 Pre-bake 

After the wafer is spin coated with the photoresist, it is baked to a temperature of 

115 C for 100 seconds. This step is called the soft-bake or pre-bake. This step is used to 

drive off the solvent from the photoresist and thus improve the adhesion with the wafer 

for the development process. 

Several types of oven are used for the pre bake process. The most commonly used 

are (a) convection, (b) infrared, and (c) hot plate ovens. Each of them use a different heat 

transfer mechanism. In the convection oven, the hot air transports the heat to the wafer. In 

the infrared ovens, long wavelength IR penetrates the resist film and is reflected back by 

the photoresist substrate interface. In hot plate ovens, the wafer receives heat from the hot 

plate under it. For the resist processing in the fabrication of the LEDs, a convection type 

BLUE M , Gravity type oven was used. 

4.3.2.2Exposure 

After the wafer is cleaned, coated with the resist and suitably soft-baked, it is 

ready to be exposed, to optically fransfer the pattem on the mask to the resist coated 

wafer. There are different ways to do this like contact printing, proximity printing, 

projection printing, and optical stepping. 

In contact printing, the mask is pressed against the resist coated wafer during 

exposure. In proximity printing, the mask floats off the surface of the wafer, typically on 

a cushion of nifrogen gas. The gap between the wafer and the mask is controlled by the 

flow of nittogen in this space. In projection printing, the mask and the wafer are 

separated from each other and optics are used to image the mask pattem onto the wafer. 

In optical stepper technique, a mask, called a reticle, contains the pattem. This pattem is 

imaged onto the wafer, and then the wafer is moved, and the exposure is repeated. This 

process continues until the entire wafer is exposed with the pattem. 

For the fabrication of the LEDs, proximity printing was employed. A Canon 

Parallel Light Mask Aligner PLA-501F was used to expose the wafers. The exposure 
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time used was 14 seconds. Figure 4.6 shows the picture of one of the masks used for the 

fabrication of the LEDs. 
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Figure 4.6. Picture of a mask used for the fabrication of the LEDs. 
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4.3.2.3 Development 

After exposure, the photoresist is developed. The main purpose of the 

development process is to effectively produce the specified pattem on the wafer with 

minimum distortion or swelling. 

The positive resist developers are alkaline solutions diluted with water. SHIPLEY 

MICROPOSIT DEVELOPER CONCENTRATE positive photoresist developer was used 

for the development of the pattem for the diodes in the lab. The development solution 

contained developer and water in the ratio 1:1. During the develop cycle, in the exposed 

areas, the carboxylic acid reacts with the developer to form amines and metallic salts, 

which then rapidly dissolve in the developer solution. In the unexposed areas, no such 

groups are formed and these regions are unaffected by the developer. The development 

time used in the process was 20 seconds. 

After development, the wafer is rinsed in DI water. Proper rinsing in DI water is 

required as the developing action continues until the developer is completely removed 

from the resist surface. The wafer is rinsed for more than 30 seconds and is then blown 

dry with nitrogen gas. 

4.4 Plasma etching process 

Etching in a plasma environment has several significant advantages when 

compared to wet etching. Plasmas are much easier to start and stop than simple 

immersion wet etching. Furthermore, plasma etch processes are much less sensitive to 

small changes in the temperature of the wafer. Most important for small features, plasma 

etches have a higher anisotropics. Plasma environments also have far fewer particles than 

liquid media, and also produce less chemical waste than wet etching. 

For a plasma etch process to proceed, six steps must occur. A feed gas introduced 

into the chamber must be broken down into chemically reactive species by the plasma. 

These species must diffuse to the surface of the wafer and be adsorbed. Once on the 

surface, they may move about until they react with the exposed film. The reaction 
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product must be desorbed, diffused away from the wafer, and be transported out of the 

etch chamber. 

4.4.1 Plasma basics 

Plasma is a state-of-matter that is different from the other three common states. In 

a steady state condition it contains free elecfrons and ions. In a disassociated state it 

consists of electrons, ions, unexcited molecules and free radicals. Ion density is the ratio 

of ions versus all the other molecules. 

Creating a plasma is simply tuming non-reactive molecules into reactive 

molecules by introducing energy, such as an elecfric charge. Extremely reactive plasmas 

can be created this way by breaking up safe inert gases such as freons. When freons are 

electrified they produce large quantities of chlorine and fluorine, both highly reactive 

compounds. These are the compounds that contain the ions and free radicals that actually 

do the etching. In addition, the directionality and degree of reactivity can be controlled by 

the amount of applied power. The equipment used for plasma etching for the work done 

as part of this thesis was Oracle Cluster Platform from TRION technologies. 

The Trion Technology Oracle includes the following components: 

4.4.2.1 CVT (Central Vacuum Transport) 

The CVT contains the vacuum robot, lock pressure gauge, loading station 

platform and VAT gate valves to seal off the process module chambers. 

During a wafer load sequence, the operator places a wafer onto the stage of the 

load station and then selects the "Load Wafer" button from the main computer for a 

particular process module. The load station is first pumped down, then a gate valve 

opens, lift pins under the wafer rise and the robotic arm extends into the load station 

below the level of the wafer. Once the arm is in position, the lift pins lower and the wafer 

is placed onto the arm, which then refracts. Once fully refracted, the arm rotates to the 

chosen process module and waits for the load lock to reach its transfer pressure. 

Then the process module VAT gate valve opens and the robotic arm extends into 

the process chamber. The lift pins inside the chuck of the process chamber raise the wafer 
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off the arm, the arm retracts, the lift pins lower to set the wafer onto the chuck and the 

gate valve closes. The pressure inside the load station is then increased to the atmospheric 

pressure to be ready for the next wafer load command. 

4.4.2.2 Equipment console 

The equipment console is a short, standard width industrial rack that houses the 

main computer (also referred to as the console computer), touch screen monitor, 

keyboard, main AC distribution module, switch cards for plasma impedance matching 

and a computer switch box. 

The main computer stores all the process recipes, controls the CVT robotic arm 

and valves, and communicates to the individual process modules via RS-232 cables. 

The main AC distribution takes the house supplied system power (208V, 3-ph, 

30A) and distributes it to the individual process module AC distributions in addition to 

supplying 115 V to the console equipment. This unit houses circuit breakers on the front 

panel that allows the operators to tum on and off the process modules and the main 

computer. There are also single-pole circuit breakers that control the on/off of the process 

chamber pumps. The switch box allows the user to switch between the main computer 

and the process module computers during maintenance procedures. 

4.4.2.3 Process module 

Each process module is an independent system that can be operated separately 

from the CVT and console. As such, every process module has the following equipment: 

process control computer, AC distribution, solenoid pack, process chamber, gas cabinet, 

RF generator, and turbo pump. 

The chamber shown in figure 4.7, is made up of the ICP, the chamber block, and 

the RIE matching network. The chuck (where samples are placed) is an integral part of 

the RIE matching network. During a process, the process gases enter at the rear of the 

ICP, flow through the center of the ICP lid and exit into the chamber volume at the top 
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center. The gas flow rates are confrolled by mass flow confrollers (MFC) that are housed 

in the wall mounted gas cabinets. 

Process Gas Inlet 

Chuck 

Process Gas Inlet 
(when no ICP) 

Vacuum Port 

Helium Coolant Inlet 

ICP Ceramic 
Tube and Coil 

View Port Window 

RIE Matching 
Networi< 

Figure 4.7. Plasma etching chamber layout with ICP [8] 

In addition to the process gases, helium gas can be introduced into the etch 

chamber via the chuck as shown. The helium pressure on the backside of the wafer is 

controlled by an analog pressure controller and is set as a process variable in the recipe 

file on the computer. The purpose of the helium is to cool the sample during RIE etching. 

All of the gases entering the chamber, as well as any etch byproducts are sucked 

out of the chamber through the vacuum port at the rear of the system. When the RF 

generators for both the RIE and ICP are tumed on, plasma is created in the chamber. The 

glow discharge can be seen from the front view port window. 

The chamber block has intemal dimensions of 14" diameter X 3.00" high and will 

hold a 200mm wafer on the chuck. The chamber, plenum and ICP base are constmcted of 

hard anodized aluminum. The ICP has an 8" inner ceramic diameter and is 4.00" tall. 

The chuck, or bottom electrode, produces a negative DC bias that increases ion 

bombardment, and anisotropy while etching. The ICP is used as the primary plasma 

source and creates this plasma by inductively coupling the RF power through the ceramic 
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tube and into the vacuum via the copper coil. The idea is to use the ICP to generate a high 

density plasma in the ceramic tube above the chuck. Then smaller amounts of RF power 

are supplied to die chuck to generate the DC bias. This DC voltage is the driving factor in 

accelerating the ions to the sample and thereby increasing etch rates and anisotropy. 

4.4.2.4 Process module conttoller 

Each process module comes with a Pentium based process control computer that 

controls all of the digital and analog instruments. This computer is connected to the main 

console computer via an RS-232 serial cable. The Trion designed data acquisition board 

has 12 analog 8 bit output channels which control the 6 gas channels, process pressure, 

and the RF power. The system also with 16 channels of 12 bit analog input. 

All processing parameters can be programmed by the user on the main console 

computer and stored into recipe files on the hard drive. Up to fifteen process steps per 

recipe can be stored. The recipe information is downloaded from the main console 

computer to the individual process module controllers before beginning the process. 

4.4.2.5 Vacuum system 

This consists of the chamber, load lock, gas distribution manifold, throttle valve, 

turbo pump and the two roughing pumps. It is illustrated in the figure 4.8. 
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Figure 4.8. Vacuum schematic of the plasma etching system. [8] 

4.4.2.6 Recirculating chiller 

The recirculating chiller is capable of removing at least 2500 BTU/hr at 20^0. h is 

used to cool the RIE process chamber, the turbo pump and the ICP source. The 

temperature set point is controlled from the front panel on the unit and can be set 

anywhere from 5 to 25^0. 

4.4.3 Basic ICP-RIE etching conditions 

Table 4.1: Parameters for ICP RIE etching. 

Plasma Parameter 

ICP Power 

RIE Power 

Chamber Pressure 

Cb/Ar flow rates 

Value 

300 W 

150 W 

8 mTorr 

20/4 seem 
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4.5 Lift-off 

The technique of lift-off was employed to provide the contact to /;- type AlGaN. 

In this technique, a thick layer of photoresist is spun and pattemed. Next, a thin metal 

layer which is to act as the contact is deposited by evaporation on top of the photoresist. 

One characteristic of evaporation is its difficulty in covering high aspect ratio features. If 

a re-enttant profile is obtained in the resist, a break in the metal is virtually assured. Next, 

the wafer is immersed in Acetone, a solution capable of dissolving the Shipley S-1813 

photoresist used in this work. The areas of metal deposited directly on the AlGaN surface 

remain, while the metal deposited on the resist lifts off of the wafer as the resist dissolves. 

Etch damage to the substrate is avoided and the/?- type contact is pattemed with no 

undercut. Ultrasonic agitation was employed to fasten the dissolving process of the resist. 

A schematic of the lift off sequence is shown in the figure 4.9. 

4.6 Wet Etching 

Wet etching was employed to provide the contact top- type AlGaN. First a layer 

of Ni which was to act as the contact to the/?- type AlGaN was deposited using e-beam 

evaporation. Next, photoresist was spun on the metal. The sample was then soft baked at 

115*̂ 0 for 90 seconds. Then the photoresist was exposed using the/?- type mask and 

pattemed. The sample was then hard baked at 115*'C for 7 minutes. This step is essential 

to harden the pattemed photoresist for it to act as a mask. The photoresist that remained 

was used as a mask to etch Ni. The etchant used was HF+HNO3+DI Water in the ratio 

1:1:98. The sample was immersed in the solution and was periodically checked under an 

optical microscope to check if the metal not protected by the resist was completely 

etched. Typical time to etch lOOOA of Ni was 7 minutes. 
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Figure 4.9. fllusfration of lift-off. 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

5.1 p tvpe AlGaN characterization 

p type AlGaN samples were characterized using Hall measurements. Different 

samples were grown with different concentration of Al. Figure 5.1 (a) and (b) show the 

effect of varying Al concentration on the resistivity and carrier concentration, 

respectively, of the samples. 

We observe that as the concentration of Al goes up the resistivity increases. This 

is the reason we employ the graded layer sfructure for the/? type cladding layer. We need 

a high band gap layer near the active region and a low resistance layer near the contacts; 

this can only be achieved by decreasing the concentration of Al as we move farther from 

the active layer. 

The carrier density also shows a decline as the Al concentration is increased. This 

is because Al increases the activation energy of Mg atoms. So as we increase the 

concenfration of Al less and less atoms of Mg get activated, thus less and less carrier 

concentration. 
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Figure 5.1. Resistivity versus concentration of AIN in AlGaN doped with Mg 
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Figure 5.2. Carrier density versus concentration of AIN in AlGaN doped with Mg 
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5.2 n tvpe AlGaN characterization 

n type AlGaN samples were characterized using C-V analysis and Hall 

measurements. C-V measurements were carried out to ascertain the carrier density in n 

type AlGaN samples with varying Al concentration. Schottky barriers were designed by 

depositing and patteming Au of thickness lOOnm on the samples. The three samples used 

for C-V analysis had a concentration of 60, 80, and 90% of AIN. Figure 5.3 shows the C-

V and 1/C -V curves of three samples with different AIN concentration. The doping 

density can be determined from the slope of the 1/C -̂V curve in the reverse voltage 

regime. Table 5.1 summarizes the results of the C-V measurements and the Hall 

measurements performed on the same samples. 

The values obtained for the carrier density and mobility are very high considering 

the high mole fraction of Al. The carrier density showed an increase from x = 0.6 to x = 

0.8. But this can not be taken as a contradiction to the general mle that the carrier density 

decreases with increasing Al mole fraction, because the growth conditions of the two 

samples were not exactly the same, hence there could be other factors which led to 

increased carrier density. For x = 0.9, there was a marked increase in the resistivity, so 

much so that the Hall measurements could not be employed for the sample. Another point 

to note is that the carrier densities as calculated from the C-V curve are higher than that 

calculated by Hall experiments. This is because deeper donors can contribute to 

capacitance even though they are not contributing free electrons. The carrier 

concentration of the sample with AIN concentration of 90% was very low and the 

resistivity was very high. Because of this ohmic contacts could not be formed and thus 

Hall measurements were not taken for that sample. 
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Figure 5.3. C-V analysis of n type AlGaN samples with varying AIN concentrations. 

Table 5.1: Electrical characteristics of « type AlGaN samples with varying AIN 
concentrations. 

Sample 

Alo.6Gao.4N 

Alo.8Gao.2N 

Alo.9Gao.1N 

Resistivity 

(from Hall) 

-0.08 n-cm 

-0.17 Q-cm 

Could not be 

measured 

Mobility 

(from Hall) 

17cm /̂V-s 

10cm2/V-s 

Could not 

be measured 

Carriers 

(from Hall) 

Electrons 

Elecfrons 

Could not be 

measured 

Carrier Density (cm'̂ ) 

From Hall 

4.5*10"* 

5*10"* 

Could not be 

measured 

From C-V 

6.85*10'" 

9.75*10"* 

7*10'^ 
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5.3 Growth sequence 

Given below is the growth conditions employed for the two stmctures. Tx refers 

to the temperature of the cell X. 

• Subsfrate used : 0001 Sapphire 

• Buffer AIN 50nm (TAI= 1200°C; NHj Flow = 10 seem; Tsubstrate=900''C) 

• Relaxation layer AlGaN undoped (TAI=1220°C; TGa=905°C; NH3 Flow = 25 

s e e m ; Tsubstrate=850°C) 

• n type cladding layer Si doped AlGaN (TAI=1220°C; TGa=905°C; NH3 Flow = 25 

s e e m ; Tsubstrate=850°C) 

• Active layer - 3 Quantum Wells undoped 

• p type cladding layer Mg doped AlGaN (TAI=1215°C -> 1000°C; TGa=900°C; NH3 

Flow = 10 seem; Tsubstrate=850''C -> 800°C) 

• p type contact layer Mg doped AlGaN (TAI=1000°C; TGa=900''C; NH3 Flow = 10 

s e e m ; Tsubstrate=800°C) 

Figure 5.4 shows the cross section image of the two LED samples. The two 

samples differ in the thickness of the/? type cladding layer, and the presence of AIN 

blocking layers. 

AloosGaNiMg 10 nm 

AI,GaN:IVIg 0.6<x<0.05 60 nm 

3 Quantum wells 

Alo7GaN:Si 700 nm 

Alo.rGaN undoped 120 nm 

AIN buffer 40 nm 

Sapphire Substrate 

AloosGaNiMg 

AI,GaN;Mg 0.6<x<0.05 

100 nm 

60 nm 

3 Quantum wells 

Alo.7GaN:Si 

Alo7GaN undoped 

AIN buffer 

700 nm 

120 nm 

40 nm 

Sapphire Substrate 

AIN 5nm 

(a) LED Sample 1 (b) LED Sample 2 

Figure 5.4. Cross section schematic of the two LED stmctures grown. 
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Figure 5.5 shows the composition of the active region which consists of three 

quantum wells. 5nm thick layers of Alo.6Gao.4N act as the barriers and 3nm thick layers of 

Alo.5Gao.5N layers act as the wells. 

AI0.6Ga0.4N 

Alo.sGao.^N 

Alo.6Gao.4N 

Alo.5Gao.5N 

Alo.6Gao.4N 

Alo.5Gao.5N 
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5nm 

3nm 

5nm 

3nm 

5nm 

3nm 

5nm 

Figure 5.5. Schematic of the cross section of the active region. 

Figure 5.6 shows a schematic of the band gap distribution of the two samples. 

This schematic does not take into account the piezoelectric fields generated in III-V 

nitrides. 

As can be seen the only difference between the two stmctures is the presence of a high 

band gap AIN layer on both sides of the active region in the LED sample 2. We will 

subsequentiy see the effects of this in the properties of the LEDs. 
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Figure 5.6. Schematic of the bandgap distribution in the two stmctures. 

Figure 5.7 shows an SEM image of a sample illusfrating the different layers of the 

stmcmre. 

Figure 5.7. SEM image of a sample grown. 
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5.4 Fabrication sequence 

The fabrication sequence as outiined in chapter 4 was performed on the samples 

grown. The contacts chosen were Ni/Au (30/150nm) for the/? type and Ti/Al/Ni/Au 

(20/25/45/lOOnm) for the « type AlGaN. Figure 5.8 shows the top view of a sample after 

the fabrication sequence was performed on it. 

Figure 5.8. Top view of a sample after the fabrication sequence. 
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(a) LED Sample 1 (b) LED Sample 2 

Figure 5.9. Mesa stmctures of the two samples after fabrication of LEDs. 

5.5 Device Characterization 

Figure 5.10 and 5.11 show the cathodoluminescence spectra of LED Samples 1 

and 2 respectively, taken at different voltages. The spectra were taken just after the MBE 

growth. These serve to help in an express analysis of the crystallinity of the stmctures and 

to determine the concenfration of AIN in the alloy. 
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Figure 5.10. CL specfra of LED sample 1 
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Figure 5.11. CL Spectra of LED Sample 2 
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Figure 5.12 shows the electroluminescence spectra of LED Sample 1 at different 

values of forward currents. At lower values of current we observe a peak at 275nm, 

which we attribute to emission from the active region, as the concentration of AIN in the 

wells franslate into a wavelength of around 275nm. But at higher values of current we 

notice another peak at 254nm. This wavelength corresponds to an AIN concentration of 

65%, which happens to be the concenfration of AIN in the cladding layers. Thus we 

believe that as the current density increases, the carriers spill onto the cladding layers 

from the active region and recombine there leading to 254nm emission. 
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Figure 5.12. EL specfra of LED Sample 1 

Figure 5.13 shows the electroluminescence specfra of LED Sample 2 at different 

values of forward currents. Here we see that there is only a single peak at 280nm and the 

emission is devoid of any parasitic peaks even at higher forward currents. Thus we can 
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say that the blocking layers of AIN on both sides of the active region serve to good 

confinement of carriers in the active region. 

800 n 

280nm 

225 250 275 300 325 350 375 400 425 450 

Wavelength (nm) 

Figure 5.13. EL Spectra of LED Sample 2 

Figure 5.14 and 5.15 show the computer simulations of the band diagrams of 

stmcture 1 and 2 respectively, courtesy of Semiconductor Technology and Research 

Incorporated. The comparison of the band diagrams of the two stmctures reveals the 

discontinuity of the quasi Fermi level in stmcture 2. This fiirther supports the theory that 

there is a better confinement of carriers in stmcture 2 which employs the blocking layer 

of AIN. Also, in stmcture 1, the quasi Fermi levels are fiirther away from the intrinsic 

level in the cladding layers due to the higher carrier density in the cladding layer than in 

stmcture 1. 
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Figure 5.14. Band diagram of LED Sample 1 at different current densities. [Courtesy of 
Semiconductor Technology and Research Inc.] 
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Figure 5.15. Band diagram of LED Sample 2 at different current densities. [Courtesy of 
Semiconductor Technology and Research Inc.] 

Figure 5.16 shows the intemal emission efficiency of LED Samples 1 and 2. LED 

Sample 2 shows markedly better efficiencies. Stmcture 1 has a low emission efficiency of 

6% at low currents which improves as the recombination centers saturate at higher 

currents. But stmcture 2 shows a very high emission efficiency even at low currents and 

at higher currents it reaches an efficiency of 74%. 
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Figure 5.16. Intemal emission efficiency of stmcture 1 and 2 as a fiinction of current 
density. [Courtesy of Semiconductor Technology and Research Inc.] 

Figure 5.17 shows/?-/? junction biases of stmcture 1 and 2 as a fimction of current 

densities. Here we notice that stmcture 2 exhibhs a much higher bias voltage than 

stmcture 1 for the same current density. This can be attributed to the presence of undoped 

AIN layers which mcreased the overall resistance of the device. Based on this it can be 

expected that a doped AIN layer or a doped AlGaN layer with high concentration of AIN 

will help m the confinement of carriers and at the same time not mcrease the resistance of 

the device drastically. Work on growmg such layers is currently bemg pursued in the 

Maddox Nano tech Lab. 
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Figure 5.17./?-/7 junction bias of stmctures 1 and 2 as a fimction of current density. 
[Courtesy of Semiconductor Technology and Research Inc.] 

Figure 5.18 shows the I-V characteristics of the LED sample 2 in logarithmic 

scale and in the linear scale hi the inset. The device exhibits a tum on voltage of nearly 

8V. It exhibits good diode IV characteristics with low reverse leakage currents and a high 

reverse breakdovm voltage. The leakage current is about 10''° A at OV and in the range 

of microamps even at a reverse voltage of 20V. 

?3 



< 

C 
0) 

O 

0.1 , 

0.01 1 

1E-3-; 

1E-4-; 

1E-5i 

lE-e-j 

IE-7-j 

1E-8n 

1E-9n 

IE-ID n 

1E-11 -

f 

O IQ. 

y 
/ /I 

/ 

/ 
/ 

-ai -« -ID -6 D s n IS ai 25 3D 

Voft^e,V 

- 1 — ' — I — ' — I — I — I — I — \ — I — r 
-20 -15 -10 -5 0 5 

— I — I — I — I — I — I — I — I — I — 1 

10 15 20 25 30 

Voltage, V 

Figure 5.18. I-V characteristic of LED Sample 2. 

Figure 5.19 shows the light output power versus pump current (L-I) for an LED 

device from the LED sample 1. This power characteristic was plotted for a circular 

stmcture, 290 microns in diameter. 
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Figure 5.19. Output light power versus current characteristics of LED Sample 2. 
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CHAPTER VI 

CONCLUSIONS 

This work has dealt with the design and fabrication of UV-LEDs based on a MQW 

design using the alloys of AlGaN. UV-LEDs operating near the wavelengths of 280nm 

were fabricated as a part of this thesis. The n andp type cladding layers of the LEDs were 

composed of AlGaN with AIN fraction approximately equal to 0.65. LEDs were designed 

for the light emission to take place through the substrate. The AIN content of the n type 

layer was kept high so that the bandgap of the cladding layer is high in order to be able to 

tt-ansmit the emission light from the active region without any absorption. The samples 

grown were using GSMBE setup. The mesa stmcture was achieved using C^/Ar plasma 

etching. The metal contacts to thep and n type were Ni/Au and Ti/Al/Ni/Au respectively 

and were deposited using e-beam deposition. The various characterizing tools used were 

Hall measurements, C-V analysis, cathodoluminescence, SEM, electroluminescence, I-V 

and L-I curves. 

The active layer was a MQW consisting of three quantum wells. The wells and 

barriers were AlGaN with AIN fraction being 0.5 in case of wells and 0.6 in case of 

barriers. The effect of having an electron blocking layer of AIN on both sides of the 

active region was also investigated. It was observed that the stmcture with 5nm of 

blocking layers on both side of the active layer showed a good confinement of carriers 

and emitted strongly in one wavelength corresponding to the bandgap of the wells. The 

structure without any blocking layers exhibited emission from the wells at lower currents, 

but as the current increased the emission from the cladding layer also increased. In the 

fiiture work we will investigate the possibility of using a doped blocking layer so that the 

resistance of the device is not too high and the power characteristics are improved. 

The research done in this work attempts to outline a process for the fabrication of 

LEDs and also suggests the use of electron blocking layers on both sides of the active 

region for good junction and emission characteristics, and to avoid parasitic emission 

from the cladding layers. 
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JjtHtrê t Signamre Date 

Disagree (Permission is not granted.) 

Smdent Signature Date 


