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Abstract 
 
 

Bismuth incorporation in GaAs produces a much larger reduction in the band gap than In or 

Sb alloying, for the same increase in lattice constant. However, Bi is incorporated only at 

growth temperatures (Tg) < 400 ⁰C, making deep level defects a concern. GaAsBi layers, 

GaAs layers and p-i-n structures having a 50 nm GaAsBi quantum well with bismide fraction 

≤ 5% in the center of the intrinsic layer were grown by molecular beam epitaxy in the 

temperature range 285-580 ⁰C. Deep level transient spectroscopy (DLTS) measurements of 

GaAsBi and GaAs Schottky diodes show several different traps. Similarly, DLTS spectra 

from the p-i-n devices vary with the growth conditions and the bismide fraction.  The trap 

concentrations were found to be ≤ 5×1015 cm-3, consistent with reported photoluminescence 

and electroluminescence measurements of the GaAsBi p-i-n structures. The possible identity 

of some of the traps is discussed. 
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Chapter 1                                      

Introduction  

 

III-V compound semiconductors and their alloys contain elements from column IIIA and 

column VA of the periodic table. The ratio between atoms from each column is 1:1. Many 

III-V semiconductors have a direct band gap. Consequently, these semiconductors have 

higher electron mobility than Silicon, which makes them useful in high frequency electronics 

such as hetero-junction bipolar transistors and power amplifiers. The variety of III-V 

compound semiconductors and their ternary or quaternary alloys provide a wide range of 

band gap energies, which is particularly useful when a specific band gap energy is required. 

These properties lead to applications of III-V semiconductors in photonic devices such as 

laser diodes, optical detectors, and solar cells.  

Bismuth is the heaviest element in group V of the periodic table, and has been largely 

neglected in device fabrication. Incorporating a small amount Bi into GaAs reduces the band 

gap significantly without causing much lattice mismatch strain, which makes the material 

useful for hetero-junction devices such as multi-junction solar cells, bipolar transistors, and 

light emitting diodes. However, to grow GaAs1-xBix alloy requires non-standard growth 

conditions; specifically a very low substrate temperature and a ratio of As/Ga flux of 1. Due 

to these non-standard growth conditions, the formation of deep level defects is a major 

concern. 
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This research focuses on the characterization of deep level defects in GaAs1-xBix.   

GaAs1-xBix Schottky diodes, p-i-n diodes having a thin intrinsic GaAs1-xBix quantum well 

with bismide fraction up to 4.7%, and GaAs Schottky diodes grown by molecular beam 

epitaxy were measured with deep level transient spectroscopy (DLTS). Chapters 2 and 3 of 

this thesis present an overview of the properties of semiconductors and semiconductor 

diodes. Chapter 4 describes the DLTS technique and the equipment used in our 

measurements. The electrical and optical properties as well as the growth of GaAs1-xBix alloy 

are introduced in Chapter 5. The following three chapters present the experimental data, 

results and analysis. 
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Chapter 2                                    

Semiconductor physics and defects  

 

It is very important to understand the band structure and carrier transport in semiconductors 

in order to study the properties of defects. In this chapter, an overview of semiconductor 

physics is presented, as well as the behaviour of deep level defects in equilibrium. Section 2.1 

is based on Chapters 1-5 in Reference 1, and other sections are from Chapter 1 in Reference 

2, Chapter 5 in Reference 3, and Chapter 7 in Reference 4. 

2.1 Physical properties of semiconductors 

2.1.1 Energy bands and band gap 

The electrons of a single isolated atom, interacting with the core potential and other electrons 

occupy a discrete set of energy levels and form atomic orbitals with a certain energy.  When 

semiconductor atoms are brought together to form a crystal, orbitals from different atoms 

overlap with each other, more for outer-shell levels and less for inner ones. Interactions 

between electrons from different atoms cause the original energy levels to split into discrete 

levels. A large number of energy levels with little energy difference form essentially 

continuous bands of energy, which are called allowed bands, with energy gaps between these 
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bands. Electrons are no longer limited within a single atom, but rather move over the entire 

crystal. The electrons are distributed in allowed energy bands separated by band gaps.  

The highest energy band that is occupied is known as the valence band and the lowest 

unoccupied band is the conduction band. The energy difference between the top of valence 

band, VE , and the bottom of conduction band, CE , is the band gap gE . Semiconductors 

usually have band gap energy between 0 and 6 eV. Generally, intrinsic semiconductor 

materials are not conductive when the temperature is 0 K. However, electrons in the valence 

band can be excited to conduction band at room temperature, which results in a non-zero 

intrinsic carrier concentration.  

An electron is emitted from the valence band to the conduction band thermally and 

becomes a quasi-free particle, leaving an unoccupied level behind. Another electron in the 

valence band may fill the unoccupied state and generate another unfilled level. The missing 

electron is considered a positive charge or “hole” that is free to move in the valence band. It 

is helpful to explain the motion of the vast concentrations of electrons in the valence band 

with a low concentration of holes. Unlike most of the metals, where the only charge carriers 

are electrons, electrons and holes both commonly conduct electricity in semiconductors. 

If electrons transit from one band to another band without momentum changing, which 

means that the top of the valence band and the bottom of the conduction band are at the same 

k  value, this material is a direct band gap material, such as GaAs. Other materials, like Si or 

GaP, with conduction band minimum and valence band maximum along different k  value 

have an indirect band gap. 

2.1.2 Carrier concentration and Fermi level 

One of the most important properties of a semiconductor is that it can be doped with different 

types and concentrations of impurities to vary its conductivity. When these impurities are 

ionized, they provide free carriers and leave the ions behind which results in an electric field 

inside the semiconductor.  
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In intrinsic silicon, for example, each atom shares four valence electrons with four 

neighbours, forming covalent bonds. If a substitutional phosphorous atom with five valence 

electrons replaces a silicon atom, four of the electrons are involved in the covalent bonds that 

hold the crystal atoms together, and the extra electron is donated to the lattice and becomes a 

carrier, as shown in Fig. 2.1(a). The phosphorous atom is called a “donor”. A semiconductor 

doped with donor impurities is an n-type material. Similarly, when a silicon atom is replaced 

by a boron atom, a positive carrier is created, as shown in Fig. 2.1(b). The boron atom is 

called an “acceptor”, and the silicon doped with acceptors is p-type.  

 

 

Figure 2.1 Diagram of a two-dimensional lattice with (a) a donor atom and (b) an acceptor 

atom. [Adapted from Fig. 4.3 and Fig. 4.4 in Ref. 1] 

 

The motion of electrons in a crystal lattice is different from that of free electrons in the 

vacuum state. The movements of carriers may be affected by external forces, as well as the 

internal forces produced by ions and other electrons. Since it is difficult to consider every 

internal force, the effective mass *m  is introduced, and the motion of carriers in a crystal 

under an external force can be interpreted with a semi-classical Newton’s law: *
extF m a= . 

Si  Si  Si  Si  Si 

Si  Si  Si  Si  Si 

Si  Si  P+ Si  Si 

Si  Si  Si  Si  Si 

Si  Si  Si  Si  Si 

Si  Si  Si  Si  Si 

Si  Si  Si  Si  Si 

Si  Si  B‐ Si  Si 

Si  Si  Si  Si  Si 

Si  Si  Si  Si  Si 

(a) (b)
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In a non-degenerately doped semiconductor, applying Boltzmann statistics as an 

approximation, the carrier concentration at thermal equilibrium can be expressed as [1] 

( )exp C F
C

E En N T
kT
−⎛ ⎞= −⎜ ⎟

⎝ ⎠
,        (2.1) 

( )exp F V
V

E Ep N T
kT
−⎛ ⎞= −⎜ ⎟

⎝ ⎠
,       (2.2) 

where CN  and VN  are the effective density of states in the conduction and valence bands 

and FE  is the Fermi energy level. Electrons in the crystal lattice follow the Fermi-Dirac 

Distribution,   

( ) 1

1 exp
F

F

f E
E E

kT

=
−⎛ ⎞+ ⎜ ⎟

⎝ ⎠

.       (2.3) 

In Equation (2.3), ( )Ff E  represents the probability of a state with energy E  being 

occupied by an electron. The Fermi level FE  is the energy for which the probability of the 

state being occupied is equal to 1/2. 

When impurities are introduced into a semiconductor crystal, not all dopants are ionized, 

depending on the energy needed to remove the electron from the impurity atoms and the 

temperature (Equation 2.1 and 2.2). Figure 2.2 shows the position of the Fermi level in n-type 

and p-type semiconductors and the impurity levels. 
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Figure 2.2 Impurity level and Fermi level of an (a) n-type and a (b) p-type semiconductor. 

[Adapted from Fig. 4.12 in Ref. 1] 

 

2.1.3 Mobility and carrier transport 

If the electric field inside the semiconductor is constant, the current density can be written as 

nJ Eσ= ,         (2.4) 

where E  is the electrical field strength and σ  is conductivity of the semiconductor. 

Electrons have a constant average drift velocity when the electric field is constant.  

d nv Eμ= ,         (2.5) 

and nμ  is defined as the mobility of electrons in the semiconductor.  

Hence, in a semiconductor with both electrons and holes, the conductivity is 

n pne peσ μ μ= + ,        (2.6) 

where n  and p  is the electron and hole concentration, respectively, and pμ  is the mobility 

of holes. 
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Carriers can only be accelerated while they are drifting between two scattering events. 

So, mobility is related to the mean free path of the carriers. Increasing temperature and 

having a larger effective mass will shorten the mean free path of the carrier, and reduce the 

mobility. In addition, the doping concentration is another factor related to the mobility. In 

general, mobility decreases with increasing impurity concentration because the scattering by 

impurities shortens the mean free path of the carriers. 

When the carrier concentration in a semiconductor is non-uniform, carriers diffuse until 

equilibrium is achieved. The diffusion current density is 

n n
dnJ eD
dx

= ,         (2.7) 

for electrons in one dimension, where nD  is called the electron diffusion coefficient. 

Similarly, the hole diffusion current density is 

p p
dpJ eD
dx

= ,         (2.8) 

where pD  is the hole diffusion coefficient. 

Now, four possible independent current components are in a semiconductor and the total 

current density in three dimensions is given by 

n p n pJ en E ep E eD n eD pμ μ= + + ∇ − ∇ .      (2.9) 

Here, the mobility terms indicate the carrier motion as a result of an electric field, and the 

diffusion coefficient represents the effect of a density gradient. The two parameters are not 

independent of each other. Due to Einstein relation, 

pn

n p

DD kT
eμ μ

= = ,         (2.10) 

with k  the Boltzmann constant, and T  the temperature.  
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2.2 Semiconductor defects  

An ideal single crystal does not contain any defects or impurities, and all atoms in the crystal 

lattice are in equilibrium. Real materials are not ideal and perfect. Impurities added to vary 

the conductivity and contaminants may all break the periodicity of the crystal lattice and may 

introduce energy levels in the semiconductor band gap.   

Point defects involve only one or several atoms, such as impurities, either dopants (added 

intentionally) or contaminants (added unintentionally). Interstitial impurities, usually with a 

small atom radius such as H and Li, exist in the intervening space between crystal atoms (Fig. 

2.3 (a)). Substitutional defects replace atoms at lattice points (Fig. 2.3 (b) and (c)). These 

impurities have similar orbital configurations of valence electrons as semiconductor atoms, as 

III and V groups doped in Si and Ge, or II and VI groups in III-V compounds. Another type 

of point defect is a missing atom of the host crystal, a vacancy. In a compound 

semiconductor, a group III atom may be located on a group V lattice site, or vice versa and 

this is known as an anti-site defect.  These defects are shown in Fig. 2.4.  

 

 

Figure 2.3 Impurity defects (a) small atom interstitial; (b) and (c) substitutional atoms. 

 

(a) (b) (c)
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Figure 2.4 Vacancy and anti-site defects. 

 

In semiconductors there are two kinds of defects which have completely different 

characteristics and effects: those that introduce levels which have quite a small energy 

difference from the bottom of the conduction band or the top of the valence band are called 

“shallow defects”, and determine type and conductivity of a semiconductor; others that 

introduce levels which are deep in the band gap, are called “deep levels”, as shown in Fig. 

2.5. Vacancies, interstitials, dislocations, and anti-sites in compound semiconductors and 

other defects may also introduce levels in the band gap. 

 

 

Figure 2.5 Shallow levels and deep levels for electrons in an n-type semiconductor. 
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Deep levels have important effects in semiconductor materials and devices. First, deep 

levels that are close to mid-gap may form effective recombination centers that increase the 

rate at which electrons and holes recombine, and therefore shorten the lifetime of carriers. 

Meanwhile, because the energy difference between deep levels and allowed bands is smaller 

than the band gap, it is easier to excite carriers from deep levels to conduction or valence 

bands and generate electron-hole pairs. 

To improve the quality of semiconductor materials and devices, it is necessary to 

understand the nature and effects of deep level defects, in order to make use of their 

advantages sufficiently and reduce their harmfulness.  

2.3 Deep levels in the band gap 

There are no allowed energy levels inside the band gap in an ideal semiconductor. As 

discussed in the previous section, some states with a very small energy difference from the 

conduction or valence band edge are shallow levels, whereas other states that are deep in the 

band gap are deep levels, which can behave as traps or generation-recombination centers, 

depending on the temperature and energy levels. As in GaAs, shallow defects have energy 

levels within a few tens of meV from the respective band edges, whereas deep defects 

typically reside within the middle third of the band gap energy. 

2.3.1 Carrier capture and emission 

There are mainly two types of dynamic behaviour at a deep level, namely the capture and 

emission processes for electrons or holes. The following figure (Fig. 2.6) shows electron and 

hole traps and a recombination center.  
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Figure 2.6 Definition of an electron trap, a hole trap and a recombination center. The four 

arrows show the processes of a trap capturing electrons and holes from the conduction and the 

valence bands. The width of the arrows indicates that relative size of nc  and pc . 

 

The capture process is characterized by the capture cross section. Consider that a flux of 

n  electrons per unit volume with root mean square thermal velocity nv  is captured by a 

certain concentration of identical deep level centers with a capture cross section nσ , this will 

give nc , the capture rate per empty state (in the unit of s-1), as 

n n nc v nσ= ,          (2.11) 

where n  is the electron concentration. A similar expression can be written for the capture 

rate of holes onto occupied states as 

p p pc v pσ= .          (2.12) 

cn
cn

cn

cp
cp

cp

Electron trap
cn>>cp

Hole trap
cp>>cn

Recombination 
center
cn≈cp
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The electron emission rate per occupied state ne  and hole emission rate per empty state 

pe , represent the number of carriers emitted from a certain concentration of identical deep 

centers per unit time. The emission rates are mainly intrinsic properties of the deep level 

itself, independent of the doping, whereas the capture rate is dependent on both the deep level 

and the doping of the material.  

 

 

Figure 2.7 Electron and hole capture and emission processes for a trap with energy level TE  

and density TN  containing a density Tn  of electrons. FE  is the Fermi level of the 

semiconductor, n  and p  are the electron and hole concentrations in the conduction band and 

valence band. The initial state of each transition is shown. [Adapted from Fig. 7.1 in Ref. 4] 

 

Consider an n-type material with a deep level that may be occupied by an electron or 

hole. The occupancy of the state is determined by the competition of both emission and 

capture processes. In Fig. 2.7, electrons are emitted and holes captured at the states occupied 

with electrons, while holes are emitted and electrons captured at empty states. Define TN  as 

the total concentration of deep level states, and Tn  the concentration of states occupied by 

electrons. In a short interval tΔ , the net change of electron occupancy is 
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( ) ( ) ( )T n p T T n p Tn c e t N n e c tnΔ = + Δ − − + Δ ,      (2.13) 

Here, ( )T TN n−  is the concentration of empty states. When TN  is small compared to the net 

doping, the free carrier concentration is considered unchanged by this process, and nc  and 

pc  are given by Equations (2.11) and (2.12) with constant n  and p . Therefore, the net rate 

of change is 

( )( ) ( )T
n p T T n p T

dn c e N n e c n
dt

= + − − + .      (2.14) 

The solution to this differential equation is 

( ) ( )0 1
t t

n p
T T T

n p n p

c e
n t n e N e

c e e c
τ τ

− −+ ⎛ ⎞
= + −⎜ ⎟+ + + ⎝ ⎠

,    (2.15) 

where ( )0Tn  is the concentration of electron occupied states at 0t = , and time constant 

 ( ) 1

n p n pc e e cτ
−

= + + + .        (2.16) 

For ( )0 0Tn = , when deep levels are all empty initially, 

( ) 1
t

n p
T T

n p n p

c e
n t N e

c e e c
τ

−+ ⎛ ⎞
= −⎜ ⎟+ + + ⎝ ⎠

;      (2.17) 

whereas for ( )0T Tn N= , when all deep states are occupied initially [4], 

( )
t

n p
T T

n p n p

e c
n t N e

c e e c
τ

−+
=

+ + +
.        (2.18) 

If the deep level concentration is comparable to the free carrier concentration, then n  and p  

are no longer constant and other equations for ( )n t  and ( )p t  are needed to solve Equation 

(2.14).  
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2.3.2 Deep levels in thermal equilibrium 

In thermal equilibrium, the occupacy of a deep level is constant, as determined by the 

constant relative value of the trap energy and Fermi level. The capture and emission 

processes must satisfy the principle of detailed balance, which in this case means the rates of 

electrons captured and emitted must be equal, as must be the rates of holes. If not, carriers 

could transfer from one band to the other when the trap occupancy remains the same. For 

instance, an electron could first be excited from valence band to the trap level, and then 

emitted to conduction band. The occupation of the trap is still the same while the number of 

electrons in conduction band increases. The detailed balance condition requires 

( )n T n T Te n c N n= − ,        (2.19) 

and ( )p T p T Tc n e N n= − .        (2.20)  

Hence, in thermal equilibrium, we have 

pnT

T n n p p

ecn
N c e c e

= =
+ +

.        (2.21) 

The occupancy of the deep level is described by the Fermi-Dirac distribution at equilibrium. 

For a deep state at energy TE  with degeneracy 0g  when empty and 1g  when occupied by an 

electron, the occupancy is  

0

1

1 exp

T
T

T F

Nn
g E E
g kT

=
−⎛ ⎞+ ⎜ ⎟

⎝ ⎠

.      (2.22) 

The degeneracy of a state means how many different ways a state is occupied by an electron 

(as 1g ) or a hole (as 0g ). 

Combining Equation (2.21) and (2.22), for electrons, 

0

1

expn T F

n

e g E E
c g kT

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

,        (2.23) 
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and for holes, 

1

0

expp F T

p

e g E E
c g kT

−⎛ ⎞= ⎜ ⎟
⎝ ⎠

.        (2.24) 

Clearly, when 0 1g =  and 1 1g = , n nc e> , p pe c> , and the state is empty if TE  is above 

Fermi level; whereas n ne c> , p pc e> , and the state is occupied if TE  is below Fermi level.  

According to Equation (2.1), the free electron concentration at equilibrium is  

exp C F
C

E En N
kT
−⎛ ⎞= −⎜ ⎟

⎝ ⎠
,        (2.25) 

Substituting Equation (2.11) and (2.25) into (2.23), one can obtain the result for ne :  

( ) 0

1

exp C T
n n n C

g E Ee T v N
g kT

σ −⎛ ⎞= −⎜ ⎟
⎝ ⎠

.      (2.26) 

Similarly,  

( ) 1

0

exp T V
p p p V

E Ege T v N
g kT

σ −⎛ ⎞= −⎜ ⎟
⎝ ⎠

.     (2.27) 

We see that the emission rate of a deep level is primarily described by the capture cross 

section and the energy difference from the appropriate band. Although these relations were 

derived for a semiconductor in thermal equilibrium, they are also used in other situations. 

One such situation is discussed in section 4.1. 

2.3.3 Majority and minority traps 

The general behaviour of a deep state is complicated, because both emission and capture 

processes of two kinds of carriers have to be taken into consideration. Hence, there are in 

total four kinds of traps, electron traps in n-type material, hole traps in n-type material, 

electron traps in p-type material and hole traps in p-type material. 
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From Equation (2.26) and (2.27), the trap level that has equal emission rate p ne e=  for 

electrons and holes has the energy 1E  as 

 1 0
1

0 1

ln
2 2

p p VC V

n n C

v g g NE E kTE
v g g N

σ
σ

⎛ ⎞+ ⎜ ⎟= +
⎜ ⎟
⎝ ⎠

.     (2.28) 

The precise energy of the level, given by Equation (2.28), depends on the level itself and 

the intrinsic properties of the material. It is typically located close to mid-gap. Levels with 

1TE E> , that is n pe e>  are more likely to capture/emit electrons from/to the conduction 

band, and are called “electron traps”; while levels with 1TE E<  which is p ne e>  are called 

“hole traps”.  

The emission rate is related to the trap energy, and the capture rate as well as the position 

of Fermi level, which depends on the doping concentration. Therefore, all the traps can be 

sorted into the four categories, shown in Table 2.1. 

 

Table 2.1 Dominant processes and equilibrium occupancy for electron and hole traps in n- and 

p-type materials. Tp  is the concentration of the unoccupied trap states. [4] 

 Material 
Trap n-type F TE E>  p-type F TE E<  

type 
n nc e>  

0p pe c> ≈  
p pc e>  

0n ne c> ≈  

Electron 

1TE E>  

n pe e  

(majority trap) 
0n n p pc e e c> > ≈

n
T T T

n n

cn N N
c e

= =
+

  

(minority trap) 

p pc e> , n pe e> , 0nc ≈   

T Tp N=  

Hole 

1TE E<  

n pe e  

(minority trap) 

n nc e> , p ne e> , 0pc ≈  

T Tn N=  

(majority trap) 
0p p n nc e e c> > ≈  

T Tp N=  



CHAPTER 2. SEMICONDUCTOR PHYSICS AND DEFECTS 18 

  

For an electron trap in an n-type material, the table shows that 0n n p pc e e c> > ≈ , 

which means it is easier to capture and emit electrons than holes, and more likely to be 

occupied with electrons. The situation would be similar for hole traps in p-type material. 

Therefore, the concentration of occupied states is usually nearly the total trap concentration. 

In these situations, the majority carriers dominate the dynamic behaviour of the levels, which 

are termed majority traps. For an electron trap in p-type material, the electron capture process 

can be neglected (since  0n ≈ ). However, both electron and hole emission as well as hole 

capture may be involved in the exchange of carriers with both bands and the equilibrium 

occupancy. This is similar for a hole trap in n-type material. These traps are described as 

minority traps, with trap energy closer to the minority band edge. 

2.4 Summary 

In this chapter, the physical properties of semiconductors were presented, such as energy 

bands, Fermi levels, carrier transport, and defects in semiconductors. The properties of deep 

level defects in equilibrium as well as the capture and emission of carriers were also 

discussed.  
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Chapter 3                             

Semiconductor junctions  

 

p-n junctions and Schottky diodes are commonly used semiconductor devices. Usually, a 

one-sided p-n junction, in which the doping on one side is about two orders of magnitude 

larger than the other, or a Schottky diode is preferred for DLTS measurements. The band 

diagram, current-voltage and capacitance-voltage characteristics of these two devices are 

discussed in this chapter. This discussion is based on Chapters 7-9 in Reference 1 and 

Chapters 2-3 in Reference 2. 

3.1 p-n junctions 

A p-n junction is a single-crystal material with one region doped with acceptor impurities and 

the adjacent region doped with donor atoms. The interface where the two regions meet is 

called the junction. The theory of p-n junctions is a foundation of semiconductor device 

physics. p-n junctions are of great importance both in understanding other more complicated 

semiconductor devices and for electronic applications. Depending on the doping profile, 

device geometry and other relevant factors, a p-n junction can perform various functions and 

is widely used. 

Figure 3.1 shows the p-n junction schematically. When the impurity concentration in a 

semiconductor changes abruptly at the junction, an abrupt junction is obtained. For 
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simplicity, an abrupt p-n junction with constant equal doping concentrations dN  and aN  

throughout the semiconductor is used as an example here. 

 

 

(a) 

 

(b) 

Figure 3.1 An abrupt p-n junction: (a) energy band diagram; CE , VE , FiE  are conduction 

band energy, valence band energy and intrinsic Fermi level of the semiconductor, respectively. 

nφ  and pφ  are the potential difference between Fermi level and intrinsic Fermi level in n- and p- 

side, respectively. biV  is the built-in potential. nx  and px  are the depletion width in each side of 

the junction; and (b) the space charge region. [Adapted from Fig. 7.2 and Fig. 7.3 in Ref. 1] 
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3.1.1 Depletion region 

When putting two semiconductors of different types together, due to the carrier concentration 

gradient near the junction, electrons from n-type and holes from p-type materials will diffuse 

across the junction leaving positive donor ions on the n-side and negative acceptor ions on 

the p-side. This region with ionized donors and acceptors is called the “space charge region”, 

as shown in Fig. 3.1 (b). The ions form a built-in electric field causing carriers to drift in the 

opposite direction to the diffusion direction until a steady state is reached. The space charge 

region is also called a “depletion region”, since this region is depleted of free carriers. 

Outside the depletion region the material is neutral, the same as independent n- or p-doped 

semiconductors. 

When a steady state is reached in the space charge region, the Fermi energy is the same 

on both sides of the junction. This leads to the bending of the conduction and valence bands 

and creates an electrical potential difference. This potential difference maintains the balance 

of majority carriers in one side with minority carriers in the other side, i.e., the balance of 

drift and diffusion. From the band diagram in Fig. 3.1(a), we see that a built-in barrier is 

established between the n- and p-region, with a barrier height   

2 2ln lna d a d
bi Fn Fp T

i i

N N N NkTV V
e n n

φ φ
⎛ ⎞ ⎛ ⎞

= + = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

,    (3.1) 

where T
kTV
e

= . 

The built-in potential is created by the charges in the depletion region, with the 

relationship between electric field and charge density determined by Poisson’s equation, 

( ) ( ) ( )2

2

d x x dE x
dx dx
φ ρ

ε
−

= = − ,       (3.2) 

where φ  is the electric potential, E  is the electric field, ρ  is the charge density, and ε  is the 

dielectric constant.  
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Solving Equation (3.2), assuming uniform doping, one can obtain the width of the 

depletion region on each side of the junction nx  and px . Therefore, the total width of the 

depletion region W , is 

1/2
2 s bi a d

n p
a d

V N NW x x
e N N
ε⎧ ⎫⎡ ⎤+⎪ ⎪= + = ⎨ ⎬⎢ ⎥

⎪ ⎪⎣ ⎦⎩ ⎭
.      (3.3) 

The width of the space charge region is related to the doping concentration on both sides 

of the junction. For a one-sided p-n junction, in which the doping on one side is significantly 

higher than on the other side, the depletion region is almost all located on the lower doped 

side of the junction. 

3.1.2 Capacitance-voltage characteristics 

When a reverse-bias voltage is applied to the diode, the Fermi level on the n-side of the 

junction is lower than the Fermi level on the p-side. The applied electric field is in the same 

direction as the internal electric field, thus increasing the total potential barrier. Almost all the 

reverse voltage is applied across the space charge region, since the electric field in the neutral 

p- and n-regions is essentially zero.  

total R biV V V= + .        (3.4) 

Figure 3.2 shows a p-n junction diode with a reverse-bias voltage RV . 
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Figure 3.2 Energy band diagram of a p-n junction under reverse bias RV , where FnE  and FpE  

are Fermi levels of the n-type and p-type semiconductor, respectively. [Adapted from Fig. 8.1(b) 

in Ref. 1] 

 

The edges of the depletion region extend farther into the semiconductor with increasing 

reverse bias. Substituting for biV  in Equation (3.3) with totalV ,  the total space charge width is 

1 2
2 ( )bi R a d

a d

V V N NW
e N N

ε⎧ ⎫⎡ ⎤+ +⎪ ⎪= ⎨ ⎬⎢ ⎥
⎪ ⎪⎣ ⎦⎩ ⎭

.     (3.5) 

The junction capacitance per unit area is defined as 

R

dQC
dV

′
′ = ,         (3.6) 

where d n a pdQ eN dx eN dx′ = = . 

Thus, 
1 2

2( )( )
d n a d

R R bi R a d

eN dx e N NdQC
dV dV V V N N

ε⎧ ⎫′
′ = = = ⎨ ⎬+ +⎩ ⎭

.   (3.7) 
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The junction capacitance is related to the materials and diode properties: ε (the dielectric 

constant of the material), biV  (the difference of intrinsic Fermi levels), aN , dN , (the p-type 

and n-type doping concentrations) and the applied voltage. If Equation (3.7) is compared to 

Equation (3.5), the junction capacitance per unit area can be rewritten as 

C
W
ε′ = ,         (3.8) 

which is the same as for a parallel plate capacitor. C-V measurements are a standard method 

of determining the built-in potential and, for a one-sided abrupt p-n junction, the doping 

concentration on the lightly-doped side of the junction [1]. 

3.1.3 Current-voltage characteristics 

The total current in the p-n junction consists of two parts. One is the ideal diffusion current, 

and the other is generation-recombination current. In general, for a large forward-bias 

voltage, the diffusion current dominates, while the recombination dominates for a low 

forward-bias voltage. 

3.1.3.1  Diffusion current 

At zero-bias, carriers on the p- and n-sides of the junction are in equilibrium. The drift and 

diffusion currents are equal. When a forward voltage aV  is applied across the junction, aV  is 

almost all dropped across the depletion region, since the resistance of this region is much 

larger than of the neutral p- and n-doped semiconductors. The forward bias aV  is in the 

opposite direction to the built-in potential and reduces the electric field, causing the barrier 

height to be decreased to ( )bi ae V V− , as shown in Fig. 3.3. Also, the amount of space charge 

decreases as the width of depletion region becomes narrower. The drift current related to the 

electric field in the depletion region is reduced. Hence, a net diffusion of carriers occurs, with 

electrons diffusing from the n-side to the p-side, and holes from the p-side to the n-side, thus 

generating excess carriers on both sides of the deletion region. This process is called minority 
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carrier injection because the carriers injected are both minority carriers in the region they go 

into. These excess carriers diffuse across the junction, and the material returns to equilibrium 

after several diffusion lengths. 

 

 

Figure 3.3 Depletion region of a p-n junction at forward bias aV , where FnE  and FpE are Fermi 

level of the n-type and p-type semiconductor, respectively. nL  and pL  are diffusion length of 

minority carriers in each side of the junction. [Adapted from Fig. 8.3(b) in Ref. 1]   

 

The ideal diffusion current density for a p-n junction, including both the flow of majority 

and minority carriers, is given by  

exp 1a
d s

eVJ J
kT

⎡ ⎤⎛ ⎞= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
,           (3.9) 

where sJ  is the diode reverse saturation current, 

0 0p n n p
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p n

eD p eD n
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L L
= + .       (3.10) 

e(Vbi‐Va)

EFi

EFn

EV

EC

EFi

EFp

p n

eVa

Lp Ln



CHAPTER 3. SEMICONDUCTOR JUNCTIONS 26 

  

3.1.3.2  Generation-recombination current 

In a real p-n junction generation and recombination of carriers may occur. With forward 

applied bias, electrons and holes are injected into the space charge region and recombine 

resulting in a recombination current. There are several physical mechanisms of 

recombination. The common cause is defects in the crystal structure, which can create energy 

levels in the band gap and form effective recombination centers. Fig. 3.4 shows the band 

diagram of a p-n junction at forward bias when recombination happens. 

 

 

Figure 3.4 Electron-hole pair recombination in depletion region of a p-n junction under forward 

bias [1]. FnE  and FpE are Fermi level of the n-type and p-type semiconductor, respectively. 

[Adapted from Fig. 8.18 in Ref. 1]  

 

The recombination rate of the excess carriers in the depletion region is described by SRH 

theory [1, 2], as 

2

( ) ( )
i

p n

np nR
n n p pτ τ

−
=

′ ′+ + +
,       (3.11) 

where n  and p  are carrier concentrations, n′  and p′  are excess carrier concentrations, in  is 

the intrinsic carrier concentration, and nτ  and pτ  are the lifetimes of electrons and holes. The 

recombination current density can be written as 
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00
0

exp exp
2 2 2

W i a a
rec r

eWn eV eVJ e R dx J
kT kTτ

⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∫ ,    (3.12) 

and 0
02

i
r

eWnJ
τ

= , where 0τ  is the excess minority carrier lifetime. So, the total current 

density in forward bias is 

0exp 1 exp
2

a a
total d rec s r

eV eVJ J J J J
kT kT

⎛ ⎞⎛ ⎞ ⎛ ⎞= + = − +⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

,    (3.13) 

In general, the total forward current density in a p-n junction diode is written as 

exp 1a
s

eVJ J
nkT

⎡ ⎤⎛ ⎞= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
, 1 2n< < .     (3.14) 

with 1n =  at high forward bias when the drift current dominates and 2n =  at low bias when 

the recombination current dominates. 

Similarly, in reverse bias, the concentration of carriers in the depletion region is nearly 

zero. When an electron-hole pair is generated, carriers will be pulled apart to the p- or n-side 

of the junction, forming generation current in the junction that is also a part of the current in 

reverse bias, as shown in Fig. 3.5. The generation current density can be written as 

00 0
02

W W i i
gen r

n p

n eWnJ e G dx e dx J
τ τ τ

= = = =
+∫ ∫ ,     (3.15) 

where G  is the generation rate. This process is shown in Fig. 3.5. The total current density in 

reverse bias is 

0total d gen s rJ J J J J= + = + .         (3.16) 

The reverse current is dominated by the generation current at room temperature for p-n 

junctions, in general. 
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Figure 3.5 Electron-hole pair generation in the depletion region of a p-n junction under reverse 

bias. FnE  and FpE are the quasi-Fermi level of the n-type and p-type semiconductors, 

respectively. genJ  is the generation current. [Adapted from Fig. 8.17 in Ref. 1] 

 

A Schottky diode consists of a metal-semiconductor junction instead of a junction of two 

semiconductors with different doping types or concentrations. If the device is made with an 

n-type semiconductor, only electrons play a significant role in normal operation of the 

device. So the Schottky diode is called "majority carrier" device, and there is no 

recombination of n- and p-type carriers. Figure 3.6 is an energy band diagram of an n-type 

Schottky diode.  

When a metal makes contact with a semiconductor, they share the same vacuum level, 

which are the energy levels of free electrons that escape from the metal or the semiconductor. 

We assume that the work function, which is the energy difference between the Fermi level 

and the vacuum level, of the metal is higher than that of the semiconductor. Thus, before 

equilibrium, the Fermi level of the semiconductor is higher than the metal, causing electron 

to flow into the metal side, lowering the potential of the metal and increasing that of the 

EFi

EFn

EV

EC

EFi

EFp

np

Jgen

E‐field



CHAPTER 3. SEMICONDUCTOR JUNCTIONS 29 

  

semiconductor. Similar to a one-sided abrupt p-n junction, the bending of the semiconductor 

bands close to the junction creates a depletion or space charge region in the semiconductor at 

equilibrium. 

 

 

Figure 3.6 Energy band diagram of an n-type Schottky diode, where CE , VE , FiE  are the 

conduction band energy, valence band energy and intrinsic Fermi level of the n-type 

semiconductor, respectively, 0Bφ  is the ideal barrier height in the metal side, and biV  is the built-

in potential in the semiconductor side. [Adapted from Fig. 9.1(b) in Ref. 1] 

 

3.2.1 C-V characteristics 

For a uniformly doped n-type Schottky diode, as well as a one-sided p-n junction with 

aN →∞  and 0px → , the depletion region is all in the n-type semiconductor. From 

Equation (3.3), the space charge width of a Schottky diode reduces to 

1 2
2 ( )bi R

d

V VW
eN

ε⎧ ⎫+
≈ ⎨ ⎬
⎩ ⎭

,       (3.17) 

and the capacitance can be written as 
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1 2

2( )
d

bi R

e NC
V V
ε⎧ ⎫

′ ≈ ⎨ ⎬+⎩ ⎭
.       (3.18) 

Equation (3.18) may be manipulated to give 

2 2( )1 bi R

d

V V
C e Nε

+⎛ ⎞ =⎜ ⎟′⎝ ⎠
,       (3.19) 

which shows that the inverse capacitance squared is linear with applied reverse voltage. The 

slope is related to the doping concentration and the built-in potential can be calculated with 

the horizontal intercept. As shown in Fig. 3.6, the Schottky barrier height is slightly larger 

than the built-in potential, 

0B bi nVφ φ= + ,        (3.20) 

where 0Bφ  is the energy difference between the conduction band and the Fermi level in the 

semiconductor, which depends on the doping level.  

Therefore, the doping concentration on the lightly doped side of one-sided abrupt p-n 

junction diodes can be obtained by measuring the capacitance-voltage profile, as can the 

doping on the semiconductor side of Schottky barrier diodes. 

3.2.2 I-V characteristics 

The current transport in a metal-semiconductor junction is mainly due to majority carriers, 

and is determined by the barrier height. Electrons in the semiconductor that have energy 

higher than the built-in potential can flow into the metal, while electrons in the metal side 

which have higher energy than the barrier can pass over the barrier and reach the 

semiconductor. This process is described by thermionic emission theory. The net current 

density is defined by the net electron flux.   

For Schottky diodes, the total current expression is 
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exp 1a
s

eVI I
kT

⎡ ⎤⎛ ⎞= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
,       (3.21) 

and the reverse saturation current * 2 exp Bn
s

eI AA T
kT
φ−⎛ ⎞= ⎜ ⎟

⎝ ⎠
, with A  the diode area, *A  the 

effective Richardson constant and Bnφ  the barrier height. 

Although the ideal current-voltage relationship of the Schottky diode is of the same form 

as that of the p-n junction, the magnitudes of the saturation current are different from each 

other. The form of the two saturation currents comes from different current mechanisms. The 

saturation current of a p-n junction is determined by the diffusion of minority carriers, while 

the reverse current in a Schottky barrier is from the thermionic emission of majority carriers 

over a potential barrier.  

The generation current of a Schottky diode in reverse bias is similar to that of a p-n 

junction. As discussed in section 3.1.3.2, the dominant current in reverse bias for a p-n 

junction is the generation current at room temperature. In general, the reverse current of a 

Schottky barrier is several orders of magnitude higher than that of a p-n junction. This shows 

that the generation current of a Schottky diode is much lower than the reverse saturation 

current, and can be neglected. 

3.3 Summary 

To summarize, the band structure, current-voltage and capacitance-voltage characteristics of 

two devices, p-n junctions and Schottky barrier diodes, were presented. The Schottky barrier 

diodes are what we measured with DLTS. The other device we measured, the p-i-n diode, has 

a more complicated structure. The DC characteristics of p-i-n diodes will be interpreted by 

analogy with those of p-n junctions. 
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Chapter 4                                               

Deep level transient spectroscopy (DLTS) 

 

In order to study electronic states deep in the semiconductor band gap, a technique which 

monitors the capacitance of a semiconductor diode was employed. In 1974 Lang developed 

deep level transient spectroscopy (DLTS) to characterize deep levels in semiconductors [5]. 

The DLTS technique is used to study an energy level in the band gap in the space charge 

region of a Schottky barrier or a p-n junction by observing the transient capacitance from an 

initial state when the trap levels are occupied to the steady state when they are empty. To 

study majority carrier traps, either a Schottky diode or a one-sided abrupt p-n junction is 

preferred. A p-n junction or illumination is needed to detect minority carrier traps. The 

description of the capacitance transient is based on Chapter 7 in Reference 4. The discussion 

of the DLTS technique is based on References 5-8. For simplicity, I will describe the 

technique using an n-type Schottky diode as an example. 

4.1 Capacitance transient 

As shown in Fig. 4.1(a), in the absence of an applied bias voltage, deep level states in neutral 

n-type material are occupied by electrons since the trap energy level is below the Fermi level. 
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When a reverse bias RV  is applied to the diode, the depletion width is increased from ( )0W  

to ( )RW V  from the surface, as shown in Fig. 4.1(b).  

  

 

(a) 

 

(b) 

Figure 4.1 Conduction band diagram: (a) at zero bias; (b) at reverse bias RV . The arrows show 

that electrons are emitted from the trap level to the conduction band and then swept out of the 

depletion region. [Adapted from Fig. 7.5 in Ref. 4] 
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From Equation (3.8), the increased depletion width when a reverse bias voltage is 

applied results in a decrease in the diode capacitance. Free electrons are swept out of the 

depletion region and, as the value of n in the region between ( )RW V  and ( )0W  becomes 

zero, the capture rate decreases as well and the traps empty by thermal emission of the 

electron to the semiconductor conduction band. The emitted electrons are swept out of the 

depletion region by the electric field, causing an increase in capacitance. When the reverse 

bias voltage is removed, the empty traps are filled by electrons again. Because of the bending 

of the energy bands near the Schottky interface, the region of trap occupacy near the interface 

varies as the difference between the trap energy and the Fermi level. In Fig. 4.1, the transition 

distance λ  representing the difference between the width of the depletion region and the 

width of the region where the traps are unoccupied, i.e. where the trap energy is above the 

Fermi level, is given by  

( )
1

2

2

2
F T

d

E E
e N
ελ

⎧ ⎫
= −⎨ ⎬
⎩ ⎭

.        (4.1) 

During the emission process, the net space charge density is 

( )( ) ( )d T Tt e N N n tρ = + − ,       (4.2) 

So from Equation (3.18), replacing the charge density deN  by ( )tρ , the time-dependent 

capacitance immediately after a constant reverse bias voltage is applied is 

( ) 1 2 1 2
( ) ( )( ) ( ) 1

2( )
d T T T

bi R d T

e N N n t n tC t A C
V V N N

ε + −⎧ ⎫ ⎧ ⎫
= = ∞ −⎨ ⎬ ⎨ ⎬+ +⎩ ⎭⎩ ⎭

 ,   (4.3) 

where A  is the diode area, and  

( ) 1 2

( )
2( )

d T

bi R

e N N
C A

V V
ε +⎧ ⎫

∞ = ⎨ ⎬+⎩ ⎭
,       (4.4) 

is the final steady state capacitance. 
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In the case of ,T T dN n N<< , a Taylor expansion of ( )C t  can be done and thus the change in 

capacitance can be written as 

( )( ) ( ) ( ) 1
( ) ( ) 2

T

d

n tC t C t C
C C N
Δ − ∞

= = −
∞ ∞

.      (4.5) 

From Fig. 4.1, we know that the states are always occupied in the region λ . The net space 

charge density is only changed in the region of ( )W λ− . Taking this into consideration, 

Equation (4.5) is written as 

( ) ( )( )
( )

22

2

( ) 0 ( )( ) ( ) ( ) 1
( ) ( ) 2

R T

R d

W V W n tC t C t C
C C W V N

λ λ⎧ ⎫− − −Δ − ∞ ⎪ ⎪= = − ⎨ ⎬∞ ∞ ⎪ ⎪⎩ ⎭
,  (4.6) 

From Equation (2.18), with , , 0n p pc e c ≈ , the transient response is 

( ) ( )( )
( ) ( )

22

2

( ) 0( ) 1 exp
( ) 2

R T
n

R d

W V W NC t e t
C W V N

λ λ⎧ ⎫− − −Δ ⎪ ⎪= − −⎨ ⎬∞ ⎪ ⎪⎩ ⎭
.   (4.7) 

The capacitance increases exponentially with time as carriers are emitted from the traps 

thermally.  

4.2 Deep level transient spectroscopy 

Deep Level Transient Spectroscopy (DLTS) is an experimental method for studying 

carrier traps in semiconductors. Deep level parameters such as the thermal emission 

activation energy and the capture cross section are obtained as well as trap concentrations. 

The DLTS technique has high sensitivity for trap concentrations, about 10-4 times the doping 

concentration of the semiconductor, typically as low as 1012 cm-3.  
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4.2.1 DLTS Technique 

Figure 4.2 shows how the capacitance transient is generated. When a reverse-bias voltage is 

applied across a Schottky diode, with depletion width W , the charge in the depletion region 

is contributed by both ionized impurities (shallow states) and deep level (defect) states. As 

discussed in the previous section, deep states are unoccupied by electrons within the region 

of ( )W λ− .  

 

 

Figure 4.2 Applied voltage and corresponding capacitance transient. [Adapted from Fig. 4 in 

Ref. 5] 

 

When a higher bias voltage pulse is applied, the depletion width decreases and there is a 

corresponding increase in the depletion capacitance. The deep states below the Fermi level 

are filled by electron capture during the pulse. After the pulse, when the voltage returns to 

reverse bias, electrons trapped in the deep level states partly counteract the positive charge in 

the shallow ionized donor states. The reverse bias sweeps out the free electrons and therefore 
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increases the width of the depletion region, and the capacitance decreases accordingly. As 

electrons are emitted from trap states, the width of depletion region become slightly smaller 

and the junction capacitance goes back to the previous steady state value.   

From Equation (4.7), the capacitance transient can be written as 

0( ) ne tC t C e−Δ = Δ ,        (4.8) 

where ( )
( ) ( )( )

( ) ( )
22

0 2

( )10
2

R p T
R

R d

W V W V NC C t C V
W V N

λ λ⎧ ⎫− − −⎪ ⎪Δ = Δ = = − ⎨ ⎬
⎪ ⎪⎩ ⎭

  (4.9) 

is the capacitance difference between 0t =  and the steady state value when  electron 

emission is completed, as shown in Fig 4.2, and pV  is the filling pulse voltage. Note that, 

since the carrier emission rate is an exponential function of the sample temperature and the 

trap energy, as shown in Equation (2.26), the capacitance transient is exponentially 

dependent on these two parameters as well.  

The DLTS technique makes use of the temperature dependence of ( )ne T  and employs a 

“rate window” to determine the emission rate from the capacitance transient, which is 

described here as the double boxcar method [5]. 
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Figure 4.3 Capacitance transient and ( )S T  vs. T . [Adapted from Fig. 6 in Ref. 5] 

 

In a common DLTS system, the transient capacitance signal is sampled with two gates 

set at times 1t  and 2t  after the filling pulse and produces an output signal that is the 

difference between the two capacitance values. The output signal which is given by an 

exponential capacitance transient is 

{ }2 1 0 1 2( ) ( ) ( ) exp( ) exp( )n nS T C t C t g C e t e t= − = Δ − − − ,   (4.10) 

where g  is the calibration factor taking account of the gain of the system and 0t =  is at the 

beginning of the capacitance transient, i.e., at the end of the filling pulse. ( )S T  varies as the 

emission rate ne  changes with temperature, as shown in Fig. 4.3.  
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In order to determine the maximum of ( )S T , Equation (4.10) is differentiated with 

respect to τ ( 1 neτ = ), and the maximum occurs when ( ) 0dS T
dτ

= . So, assuming mT T=  at 

the peak output, the time constant is  

2 1

2 1

( )
ln( / )m ref

t tT
t t

τ τ −
= = ,        (4.11) 

and the emission rate is 2 1

2 1

ln( / )( )n m
t te T

t t
=

−
,      (4.12) 

when ( )S T  is a maximum.  

The two sampling times 1t  and 2t  define an time constant refτ , which gives the emission 

rate window 1ref neτ =  or 1 pe of the instrument. When the emission rate of the trap is equal 

to the rate window of the instrument as the temperature is varied, the output is a maximum. 

The signal ( )S T  versus temperature is called a DLTS spectrum.  If there are several trap 

levels in the band gap, each has a maximum at a different temperature mT  for the same 1t  and 

2t . Hence, there will be several peaks corresponding to different mT  in a single spectrum, 

easily showing the different trap states. For the same state, if a second rate window is chosen, 

the temperature of the maximum shifts. Therefore, we can choose a series of 1 jt , 2 jt (

1,2,3j = )  to get a series of DLTS peaks, as shown in Figure 4.4. The mjT  are obtained 

from DLTS spectra, where the emission rate is known for each preset rate window. 
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Figure 4.4.4 DLTS spectra taken with different “rate windows”. [Adapted from Fig. 7 in Ref. 5] 

 

4.2.2 Determination of the trap density and emission activation energy 

The emission rate of carriers from a deep state in this case is described by Equations (2.26) 

and (2.27), although the system is not in equilibrium.  

For electron traps in the p+-n junction,  

( ) 0
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exp A
n n n C

g Ee T v N
g kT

σ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

,      (4.13) 

where the activation energy AE , a main parameter to describe a deep level, is defined as  

A C TE E E= − , or A T VE E E= −  for holes. 

We have 
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where *
em  is the effective mass of electrons, and 

3
2*

2

22 e
C C

m kTN M
h

π⎛ ⎞
= ⎜ ⎟

⎝ ⎠
,        (4.15) 

where CM  is the number of conduction band minima.  

Therefore, ( ) 2 exp A
n n

Ee T T
kT

γ σ ⎛ ⎞= −⎜ ⎟
⎝ ⎠

,      (4.16) 

and ( )
3
2 2 * 3

0 12 3 2C eM k m h g gγ π −=  is a constant.  

Rearranging Equation (4.16) we find that 2ln ne
T

 versus 1
T

 should be linear. 

2

1ln lnn A
n

e E
T k T

γσ= − ,        (4.17) 

with the slope proportional to AE  and the intercept related to nσ . Hence, the activation 

energy and capture cross section of a deep level can be determined from an Arrhenius plot, 

which is often known as the signature of the deep level.  

From Equation (4.10), the peak height of DLTS signals is proportional to 0CΔ . A 

dimensionless parameter β  is defined as  

2 1t tβ= ,          (4.18) 

then when the DLTS signal is at peak value, Equation (4.10) is written as 

0
ln ln( ) exp exp

1 1mS T g C β β β
β β

⎧ ⎫⎛ ⎞ ⎛ ⎞
= Δ − − −⎨ ⎬⎜ ⎟ ⎜ ⎟− −⎝ ⎠ ⎝ ⎠⎩ ⎭

.    (4.19) 

Substituting Equation (4.19) into (4.7),  
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( ) ( )
( ) ( )( )
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22
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( )( ) 1
2

R pm T

R R d R

W V W VS T C N
C V C V N W V

λ λ⎧ ⎫− − −Δ ⎪ ⎪∝ = − ⎨ ⎬
⎪ ⎪⎩ ⎭

,   (4.20) 

when T dN N<< , and the interval between two filling pulses are long enough for carriers that 

are trapped to fully emit. Thus the mean trap concentration of the trap levels in the depletion 

region is obtained. 

4.3 SULA deep level spectrometer 

A block diagram of the SULA Technologies Deep Level Spectrometer is shown in Fig. 4.5. 

The capacitance meter employs a 1 MHz test signal. It can tolerate a maximum forward 

current of 30 mA during the filling pulse, and requires a reverse leakage current of <100 µA 

to give an accurate value of the capacitance. 

 

 

Figure 4.5 Block diagram of the SULA DLTS system. [9] 

 

The sample is placed in a liquid nitrogen cryostat and can be scanned in the range of     

78 K to 500 K. The sample temperature is measured and controlled by a Lakeshore Model 
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331 temperature controller. An “initial delay” ( ID ), which is the time between the back edge 

of the filling pulse and the starting point of the first sampling time, is set on the instrument 

and the two sampling times are 1 2.8t ID=  and 2 7.0t ID= (Figure 4.6).   

 

 

Figure 4.6 Initial delay and sampling time in SULA system. [9] 

 

From Equation (4.18), 2.5β = . The reference time constant 4.3ref IDτ = . [9] 

Therefore, for our system, 
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,    (4.21) 

and the trap concentration is 
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Figure 4.7 shows an example of the DLTS spectra and the Arrhenius plots of an n-type 

GaAs Schottky sample grown at 390 ⁰C [10]. Here, majority carrier traps are plotted as 

negative peaks. The spectra show four electron traps having activation energies of 0.14 eV, 

0.38 eV, 0.54 eV, and 0.66 eV, respectively. 

 

 

(a)                                                                           (b) 

Figure 4.7 (a) DLTS spectra of five different rate windows, with all measurement parameters 

shown in the plot. The signals are offset for clarity; (b) Arrhenius plot of the spectra, with the 

activation energy and capture cross section shown for each trap. 

 

4.4 Summary 

The DLTS technique was introduced in this chapter, as well as the equipment we used for the 

experiments. In addition, the method to calculate the activation energy, capture cross section 

and the trap concentration from DLTS spectra was presented. Basically, this is the standard 

way by which we obtain the results that are presented in Chapters 6-8. 
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Chapter 5                                      

Properties of GaAs1-xBix alloys  

 

Great effort continues to be devoted to exploring novel semiconductor alloys in order to meet 

the growing demands of new technologies. Intensive studies have been done to understand 

the properties of III-V-N alloys [11-17]. Introducing bismuth, the heaviest element in group 

V, into III-V semiconductors was initially designed to compensate strain in III-V-N alloys 

[18]. Because of the semi-metallic character of III-Bi compounds, it is expected that III-V-Bi 

materials may lead to lower band gap alloys [18, 19].  

5.1 Epitaxial growth of GaAs1-xBix 

Bismuth was first incorporated into GaAs in 1998 using metal organic chemical vapour 

deposition (MOCVD) [20, 21], and quite recently was also successfully grown by molecular 

beam epitaxy (MBE) [22-27]. These publications show that introducing Bi to grow dilute 

GaAs1-xBix induces a strong reduction of the band gap energy at a small bismuth fraction, and 

is therefore useful for many possible applications [18, 28]. 

It is very difficult to incorporate Bi into the GaAs lattice. To grow GaAs1-xBix epi-layers 

requires a very low substrate temperature and much lower As2 flux than the standard GaAs 

growth conditions [20, 22, 26]. The normal growth temperature for bismide incorporation is 

< 400 ⁰C, which results in a low surface mobility of atoms. The As/Ga flux ratio is 1:8 when 
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For MBE grown GaAs1-xBix samples, the lattice parameter of dilute GaAs1-xBix with       

x < 5% has been measured by x-ray diffraction (XRD), and the bismide composition was 

determined by Rutherford Backscattering Spectroscopy (RBS). It was found that the lattice 

parameter versus bismide composition is linear when x < 5% [22]. Fig. 5.2 gives the lattice 

constant of GaAs1-xBix layers with bismide fraction below 5% layers on GaAs grown in two 

groups. In Fig. 5.2 (a), the in-plane and out-plane lattice constants of GaAs1-xBix are given, 

indicating that the GaAs1-xBix lay on GaAs is pseudomorphic [31, 32]. In Fig. 5.2 (b), the 

parameters for pseudomorphic GaAsBi films and free standing films by correcting the x-ray 

data for the tetragonal distortion using the elastic constants of GaAs are also given. Assuming 

that Vegard’s law works  for all x  between 0 and 1, the estimated lattice constant for GaBi 

based on the data points in Fig. 5.2 (b) is 6.33 Å [22], consistent with the calculated value.  

 

 
(a)                                                                   (b) 

Figure 5.2 (a) Lattice constant perpendicular and parallel to surface of GaAs1-xBix epi-layers as 

a function of GaBi fraction [Fig. 3 in Ref. 32]. (b)Lattice parameter of the pseudomorphic (open 

square) and free standing (filled square) GaAs1-xBix alloys as a function of the Bi concentration 

[Fig. 2 in Ref. 22]. The lattice parameters are from XRD measurements and the Bi concentrations 

are from RBS.  
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5.3 Band gap of GaAs1-xBix 

Similar to N in GaAs, a small amount of Bi in GaAs reduces the band gap significantly, 

much more than introducing In or Sb with the same lattice mismatch strain [21, 33, 34]. The 

room temperature photoluminescence (PL) of GaAs1-xBix samples with bismide composition 

from 0.4% to 10.6% is shown in Fig. 5.3 [25]. The PL peak shifts to lower energy with 

increasing bismide fraction. The PL intensity and FWHM both have a maximum value at 

~4.5% bismide. The enhancement of PL intensity with increased bimide is quite unexpected 

[25]. Based on the PL measurements, the change in band gap of bismide is about                    

-83 meV/%Bi as shown in Fig. 5.4, -88 meV/%Bi after the correction for the epitaxial strain 

[34]. 

 

 

(a)                                                                      (b) 

Figure 5.3 (a) Normalized PL spectra of GaAs1-xBix samples showing the energy of the emitted 

light, and (b) the Bi concentration dependence of the PL intensity and FWHM. [Fig. 1 in Ref. 25] 
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Figure 5.4 Band gap energy reduction of GaAs1-xBix with respect to that of GaAs from room 

temperature photoluminescence and electroreflectance. The inset shows a 300 K PL spectrum for 

x = 2.3%. [Fig. 4 in Ref. 23] 

 

Figure 5.5 shows the band gap energy variation with respect to lattice constant of III-V 

semiconductors and their alloys. Although less than the change of band gap at -200 meV/% 

for incorporating nitride into GaAs at low N concentration [11, 35], it is clearly shown in Fig. 

5.5 that the effect of bismide on band gap reduction is much larger than for InGaAs or 

GaAsSb alloys with the same increase in lattice constant [22, 36, 37].  
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Figure 5.5 Lattice constant vs. band gap energy of various III-V semiconductors. The dotted 

line is for GaAs1-xBix. [The lattice constant of GaBi is from Ref.18; Data of GaAsBi alloy are 

from Ref. 22; and the data for the other III-V materials are based on Ref. 38]  

 

The effect of the strain produced by growth of GaAs1-xBix on a GaAs substrate is to split 

the light and heavy hole valence bands [34]. The temperature dependence of the band gap of 

dilute bismide reported is almost identical and the band gap reduction coefficient of the alloy 

is almost the same as GaAs [34]. The temperature sensitivity of the band gap of GaAsBi 

alloy shows a weak dependence with bismide fraction up to 3.1% [33, 34]. 

A mathematical expression has been established for the band gap energies as a function 

of the alloy composition of dilute bismide alloys [18, 25, 39]. Here the band gap energy for 

GaBi is -1.45 eV according to first principle calculations, assuming that the zinc-blende 

phase has the lowest energy [18, 30, 40]. For the ternary system of GaAs1-xBix with x < 13%, 

the relationship is  

(1 ) (1 )g GaBi GaAsE xE x E bx x= + − − − ,     (4.1) 
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where GaAsBiE , GaBiE , and GaAsE  are the band gap energies of GaAs1-xBix, GaBi, and GaAs, 

respectively. The bowing parameter ( )( ) 1b x xα β= +  is dependent on Bi concentration 

[41], with 9.5α ≈  and 10.4β ≈ [25]. 

Some theoretical studies of the electronic properties of dilute GaAs1-xBix have been done 

[18, 30, 40]. The calculations agree well with the experimental results for the band gap 

reduction. They also show that the spin-orbit splitting is enhanced by incorporating Bi, due to 

the strong localization of the valence band states at Bi sites. In contrast to GaAsN, 

introducing Bi distorts the valence band energy instead of the conduction band [30, 42]. Two 

major theories are reported for the origin of the valence band maximum (VBM) in        

GaAs1-xBix at this energy. One is that it is derived from a Bi bound state which is 180 meV 

above the VBM of GaAs [18], while the other idea is that it is derived from the VBM of 

GaAs, and Bi forms a resonant state below the VBM [23, 30, 43]. Based on experimental 

results recently, and also by consideration of the isolated Bi energy level in GaP [44] and InP 

[45], the latter explanation appears to be more realistic [23, 46]. A schematic drawing of the 

band structure of dilute GaAsN and GaAsBi is shown in Fig. 5.6.  

Theoretically, for adding nitrogen into GaAs, only the electron mobility is impacted, 

since nitrogen modifies the conduction band; while on the other hand, only the hole mobility 

is expected to be changed for dilute bismide alloy because bismuth modifies the valence band 

[47]. The electron mobility of GaAs1-xBix layers for x up to 2.5% was measured [48]. The 

degradation of electron mobility of GaAs1-xBix with x ≤ 1.2% is negligible. However, at 

higher Bi composition, x ≥ 1.6%, some degradation is observed. They attribute it to Bi 

segregation or non-optimal growth. Meanwhile, the hole mobility of GaAs1-xBix layers was 

also measured. However, the reduction of hole mobility of GaAs1-xBix is not as strong as that 

of the electron mobility in GaAsN [49].  
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Figure 5.6 Schematic illustration of band structure of (a) GaNAs and (b) GaAsBi, showing 

conduction band (CB), heavy hole valence band (HH), light hole valence band (LH) and split-off 

band (SO). [Fig. 1 of Ref. 47]  

 

5.4 Applications  

Strong electroluminescence (EL) has been observed from GaAs1-xBix p-i-n diodes with 1.8% 

[24] and 4.7% bismide [50]. These GaAsBi p-i-n diodes have a symmetric structure with     

n-type and p-type doped GaAs layers on each side of a 100nm-thick intrinsic region having a 

thin (~50 nm) GaAs1-xBix quantum well located in the center. The doped p-type and n-type 

GaAs layers were both grown at standard temperature, about 550 ⁰C. The growth temperature 

of all the three intrinsic layers is at low temperature, about 300 ⁰C. The PL spectra of the 

sample with 1.8% bismide are shown in Fig. 5.7 (a), and the EL spectra in Fig. 5.7 (b) are 

from the same sample. The strong EL spectra indicate that the GaAsBi material may be 

useful for manufacturing light emitting diodes. Comparing this device with a similar p-i-n 

structure with 3x5 nm InGaAs quantum wells separated by 15 nm GaAs grown at 580 ⁰C, the 

(a) (b)



CHAPTER 5. PROPERTIES OF GaAs1-xBix ALLOYS 53 

  

EL intensity of the InGaAs p-i-n diode is about 100 times higher than that of the 

GaAs0.082Bi0.018 diode at the same injection current. It is known that having multiple quantum 

wells is more efficient for light emission. Therefore, it is expected that the p-i-n diodes with 

three similar GaAs0.082Bi0.018 quantum wells could have higher intensity than the present 

structure. On the other hand, defects in GaAs1-xBix may be another reason for the lower EL 

intensity than the InGaAs layers [24]. 

 

 

(a)                                                                     (b) 

Figure 5.7 (a) PL spectra for a GaAs1-xBix p–i–n structure with x = 1.8%. The inset shows the 

peak emission energies as a function of temperature for both the GaAs and GaAs1-xBix peaks. (b) 

EL spectra for a GaAs1-xBix p-i-n structure with x = 1.8% for various injection current densities at 

300 K. Room temperature PL is shown for comparison. [Fig. 2 and Fig. 3 of Ref. 24]. 

 

Dilute bismide alloys have many potential applications. The observed 

electroluminescence and photoluminescence of GaAs1-xBix shows that it is a candidate for 

solid state lasers [51] and high efficiency multi-junction solar cells [52-55]. Using dilute 

bismide as the base of a heterojunction bipolar transistor for its smaller band gap compared to 
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GaAs is expected to reduce power consumption [56, 57]. The strong spin-orbit splitting in the 

valence band makes the material useful for spintronics devices [58]. GaAs1-xBix is also a 

promising material for THz optoelectronic devices [26]. In addition, co-doping of N and Bi in 

GaAs makes another potential alloy for 1 eV band gap material lattice matched to GaAs. The 

strains caused by N and Bi can compensate each other and can possibly improve the crystal 

quality. The strong band gap reduction of both dilute Bi and N can change the band gap with 

less N and Bi, which may improve the optical properties of the material [18].  

5.5 Summary 

GaAs1-xBix alloys with bismide composition x ≤ 5% show good optical properties. However, 

there are some concerns. Droplet formation caused by the low As/Ga ratio growth 

environment leads to poor surface morphology and may limit the layer thickness for 

applications of these alloys.  The low Tg may result in low surface mobility of atoms during 

the growth and therefore high concentrations of defects may be present in the crystal. With 

all these factors, it is important to investigate the deep level defects in the GaAs1-xBix alloy.  
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Chapter 6                                              

DLTS on GaAs1-xBix Schottky diodes  

 

As discussed in Chapter 4, the preferred samples for DLTS measurements are Schottky 

diodes or one-sided abrupt p-n junctions. In these samples the location of the defects and 

whether they are electron or hole traps is clear, since the depletion region is located in a 

single layer and the majority carrier is known. To investigate deep level defects in GaAs1-xBix 

layers, Schottky diodes were fabricated and tested with DLTS measurements. 

The GaAs1-xBix layers were grown on GaAs (001) substrates by molecular beam epitaxy 

(MBE) at the University of British Columbia (UBC) and University of Victoria by Professor 

T.Tiedje’s group. The layer structure is shown in Fig. 6.1. A lightly p-doped epitaxial   

GaAs1-xBix layer was grown at low temperature, about 380 ⁰C, on top of a thick heavily p-

doped GaAs buffer layer grown at standard temperature, 550 ⁰C on a p-type GaAs substrate. 

These samples were characterized at UBC by x-ray diffraction (XRD) to determine the layer 

thickness and bismide fraction. Hall measurements of GaAs1-xBix epi-layers on semi-

insulating GaAs substrates were grown to calibrate the doping concentration and the growth 

rate before growing the DLTS samples. Metal contacts were deposited on top of the wafer 

through a metal shadow mask and also on the back side of the wafer as a blanket film at 

UBC. The top contact is a Schottky contact, and the bottom contact is a large area tunnel 
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barrier, which serves as an ohmic contact. The Schottky diodes were characterized by I-V 

and C-V measurements to confirm that the samples were suitable for DLTS measurements.  

 

Figure 6.1 Schematic structure of the GaAs1-xBix Schottky diodes. 

 

Initially, Cr/Au Schottky contacts were used for p-type GaAs1-xBix layers, and Cr/Au was 

also used in the back-side contact. Unfortunately, the I-V measurements showed that all 

GaAs1-xBix samples had current at reverse voltages that is too large for DLTS measurements. 

Four different methods of surface processing were performed on the 3.4% Bi sample r2179 

(sample r2179a to r2179d in Table 6.1), before metal contact deposition, in order to improve 

the I-V properties. However, none actually reduced the leakage current. The Schottky 

samples tested by I-V and C-V are listed in Table 6.1.  

To reduce the reverse leakage current, the Schottky metal was changed to Al/Au for the 

most recent four samples [59]. The leakage current was reduced by about an order of 

magnitude with the new Schottky contacts. Adding a thin GaAs cap layer on top of the 

GaAs1-xBix layer was also found to reduce the reverse leakage current, as can be seen in 

Table 6.2. Samples r2187 and r2206 with a GaAs cap layer and Al/Au contacts have a 

leakage current low enough to be measured with the SULA DLTS system, but the other two 

samples that do not have a GaAs cap layer are too leaky, even with Al/Au contacts.  
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Table 6.1 List of GaAs1-xBix Schottky samples. 

Sample # Description % Bi Metal contact GaAsBi layer 
thickness (nm) 

Growth 
temperature (⁰C) Notes 

r2165 p-GaAsBi 2.9 Cr/Au 300 390  
r2179a p-GaAsBi 3.4 Cr/Au 430 380  
r2179b p-GaAsBi 3.4 Cr/Au 430 380  
r2179c p-GaAsBi 3.4 Cr/Au 430 380  
r2179d p-GaAsBi 3.4 Cr/Au 430 380  
r2187 p-GaAsBi 4.1 Cr/Au 310 370 GaAs cap layer ~30nm 
r2206 p-GaAsBi 3.0 Cr/Au 350 370  
r2165 p-GaAsBi 2.9 Al/Au 300 390  
r2179 p-GaAsBi 3.4 Al/Au 350 380  
r2187 p-GaAsBi 4.1 Al/Au 310 370 GaAs cap layer ~30nm 
r2206 p-GaAsBi 3.0 Al/Au 350 370 GaAs cap layer~15nm 

 

Table 6.2 Comparison of the built-in potential and leakage current of p-type GaAs1-xBix 

Schottky samples having Al/Au and Cr/Au contacts. 

Sample # %Bi GaAs cap 
layer (nm) 

Vbi 
Al (V) 

Vbi 
Cr/Au (V) 

I @ -1V 
Al (µA) 

I @ -1V 
Cr/Au (µA) 

r2165 2.9 0 0.43 -- -280 -1 x104 
r2179 3.4 0 0.28 -- -2170 > -2 x104 
r2187 4.1 30 0.97 0.62 -6.72 -81.6 
r2206 3.0 15 0.23 0.31 -39.6 -2 x103 

 

6.1 DLTS measurements on p-type GaAs1-xBix  

6.1.1 p-GaAs1-xBix with 4.1% Bi  

A p-type GaAs1-xBix Schottky diode (r2187) with 4.1% Bi grown at  370 ⁰C, with nominal 

GaAs1-xBix layer thickness of 310 nm, and GaAs cap layer thickness of about 30 nm. I-V and 
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C-V results are summarized in Table 6.3. DLTS measurements were performed on two 

different diodes, and one majority carrier peak was detected. The DLTS spectra at an 

emission rate of 465 s-1 are shown in Fig. 6.2 for both diodes. Notice that the peak is very 

broad and the shape of it does not look like a typical DLTS peak for a single energy level. It 

was hard to fit the curve by multiple peaks because the signal is noisy and the total number of 

traps is unknown. Assuming the broad peak is a single trap, the trap concentration, activation 

energy and capture cross section are given in Table 6.4.  

 

 

Figure 6.2 DLTS data taken from two different diodes on sample r2187, with all parameters 

shown on the graph. The signals are offset for clarity. 

 

Table 6.3 Summary of results from I-V and C-V measurements of two diodes on 4.1% Bi 

sample. The built-in potential, the doping concentration, the leakage current at -1 V, and the 

depletion width at 0 V are given.  

Diode Vbi (V) Na (cm-3) I @ -1V (µA) W @ 0V (nm) 
r2187-(2,3) 0.98 2.2 x1017 -2.70 78 
r2187-(3,2) 1.01 2.0 x1017 -3.44 84 
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Table 6.4 Activation energy, capture cross section and trap concentration calculated assuming 

a single trap for both diodes. 

Diode r2187-(2,3) r2187-(3,2) 

Trap A 
EA (eV) 0.36 ± 0.02 0.36 ± 0.02 
σ (cm2) 5.0 x10-18 1.2 x10-17 

NT (cm-3) 4.6 x1014 2.7 x1014 

 

6.1.2 p-GaAs1-xBix with 3.0% Bi 

A p-type GaAs1-xBix Schottky diode (r2206) with 3.0 % Bi was grown at 370 ⁰C, with a 

nominal GaAs1-xBix layer thickness of 350 nm and a GaAs cap layer thickness of 

approximately 15 nm. I-V and C-V results are summarized in Table 6.5. DLTS 

measurements were performed on two different diodes on the chip with Cr/Au contacts and 

two other diodes on the second chip with Al/Au contacts. The DLTS spectra for an emission 

rate of 465 s-1 are shown in Fig. 6.3 for all four diodes. 

Similar to the 4.1% bismide layer, one majority carrier peak was detected. Fitting the 

spectra with multiple peaks was not successful. The parameters of the traps are calculated 

assuming the signal of each diodes is a single peak. The Fermi level in this sample is about 

0.11 eV above the valence band and normally traps this close to the Femi level would not be 

detected. The estimated trap concentration, activation energy and capture cross section are 

shown in Table 6.6, although the small activation energy and capture cross section numbers 

all seem unphysical.  
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Table 6.5 Summary of results on each diode in sample r2206. The built-in potential, doping 

concentration, leakage current at -1 V, depletion width at 0 V, and respective defect concentration 

are given. (Note – Al/Au contacts are a different chip than the Cr/Au contacts.) 

Diode Vbi (V) Na (cm-3) I @ -1V (µA) W @ 0V (nm) 
r2206-Cr-(2,1) 0.33 1.3 x1017 -1.1 x103 64 
r2206-Cr-(3,2) 0.35 1.1 x1017 -1.0 x103 70 
r2206-Al-(2,3) 0.55 1.3 x1017 -8.52 75 
r2206-Al-(3,4) 0.54 1.4 x1017 -37.2 73 

 

 

Figure 6.3 DLTS data taken from four different diodes on sample r2206, with all parameters 

shown on the graph. The signals are offset for clarity. 

 

Table 6.6 Activation energy, capture cross section, and trap concentration calculated by 

assuming a single trap for all devices. 

Diode r2206-Cr-(2,1) r2206-Cr-(3,2) r2206-Al-(2,3) r2206-Al-(3,4)

Trap A 
EA (eV) 0.12 ± 0.02 0.09 ± 0.05 0.15 ± 0.03 0.12 ± 0.02 
σ (cm2) 7.1 x10-20 5.8 x10-21 3.3 x10-19 2.5 x10-20 

NT (cm-3) 1.0 x1014 1.5 x1014 6.8 x1014 6.0 x1014 

100 200 300 400 500
-8.0x10-4

-6.0x10-4

-4.0x10-4

-2.0x10-4

0.0

2.0x10-4

Al-(3,4)

Al-(2,3)

Cr-(3,2)

Cr-(2,1)

 

ΔC
/C

Temperature (K)

Vr= 0V (Cr)  -1.0V (Al)
tp=  0.01 (Cr) 0.02ms (Al)

Vp=  0.5 V, en= 465 s-1



CHAPTER 

6.2 Su

Optical ima

pitted surfac

growth at G

some of the

almost the 

r2187). The

bottom of th

Figure 6.4 

light area is

centers.  

 

6. DLTS ON

urface mo

ages (Fig. 6.4

ces, presuma

Ga/As ratios 

e pits are abo

same as the

e actual dept

he pit. 

Optical ima

s the edge o

N GaAs1-xBix

orpholog

4) of the Ga

ably due to t

close to 1. A

out 100 nm i

e total GaA

th of the pit

age of the (0

of the Schot

x SCHOTTK

gy 

aAs1-xBix lay

the formatio

Atomic forc

in depth (Fig

As1-xBix laye

ts could be 

001) surface

ttky contact. 

KY DIODES

 

yers show th

on of metal d

e microscop

g. 6.5). Som

er thickness 

even larger,

 

e of the p-Ga

The surface

hat these laye

droplets on t

py (AFM) of

me other pits 

of the GaA

, if the AFM

aAs1-xBix sam

e appears to

ers have ver

the surface d

f this sample

are about 23

A0.96Bi0.04 la

M tip does n

 

mple with 4

o be mounds

61

ry rough and

during MBE

e shows that

30 nm deep

ayer (sample

not reach the

.1% Bi. The

s with black

1 

d 

E 

t 

, 

e 

e 

e 

k 



CHAPTER 

Figure 6.5 

mounds with

line in (a), sh

 

6. DLTS ON

AFM pictu

h black pits 

hows that the

N GaAs1-xBix

ure of GaAs

in the cente

e pits are abo

x SCHOTTK

(a

 (b

1-xBix sampl

r, similar to

out 1 um wid

KY DIODES

 

a) 

b) 

le r2187with

Fig. 6.4; (b)

de and 100 n

h 4.1% Bi: (

) the height

nm deep. [60]

(a) surface s

scanned alo

] 

62

 

 

shows many

ng the white

2 

y 

e 



CHAPTER 6. DLTS ON GaAs1-xBix SCHOTTKY DIODES 63 

  

Because of these pits, the thickness of the epi-layer over the contact area is not uniform. 

Moreover, we do not even know if the metal is contacting the semiconductor everywhere 

within the area. The poor surface morphology probably causes the poor I-V characteristics 

and the unphysical DLTS signals. In this case, the calculated values of the activation energy 

and trap concentration are not reliable. However, carriers can move horizontally in the layer, 

so the mobility [49] as well as optical measurements [25] can be performed on similar  

GaAs1-xBix layers. 

Another interesting thing we noticed about these GaAs1-xBix Schottky diodes is that 

measuring the I-V characteristics with the light on and off gives the same result. In contrast, 

other GaAs Schottky samples exhibit a photo response, behaving as solar cells, in which 

photons generate additional current in the devices. This may be another indication of the poor 

quality of these GaAs1-xBix Schottky samples. 

6.3 Summary 

Unfortunately, little information about deep level defects could be obtained from the GaAsBi 

Schottky samples, because of the problem of droplet formation during epitaxial growth. 

However, the DLTS data does indicate the presence of traps in concentrations on the order of 

5x1014 cm-3.Therefore, in order to obtain better information about defects in GaAs1-xBix, it 

was decided to attempt DLTS measurements on the p-i-n structures that had been fabricated 

for measurements of GaAs1-xBix electroluminescence. These p-i-n structures have a thin, 

nominally 50 nm, GaAs1-xBix quantum well in the i-layer and droplet formation is believed to 

be much less severe when only a thin GaAs1-xBix layer is grown.  
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Chapter 7                                               

Deep level defects in GaAs  

 

In chapter 6 it was shown that GaAs1-xBix Schottky diodes are not suitable for DLTS 

measurements. Therefore, DLTS measurements were performed on the p-i-n diodes with a 

thin GaAs1-xBix quantum well fabricated for EL and PL measurements, discussed briefly in 

chapter 5. These p-i-n diodes have a symmetric layer structure, consisting of two doped GaAs  

layers grown under standard conditions and two intrinsic GaAs layers grown at 

approximately 300 ⁰C in addition to the GaAs1-xBix quantum well. Therefore, the defects 

existing in the GaAs layers must be ruled out, if the traps in GaAs1-xBix are to be determined. 

We needed to investigate the traps in both n-type and p-type GaAs grown at standard and low 

temperature as well as GaAs layers grown at lower temperature in order to try to distinguish 

the traps in GaAs from those in GaAs1-xBix. The structure of the GaAs Schottky diodes is 

shown in Fig. 7.1. Similar to the GaAsBi Schottky diodes, a lightly n- or p-doped GaAs layer 

was grown on top of an n- or p-type GaAs substrate, after a thick heavily n- or p-doped GaAs 

buffer layer. The contact to the top layer is a Schottky contact, and the contact to the heavily 

doped substrate, is a large area tunnel barrier, which serves as an ohmic contact. 
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Figure 7.1 Diagram of the sample structure of a p-type GaAs Schottky diode. The structure for   

n-type samples is similar but with n-type doping. 

 

Several GaAs Schottky diodes were measured some time ago by other group members, 

including p-type GaAs layers grown at 560 ⁰C, 450 ⁰C and 350 ⁰C and n-type layers grown at 

550 ⁰C and 390 ⁰C. Details are discussed in section 7.1. Several additional GaAs sample 

were fabricated more recently, including n-type and p-type layers grown at 310 ⁰C, 

comparable to the growth temperature for the intrinsic layers in the p-i-n diodes. As well, an 

n-type sample was grown at standard conditions using solid Si as the dopant source for 

comparison with the previous n-type samples which were grown using SiBr4 as the dopant 

source. The p-type dopant source was CBr4. 

7.1 Summary of previous DLTS results for GaAs 

7.1.1 Hole traps in p-type GaAs layers 

Table 7.1 shows the properties of the p-type GaAs Schottky samples measured 

previously. From the spectra in Fig. 7.2 and Table 7.2, we see that one hole trap is present in 

all the p-type samples, with an activation energy of 0.57 eV. The trap concentration is higher, 

about 2-5 x1014 cm-3 in the samples grown at 550 ⁰C, which is the standard growth 

GaAs Substrate       p+

GaAs Layer          p          

GaAs Buffer Layer   p+ → p

Cr
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temperature, and at 450 ⁰C, but much lower, in the 2-5 x1012 cm-3 range in the samples grown 

at 350 ⁰C. 

 

Table 7.1 Properties of the p-type GaAs Schottly diodes measured previously. 

Sample # Growth temperature (⁰C) Na (cm-3) Vbi (V) I @ -1V (uA) Metal Contact
r1729 560 5.5 x1016 0.53 -1.75 Cr/Au 
r1730 450 4.9 x1016 0.44 -26 Cr/Au 
r1838 350 1.8 x1016 0.46 -45 Cr/Au 
r1840 350 4.8 x1016 0.44 -98 Cr/Au 

 

 

 

Figure 7.2 Comparision of DLTS spectra of the p-GaAs Schottky diode with different growth 

temperatures. The signals are offset for clarity.  
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Table 7.2 Hole traps found in the previously measured p-type GaAs Schottky diodes. 

Sample # r1729 r1730 r1838 r1840 
T

g
 (⁰C) 560 450 350 350 

EA=0.17eV 
NT (cm

-3
)  3.2 x1013   

σ (cm
2
)     

EA=0.57eV 
NT (cm

-3
) 2.2 x1014 5.4 x1014 4.5 x1012 2.1 x1012 

σ (cm
2
)   3.7 x10-16 3.8 x10-16 

 

7.1.2 Electron traps in n-type GaAs layers 

Two n-type GaAs Schottky samples were also measured previously. The diode properties 

determined from I-V and C-V measurements are shown in Table 7.3, and the DLTS spectra 

are shown in Fig. 7.3. For convenience, we label the four traps in the sample grown at 390 ⁰C 

as ES1 (0.66 eV), ES2 (0.54 eV), ES3 (0.38 eV), and ES4 (0.14 eV), and name the tiny trap 

observed in the sample grown at 550 ⁰C as ES5 (0.32 eV). 

 

Table 7.3 Summary of the n-type GaAs Schottly diodes. 

Sample # Growth temperature (⁰C) Nd (cm-3) Vbi (V) I @ -1V (uA) Metal Contact
r1866 550 1.6 x1016 0.69 -0.11 Cr/Au 
r1867 390 4.1 x1016 0.78 -0.11 Cr/Au 
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Figure 7.3 DLTS spectra from n-GaAs Schottky diode grown at different temperatures. The 

signals are offset for clarity. 

 

Table 7.4 Electron traps found in the previously measured n-type GaAs Schottky diodes. 

Sample # r1866 r1867 
T

g
 (⁰C) 550 390 

EA=0.14eV 
(ES4) 

NT (cm
-3

)  1.1 x1014 

σ (cm
2
)  5.1 x10-17 

EA=0.32eV 
(ES5) 

NT (cm
-3

) 2.2 x1012  

σ (cm
2
) 2.4 x10-15  

EA=0.38eV 
(ES3) 

NT (cm
-3

)  1.8 x1014 

σ (cm
2
)  2.4 x10-14 

EA=0.54eV 
(ES2) 

NT (cm
-3

)  3.1 x1014 

σ (cm
2
)  8.8 x10-13 

EA=0.66eV 
(ES1) 

NT (cm
-3

)  3.4 x1014 

σ (cm
2
)  1.8 x10-14 

 

100 200 300 400 500

(390C)

(550C)

ES1
ES2

ES3

ES5

Vr= -0.5 V, Vp= 0.5 V

tp=  2 ms, en= 465 s-1

(Δ
C

/C
)N

d (
cm

-3
)

Temperature (K)

ES4

2x1013

X10



CHAPTER 7. DEEP LEVEL DEFECTS IN GaAs 69 

  

From Table 7.4, we see that there are no traps at concentration higher than 3 x1012 cm-3  

in the n-type GaAs layers grown at standard temperature (550 ⁰C and above). However, 

many traps were found in the samples fabricated at low temperature, at concentrations of 

about 3 x1014 cm-3. 

7.2 n-type GaAs grown at 580 ⁰C 

This is an n-type GaAs layer grown at 580 ⁰C, which is the standard growth temperature for 

n-type GaAs in the MBE system. The nominal epi-layer thickness is 600 nm. The Schottky 

contact is Cr/Au. Results of I-V and C-V measurements are summarized in Table 7.5. DLTS 

measurements were performed on two diodes. The DLTS spectra at an emission rate of     

465 s-1 are shown in Fig. 7.4 for both diodes. No peaks were found in the tested devices, up to 

the detection limit for the trap concentration of 1 x1012 cm-3 for this sample. We conclude that 

there are no electron traps with concentration higher than 1x1012 cm-3 in this sample and the 

trap concentration is therefore lower than for the earlier similar n-type sample where the 

doping source was SiBr4. 

 

Table 7.5 Properties of n-type Schottky diodes grown at standard conditions using solid Si as 

the doping source. The built-in potential, doping concentration, leakage current at -1 V, and 

depletion width at 0 V are given.  

Diode Vbi (V) Nd (cm-3) I @ -1V (uA) W @ 0V (nm) 
r1948-(2,4) 0.81 4.4 x1017 0.22 158 
r1948-(4,2) 0.81 4.5 x1017 0.10 155 
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Figure 7.4 DLTS data taken from two different GaAs Schottky diodes fabricated on n-type 

GaAs grown at standard conditions at 580 ⁰C using solid Si as the dopant source with all 

parameters shown. The signals are offset for clarity. 

 

7.3 GaAs layers grown at 310 ⁰C  

Both n-type and p-type samples were grown at 310 ⁰C, which is much lower than the 

standard growth temperature used for GaAs in the MBE system but is close to the growth 

temperature of the intrinsic layers in the p-i-n diodes.  Sample r2232 is an n-type sample with 

an Al/Au Schottky contact. I-V measurements showed that the leakage current is about     

0.22 mA at -1 V, which is too large for DLTS measurements with the SULA system. Sample 

r2231 is a p-type GaAs layer with nominal thickness of 520 nm. The Schottky contact is 

Al/Au. The sample was first evaluated by I-V and C-V measurements and the results are 

given in Table 7.6. It appears that the capacitance varies little, only about 5 pF, when the 

applied voltage was scanned from -3 V to 0 V. From a linear fit to the 21 C  vs. V  data of 

diode (2,3) near 0V bias, shown in Fig. 7.5, a doping of 2 x1017 cm-3, much higher than the 

nominal doping of 3 x1016 cm-3 from Van der Pauw measurements of a layer grown at the 
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same temperature, and a non-physical value of the built-in potential (~10 V) are obtained. 

The expected built-in potential of Al on p-type GaAs is about 0.69 V [59]. Assuming a 

barrier height of 0.7 eV, and the value of the zero bias depletion width calculated from the 

measured capacitance, the doping should be about 1.3 x1016 cm-3, close to the expected value.  

From the C-V data for other diode that has a non-linear 21 C  vs. V  curve, the doping 

concentration is not uniform through the depletion region. This indicates two possibilities: (1) 

a non-uniform doped low Tg layer or (2) the low Tg layer thickness is less than the depletion 

width and the buffer layer is also probed in this bias voltage range. In the latter case, the 

thickness of the low Tg layer must be less than 300 nm, from the C-V measurements.  

 

Table 7.6 Properties of p-type Schottky diodes fabricated from GaAs grown at 310 ⁰C. The 

built-in potential, doping concentration, leakage current at -1 V, and depletion width at 0 V are 

given.  

Diode Vbi (V) Na (cm-3) I @ -1V (uA) W @ 0V (nm) 
r2231-(2,2) 10.5 1.9 x1017 -21.2 285 
r2231-(2,3) 11.4 2.1 x1017 -0.16 281 
r2231-(3,3) 10.2 1.9 x1017 -26.2 282 
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Figure 7.5 21 C  vs. V  plot of device (2,3) of sample r2231.  

 

DLTS measurements were performed on three different diodes, and two majority carrier 

traps were detected, labelled HS1 and HS2. The DLTS spectra at an emission rate of 465 s-1 

are shown in Fig. 7.6 for all three diodes. Both traps were seen in all three tested devices, and 

the trap concentrations were similar, suggesting that these defects are homogeneously 

distributed in the sample. The defect concentration of HS1 could only be estimated, since the 

amplitude of HS1 is impacted by HS2 as well as a positive peak at higher temperature range. 

There is a large change in the peak height of HS2 when measured using different rate 

windows, and a smaller amplitude change in HS1, as shown in Fig. 7.7. This behaviour may 

be caused by a large reverse bias leakage current [61]. However, the current of r2231 is not 

large enough to cause such large changes. In addition, the activation energy of HS2 is higher 

than HS1 but the peak of HS2 is at a lower temperature, which shows that the capture cross 

section of HS2 must be much larger than that of HS1. It should be noticed that the capture 

cross section may be dependent on the temperature, i.e. ( )0 exp E kTσσ σ= Δ . In this case, 

A TE E Eσ= + . This could then explain the large value in the activation energy of HS2, which 
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is much larger than 2gE . This could also be the reason for the amplitude difference of traps 

at different rate windows. Results are summarized in Table 7.7. 

 

 

Figure 7.6 DLTS data taken from three different diodes on sample r2231, with all parameters 

shown. The signals are offset for clarity. 
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Figure 7.7 DLTS spectra of device (2,3) in sample r2231. The peak height of HS2 varies 

significantly with rate windows. The signals are offset for clarity. 

 

Table 7.7 Activation energy, capture cross section and concentration calculated for the two 

traps observed in the DLTS spectra. The trap concentration for trap HS1 is approximate. 

Diodes r2231-(2,2) r2231-(2,3) r2231-(3,3) 

Trap HS1 
EA (eV) 0.71 ± 0.05 0.48 ± 0.04 0.63 ± 0.03 
σ (cm2) 1.5 x10-13 3.0 x10-17 4.3 x10-15 

NT (cm-3) > 2 x1014 8 x1014 7 x1014 

Trap HS2 
EA (eV) 0.99 ± 0.09 0.86 ± 0.05 0.80 ± 0.05 
σ (cm2) 2.8 x10-5 3.9 x10-8 4.0 x10-9 

NT (cm-3) 5.3 x1015 1.2 x1016 8.1 x1015 
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The activation energy and capture cross section for HS1 were calculated using the 

temperature at the minimum of the peak. The overlap with HS2 at fast emission rates and the 

presence of the positive peak at high temperature causes a significant error in the peak height 

and position. This is indicated by the very large scatter in the calculated values of the 

activation energy and capture cross section of HS1 for the three devices. We also note that 

the value of the activation energy and capture cross section for HS2 in device (2,2) is 

significantly different from that measured in the other two diodes.  

The peak HS1 found in the 310 ⁰C p-type GaAs sample is at the same temperature 

position as the 0.57 eV hole trap in the other p-type Schottky samples, as shown in Fig. 7.8. 

Also, the capture cross section of HS1 is within about an order of magnitude as the capture 

cross section of this trap in the 350 ⁰C p-type GaAs sample. This indicates that HS1 is likely 

the same hole trap as the 0.57 eV trap present in the other samples. Although the 

concentration of this trap was two orders of magnitude lower in the p-type GaAs layer grown 

at 350 ⁰C, the HS1 trap concentration is as high as the high Tg samples. As mentioned in our 

discussion of the C-V measurements, it is possible that the thickness of the 310 ⁰C is smaller 

than the depletion width and that high Tg buffer layer is also detected in the DLTS 

measurements. Therefore the HS1 defect may be located in the GaAs buffer layer grown at 

standard temperature but not in the layer grown at 310 ⁰C. This interpretation would be 

consistent with the trend showing only a low concentration of this trap in GaAs grown at   

350 ⁰C.  To verify this, another sample with a thicker low Tg layer should be prepared. 
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Figure 7.8 Comparision of DLTS spectra of p-GaAs layers grown at different temperatures. 

The signals are offset for clarity.  

 

7.4 Discussion: defects in GaAs  

All the defects found in these MBE-grown GaAs layers from UBC/UVic samples are listed in 

Table 7.8. Comparing these results with the literature work on p-type GaAs [62-66], a      

0.57eV defect with a similar capture cross section has been consistently observed in GaAs 

when Fe had been diffused into the sample. This trap has therefore been associated with Fe 

impurities [63].  Another trap with similar activation energy of 0.54eV has been identified as 

the double donor state of the arsenic anti-site defect [67]. The single donor state of the 

arsenic anti-site, AsGa, known as EL2 [68], is located about 0.75eV below the conduction 

band and is easily observed in n-type GaAs. The arsenic anti-site defect is uniquely identified 

by its persistent metastable behaviour upon optical illumination at low temperature [67]. 

However, this trap is not typically observed in MBE-grown GaAs and was not observed in 

our n-type samples, suggesting that Fe is a more likely candidate for this trap. No traps 

similar to HS2 have been found in the literature and its origin is unknown.  
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By looking in the literature [68], we find that the traps ES4 and ES2, observed in our 

GaAs layer grown at 390 ⁰C, are commonly found in bulk and MBE grown material and are 

known as EL10 and EL4, respectively.  Also, the 0.32 eV (labelled as ES5 here) defect found 

in n-type GaAs grown at standard T could be the trap EL7, which is also commonly observed 

in MBE GaAs [68]. Since all the GaAs samples were grown under As-rich conditions, the 

defects present are expected to be either the Ga vacancy or the As interstitial or their 

complexes [68-70]. Traps with properties similar to ES1 and ES3 could not be found in the 

literature to our knowledge. 

 

Table 7.8 Summary of all traps in GaAs Schottky diodes measured. 

Sample # p-type n-type 
r1729 r1730 r1838 r1840 r2231 r1948 r1866 r1867 

Tg (⁰C) 560 450 350 350 310 580 550 390 

0.14eV 
(ES4) 

NT (cm-3)        1.1 x1014 

σ (cm2)        5.1 x10-17 

0.17eV 
NT (cm-3)  3.2 x1013       

σ (cm2)  N/A       

0.32eV 
(ES5) 

NT (cm-3)       2.2 x1012  

σ (cm2)       2.4 x10-15  

0.38eV 
(ES3) 

NT (cm-3)        1.8 x1014 

σ (cm2)        2.4 x10-14 

0.54eV 
(ES2) 

NT (cm-3)        3.1 x1014 

σ (cm2)        8.8 x10-13 

0.57eV 
(HS1) 

NT (cm-3) 2.2 x1014 5.4 x1014 4.5 x1012 2.1 x1012 8.2 x1014    

σ (cm2) N/A N/A 3.7 x10-16 3.8 x10-16 3.0 x10-17    

0.66eV 
(ES1) 

NT (cm-3)        3.4 x1014 

σ (cm2)        1.8 x10-14 

0.86eV 
(HS2) 

NT (cm-3)     1.2 x1016    

σ (cm2)     3.9 x10-8    
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7.5 Summary 

In conclusion, several different electrically active defects were observed in GaAs samples 

grown in the temperature range 310-580 ⁰C. The trap observed in p-type samples grown at 

standard temperature may be related to Fe. The origin of the trap in high concentration 

observed in p-type GaAs grown at 310 ⁰C is unknown. The four traps observed in n-type 

GaAs grown at 390 ⁰C have also not been identified, although two of them have been 

frequently observed previously in MBE-grown GaAs. We note that an n-type sample grown 

at 310 ⁰C could not be measured and that the diode characteristics of the p-type sample 

grown at 310 ⁰C were poor. Therefore, additional work is needed to characterize deep levels 

in GaAs grown at temperatures below 400 ⁰C. Nevertheless, the results presented here will 

serve as a basis for interpreting DLTS measurements of the p-i-n diodes presented in the 

following chapter. 
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Chapter 8                                             

DLTS on GaAs and GaAs1-xBix p-i-n 

structures  

 
As was discussed in Chapter 6, the GaAs1-xBix Schottky samples did not give reliable DLTS 

spectra. Hence, p-i-n structures having a thin GaAs1-xBix quantum well at the center of the 

intrinsic layer, which had been fabricated at UBC for electroluminescence measurements, 

were also measured by DLTS to investigate deep level defects. This device is not ideal for 

DLTS measurements for several reasons. Because its structure is symmetric, it is difficult to 

tell the location of the deep states and it is not possible to know whether they are trapping 

electrons or holes. And it is hard to distinguish between traps in the GaAs layers or in the 

bismide layer. To help solve these problems, the GaAs Schottky samples discussed in 

Chapter 7 were measured as references. Also two GaAs p-i-n structures were fabricated at 

UBC as control samples, in order to help interpret the DLTS spectra of the GaAs1-xBix p-i-n 

diodes.  
Six p-i-n diodes with bismide fraction ranging from 0 to 4.7% were measured by DLTS. 

The layer structure is shown in Fig. 8.1 and the measured layer thicknesses and alloy 

compositions measured by XRD are given in Table 8.1. The GaAs1-xBix p-i-n diodes have an 

n-type and p-type doped GaAs layer on each side of a nominally 100 nm-thick intrinsic layer 

having a 50 nm GaAs1-xBix quantum well at the center. The doped p-type and n-type GaAs 
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layers were grown at standard temperature, about 550 ⁰C. The growth temperature of the 

three intrinsic layers is about 300 ⁰C. Ohmic contacts are Ti/Pt/Au on the p-type layer and 

Ni/Au-Ge/Au on the n-type substrate. For some samples, the growth was interrupted for 

about 10 minutes at the interface of the n-type GaAs layer and the first intrinsic GaAs layer, 

while the substrate temperature was decreased. For samples grown without this interrupt, the 

substrate temperature was ramped down during the growth of the first GaAs intrinsic layer.  

 

 

Figure 8.1 Schematic structure of GaAs1-xBix p-i-n diode. 

 

Table 8.1 List of GaAs and GaAs1-xBix p-i-n structures measured by DLTS. 

Sample # % Bi GaAsBi layer 
thickness (nm) 

i-layer thickness (nm) 
GaAs/GaAsBi/GaAs 

i-layer growth 
temperature (⁰C) 

Growth 
interrupt 

r1960 0 0 110 580 No 
r2163 0 0 100 300 Yes 
r1970 1.4 30-60 30/30-60/30 350 Yes 
r1965 1.8 30 27/30/25 310 Yes 
r2069 4.0 16 90/16/90 285 No 
r2100 4.7 16 35/16/90 285 No 

GaAs Substrate    n+

GaAs 25nm

GaAs 25nm

GaAs p   (C‐3e17)  1um

GaAs n+ (Si ‐1e17) 1um

GaAs p+ (C‐1e18)  0.1um

GaAs1‐xBix      50nm Grown at Low T: 300 ⁰C

Growth interrupt

Grown at standard T: 550 ⁰C

Grown at standard T: 550 ⁰C
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The measured leakage current at -1 V bias for all the p-i-n diodes was < 0.5 µA. As 

expected, the zero bias depletion width determined from C-V measurements was found to be 

larger than the nominal width of the intrinsic layer for all the diodes tested. The standard 

analysis of the C-V data used for Schottky or one-sided abrupt p-n diodes is not valid for the 

p-i-n diodes. Thus, the built-in potential and doping concentration of these samples were not 

determined. The defect concentrations were calculated using the nominal doping 

concentrations in the p-type and n-type doped layers, which were determined from GaAs and 

GaAs1-xBix calibration layers. The data for the sample with 4.0% Bi looks quite different 

from the others and therefore results for this sample are not included here.  

When measuring with DLTS, standard initial settings were used for all samples: an offset 

voltage of -1 V, a filling pulse of 20 ms, a period of 200 ms, and filling pulse voltages in the 

range of 0 V to 1.5 V. The DLTS spectra shown were taken using an emission rate of 465 s-1. 

The defect concentrations were calculated when the corresponding peak was saturated. If 

there was no indication of saturation at the filling pulse voltage of 1.5 V, the peak height at 

1.5 V was calculated providing a lower limit for the trap concentration. Equation (4.22) on 

page 44 was used to calculate the trap concentrations in Schottky diodes or one-sided p-n 

junctions. However, in the case of symmetric p-n junctions, the depletion width extends 

equally into the n-type and p-type regions and doping concentration in the lightly doped 

material ( dN  or aN ) is replaced by ( )a d a dN N N N+ , as shown in Equation (3.5) on page 

24. The nominal doping concentration and the net carrier concentration of each p-i-n diode 

are summarized in Table 8.2. Therefore, the trap concentration in the p-i-n diodes was 

calculated using 

( )
( )

( )
( )( ) ( )( )

2

22
6 m Ra d

T
a d R R p

S T W VN NN
N N C V W V W Vλ λ

⎧ ⎫
⎪ ⎪= ⎨ ⎬+ − − −⎪ ⎪⎩ ⎭

.   (8.1) 
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Table 8.2 Nominal doping concentration and net charge density of p-i-n diodes. 

Diode % Bi Nominal dN  (cm-3) Nominal aN  (cm-3) ( )a d a dN N N N+  (cm-3)

r1960 0 1.1 x1017 3.2 x1017 8.2 x1016 
r2163 0 1.9 x1017 3.0 x1017 1.2 x1017 
r1970 1.4 1.1 x1017 3.2 x1017 8.2 x1016 
r1965 1.8 1.1 x1017 3.2 x1017 8.2 x1016 
r2100 4.7 1.3 x1017 1.5 x1017 7.0 x1016 

 

8.1 GaAs p-i-n diodes 

Two GaAs p-i-n diodes were fabricated and measured in order to detect defects in the GaAs 

doped and intrinsic layers. The doped p-type and n-type GaAs layers were both grown at 

standard temperature, around 580 ⁰C. However, the growth temperature of the intrinsic GaAs 

layer was different for the two samples; specifically, it was the standard temperature of     

580 ⁰C for sample r1960, and a low temperature of 300 ⁰C, which is similar to the 

temperature used for growing the intrinsic layers in the p-i-n samples containing bismide, 

was used for sample r2163.  

8.1.1 GaAs p-i-n with all layers grown at 580 ⁰C (sample r1960) 

The GaAs high Tg (HTg) p-i-n sample was grown at 580 ⁰C. DLTS measurements were 

performed on two different diodes, with the filling pulse voltage at 0 V and 0.8 V. The DLTS 

spectra are shown in Fig. 8.2 for both diodes. Comparing Fig. 8.2 (a) and (b), we see that, 

with 0 V filling pulse, i.e. with no injection current through the intrinsic layer, no peaks are 

found; while a weak positive peak (PG1) is seen when there is injection current with the 

filling pulse voltage at 0.8 V. As discussed above, it cannot be determined whether electrons 

or holes are majority carriers. Therefore the trap concentrations and capture cross sections for 

each trap are calculated as both an electron and a hole trap. The activation energy and capture 

cross section calculated may include some extra uncertainties (±0.01 eV of AE  and                
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±1x10-21 cm2 of σ ) caused by the ~±5 K errors of defining the peak position and the 

amplitude because of the noisy spectra. Detailed results are shown in Table 8.3. 

  

 

(a)                                                                     (b) 

Figure 8.2 DLTS data taken from two different diodes on GaAs HTg, with (a) filling pulse 

voltage at 0 V and (b) filling pulse voltage at 0.8 V. The signals are offset for clarity. 

 

Table 8.3 Activation energy, capture cross section and concentration of each trap found in the 

GaAs HTg sample. 

Diode r1960-(2,1) r1960-(2,3) 

PG1 

EA (eV) 0.63 ± 0.04 0.57 ± 0.05 

σ (cm2) 1.4 x10-13 (e) 
6.7 x10-15 (h) 

1.5 x10-14 (e) 
6.7 x10-15 (h) 

NT (cm-3) 2.6 x1013 (e) 
1.5 x1013 (h) 

2.3 x1013 (e) 
1.4 x1013 (h) 

 

8.1.2 GaAs p-i-n with intrinsic layers grown at 300 ⁰C (sample r2163) 

Sample r2163 (GaAs LTg) has the doped layers grown at 580 ⁰C and the intrinsic layer grown 

at 300 ⁰C. DLTS measurements were performed on three different diodes and the spectra are 
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shown in Fig. 8.3. The spectra for diode r2163-(1,3), is different from the spectra for the 

other two diodes at all three filling pulse conditions, indicating that the sample is not 

homogeneous. This lateral in-homogeneity may arise from the substrates, which are not 

device quality. Many DLTS peaks are present. There is a big positive peak (PG2) at about 

370 K, and many peaks overlapping together below 300 K. When the filling pulse voltage is 

increased to 1.5 V, an additional negative peak (NG1) is seen at 230 K for diode (1,2) and 

(2,1), and at about 180 K for diode (1,3). Although the peak position is different, the 

amplitude of the negative peaks for the three diodes is almost the same. Detailed results for 

the two similar devices are given in Table 8.4.  
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(a)                                                                        (b) 

 

(c) 

Figure 8.3 DLTS spectra of three diodes on GaAs LTg, with (a) filling pulse voltage at 0 V; (b) 

filling pulse voltage at 0.8 V; and (c) filling pulse voltage at 1.5 V. The signals are offset for 

clarity. 
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Table 8.4 Activation energy, capture cross section and concentration of traps found in two 

similar diodes on the GaAs LTg sample. 

Diode r2163-(1,2) r2163-(1,3) r2163-(2,1) 

PG2 

EA (eV) 0.52 ± 0.03 0.42 ± 0.02 0.51 ± 0.04 

σ (cm2) 2.0 x10-16 (e) 
1.0 x10-17 (h) 

8.6 x10-17 (e) 
4.3 x10-18 (h) 

1.1 x10-16 (e) 
5.6 x10-18 (h) 

NT (cm-3) 2.3 x1015 (e) 
2.1 x1015 (h) 

2.2 x1015 (e) 
2.0 x1015 (h) 

2.1 x1015 (e) 
1.8 x1015 (h) 

NG1 

EA (eV) 0.29 ± 0.01 0.09 ± 0.01 0.28 ± 0.01 

σ (cm2) 8.9 x10-17 (e) 
4.5 x10-18 (h) 

2.3 x10-20 (e) 
1.1 x10-21 (h) 

7.5 x10-17 (e) 
3.8 x10-18 (h) 

NT (cm-3) 1.0 x1015 (e) 
9.5 x1014 (h) 

9.0 x1014 (e) 
8.1 x1014 (h) 

8.7 x1014 (e) 
7.9 x1014 (h) 

 

8.2 GaAs p-i-n diodes with a GaAs1-xBix quantum well 

8.2.1 GaAs1-xBix quantum well with 1.4% Bismide (sample r1970) 

Sample r1970 has a GaAs1-xBix quantum well with 1.4% bismide. DLTS measurements were 

performed on two different diodes and the spectra are shown in Fig. 8.4. The two diodes give 

exactly the same spectra with 0 V and 0.8 V filling pulses; however, for Vp =1.5 V, a positive 

peak is seen for diode (1,3) around 100 K. 

Many peaks are shown in the spectra, and all of them are majority carrier traps except for 

the positive signal at T < 100K for diode (1,3). There is always a big peak (NB1) at about 

350 K, with and without injection current. When the filling pulse voltage is above 0 V, 

several additional peaks (NB2, NB3, NB4, NB5) occur.  There is also a peak between NB2 

and NB3, however, it is difficult to fit that peak or determine the peak temperature for most 

of the emission rates. Hence, no further analysis was done for this small peak. Detailed 

results are shown in Table 8.5.  
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(a)                                                                   (b) 

 

(c) 

Figure 8.4 DLTS spectra of two diodes on the 1.4% Bi sample, with (a) filling pulse voltage at    

0 V; (b) filling pulse voltage at 0.8 V; and (c) filling pulse voltage at 1.5 V. The signals are offset 

for clarity. 
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Table 8.5 Activation energy, capture cross section and concentration of each trap found in the 

1.4% Bi sample. 

Diode r1970-(1,3) r1970-(3,1) 

NB1 

EA (eV) 0.63 ± 0.01 0.64 ± 0.01 

σ (cm2) 2.4 x10-14 (e) 
1.2 x10-15 (h) 

2.8 x10-14 (h) 
1.4 x10-15 (h) 

NT (cm-3) 1.1 x1015 (e) 
5.1 x1014 (h) 

9.9 x1014 (e) 
5.1 x1014 (h) 

NB2 

EA (eV) 0.56 ± 0.01 0.56 ± 0.02 

σ (cm2) 5.6 x10-14 (e) 
2.8 x10-15 (h) 

5.0 x10-14 (e) 
2.5 x10-15 (h) 

NT (cm-3) 3.7 x1014 (e) 
1.7 x1014 (h) 

3.4 x1014 (e) 
1.7 x1014 (h) 

NB3 

EA (eV) 0.37 ± 0.02 0.37 ± 0.01 

σ (cm2) 2.7 x10-14 (e) 
1.4 x10-15 (h) 

2.2 x10-14 (e) 
1.1 x10-15 (h) 

NT (cm-3) 1.5 x1014 (e) 
8.8 x1013 (h) 

1.3 x1014 (e) 
8.4 x1013 (h) 

NB4 

EA (eV) 0.33 ± 0.01 0.33 ± 0.01 

σ (cm2) 8.7 x10-14 (e) 
4.3 x10-15 (h) 

8.2 x10-14 (e) 
4.1 x10-15 (h) 

NT (cm-3) 4.9 x1014 (e) 
3.1 x1014 (h)

3.9 x1014 (e) 
2.6 x1014 (h) 

NB5 

EA (eV) 0.32 ± 0.02 0.22 ± 0.02 

σ (cm2) 1.9 x10-12 (e) 
9.4 x10-14 (h) 

9.5 x10-16 (e) 
4.7 x10-17 (h) 

NT (cm-3) 1.9 x1014 (e) 
1.2 x1014 (h)

1.5 x1014 (e) 
9.9 x1013 (h) 

 

8.2.2 GaAs1-xBix quantum well with 1.8% Bismide (sample r1965) 

Sample r1965 has a GaAs1-xBix quantum well with 1.8% bismide. DLTS measurements were 

performed on two different diodes and the spectra are shown in Fig. 8.5. The two diodes give 

exactly the same spectra with all filling pulse voltages. With filling pulse voltage above 0.8 V, 

the DLTS signals are almost the same as that of 0.8 V.  
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In total five peaks are shown in the spectra. Four of them are majority carrier traps and 

one is a minority carrier trap appearing at about 90 K. There is also a big peak (same peak as 

NB1 in r1970) at about 350 K, with and without injection current. When the filling pulse 

voltage is above 0 V, several additional peaks (NB6, NB7, NB8, PB1) occur. Detailed results 

are shown in Table 8.6.  

 

 

(a)                                                                      (b) 

Figure 8.5 DLTS spectra of two diodes on the 1.8% Bi sample, with (a) filling pulse voltage 

at 0 V and (b) filling pulse voltage at 0.8 V. The signals are offset for clarity.  
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Table 8.6 Activation energy, capture cross section and concentration of each trap found in the 

1.8% Bi sample. 

Diode r1965-(1,3) r1965-(2,2) 

NB1 

EA (eV) 0.62 ± 0.02 0.63 ± 0.02 

σ (cm2) 1.4 x10-14 (e) 
7.0 x10-16 (h) 

1.8 x10-14 (e) 
8.9 x10-16 (h) 

NT (cm-3) 6.0 x1015 (e) 
2.9 x1015 (h) 

6.7 x1015 (e) 
2.9 x1015 (h) 

NB6 

EA (eV) 0.41 ± 0.02 0.41 ± 0.01 

σ (cm2) 7.3 x10-15 (e) 
3.7 x10-16 (h) 

8.4 x10-15 (e) 
4.2 x10-16 (h) 

NT (cm-3) 1.4 x1015 (e) 
8.4 x1014 (h) 

1.5 x1015 (e) 
8.2 x1014 (h) 

NB7 

EA (eV) 0.37 ± 0.02 0.36 ± 0.02 

σ (cm2) 1.1 x10-14 (e) 
5.4 x10-16 (h) 

7.2 x10-15 (e) 
3.6 x10-16 (h) 

NT (cm-3) 4.3 x1014 (e) 
2.3 x1014 (h) 

4.3 x1014 (e) 
2.6 x1014 (h) 

NB8 

EA (eV) 0.25 ± 0.02 0.29 ± 0.02 

σ (cm2) 3.8 x10-15 (e) 
1.9 x10-16 (h) 

4.7 x10-14 (e) 
2.3 x10-15 (h) 

NT (cm-3) 2.2 x1014 (e) 
1.5 x1014 (h)

2.4 x1014 (e) 
1.5 x1014 (h) 

PB1 

EA (eV) 0.49 ± 0.06 0.32 ± 0.05 

σ (cm2) 321 (e) 
16.1 (h) 

8.1 x10-6 (e) 
4.0 x10-7 (h) 

NT (cm-3) 1.7 x1014 (e) 
9.2 x1013 (h)

1.2 x1014 (e) 
7.6 x1013 (h) 

 

8.2.3 GaAs1-xBix quantum well with 4.7% Bismide (sample r2100) 

Sample r2100 has a GaAs1-xBix quantum well with 4.7% bismide. DLTS measurements were 

performed on four different diodes and the spectra are shown in Fig. 8.6. Three out of the 

four diodes give exactly the same spectra with all filling pulse voltages. However, diode (4,4) 

is  different from the others. With a 0 V filling pulse, similar to the other two GaAs1-xBix      
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p-i-n samples, a large majority carrier peak (NB9) appears at about 340 K, but NB9 is not the 

same trap as NB1 in r1970 with 1.4% Bi and r1965 with 1.8% Bi. At least two positive peaks 

between 250 K and 300 K overlap together, which was not found in other GaAsBi p-i-n 

samples. 

Focusing on the reproducible diodes (1,2), (1,4) and (2,3), when the filling pulse is above 

0 V, the positive peaks become overwhelmed by the signal from majority carrier traps and 

the peak becomes negative (NB10). The amplitude of NB10 increases very fast with filling 

pulse voltage, and exceeds NB9 eventually. Only one positive peak at 0 V becomes negative 

with injection current for diode (4,4) and there is still a positive peak left. The two peaks in 

the spectra of other diodes may be three peaks actually, one positive and two negative, 

overlapping together. Nonetheless, this is only a guess and the analysis of these peaks 

assumes that there are only two negative peaks with injection. Detailed results are shown in 

Table 8.7.  
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(a)                                                                        (b) 

 

(c) 

Figure 8.6 DLTS spectra of four diodes on the 4.7% Bi sample, with (a) filling pulse voltage at    

0 V; (b) filling pulse voltage at 0.8 V; and (c) filling pulse voltage at 1.5 V. The signals are offset 

for clarity. 
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Table 8.7 Activation energy, capture cross section and concentration of each trap found in the 

4.7% Bi sample. 

Diode r2100-(1,2) r2100-(1,4) r2100-(2,3) r2100-(4,4) 

NB9 

EA (eV) 0.73 ± 0.02 0.71 ± 0.01 0.71 ± 0.02 0.71 ± 0.03 

σ (cm2) 7.3 x10-13 (e) 
3.7 x10-14 (h) 

5.2 x10-13 (e) 
2.6 x10-14 (h) 

4.2 x10-13 (e) 
2.1 x10-14 (h) 

3.9 x10-13 (e) 
1.9 x10-14 (h) 

NT (cm-3) 2.0 x1015 (e) 
1.8 x1015 (h) 

1.9 x1015 (e) 
1.8 x1015 (h) 

1.9 x1015 (e) 
1.7 x1015 (h) 

1.5 x1015 (e) 
1.4 x1015 (h) 

NB10 

EA (eV) 0.57 ± 0.01 0.51 ± 0.01 0.58 ± 0.01 0.60 ± 0.01 

σ (cm2) 1.8 x10-13 (e) 
8.9 x10-15 (h) 

9.7 x10-13 (e) 
4.9 x10-14 (h) 

2.8 x10-13 (e) 
1.4 x10-14 (h) 

6.7 x10-13 (e) 
3.3 x10-14 (h) 

NT (cm-3) 2.6 x1015 (e) 
2.4 x1015 (h) 

1.7 x1015 (e) 
1.6 x1015 (h) 

2.2 x1015 (e) 
2.0 x1015 (h) 

1.6 x1015 (e) 
1.5 x1015 (h) 

 

8.3 Simulations of the p-i-n structures 

Because these samples are essentially symmetrically-doped diodes consisting of three or five 

different epi-layers, interpreting the DLTS spectra obtained from them is difficult.  The 

depletion region extends almost equally far into both the n- and the p-doped layers making it 

impossible to distinguish electron trapping in the n-layer from hole trapping in the p-type 

layer, since both processes are detected as majority carrier peaks in the DLTS spectrum. In 

addition, the background doping type in the i-layers is not known and thus which carrier is 

the majority carrier in those layers is also not known. Therefore, calculations of the band 

diagrams of the p-i-n diodes under various bias conditions have been employed to help 

interpret the DLTS results. These simulations were carried out using Nextnano [71, 72]. The 

main process of the simulation is to solve the Poisson equation (Equation (3.2) on page 22) to 

get a self-consistent potential and the quasi-Fermi level. We assume all the band parameters 

of GaAsBi are the same as those of GaAs, and also that the change in band gap occurs 

entirely at the valence band with VE  increasing by 83 meV/%Bi. The simulated structure is 

using the same layer thickness and doping as the 4.7% Bi sample. 
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The band diagram of the 1.8% and 4.7% bismide p-i-n samples under zero, reverse and 

forward bias were simulated. The layer parameters of the 4.7% bismide p-i-n sample were 

used for the simulation shown in Fig. 8.7. 

 

(a)  

(b)  

(c)  
Figure 8.7 Simulation of the band diagram of the 4.7% Bi sample under applied voltage at (a) 

reverse bias, (b) zero bias, and (c) forward bias.  An electron trap with 0.46AE eV=  is shown for 

illustration. FnE  and FpE  are the quasi-Fermi levels when there is injection current.  
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We see from the above figure of the 4.7% Bi sample that although the depletion region 

extends into the n-type layer, electron traps with activation energy at 0.46 eV located in the  

n-layer are always filled when the applied voltage is -1 V. Thus, at an offset voltage of -1 V, 

the DLTS transient cannot come from traps deeper than 0.46 eV in the n-type layer. When    

0 V bias is applied, some traps in the intrinsic layers are filled and shallower traps in the 

doped layers may be at least partially filled. With increasing forward bias, additional traps 

closer to the center of the intrinsic layer will be filled by electrons. The band diagram 

indicates that under our measurement condition, electron traps with activation energy greater 

than 0.46 eV will be detected only if they are located in the intrinsic layers. Similar 

conclusions can be obtained for hole traps. However, due to the heavier doping in the p-type 

layer, a hole trap with activation greater than 0.17 eV can be detected only when it is located 

in the intrinsic region.  This explains why no traps were observed in the HTg GaAs p-i-n 

sample, although the 0.57 eV hole traps are observed in p-type GaAs grown at standard 

temperature.  

 

Table 8.8 The spatial location of deep levels than can be detected in the 4.7% p-i-n sample 

under these measurement conditions 

Settings Location of Electron traps Location of Hole traps 

VR = -1 V; 
Vp = 0 V 

EA ≤ 0.46 eV 
n-type and i-layers 

EA ≤ 0.17eV   
p-type and i-layers 

EA ≥ 0.46 eV 
only in i-layers 

EA > 0.17 eV  
only in i-layers 

VR = -1 V; 
Vp > 0 V 

Can fill shallower traps in all 
layers than when Vp = 0 V 

Can fill shallower traps in all layers 
than when Vp = 0 V 

 

8.4 Discussion of defects 

To summarize, all the defects found in the p-i-n samples are listed in Table 8.9. Because the 

traps observed when there is no injection current are deep in the band gap, they must be 

located in the intrinsic GaAs layers grown at low temperature. The traps seen only when 
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there is injection current are likely located in the i-layers grown at about 300⁰C; however, if 

they are shallow enough they could also be minority carrier traps located in the doped layers. 
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Table 8.9 Summary of traps found in p-i-n structures. The traps indicated by gray shading are 

seen only when there is injection current. 

Sample GaAs HTg GaAs LTg 1.4% Bi 1.8% Bi 4.7% Bi 

Ma
jor

ity
 C

ar
rie

r T
ra

p 

0.22eV 
(NB5) 

NT (cm-3) 
  1.5 x1014 (e) 

9.9 x1013 (h)   

σ (cm2)   9.5 x10-16 (e) 
4.7 x10-17 (h)   

0.29eV 
(NG1≠NB8) 

NT (cm-3) 
 

1.0 x1015 (e) 
9.5 x1014 (h)  2.4 x1014 (e) 

1.5 x1014 (h)  

σ (cm2)  
8.9 x10-17 (e) 
4.5 x10-18 (h)  4.7 x10-14 (e) 

2.3 x10-15 (h)  

0.33eV 
(NB4) 

NT (cm-3) 
  3.9 x1014 (e) 

2.6 x1014 (h)   

σ (cm2)   8.2 x10-14 (e) 
4.1 x10-15 (h)   

0.37eV 
(NB3=NB7?) 

NT (cm-3) 
  1.3 x1014 (e) 

8.4 x1013 (h) 
4.3 x1014 (e) 
2.3 x1014 (h)  

σ (cm2)   2.2 x10-14 (e) 
1.1 x10-15 (h) 

7.2 x10-15 (e) 
3.6 x10-16 (h)  

0.41eV 
(NB6) 

NT (cm-3) 
   1.5 x1015 (e) 

8.2 x1014 (h)  

σ (cm2)    8.4 x10-15 (e) 
4.2 x10-16 (h)  

0.56eV 
(NB2=NB10) 

NT (cm-3) 
  3.4 x1014 (e) 

1.7 x1014 (h)  2.6 x1015 (e) 
2.4 x1015 (h) 

σ (cm2)   5.0 x10-14 (e) 
2.5 x10-15 (h)  1.8 x10-13 (e) 

8.9 x10-15 (h) 

0.63eV 
(NB1) 

NT (cm-3) 
  9.9 x1014 (e) 

5.1 x1014 (h) 
6.7 x1015 (e) 
2.9 x1015 (h)  

σ (cm2)   2.8 x10-14 (e) 
1.4 x10-15 (h) 

1.8 x10-14 (e) 
8.9 x10-16 (h)  

0.73eV 
(NB9) 

NT (cm-3) 
    2.0 x1015 (e) 

1.8 x1015 (h) 

σ (cm2)     7.3 x10-13 (e) 
3.7 x10-14 (h) 

Mi
no

rity
 T

ra
p 

0.32eV 
(PB1) 

NT (cm-3) 
   1.2 x1014 (e) 

7.6 x1013 (h)  

σ (cm2)    8.1 x10-6 (e) 
4.0 x10-7 (h)  

0.52eV* 
(PG2) 

NT (cm-3) 
 

2.3 x1015 (e) 
2.1 x1015 (h)    

σ (cm2)  
2.0 x10-16 (e) 
1.0 x10-17 (h)    

0.57eV 
(PG1) 

NT (cm-3) 2.3 x1013 (e) 
1.4 x1013 (h)     

σ (cm2) 1.5 x10-14 (e) 
7.0 x10-16 (h)     

* It is not clear why a minority carrier trap is observed without injection current. 
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8.4.1 GaAs p-i-n diodes 

Based on the band diagrams from the simulation, the trap PG1 found in the high Tg GaAs 

sample is in the intrinsic GaAs layer. Comparing it with the defects found in Table 7.9, PG1 

is possibly the 0.57 eV hole trap (HS1) in p-type GaAs, as can also be seen in Fig. 8.8, which 

compares the DLTS spectra from the GaAs Schottky diodes with the spectra for the GaAs 

and GaAsBi p-i-n diodes. Since this is a minority carrier trap, one may infer that electrons are 

the majority carrier in the intrinsic GaAs layer of the high Tg GaAs p-i-n sample. This is 

somewhat surprising since our collaborators had expected intrinsic GaAs grown under 

standard conditions to be p-type. An n-type intrinsic layer could result from a memory effect 

in the growth chamber, since the n-type layer is grown immediately prior to the intrinsic 

layer.  If the intrinsic layer is also n-type in the sample with a low Tg GaAs i-layer, then all 

the positive peaks are due to hole traps and the negative peak NG1 is due to an electron trap. 

However, DLTS peaks similar to PG2 and NG1 have not been reported in GaAs to our 

knowledge.  
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Figure 8.8 DLTS spectra of p-type Schottky diodes, n-type Schottky diodes and p-i-n structures 

taken at filling voltage at 1.5 V. 
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Although it was determined from the simulations that almost all the traps we found are 

located in the intrinsic layers, the exact location of each trap, whether it is in GaAs or   

GaAs1-xBix layer, is still unknown. In addition, the majority and minority carrier in the 

intrinsic layers is not known; therefore, the carrier type of each trap is also not determined. 

However, some traps can possibly be identified. 

Trap NB2 in the sample with 1.4% Bi and NB10 in the sample with 4.7% Bi may  be the 

same trap and they have the same temperature as the little shoulder in the n-GaAs grown at 

390 ⁰C. By looking in the literature, NB2 and NB10 are quite similar to EL3 that is a point 

defect or a point-defect/impurity complex [68]. The concentration of EL3 trap varies in a 

wide range according to growth conditions and is easily decreased by annealing above       

600 ⁰C [68, 73].  

The GaAs1-xBix layer (and possibly a part of the intrinsic GaAs at the interface with 

GaAsBi) is grown in a Ga-rich environment, where the GaAs anti-site is likely to form. GaAs 

grown at 600 ⁰C under Ga-rich conditions has been investigated by DLTS and the second 

acceptor level of the GaAs anti-site defect is at 0.71 eV with respect to the valence band [74]. 

Trap NB9 in the 4.7% Bi sample may be this hole trap (named HL2 in Ref. 61). However, if 

this is true, the majority carrier trap for the 4.7% bismide sample is a hole. If so, then NB10 

must also be a hold trap and cannot be EL3 which is an electron trap.  

From the comparison of the DLTS spectra in Fig. 8.8, the p-i-n diodes with a growth 

interrupt (GaAs p-i-n LTg, 1.4% Bi, and 1.8% Bi samples) have many DLTS peaks at           

T < 200K, while the samples without a growth interrupt (GaAs p-i-n HTg and 4.7% Bi 

sample) have no traps in this temperature range, suggesting that the growth interrupt may 

introduce these defects. We note that in the more recently grown structures the substrate 

temperature was ramped down during the growth of the first GaAs intrinsic layer and that a 

growth interrupt is therefore not necessary.  
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8.5 Estimated radiative and non-radiative recombination 

rates 

All of the GaAs1-xBix p-i-n samples show good photoluminescence and electroluminescence 

spectra, as shown in Fig. 5.6 and 5.7 for the 1.8% bismide sample. However, the 

luminescence intensity is about 100 times lower than that from an InGaAs/GaAs superlattice 

grown in the same chamber. This suggests that the defect concentrations observed by DLTS 

may be high enough to reduce light emission from these devices.  

As discussed in section 3.1.3.2, with injection of excess carrier by light or electric field, 

electron and hole pairs are generated in the junction and then recombine radiatively or non-

radiatively, emitting light or heat respectively. The probability that a particular electron in the 

conduction band recombines with a hole in the valence band is proportional to the hole 

concentration and vice versa for a hole in the valence band. Therefore, the radiative 

recombination rate R is proportional to the product of the electron and hole concentrations 

[75], that is,  

( )( )d aR Bnp B N n N p′ ′= = + + ,      (8.2) 

where n′  and p′  are the excess electron and hole concentration, respectively; and the 

constant B  is called the radiative recombination coefficient. 10 37 10B cm s−= ×  for GaAs. 

The excess carriers are generated in pairs, so n p′ ′= . In p-i-n diodes, the generation and 

recombination process happens in the intrinsic layers of the diode, where 

a d iN N n n p′ ′= = << = . Then Equation (8.1) is written as 

2R Bn′= .          (8.3) 

The non-radiative recombination is described by SRH theory discussed in section 3.1.3.2 

(page 27). Substituting the condition a d iN N n n p′ ′= = << =  into Equation (3.11), the non-

radiative recombination rate NR is written as 
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2 1
( ) ( )

i

p n p n

np nNR n
n n p pτ τ τ τ

− ′= =
′ ′+ + + +

,     (8.4) 

where pτ  and nτ  are the lifetime of holes and electrons, respectively.  

1
T n n

n

N v σ
τ

= ,        (8.5) 

and 1
T p p

p

N v σ
τ

= ,         (8.6) 

with nv  and pv  the thermal velocity of carriers.  

The electron-hole pair generation rate per unit volume is about 1x1022 cm-3/s with a 

photon flux of 1x1018 cm-2 [76]. In the steady state, the radiative recombination rate is equal 

to the generation rate. Hence, from Equation (8.3) we estimate the excess carrier 

concentration as 15 34 10n p cm−′ ′= = × . This value of the excess carrier concentration 

together with the concentration and capture cross section values of the near mid-gap trap that 

has the highest concentration in the GaAs1-xBix p-i-n diodes, NB1 in the 1.4% and 1.8% Bi 

sample and NB10 in the 4.7 % Bi sample, was used to calculate the probability of radiative 

recombination ( )R R NRη = +  [75]. Assuming these are electron traps or hole traps, the 

calculated radiative recombination efficiency for each sample is shown in Table 8.10.  

 

Table 8.10 Radiative recombination efficiency of the three bismide p-i-n diodes assuming only 

the single trap which has the highest concentration and is near the mid-gap.  

Sample GaAsBi 1.4% GaAsBi 1.8% GaAsBi 4.7% 
Electron trap 0.2% (NB1) 0.04% (NB1) 0.01% (NB10) 

Hole trap 7% (NB1) 2% (NB1) 0.3% (NB10) 
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These values of the radiative efficiency are low. However, strong PL and EL has been 

observed for all these diodes. And radiative recombination is more likely to happen in the 

quantum well, which is the bismide layer in our case. This may indicate that the traps 

occurring in high concentration (NB1, NB4, NB6 and NB10) are located in the GaAs layers.  

8.6 Summary 

In this chapter, DLTS measurements of GaAs and GaAs1-xBix p-i-n structures with bismide 

fraction up to 4.7% were presented. Many traps are found in the intrinsic GaAs and      

GaAs1-xBix layers grown at low temperature, although the exact location and carrier type of 

each trap is unknown because of the complicated structure of these diodes. From the 

simulations of the band diagram, we conclude that all the traps we observed are located in the 

intrinsic layers. Trap PG1, seen in the GaAs HTg sample, is likely to be HS1 in p-GaAs, 

which is evidence that the intrinsic GaAs layer could be slightly n-type. The p-i-n samples 

without a growth interrupt show no DLTS peaks at T < 200K, indicating that the growth 

interrupt may introduce defects. From estimates of the radiative and non-radiative 

recombination rates, it is clear that reducing the trap concentrations would considerably 

increase the radiative efficiency of these devices.   
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Chapter 9                                   

Conclusions 

 

In this study, deep levels in GaAs1-xBix layers, GaAs layers and p-i-n structures containing an 

intrinsic GaAs1-xBix quantum well with bismide fraction ≤ 5% were investigated using the 

DLTS technique. These are the first DLTS measurements of GaAsBi. The epitaxial layers 

were grown by MBE in the temperature range 285-580 ⁰C by the Tiedje group. Due to poor 

surface morphology, the characteristics of the GaAs1-xBix Schottky diodes were poor and the 

trap parameters obtained from the DLTS measurements of these samples are unphysical and 

not reliable. Therefore, p-i-n structures, some having a GaAs i-layer and some having a 

GaAs1-xBix quantum well in the i-layer, were measured. In addition, several Schottky diodes 

fabricated from GaAs layers grown at different temperatures were also measured to help 

interpret the DLTS spectra of the p-i-n diodes.  
Trap HS1 was found in both high and low Tg p-GaAs layers. A trap having similar 

properties was observed in GaAs samples after Fe diffusion, suggesting that it is likely 

related to Fe impurities [63].  Traps in n-type GaAs layers are observed only in low Tg 

samples. ES2, ES4 and ES5 are commonly seen in MBE grown GaAs, probably related to a 

Ga vacancy or an As interstitial [68-70]. 

DLTS spectra from the p-i-n diodes vary with the growth conditions and the bismide 

fraction from 0 to 4.7%. From simulations of the band diagram of these devices, it is 

concluded that all the traps observed are located in the intrinsic GaAs or GaAs1-xBix layers 
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grown at ~300 ⁰C. The traps we found in the p-i-n structures are all in concentrations less 

than 7x1015 cm-3, and PL and EL spectra showing emission from the GaAs1-xBix layers have 

been obtained [24, 50]. This indicates that GaAs1-xBix may be useful for a variety of high 

performance electronic and optoelectronic devices. However, device performance will very 

likely be improved, if the deep level defect concentrations can be reduced. 

A device structure more suitable for DLTS measurements than these symmetric p-i-n 

diodes is needed to further investigate the defects in GaAs1-xBix layers. Since the thick 

GaAs1-xBix layers have a surface morphology problem due to droplet formation at these 

growth conditions, a one-sided p-n junction containing a thin GaAs1-xBix quantum well on the 

lightly doped side may be a good choice for the next DLTS experiments. Continued 

investigation of GaAs layers gown at T < 400⁰C would also be important, since device 

structures fabricated incorporating GaAs1-xBix layers will likely also incorporate GaAs layers 

grown at the same temperature.  
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