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Abstract 

In this thesis we present our studies of the dielectric properties of junction based 

diode structures under charge carrier injection. This regime remains less explored even 

after decades of research in the field of semiconductors. However, it is a necessary 

working condition for a set of diodes like electroluminescent diodes, producing light 

emission and hence important from the fundamental and application points of view. 

Nevertheless, the presence of a large number of free charge carriers in this regime, giving 

rise to different time scale processes and possibility of carrier interactions imposes 

experimental challenges and complexities. In such a scenario, conventional 

characterization techniques and understanding of junction diodes based on depletion 

approximation and electrostatics break down. Hence, we modified the existing techniques 

and developed new techniques and analyses to probe electroluminescent diode structures 

under charge injection. We observed counter intuitive response beyond the available 

understanding of these structures. We probed the connection between electrical and 

optical properties and its manifestations to understand carrier transport in these active 

devices.   

We used impedance spectroscopy and developed voltage modulated 

electroluminescence spectroscopy to study mainly AlGaInP based multi quantum well 

electroluminescent diodes (ELDs) for relatively low frequencies. We observed that under 

high injection, reactance of the diodes acquires inductive like behavior, which is 

perceived as negative capacitance (NC). Occurrence of NC was found to be accompanied 

by the onset of modulated light emission. Magnitudes of both increase in a correlated 

fashion with decreasing modulation frequencies. These observations are technologically 

important but are beyond the conventional diffusion capacitance model of the diode 

under forward bias. We explained that this interdependence of electrical and optical 

properties in case of ELDs is due to the participation of slow non-radiative defect 

channels in the fast radiative recombination dynamics.  

We theoretically demonstrated how NC can appear in the admittance response of 

a diode in general. We identified that the positive valued and increasing current transient 
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after the application of a forward bias step is the signature of NC. During the temperature 

scan of these devices, we observed that the quantum confinement affects the response 

under modulation in a way that is not apparent from room temperature studies. For low 

temperature regime, low frequency defect response causes a counterintuitive increase in 

modulated light emission with increasing temperature. At higher temperatures, thermally 

activated escape of charge carriers from the quantum well starts to affect the device 

response. As a result, modulated light output maximizes in a certain temperature range 

below room temperature. We suggest that for better efficiency of devices in high 

frequency (~GHz) direct modulation applications, it is desirable to reduce low frequency 

response which prevents charge carriers from following the fast modulation. 

Nevertheless, quantum well parameters should be tuned to get maximum modulated light 

output around working temperature of the device.  

We further observed that the frequency domain steady state electrical impedance 

response of electronic rate processes activated with dc bias reveals an intricate picture of 

the carrier dynamics. We demonstrated that the sudden change in frequency dependence 

of this bias activated response, after the onset of light emission, points towards the 

presence of an excitonic state. This response vanishes with increasing bias indicating 

Mott transition. Hence for the first time, we electrically identified the possible signatures 

of the formation of excitonic states and their subsequent Mott transition to electron hole 

plasma. 

We further applied our techniques and analyses to different ELDs and 

functionally different Silicon-based diodes. We demonstrated that our understanding can 

be generalized to explain the dissimilar frequency dependent reactance in these 

functionally different junction diodes under charge carrier injection.  
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Chapter 1  

 

Introduction 

 

1.1 Motivation  

Charge injection is an essential condition for the working of light emitting diodes 

and lasers which make the lion’s share of our technology dependent daily life. 

Applications of these diodes are so high that a great deal of effort in this field is directed 

towards constructing better and more efficient devices with lower cost using newly 

available technologies for growth and characterization. However, the basic physics of 

these devices, even as a simplistic system of p-n junction diodes under high carrier 

injection, is not fully understood. It is important from the point of view of basic physics 

and applied technology to comprehend the condensed matter physics of these devices 

under their operating conditions. This is a regime where conventional understanding of 

diodes based on depletion approximation and electrostatics may not work due to the 

presence of large number of charge carriers and their interactions. One needs to 

understand the dielectric changes a material undergoes, when light emission starts or 

when lasing starts. With the use of quantum structures, effect of quantum confinement on 

these properties also becomes important.  

Moreover, the mechanism of light emission is interesting in itself to be probed 

using electrical techniques in a full device configuration.  Usually only optical techniques 

are used to detect the presence of exciton state and its Mott transition to free electron-hole 

plasma state through recombination dynamics. The studies or predictions for their 

electrical signatures are few and far between. 
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We therefore present a study on the various electrical and optical aspects of active 

electroluminescent diodes. We used small signal sinusoidal modulation to perturb the 

system for frequencies below 2 MHz and observed the electrical and optical response of 

the system. Most of the results presented in this thesis are for multi quantum well based 

electroluminescent diodes. However, we have shown that our understanding and results 

are well applicable to quantum dot laser diodes and functionally different Si based diodes 

and hence can be generalized to other diode based devices under charge injection in 

appropriate parameter range.   

In this chapter, we are presenting a brief overview of the semiconductor and diode 

physics concepts which we have used or are useful to understand the work presented in 

the following chapters.  

 

1.2 Semiconductor background  

In solids, coexistence of similar electronic states from constituent atoms gives rise 

to a broader structure of closely spaced energy levels called bands
1-3

. In presence of the 

periodic potential of lattice, these bands form a structure in energy (E) and momentum (k) 

space maintaining E and k conservation. This results in forbidden energy regions for 

selected k values called energy band gaps. At 0 K, the highest energy band which is 

completely occupied is called the valence band and the lowest energy band which is 

completely empty is called the conduction band. Forbidden energy gap between valence 

and conduction band is the fundamental band gap (commonly known as the band gap) of 

the material
4
. Semiconductors are the materials which have band gaps between ~ 0.1 eV 

to ~3 eV. When conduction band minimum and valence band maximum coincide in k 

space, band gap is direct and if k value differs for both it is indirect
3
. Figure 1.1 shows the 

band structures of two most common semiconductor materials (Si and GaAs). 

Fundamental band gaps of Si and GaAs are 1.12 eV and 1.42 eV respectively. However, 

the biggest difference between these materials is that the GaAs, having direct band gap 

shows efficient radiative recombination (light emission) which is not possible in case of 

bulk Si which has an indirect band gap. It is interesting to mention here that Si does have 
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a second direct band gap around 3.4 eV
5
. Also, in case of porous and nano-crystalline Si, 

light emission has been observed
6,

 
7
. 

 

Figure 1.1: Energy band diagram of (a) Si and (b) GaAs (from reference 4 based on reference 8). Eg 

denotes band gap and Γ denotes k=0. EV and EC denote valence and conduction band extremum points 

respectively. (+) and (-) signs denote holes and electrons respectively in corresponding bands. Indirect 

nature of Si band gap and direct nature of GaAs band gap can be seen.   

 

Depending upon the structure of the material, band gap can vary vastly as 

mentioned in table 1.1.  

Table 1.1: Band gaps and structures of some bulk semiconductors (at 300 K)
9, 10

 

Material Si GaAs GaP GaN CdTe 

Band gap 

(eV) 

1.12 

Indirect 

1.42 

Direct 

2.26 

Indirect 

3.4 

Direct 

1.44 

Direct 

Structure Diamond cubic Zinc-blende Zinc-blende Wurtzite Zinc-blende 

Group IV III-V III-V III-V II-VI 
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At 0 K, due to the unavailability of free electrons in conduction band, 

semiconductors are insulators. With increase in temperature, thermal fluctuations provide 

sufficient thermal energy to electrons to jump to conduction band leaving behind an 

empty space in valance band with net positive charge known as ‘hole’. When empty 

energy states are available, free electrons in conduction band and free holes in valence 

band can move under the influence of external field and conduct electricity. Typical 

conductivity of semiconductors lies between that of metals and insulators (10
2
-10

-8
 

S/cm).  

Effective dynamics of these charge carriers in the bands and their interaction with 

each other or different objects in the solid (impurities, lattice vibration, external field etc.) 

give rise to a variety of interesting and useful physical phenomena in semiconductors. For 

simplicity, dynamics of these quantum particles (electrons and holes) bound with the 

potential of lattice can be approximated to their motion as free classical particles in 

respective bands, when their respective free masses are replaced by their ‘effective mass’ 

(m
*
)
11

. It represents the mass these particles seem to have under the presence of external 

force. Effective mass is given by the relation 1222 ]/)([*  dkkEdhm  where h is reduced 

Planck’s constant
3
. Effective masses of electrons and holes vary in different materials and 

generally are anisotropic in the crystal
1
.   

In an intrinsic (pure) semiconductor, concentration of free electrons and holes 

remains same maintaining the neutrality condition. This concentration is on the order of 

~10
11

 cm
-3

 which is too low for any technological use
12

. However, properties of 

semiconductors are very sensitive to any impurities or irregularities in the intrinsic lattice 

structure. For example, in ideal case, charge carrier concentration increases with 

increasing temperature and therefore, resistivity should go down; but practically, the 

decrease in resistivity with temperature can deviate from its monotonicity due to the 

presence of defects or/and impurities
4, 13

. Introduction of impurities in the material alters 

its band structure which can be exploited to induce properties varying from one extreme 

(highly conducing or metallic) to the other (insulating).  

To alter the properties of semiconductors for various applications, they can be 

doped externally, to be made either electron rich (n-type) or hole rich (p-type). Apart 
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from doping, making alloys of two semiconductors or producing strain in the lattice by 

epitaxial growth of two lattice-mismatched structures can also modify the band 

structure
12 

ultimately altering the physical properties of the material system.  In real 

devices based on semiconductors, some/all of above are used in combination to produce 

different physical properties.  

We understand that for electrons to take part in transport in the presence of an 

external field, they have to be promoted to the conduction band where empty energy 

states are available for their movement. So it would be important to know the 

concentration of free electron to understand the dynamics of the material or device. The 

number of electrons n in the conduction band is given by
4
: 






CE

dEEFENn )()(                                               (1.1) 

Where EC is the conduction band edge, N(E) is the total number of states (the density of 

states (DOS) which describes the total number of available electronic states per unit 

volume and energy) and F(E) is the Fermi-Dirac distribution function governing the 

occupation probability of available states, given as
4
: 

 TkEE
EF

BF )(exp1

1
)(


                                  (1.2) 

where kB is Boltzmann constant and EF is the Fermi level and is determined by the charge 

neutrality condition. EF describes the maximum energy an electron can have and exists in 

the middle of the band for an ideal intrinsic semiconductor at 0 K. This also explains why 

semiconductors are insulators at 0 K. A similar expression can be written for holes.  For 

doped semiconductors due to the presence of donor atoms (n-type) or acceptor atoms (p-

type) impurity energy levels get introduced in between the band gap and Fermi level 

position also gets altered. For low levels of doping (or injection as will be described later) 

Fermi level remains several kBT below EC and Fermi-Dirac distribution can be 

approximated to a Boltzmann distribution function. In this configuration semiconductor is 

called Non-degenerate. For a non-degenerate semiconductor n is proportional to a 

Boltzmann like factor as given by
3, 4

: 
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






 


Tk

EE
n

B

FCexp                                             (1.3) 

For Degenerate semiconductors, one has to use Fermi-Dirac statistics for calculations. In 

this work we will deal with the semiconductor systems and states described mainly by the 

non-degenerate properties. 

1.2.1   Different recombination processes in semiconductors  

 Presence of any external field (temperature variation, electric field, magnetic 

field, mechanical stress, electromagnetic radiation etc.) influences the dynamics of charge 

carriers inside the semiconductors
12, 14

. These external perturbations can excite electrons 

into conduction band (also generating a hole in valence band), can modify the intrinsic 

band structure or/and alter the effective mass of the charge carriers. For example, in the 

presence of electromagnetic radiation of energy above band gap, photon absorption can 

take place transferring electrons to the conduction band. Electrons and holes can also be 

injected in their respective bands by high forward bias. In such situation, presence of 

extra electrons in conduction band (and holes in valence band) disturbs the equilibrium 

concentration of free charge carriers. To achieve the equilibrium, electrons can release 

their energy to recombine with holes in the valence band via different processes. When 

electron and hole recombine releasing energy as a photon, it is called radiative 

recombination which makes the basis of electroluminescent devices. In case of direct 

band gap semiconductors, radiative recombination can happen directly between bands 

(also between excitonic levels, as will be discussed later). For such transitions, 

recombination rate (R) is proportional to the electron (n) and hole (p) concentration:  

cnpRR                                                                                      (1.4) 

where Rc is the recombination coefficient
4
. In case of indirect band gap materials, the 

transition cannot happen directly between bands to maintain the momentum conservation. 

Then recombination can occur via electronic defect (traps) states (which exist within the 

band gap due to the presence of defects or impurities) following Shockley-Read-Hole 

statistics
15-17

. In this case, recombination is non-radiative, with a rate given by
4
: 
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






 








 





Tk

EE
np

Tk

EE
nn

npnNv
R

B

tF

ip

B

Ft

in

ithTpn

SRH

expexp

)( 2




                 (1.5) 

where σn and σp are electron and hole capture cross sections by the trap states, vTh is the 

thermal velocity of electrons, ni represents equilibrium intrinsic electron concentration. Et 

and EF represent defect energy level and intrinsic Fermi level respectively. Nt is the 

density of defects. Energy of excited electron can also be transferred to another electron-

hole system (Auger process) and/or phonons (heat) which is also a non-radiative process. 

We do not intend to go into the details of these processes which, by itself, is a field with 

very rich physics (for an overview reference 14 and 18 can be consulted). However, we 

intend to mention here that depending upon the structure of semiconductors and their 

response to applied field they can exhibit different physical phenomena and can be used 

for different device functionalities. For example, radiative recombination after the 

injection of charge carriers is the key process inside a light emitting diode
19

. In case of 

solar cells free charge carriers should be collected at different electrical contacts without 

undergoing any recombination
20

. Generally, materials can undergo different processes but 

it is the dominance of one which makes them useful for certain applications. Probability 

of the desired process inside the constituent materials dictates the efficiency of the device 

based on it. In the context of this thesis, we are interested in radiative recombination 

process and related device structures.  

In bulk semiconductors rate of radiative transition R is given by
 
equation (1.4). In 

general, efficiency of radiative recombination (η) is given by the ratio of the rate of 

radiative recombination (R) and the rate of total recombination (R’) (including radiative 

and non-radiative). Presence of any other recombination path way which is non-radiative 

competes against radiative recombination and reduces its efficiency. Effective 

recombination time of the carriers due to the presence of all the possible recombination 

path ways is given by (considering two mutually exclusive path ways one being radiative 

and one being non-radiative):  

            venonradiatiradiativeeff 

111
                                                           (1.6) 
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  We will discuss in chapter 2 how defect response (non-radiative) can couple with 

radiative recombination when device characteristics are measured under sinusoidal 

modulation of low frequencies (significantly lower than the rate of raidative 

recombination), and the behavior can deviate from equation (1.6). 

1.2.2   Excitons in semiconductors 

An electron in conduction band and a hole in valence band are bound with mutual 

Coulomb attraction. Such a bound pair of electron and hole is called an ‘exciton’
12, 18

.
 
In 

materials with small dielectric constants, Coulomb attraction between an electron and a 

hole is very strong and exciton sizes are small with high binding energy (0.1 to 1 eV). 

These excitons are called Frenkel excitons
21

 and exist in organic semiconductors. On the 

other hand, in the materials with high dielectric constant (like inorganic semiconductors), 

Coulomb potential gets screened and excitons have large radii and small binding energies 

(on the order of few meV). This class of excitons is called Wannier-Mott excitons
22

 and 

is relevant in present case. Wannier-Mott excitons can be viewed like a hydrogen atom 

with discrete energy levels (Ej) given by
22

: 222

4

2 jh
eE j 

 where j=1, 2, 3…, e is the 

electronic charge, ε is the dielectric constant of the material, and μ is the reduced mass of 

electron and hole system inside the material. Excitons can make ion or molecule like 

complexes by combining two or more electron-hole pairs
23

. Apart from these free 

excitons, bound excitons also exist where charge carriers are bound to impurity states or 

excitonic ions
14

. Excitons states are short lived at room temperature and they dissociate 

by emitting photons (and phonons in case of indirect band gap materials). This is the 

reason why excitons are studied at low temperature and in pure samples where the 

probability of their breakdown is lowered
14

. However, in case of quantum wells (and 

other lower dimension structures) significant exciton population can exist even at room 

temperature due to the stationary nature of the resonant excitonic state as a result of 

quantum confinement effect
24-26

. We will further discus this in section 1.4.1. 

Only under low densities, bosonic excitons can be understood by the hydrogen 

atom model. Under high density excitons interact with each other to form electron-hole 

liquid.  Bose-Einstein condensate (BEC) like state had also been predicted theoretically 
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for excitons
27, 28

 with relatively higher (~1 K) condensation temperatures due to low 

effective masses. They had also been predicted to show cooper pair like formation with 

high densities at low temperature
27, 29

. Main experimental challenge for the observation of 

such condensed phases of excitons is their low binding energies and very short life time. 

Auger recombination
30

, which is a competing fast non-radiative process, is also a 

challenge. At sub-Kelvin temperatures, BEC of excitons has been observed recently
31,

 
32

. 

Excitons can couple with different quasi particles in the crystal and make bosonic 

complexes. Due to the strong dipole interaction between excitons and photons in a cavity, 

polaritons are formed. These are called exciton-polariton and are a good candidate to 

observe BEC
33, 34

.   

Excitons are the basis of the next generation of many devices like exciton-

polariton based ultralow threshold lasers, solar cells etc. and believed to play a major role 

in lasing mechanism of quantum wires. However, their studies are dominated by optical 

spectroscopy based techniques. These techniques require very careful interpretation of the 

observed light emission spectra with a lot of different parameters affecting spectral 

features. To our knowledge, there are no electrical methods to probe the delicate 

condensed phases of excitons. In chapter 5, we will discuss the electrical technique we 

have proposed to probe excitons and their transition to free electron-hole plasma in the 

semiconductor. 

 

1.3 Semiconductor p-n junction  

p-n junctions (junctions of p and n type materials) are the basic building blocks of 

almost every semiconductor device and an integral part of the current electronic systems. 

Physics of p-n junctions which followed slowly after their invention can be considered as 

the basic physics of devices based on them. Under no external perturbation or field, p-n 

junction can be represented as the schematic shown in figure 1.2a. When p-type and n-

type materials come in contact, holes and electron recombine, generating a region 

depleted of free charge carriers, known as depletion region or space charge region. This 

region extends in both p and n sides of the junction and the built in field created by this 
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region dynamically prevents any further crossover of the charge carriers across the 

junction. Fermi levels of the materials also align due to the electron hole flow during 

junction formation. Typically, charge current flows if any Fermi level gradient exists in 

the system. In the absence of any external perturbing field, under equilibrium a single 

Fermi level can be used to describe the entire system as can be seen in figure 1.2b. 

 

  

Figure 1.2: (a) Schematic of a p-n junction with depletion region formed due to the recombination of 

electrons and holes. Field of this region prevents any further crossover of the charge carriers across the 

junction. (b) Equilibrium band diagram of the p-n junction under no external bias (at a finite temperature). 

System can be described by a single Fermi level EF.  

 

While developing the analytical understanding of the p-n junction it is assumed 

that in the depletion region, densities of free charge carriers n (electrons) and p (holes) 

are negligible as compared to the density of acceptor atoms NA and donor atoms ND. This 

approximation is known as Depletion Approximation
3, 4

. Under this condition, the 

depleted region is sensitive to even the minutest change in charge carrier density (due to 

defects for example) hence it remains at the heart of the junction related analyses and 
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characterization techniques. Under the depletion approximation the built-in potential (ϕ) 

across the junction can be calculated by using electrostatic Poisson’s equation as follows:  



 AN
e

dx

d


2

2

               for  –xp < x < 0                           (1.7a) 

and  

           


 DN
e

dx

d


2

2

               for  0 < x < xn                           (1.7b) 

These equations can be used to calculate the electric field, width of the junction 

and capacitance. Investigation of junction capacitance can further reveal many properties 

of the p-n junction and other related physical parameters as will be discussed in coming 

section.  

When reverse bias is applied to the junction diode, depletion region widens within 

the material since the free charge carriers are attracted away from the junction. However, 

in case of forward bias, charges can be injected across the junction and depletion region 

narrows down. An ideal p-n junction tries to oppose any conduction of charge in reverse 

bias (except for the contribution from holes in the n-type side and electrons in the p-type 

side or minority charge carriers). However, in the forward bias, conduction happens after 

built in potential of the junction is overcome. Unless a very high forward bias is applied, 

conduction current in the diode flows due to the diffusion of charge carriers. Current-

voltage (I-V) characteristics of an ideal p-n junction diode are given by Shockley 

equation
4
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


 1exp0

Tk

eV
II

B

                                                                (1.8) 

where I0 is the reverse saturation current. 

In a real p-n junction, defect states can be present within the depletion region 

which can capture/ release charge carriers.  The exchange of charge carriers by these 

defects with band edges can contribute to the free charge carrier density and hence 
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current. However, the defect energy band should lie below the Fermi level for it to be 

occupied with charge carriers. Variations in temperature and applied bias affect the 

position of Fermi level and hence the defect contribution (will be discussed in chapter 2, 

figure 2.8). Thermal rate (1/τ) of charge carrier exchange from defects is given by
35

: 











Tk

E

B

Thexp
1




                                                                      (1.9) 

Where ETh is the defect activation energy and υ is thermal prefactor. In section 1.5 we 

will discuss in brief how capacitance based measurements are used to characterize defect 

response in junction structures. 

1.3.1 Depletion capacitance 

Depletion capacitance can be defined as the increment in total charge of the 

junction (Q) upon an incremental change in applied voltage (V) i. e. C=Q/V. Under 

zero bias, reverse bias and small positive bias, the junction behaves like a dielectric 

between two conducting plates as shown in figure 1.2a. In this case its capacitance is 

mainly dominated by depletion capacitance. One can then write: 

  x

A
C


                                                                                    (1.10) 

where A is the area and x is the width of the junction. As mentioned above, with increase 

in reverse bias, width x of the junction increases which decreases the depletion 

capacitance.  

             To calculate the exact change in the width x with applied voltage V, it is easy to 

assume a junction configuration, where depletion region spreads in one particular side of 

the junction (Schottky junction, for details see chapter 3 of reference 4), say n-type.  This 

can be achieved either by heavily doping the other side of the junction (p
+
-n or n

+
-p) or 

by making metal-semiconductor junction. Then it can be shown by using equation (1.7) 

under depletion approximation that 
4, 36

:  
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                                                            (1.11) 

Experimentally, by measuring C with varying reverse bias V one can calculate ND using 

the above equation (1.11). This technique is called C-V profiling (similar expression can 

be written for NA in case of p-type materials).  

 It is important to note that C-V profiling actually gives free charge carrier density 

which might be different from the actual value of ND whenever charge density is non-

uniform
37

. This non-uniformity affects the capacitance measurements. One can show that 

this differential capacitance actually measures the mean position x of the differential 

charge Q and can be written as
37

:  
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00

)])(/())([(                        (1.12) 

Where n is the displaced electron distribution due to V. 

It is worth mentioning here that as a quantity to measure stored charge, junction 

capacitance can be used to track any changes in the total available charge density of the 

junction e.g. due to the dynamics of defects. Hence capacitance based techniques are 

widely used to probe electronic transitions involving charge carriers and helpful in 

calculating defect related parameters. This will be discussed in further detail in section 

1.5.  

1.3.2 p-n junction under high charge carrier injection: diffusion capacitance and 

negative capacitance 

When a p-n junction is forward biased, energy can be supplied to charge carriers 

for crossing the barrier. This way electron or holes can be ‘injected’ into p-type and n-

type regions respectively where they can be treated as minority carriers.  

 In general, under the injection of charge, minority charge carrier densities start to 

become comparable to majority charge carrier densities and hence drift as well as 
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diffusion of charge carriers becomes important. In this case, it is not possible to describe 

the system with the help of one Fermi level and hence electron and hole populations are 

described with two separate quasi-Fermi levels as shown in figure 1.3.  

 

Figure 1.3:  Schematic of the p-n junction under external applied field (taken from reference 4). Due to the 

change in barrier potential and injection of charge carriers, a single Fermi level cannot be used to 

describe both electrons and holes population and Fermi level splits in quasi Fermi levels for electrons and 

holes in the junction region.  

 

According to the conventional diode theories, due to the narrowing of depletion 

region with increasing forward bias, depletion capacitance does not remain significant. 

Contribution to junction capacitance mainly comes from the diffusion of minority carriers 

across the junction. This is called the diffusion capacitance and given by
38

: 

dx
V

VxN
eCDiff  




),(
2                                                            (1.13) 

Where N(x,V) is the charge density as a function of position (x) and bias (V).  

 Diffusion capacitance decreases with increasing frequencies
4
.  However, we will 

see in following chapters that even diffusion capacitance is not enough to explain the 

capacitance characteristics of the junction under high charge injection. We will 

demonstrate that the reactive component of the junction impedance acquires an inductive 

like behavior with increasing forward bias, which is manifested as negative capacitance 

(NC)
39

. NC will be discussed in detail in chapter 2 and 3. However, it can be immediately 

observed that, such response is beyond the diffusion capacitance model of the forward 
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bias junction. This creates a scope for further experimental and theoretical investigation 

of diodes in the regime of high charge carrier injection. It becomes important to ask if the 

electrostatic description of diodes based on depletion approximation remains valid in this 

situation.  

1.3.3 Semiconductor heterostructures and nanostructures  

Heterostructures are junctions between two different materials, proposed by 

Shockley
40

 and developed in 1950-60s by Kroemer, Alferov and many others
41,

 
42

. Using 

heterostructures, one can achieve quantization of electron motion restricting it to less than 

three dimensions as compared to a free electron in bulk. Invention of heterostructures 

gave a new direction to semiconductor physics with increasing scope of using various 

materials and their combinations. Development and use of these heterostructures was 

largely supported by the availability of growth techniques which can grow epitaxial 

layers of materials with abrupt changes. These structures are used in a lot of different 

devices
43, 12

 for example light emitting diodes, lasers, solar cells etc. but their physics is 

not as established and understood as for a simple p-n junction.  

The immediate breakthrough following the development of heterostructures was 

the development of double heterostructure based devices which used a sandwich layer in 

between two different materials. In these structures, the dynamics of charge carriers 

happens primarily in the sandwiched layer.  The idea of double heterostructures became 

very useful for optoelectronic devices like light emitting diodes and lasers and led to the 

Nobel prize in physics for year 2000
44

. Figure 1.4 shows a schematic of the double 

heterojunction structure.  

If the width of the sandwiched layer is less than the de Broglie wavelength of 

electron inside the material i.e. 

 

electron

Brogliedew    we observe quantization of electron energy 

levels. This wavelength range is on the order of few nanometers and these structures are 

generally referred to as nanostructures. Electron is said to be quantum confined and its 

dynamics are governed by quantum mechanics.  With three translational degrees of 

freedom available for electron, three types of nanostructures can be constructed: 
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(i) Quantum wells: when one of the three dimensions is less than electron

Brogliede .  

(ii) Quantum wires: when two of the three dimensions are less than electron

Brogliede .  

(iii) Quantum dots: when all three dimensions are less than electron

Brogliede . 

 

Figure 1.4:  Schematic of a double heterojunction. A lower band gap (Eg2) semiconductor (SC) material (p-

type in this case) is sandwiched between higher band gap (Eg1) materials to make a potential well. 

Dynamics of charge carriers change drastically due to this confinement. When width of the sandwich layer 

w is less than
electron

Brogliede  we start to observe quantum behavior
45

. 

   

Density of states
2
 (DOS), also changes due to confinement effect as compared to 

bulk as shown in figure 1.5.  

  

Figure 1.5: Effect of quantum confinement on joint density of states (DOS). As we go from 3D to 0D, DOS 

becomes non-monotonic function of energy. (Taken from reference 19.) 

 

Development of such quantum structures using semiconductor materials presented 

a direct system to test and study quantum physics. A rich new physics of quantum 

structures opened up a whole new direction for devices based on them. These structures 
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played a significance role for semiconductor based electroluminescent diodes as we will 

discuss in the following section.   

 

1.4 Electroluminescent diodes (ELD) 

When electrically injected charge carriers recombine radiatively, we observe 

luminescence which is called electroluminescence due to the electric source of its 

existence. This is the process used in our current diode based electroluminescent 

structures i.e. lasers and LEDs. Essentially ELDs consist of a material where radiative 

recombination is more probable or efficient as compared to any other recombination 

process which is non-radiative.  This condition can easily be fulfilled in case of direct 

band gap materials. But even in case of some indirect band gap materials, radiative 

recombination can be achieved with the help of a non-radiative channel
46

. These diodes 

are a part of our day to day technology and can be found in laser pointers, DVD writers, 

display, optical communication etc.  

1.4.1 Physics of light emission in semiconductors 

Light emission in semiconductors happens through radiative transitions. These 

transitions can be of different types, depending on where the electrons and holes are 

coming from and recombining. Broadly they can be divided into  

(i) Transitions involving excitons which happen in relatively pure lattice structures 

and are much more pronounced at low temperatures and quantum confined 

structures when the probability of the existence of excitons is sufficient (they are 

not broken off due to local field due to impurities or thermal energy). Exciton 

transitions can involve free excitons, bound excitons or their interaction 

complexes with different quasi particles inside the lattice e.g. exciton- 

polaritons
14, 18

.  

(ii) Band to band transitions which occur between conduction and valence band. 

These transitions can either directly be band to band in case of direct band gap 
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materials or can be phonon assisted to conserve momentum in case of indirect 

band gap materials
14

.   

(iii) Trap assisted transitions where shallow or deep impurity levels take part in the 

transition
46

.  

Generally, spectral features of the radiative transition at low or varying 

temperatures are studied to probe the mechanism of light emission. For example excitonic 

luminescence peaks are sharp as compared to band to band luminescence
47

. Excitonic 

peak does not suffer any red spectral shift with increasing excitation
24

. However, in case 

of band to band transitions which happen due to the presence of free electron-hole 

density, band gap renormalization
48

 effects generate a red shift at higher excitation 

densities. This broadening can also be present due to different homogeneous or 

nonhomogeneous effects
12

, excitonic peaks can also show broadening in linewidth due to 

increase in temperature
49

 and even at low temperatures due to increased carrier 

interaction
50

, 
51

. In such cases, it becomes difficult to identify or understand the transition 

mechanisms using optical means only.   

 In case of bulk material, radiative recombination probability is governed by 

equation (1.4). In case of quantum well, probability of radiative transition increases due 

to the overlap of electronic wavefunctions under the presence of confinement of charge 

carriers in a small region.  Also, the density of states gets altered and becomes discrete as 

we discussed in section 1.3.3 and figure 1.5. Now the modified transition probability 

between any two sub bands of conduction (n) and valence band (m) is given by the 

corresponding element of the transition matrix (M)
12, 45

: 

                               )(.)()()(, ruperuzzM k
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where )z()z( m
V

n
C   is the overlap between the components of the envelope 

wavefunctions of the quantum well in the conduction (C) band and valence (V) band, and 
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 is the momentum matrix element, u
C

k(r) and u
V

k(r) are the cell 

periodic parts of the Bloch functions.  
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 It is worth mentioning that due to the overlapping wavefunctions in case of 

quantum wells, existence of excitons becomes probable even at room temperatures
52

. 

Presence of excitons has been reported in many experimental studies on quantum well 

structures showing excitonic luminescence (photoluminescence as well as 

electroluminescence) at room temperature
24-26

. For bulk semiconductors, excitonic effects 

are observed at low temperatures as discussed in section 1.2.2. 

1.4.2 Condensed matter physics of electroluminescent diodes 

Figure 1.6 shows the structure of a typical quantum well based laser diode
53

 

available commercially. In our work, we have used laser diodes with similar structures. 

They essentially have a quantum well which is a special case of double heterojunction 

diode. We have discussed above that quantum well structures provide much more 

efficient radiative recombination as compared to simple double heterojunction diodes.  

 

Figure 1.6: A typical structure (taken from reference 53) of strained-multi quantum well (MQW) laser 

diode available commercially. Presence of different constituent semiconductor layers as well as different 

time scale processes in the active regime of light emission makes them difficult to be analyzed using 

simplified depletion approximation based diode model.  

 

To understand and quantify the properties of any material, a very basic device 

form is constructed. Only then can the depletion approximation based electrostatic 

description be used to interpret the results. Then each constituent layer can be 

characterized using conventional techniques, for its physical or more importantly 

electronic properties. However, for a full device structure, which is operated under high 



20 
 

charge injection, it is not logical to simply extrapolate the behavior of constituent layers 

based on their conventional characterization (using depletion approximation based 

techniques). Due to the presence of many different layers and their junctions, the 

understanding of such complicated structures is far beyond our conventional 

understanding of a diode. Moreover, in an active ELD, different time scale processes 

involving charge carriers happen simultaneously e.g. light emission, defect response, 

non-radiative transitions etc. Coupling of these processes or their mutual competition can 

give rise to interesting many body physics beyond the electrostatic description.  

In addition, to mention briefly, a special case of ELDs are Lasers. Unlike gas 

lasers or more conventional lasers
54

,
 
in diode based lasers we have fermionic charge 

carriers. Hence the condition of population inversion
55

, which is a basic step toward 

lasing action, can be achieved by exciting (using electrical injection or optical excitation) 

more and more electrons from valence band to conduction band (as shown in the figure 

1.7).  

 Necessary condition for lasing i.e. going from spontaneous emission
56

 to 

stimulated emission regime is given by
4, 57

: 

 FpFng EEhE                                                                  (1.15) 

Where EFn and EFp are electron and hole quasi Fermi levels respectively. This condition 

is shown in figure 1.7c.  

It is interesting to understand what kind of dielectric changes occur in a laser 

structure, when light emission starts or when lasing starts? Also what is the effect of 

inherent structure itself on light emission under electrical modulation? 
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Figure 1.7: Schematic of an ideal semiconductor band structure (taken from reference 4) (a) at 0K with no 

free charge carrier (b) at 0K with population inversion and (c) at higher temperature with population 

inversion.  

 

1.4.3 Semiconductor material systems used in ELDs 

Popular elemental semiconductors Si and Ge do not exhibit light emission in bulk 

state due to indirect band gap. GaAs, GaSb, SiC, Si-Ge alloys etc. are some of the earlier 

materials used for light emission
58

. With the development of epitaxial growth techniques 

and double heterostructures, various ternary (e.g. AlGaAs) and quaternary alloys (e.g. 

AlGaInP) of III-V materials became popular for light emission
59

. Variation of material 

composition allows a large range of visible spectrum to be covered in these alloys and 

their lattice matching with GaAs provides a good growth condition. With recent 

technologies, nitrides of III-V materials have gained popularity for high energy 

emission
60,

 
61

. Most commonly used device structures are quantum well based
62

. Many 

different materials like ZnO
63

, ZnSe
64

 have also been used. For next generation devices, 

lower dimension structures like quantum wires
65-68

 and quantum dots
69-72

 are also being 

studied extensively where theoretical predictions suggest better efficiencies. However, 

they are yet to achieve commercial success. As a cheap alternative and for flexible 

electronics, organic (polymer) materials based devices
73, 74

 are also being studied. 

However, they generally suffer from stability issues. 

In our work, we have mainly used commercially available ELDs based on III-V 

based multi quantum well structures. For the purpose of generalizing our technique and 
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analyses, we have also used III-V based quantum dot ELDs as well as Si-based devices 

(also available commercially) which do not emit light. 

 

1.5 Admittance (impedance) spectroscopy 

Admittance spectroscopy is a technique where capacitance (C) and conductance 

(G) are measured as a function of temperature and frequency
35, 75-77

. Since, G (G/2f to be 

precise) and C are the real and imaginary part of the impedance response, they are 

connected by Kramers-Kronig
78,

 
79

 relations. Any of these can be used to fetch out similar 

information. When all the free charge carriers can follow the modulation frequency f, C 

relates to the width of the space charge layer or depletion region as described in section 

1.3.1. This happens when a p-n junction contains only shallow donors and acceptors. This 

response is limited by the dielectric relaxation τd=ε/σ. Where ε is dielectric constant and σ 

is conductivity. When modulation frequency exceeds the inverse of the time scale of this 

relaxation, whole structures behaves like a dielectric. In this case, capacitance reduces to 

the minimum value governed only by geometry and called geometric capacitance. 

We have already discussed before how semiconductors are very sensitive to any 

impurities and intentional introduction of impurities (doping) can be used to get desired 

physical properties and device functionalities. However, there can be incorporation of 

some undesired impurities or lattice irregularities which we consider as defects. Defects 

modify the band structure in uncontrolled way and can affect dynamics of charge carriers 

inside the material or device to depending upon their concentration and activation energy.  

Charge carrier trapping and de-trapping from these defects can also affect device 

capacitance. This can happen when modulation establishes an equilibrium between defect 

carrier capture and their thermal relaxation. In other words, modulation can be felt by the 

defect states. Hence this poses a restriction on the frequency range where defect response 

can be seen in capacitance, which should be on the order of the rate of this trapping and 

de-trapping process. This rate is given by equation (1.9) hence we can write 
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where υ is the thermal prefactor and ETh is the defect activation energy. When this energy 

matches with electron (or hole) quasi Fermi level EFn (or EFp) inside the band gap, 

frequency dependent conductance shows a peak and capacitance goes through an 

inflection point
35

. Now we write equation (1.16) as:  
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Clearly, when temperature is changed, frequency of defect response also changes and 

vice versa. Hence by a frequency and temperature scan of capacitance (or conductance or 

both) one can calculate the defect activation energy and thermal prefactor which is given 

by: 

pnVCN ,Th,  v2                                                                        (1.18) 

where, NC,V represents effective density of the band (conduction band or valence band), 

vTh and σn,p are the thermal velocity and capture cross section for involved charge carriers 

respectively. Temperature dependence of prefactor is governed by all of these quantities. 

 To present an example, in figure 1.8 we show admittance (impedance) 

spectroscopy results for hot wire chemical vapor deposition (HWCVD) grown a-Si,Ge;H 

on p
+
 crystalline-Si sample with 30% Ge and greater than 10

20
/cm

3
 density of O2 as 

defects
80

.  

Re-writing equation (1.14) gives: 
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Figure 1.8: Impedance spectroscopy for a-Si,Ge;H on p
+
 crystalline-Si sample (Schottky diode 

configuration) with 30% Ge and >10
20

/cm
3
 density of O2 as defects (Taken from reference 80) . Change in 

capacitance (a) and peak in G/ (=2f) (b) is visible due to the defect activation. Position of the peak 

shifts to lower temperature for lower applied modulation frequency in accordance with the response rate 

equations (1.9) and (1.16) of these defects.  

 

Therefore, Arrhenius plot
81, 82

 between lnfMax and T gives a straight line, slope of 

which is related to activation energy ETh and intercept provides information about carrier 

capture cross section for defect states as per equation (1.18). 

 

Figure 1.9: Shows resulting Arrhenius plot from figure 1.8 to calculate ETh which is represented as Ea here. 

=2f. 

 

Admittance/ impedance spectroscopy is an important and widely used tool to probe 

defect dynamics in semiconductor junctions.  It is clear from above analysis that it is best 
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to carry out when we have a single type of free carriers (majority carriers) present in the 

device, which keeps the analysis simple. Hence one has to be careful while using above 

analysis and its interpretations. 

 

1.6 An outline of the thesis 

We have discussed how condition of charge injection is important for the 

operation of diode based light emitting devices. However, due to the presence of large 

number of free charge carriers, this regime cannot be explained by the conventional 

theory of p-n diodes presented here. Modifications in the theory are required to extend it 

to understand the behavior of a junction diode under high charge injection. One needs to 

understand how process of light emission couples with different processes inside the 

junction to affect its dielectric behavior. Therefore, in this thesis we present our work on 

ELDs (mainly AlGaInP based multi quantum well) under their operating condition of 

light emission (under charge carrier injection). Surprisingly, such studies, trying to 

understand the electrical transport in these active devices are not many in the literature. 

We will show how the interdependence of electrical and optical properties in these 

devices throws light on the basic physical processes they undergo. We will also show that 

these studies aimed at probing basic condensed matter physics can, in fact, help in 

improving device efficiencies for various applications.  

We will discuss the techniques and analyses we have developed to study these 

devices beyond the conventional understanding including the electrical signatures of 

excitonic state and its subsequent Mott transition to free electron-hole plasma state. These 

states are generally probed by optical means only.  

In chapter 2, we will describe the low frequency electrical (< 2 MHz) and optical 

(< 100 kHz) response from ELDs and their observed interdependence under charge 

carrier injection. We studied impedance of these active devices and developed the 

technique of voltage modulated electroluminescence to measure its connection with light 

emission. We will describe the crossover of capacitive reactance to inductive like 
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reactance which happens simultaneously with the onset of modulated light emission. 

Observed inductive reactance seen as negative capacitance and modulated light emission 

also follow similar frequency dependence. We will explain observed connection and 

similarity in frequency dependent optical and electrical response by considering the role 

of sub-band gap defects in radiative recombination dynamics. We will argue how our 

techniques using low frequency characterization can be used to qualitatively predict and 

improve the response of ELDs under high frequency modulation (~ GHz) used in optical 

communication. We will also discuss the features observed in both capacitance and 

conductance when the process of lasing starts.  

In chapter 3, we will present the theoretical basis of observed negative 

capacitance (NC) phenomenon by analyzing the variation in frequency dependent 

impedance after the application of small forward bias voltage pulse. We will describe 

how time variation of current transient following the voltage step dictates the effective 

behavior of frequency dependent capacitance. We will experimentally demonstrate the 

signatures of negative capacitance as the monotonically increasing positive valued 

current transient. We will also show how our understanding of NC based on the 

competition of slow defects and fast radiative recombination processes fits into the 

theoretical analyses and provides a most general explanation for NC.  

To establish and test the model of defect mediated radiative recombination 

process, we will discuss temperature domain studies of observed low frequency 

modulated electrical and optical response in chapter 4. We will discuss that the observed 

counterintuitive increase in modulated light emission with increasing temperature (unlike 

usual CW light emission which decreases with increasing temperature) supports our 

model for lower temperature ranges. However, after a certain temperature range, carrier 

escape from inbuilt quantum well structure of the ELD starts to affect the observed low 

frequency response. This results in a temperature range where modulated light emission 

maximizes. We suggest that it should be brought to the device’s working temperature for 

better efficiency of the device under modulation. We will show that the negative 

capacitance also behaves like modulated light emission during temperature scan, 

indicating the correlation between electrical and optical response. 
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In continuation with our understanding of correlated electrical and optical 

properties, we studied small signal impedance response in frequency domain to probe the 

light emission process. At a constant temperature, this response shows bias activation, as 

will be discussed in chapter 5, following a phenomenological rate equation we have 

developed. Frequency dependence of this bias activated response inverts after the onset of 

light emission indicating the presence of negative activation energy. We will describe that 

the occurrence of negative activation energy could be attributed to the presence of an 

excitonic state in these devices. We will show that at higher injection biases, this possible 

signature of excitonic state vanishes, indicating Mott transition of excitonic state to free 

electron-hole plasma state. Thus, for the first time we identify the electrical signatures, 

which can possibly be associated with excitonic presence and its Mott transition. We will 

also show optical results in agreement with our interpretation.  

Since charge carrier injection is an essential condition for ELDs, we have used 

these systems mainly to probe the physics of semiconductor diodes under charge carrier 

injection using modulated electrical and optical response. However, our results are 

generalized and applicable to a wider range of diodes which we will present in chapter 6. 

We applied our techniques to study quantum dot based ELDs, which show qualitatively 

similar behavior like quantum well based ELDs. Importantly, will show that the 

qualitatively dissimilar behavior of Si based diodes (which do not emit light) under small 

signal modulation can also be explained by the techniques and analyses we have 

developed.   

Finally we will summarize the work and present important conclusions in chapter 

7. We will also discuss the directions in which this work is being extended, or can be 

pursued further. 
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Chapter 2  

 

Low Frequency Electrical and Optical Properties 

 

2.1 Introduction 

In our effort to understand the physics of electroluminescent devices (ELDs), we 

studied how the impedance characteristics are affected by light emission or charge carrier 

injection. We are interested in probing the response of charge carriers inside the device 

and the importance of studying impedance in this context has already been discussed in 

chapter 1, section 1.5.  We observed characteristic change in the frequency dependence of 

conductance (G) after the onset of light emission. However, more interestingly, we 

observed that under high carrier injection, reactive component of impedance acquires 

inductive like behavior. This phenomenon is manifested in negative values of capacitance 

and does not follow frequency dependence of a pure inductance. Also, due to the 

geometry of the device, which supports the presence of capacitance over inductance, it is 

preferred to call it as negative capacitance (NC) effect. This behavior cannot be explained 

by the conventional, text-book based understanding of junction diode based on depletion 

approximation
1, 2

. In general, under charge carrier injection, as a signature of inductive 

reactance
3, 4

, negative capacitance has been reported in many semiconductor 

devices/structures like Schottky barriers
5, 6

, solar cells
7, 8

, Silicon based diodes
9-12

, p-i-n 

junctions
13

, TiO2 films
14

, III-V nitrides based diodes
15,

 
16

, light emitting diodes (LED)
17-19

 

and laser diodes (LD)
20

. In application of diode based detectors for high energy particle 

detection, NC has been observed in Si based p
+
-n junctions irradiated with fast 

electrons
21

.  In case of LEDs, onset of NC has been associated with the threshold of light 

emission
22

 and for LDs, it has even been correlated with the onset of lasing
20

. Variation 

of voltage
22 

and current
23 

modulated electroluminescence has also been studied in this 
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context. Observed increase in modulated electroluminescence with high injection levels 

and low frequencies had been somewhat correlated
22

 with the observed NC, which also 

follows the same trend.  However, presence of NC has also been reported in case of 

Silicon based devices and solar cells, which are intrinsically inefficient for light emission. 

Hence its connection with light emission, as presented previously, cannot be used alone 

to provide a generalized mechanism for NC.   

To sum up, occurrences of NC have always been associated with junctions under 

charge injection and a variety of explanations have been proposed to justify its presence. 

Theoretical calculations showing the occurrence of NC have also been presented for 

metal insulator junction
24

 and junction diodes in general
25

. These calculations are based 

on a much more careful consideration of junction current components improving the 

conventional text-book understanding of a simple diode structure and will be discussed in 

a bit more detail in following chapters. Nevertheless, basic overall understanding of 

physical mechanisms of NC which should be extendable to various kinds of devices is 

required. Here we present the detailed investigation of NC and related phenomena in 

AlGaInP based red LDs and red LEDs. We will discuss the generalized prescription of 

NC we came up with, by considering the role of sub-band gap states in the light emission 

process. We will also discuss how the dynamic competition between these processes 

actually affects both NC and modulated light emission in a significant way by studying 

and analyzing their dependence on modulation frequency. Experimental investigations of 

such influence of sub-band gap defects on the physics of NC as well as on modulated 

light emission in light emitting devices is the main focus of the work presented in this 

chapter. By and large, we will extend and generalize our explanations of NC to non-

electroluminescent devices. We also suggest that better understanding of these 

interconnected phenomena can be used to characterize as well as to improve the 

performance of these semiconductor devices.  

Presence of electronic sub-band gap defects is often a limiting factor for the 

performance of any electronic device
26, 27

. Specifically, in electroluminescent devices, 

defects can degrade long term radiative efficiency and stability by introducing non-

radiative recombination pathways. Here we will also discuss the importance of using the 
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above characterization techniques like modulated light emission spectroscopy to optimize 

the material parameters and device designs of laser diodes. Specifically, we argue that 

such optimizations are necessary to minimize the contribution of slowly responding 

defect states in light emission processes. We will emphasize that this can, in principle, 

significantly improve the performance of high speed (~GHz) operation of 

electroluminescent devices used in optical communication. 

In this study, we employed low frequency (f  ≤ 2 MHz) impedance spectroscopy 

and voltage modulated electro-luminescence spectroscopy (VMEL) (f ≤ 100 kHz) at 

room temperature under small signal condition to investigate commercially available 

AlGaInP based red LDs and red LEDs. Here we report – (i) the onset of relatively 

dispersion-less region in the measured steady state conductance soon after the growth of 

significant continuous wave (CW) light output, (ii) a generic physical mechanism for NC, 

(iii) connection between the onset of negative capacitance with the onset of VMEL signal 

at a particular modulation frequency and forward bias (Idc) and (iv) contribution of sub-

band gap defects to the spectral line shapes of VMEL with the variation of injection level 

as well as the modulation frequency. Although here we will be discussing results only for 

red light emitting edge-emitter diodes but we will argue that the scope of this work and 

subsequent analysis can be extended to include general behavior of negative capacitance 

seen in many different types of junction diodes. 

 

2.2 Experimental methods 

 

2.2.1 Sample details 

We used commercially available diode laser DL 3148-025 from Sanyo at current 

injection levels below the lasing threshold for most of our studies. These are AlGaInP 

based edge emitting, strained multi-quantum well structures with lasing wavelength 635 

nm (data is taken from ‘SanyoLDCatalogue2008’ and ‘Sanyo_databook’). Results which 

we will be discussing are also reproduced for many DL-3148-025 LDs and similar red 
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LDs like RLD-65-NE from Rohm (657 nm) as well as for a number of red LEDs. Internal 

circuit diagram of laser diodes used is shown in figure 2.1. They consist of three 

terminals. However, the photodiode (PD) terminal was kept disconnected during our 

measurements. For different applications this connection is used to monitor the light 

output from laser diode and to maintain the current injection without damaging the diode. 

In case of LEDs, having only two terminals, connections were made according to the 

required forward bias condition.  

 

Figure 2.1: Internal circuit of the commercially available diode lasers used in our work (figure taken from 

Sanyo_databook). LD represents laser diode and PD represents photo diode.  For all the measurements 

terminal 1 and 2 were connected in forward bias configuration leaving terminal 3 disconnected.  

 

2.2.2 Instrumentation 

A significant part of this work was devoted to integrating different instruments 

and components for experimental setup. We established various techniques to study the 

physics of semiconductors and their devices in the lab including: electrical techniques 

such as impedance spectroscopy, drive level capacitance profiling (DLCP), deep level 

transient spectroscopy (DLTS) etc. and optical techniques like photoluminescence (PL), 

electro-reflectance modulated spectroscopy (ER), surface photo voltage spectroscopy 

(SPV), transient photo capacitance spectroscopy (TPC) etc. An introduction of these 

techniques and their applications can be found in reference 28. Fully automated 

experimental modules were developed with real time data acquisition and plotting. 

LabVIEW 8 by National Instruments was used as an interface to integrate different 

components of the experimental setup.   
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In the work presented in this thesis, some of the above mentioned techniques were 

used along with the modification required for the conventionally different regimes where 

we target to study the devices. Wherever necessary, we will describe these modifications 

in techniques or analysis methodology as we will go through the results and discussion 

part presented in the thesis.   

We have extensively used impedance (reactance and conductance) measurement 

as a tool for probing various processes in the ELDs for relatively low frequency range. 

For impedance measurements, we used E4980A precision LCR meter from Agilent 

(frequency ≤ 2 MHz). Forward bias injection current level and voltage was monitored by 

the same instrument which we refer to as Idc and Vdc respectively. A simple equivalent 

circuit model as shown in figure 2.2a consisting of a capacitance (C) and a conductance 

(G) in parallel has been used for impedance analysis by neglecting any contribution of 

series resistance at the low current injection levels. C represents the stored charge and G 

in parallel represents any parallel path for the flow of current in the device other than the 

junction itself.  

We have developed modulated light output or voltage modulated 

electroluminescence spectroscopy (VMEL) to probe the connection between observed 

electrical and optical properties. Experimental setup for this is shown in figure 2.2b. 

E4980A was used for dc-biasing and the sinusoidal output of SR850 lock-in amplifier (f 

≤ 100 kHz) from Stanford Research System for voltage modulation. Modulated 

electroluminescence signal was dispersed using an Acton Monocromator-2555i from 

Princeton Instruments and was finally detected by a Si photodiode (FDS010) in phase 

with the applied voltage modulation. The current signal from the photodiode was 

amplified with a SR570 current preamplifier from Stanford Research System before 

being fed to SR850 lock-in amplifier for final measurement.  

Under small signal condition (V0
rms

= 30 mV), measured Iac
rms

 was kept at least an 

order of magnitude smaller than Idc. To couple the dc bias and ac modulation signal, we 

used a home built adder-amplifier circuit (with IC CA3240E) which currently limits Idc to 

less than 10 mA.  For CW light detection, emitted light was externally chopped at 35 Hz 

using a SR540 chopper controller from Stanford Research Systems. We monitored the 
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temperature of all samples using a Lakeshore 340 temperature controller along with DT-

670B-SD Silicon diode sensor at all stages of bias currents (with an experimental 

accuracy of ±0.1 K). For this purpose device was mounted on a closed cycle Helium 

cryostat (through a sample holder) from Advance Research Systems. We placed a diode 

sensor on the cryostat cold head, output of which was used by Lakeshore 340 to control 

the Joule heating and maintain the desired temperature. For monitoring device 

temperature more accurately, we placed another sensor on the sample holder.  

 

 

 

Figure 2.2: (a) Simple circuit model used for the measurement of capacitance (C) and conductance (G). (b) 

Schematic of the experimental setup for modulated light output measurements.  Different components were 

integrated using LabVIEW with automated data acquisition facility.  

 

2.2.3 Sample holder 

Schematic of the sample holder used is shown in the figure 2.3. It was made by 

using a copper strip of sufficient thickness. This ensured good thermal conductivity and 

efficient heat transfer between the cold head of the cryostat and the sample holder. To 

insulate the sample electrically from holder (and cold head), an insulating strip was 
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screwed on the sample holder. Electroluminescent diode (ELD) was soldered on this 

insulating strip as shown in the figure 2.3.   

 

Figure 2.3: Schematic of the sample holder used. 

 

 

2.3 Results and discussion 

Figure 2.4 shows characteristics of the laser diodes (DL-3148-025) to identify the light 

emitting threshold, lasing threshold and spectral features of the laser. Figure 2.4a is the 

typical light emission vs injection current (L-I) curve for the laser showing the onset of 

lasing around 27 mA. The onset of spontaneous light emission occurs much earlier, 

around only a few μA. Figure 2.4b shows spectra at different current injection levels. As 

the applied current injection level increases, the peak intensity increases. After lasing 

threshold, emission spectrum becomes sharp with very narrow line width centered at 635 

nm, as shown in the inset. 

We observe a slight asymmetry in the spectral shape around the peak position. An 

emission tail is observed on the low wavelength (high energy) regime. The high energy 

feature is due to the band-to-band recombination of electrons and holes occupying higher 

energy states away from the conduction and valence band edges or so called hot 

carriers
29,

 
30

. 
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Figure 2.4: Characteristics of laser diode DL-3140-025 (a) L-I curve depicting lasing threshold around 27 

mA and light emission threshold (inset) around few μA and (b)Light emission spectra before and after 

(inset) lasing onset. In the regime of spontaneous light emission spectra are broad as compared to sharp 

emission line centered at 635 nm after lasing threshold.  
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2.3.1 Impedance characteristics of electroluminescent diodes (ELD) and the 

signatures of light emission 

To observe any change or effect of light emission on the dielectric behavior, we 

measured impedance of the devices under charge injection condition up to 100 mA. 

Figure 2.5 shows the variation of conductance (G) and capacitance (C) with applied 

current injection level for different modulation frequencies.  

Two distinct frequency dependent regions for injection currents – (i) < 20 A and 

(ii) > 3 mA can be seen in G which have qualitatively opposite behavior. For Idc < 20 A, 

the junction is dominated by diffusion of injected minority charge carriers from bulk, 

hence G increases monotonically with both the injection level and modulation frequency. 

Whereas, in this range of bias current (< 20 A), C increases with increasing injection 

level but decreases with increasing modulation frequency. This is again the characteristic 

diffusion capacitance like behavior where minority carrier storage near the junction plays 

a major role
26

. However, we notice a relatively non-dispersive region in G, triggered after 

significant light output, for 20 A < Idc < 3 mA.  Interestingly C remains highly 

dispersive in this range of bias current, which starts to decrease as the injection current 

starts to drift the charge carriers
31

 and eventually turns negative with increasing Idc. For 

lower frequencies, this NC is more prominent and observed at lower injection levels.  

Being real and imaginary parts of the same dielectric response function, 

qualitatively different frequency dependence of G and C may look confusing. To clarify, 

we plot G/ (f being angular frequency of modulation) in the inset of figure 2.5a. 

They are connected through Kramers-Kronig relations for linear dielectric responses
32

. 

As in case of C, we do not observe any dispersion-less region in G/ as expected.  

Clearly frequency dependent NC can neither be caused by CW light emission 

which starts at quite low current (4 µA; inset of figure 2.4a) nor by the lasing action 

which starts at a comparatively higher current (> 27 mA; figure 2.4a). 
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Figure 2.5: (a) Conductance (G) of the light emitting device vs Idc at different frequencies, showing two 

distinct dispersive regions separated by a relatively non-dispersive region. Frequency dependences of 

dispersive regions are characteristically opposite. Span of non-dispersive region varies for different 

samples. Inset shows the plots for G/ to compare directly with capacitance. (b) Capacitance (C) vs Idc, 

plotted as absolute value, turning of the curve after sudden kink is the starting of negative capacitance 

(NC). Inset shows that the onset of NC happens at lower Idc for lower modulation frequencies (f). 

 

At this point, we postpone any further discussion on the cause of NC to the later 

part of this chapter. It is evident from the variation of C with such low modulation 
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frequencies (≤ 2 MHz) that sub-band gap states with transition rates much slower than the 

radiative transitions are playing a significant role. However, a dispersion free region for 

G in the same range of currents points to the fact that the modulation at different 

frequencies couples the energy used in the injection process with the surrounding heat 

bath
32 

in a similar fashion. Usually, Shockley-Read-Hall type of recombination, mediated 

by sub-band gap trap states, dissipates heat
28

 through lattice vibrations or phonons (joule 

heating ~ i
2
R). So it is expected that sub-band gap states can notably affect the reactive 

response under different modulation rates. Nevertheless, we observe that the conductance 

and associated steady state dissipation of energy is practically independent of modulation 

frequency in the intermediate current injection levels (figure 2.5a). Comparing figures 

2.4a and 2.5a, it is also evident that this non-dispersive region in G starts only after a 

significant growth of CW light emission. In order to understand this event, we presume 

that the energy spent in increasing the forward bias and subsequent increase in minority 

carrier injection is wholly being utilized by the radiative light emission of those injected 

minority carriers without significant coupling of the excess energy to the heat bath in the 

frequency range of operation. At higher current injection levels, increased joule heating is 

possibly significant enough to change this dispersion-less situation and G starts showing 

variations with modulation frequency for Idc > 3 mA. This is supported by the fact that 

the sample temperature remains flat around 298 ± 0.1 K for Idc ≤ few mA and sharply 

increases thereafter.   

It is interesting to note the qualitative difference in frequency variation of G 

below (diffusion capacitance like behavior) and above (significant joule heating) the 

relatively dispersion free region. We must also mention that the overall span of this 

dispersion-less regime with respect to the forward current levels in fact varies for 

different types of laser diodes and LEDs. 

With increase in the current a hump in both G and C has been observed near the 

lasing threshold for different modulation frequencies. In figure 2.6a we plot conductance 

(G) and capacitance (C) in the region of the lasing onset. Figure 2.6b shows the first and 

second derivatives of output light power (P) with respect to applied injection current Idc. 

Since the onset of lasing increases the light output power drastically, this change can be 

easily visualized in the derivatives. Second derivative (d
2
P/dIdc

2
) is exclusively used in 
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the calculation of lasing threshold while first derivative provides a measure of external 

quantum efficiency also. In figure 2.6a, lasing threshold can be clearly identified. It can 

be observed that both G and C deviate from their regular behavior around this threshold. 

This behavior can be understood in the following way: 

 

Figure 2.6: (a) Change in the conductance (G) and the capacitance (C) with the onset of lasing around 27 

mA. (b)Current derivatives of light output power (P) marking the onset of lasing.  

 

As the stimulated emission starts, the rate of radiative recombination increases
33

. 

However due to the pinning of quasi Fermi levels near lasing threshold
34

, sufficient 

supply of charge carriers is obstructed. This results in a temporary saturation in G and C. 

With increase in injection level, a steady state supply of charge carriers is maintained. As 

a result, G and C also keep increasing in magnitude.   

2.3.2 Correlated optical and electrical properties: role of sub-band gap defects in 

radiative recombination dynamics 

To understand the physical mechanism of NC, we have also measured VMEL to 

see any effect of applied modulation frequency on light emission. Figure 2.7 shows 
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variation of VMEL magnitude vs Idc curves (< 10 mA, as limited by the adder amplifier 

circuit) with different modulation frequencies.  

 

Figure 2.7: Voltage modulated electroluminescence (VMEL) as a function of applied injection level/bias 

for different applied modulation frequencies. As the frequency decreases, onset of the VMEL shifts to lower 

applied bias and its magnitude also increases. VMEL and negative capacitance (NC) follow similar 

frequency dependence as shown in the inset. Arrows indicate the simultaneous onsets of NC and VMEL. 

 

This indicates: (i) signal increases with increasing bias, (ii) for lower frequency, 

onset of signal is at lower values of Idc and (iii) signal is larger for lower values of 

modulation frequency. To compare NC and VMEL, we look at the zoomed in plots in the 

inset of figure 2.7. This indicates that VMEL signal also starts to increase significantly 

around the current bias values where C turns fully negative for a specific modulation 

frequency. Such low frequency response of VMEL again suggests participation of slowly 

responding defect states in the modulated light emission processes. Good correlation of 

the onset of NC with the significant rise in modulated light emission rules out the 

possibility of it being an artifact due to bad contacts and emphasizes on the presence of 

basic underlying mechanics. Moreover, the magnitude of NC does not scale with the 

modulation frequency like a normal inductor even for f  1 MHz, which also rules out
5
 

any contribution from external parasitic inductances. Generally, any inductive like 

response originates when a sample builds resistance to changing current levels and the 
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modulated current lags behind the applied voltage. Quasi Fermi levels which track the 

injected minority carrier densities are influenced by both radiative recombination and 

contributions from sub-band gap defect states. Onset of radiative recombination 

irreversibly depletes minority carrier reservoirs stored on either side of the junction with 

increasing forward bias. This radiative consumption of minority carriers happens at a rate 

faster than the rate of replenishment of such carriers by injection and by carrier trapping-

de-trapping processes. In this way, active participation of slowly responding sub-band 

gap defects can delay the dynamic response of quasi Fermi levels. If the contribution of 

sub-band gap states to overall density of available minority carriers is significant, then 

quasi Fermi levels cannot follow the applied modulation. Thus, steady state separation 

between these levels goes through a transient change over a full cycle of sinusoidal 

variation. These points will be elaborated in figure 2.8 (and in chapter 3) and 

subsequently discussed in more detail in the next few paragraphs. Such transient changes 

further induce a transient variation of the steady state current level, which is proportional 

to the spatial gradient of these quasi Fermi levels. As a consequence, small signal 

reactive response of the device acquires the so called ‘inductive’ like component which 

resists any such deviations from the steady state current level. Resultant induced voltage 

ultimately tries to compensate any such momentary changes in the separation of quasi 

Fermi levels over a cycle of applied modulation and steady state condition is regained. 

An increase in Idc increases the number of injected minority carriers and enhances the 

amount of radiative recombination, it also increases the contribution from shallower 

defects near the band edges by shifting the quasi Fermi levels apart. This in turn requires 

larger ‘inductive’ like response to restore and maintain the steady state separation of 

quasi Fermi levels over a full cycle of voltage modulation. As a consequence, reactance 

part measured as capacitance becomes more and more negative with increasing Idc as is 

evident in figure 2.5b.  

Here, it is important to note that the conventional techniques (like deep level 

transient spectroscopy
28, 35

, transient photo-capacitance spectroscopy
36-38

 etc.) used to 

characterize defect states have been developed primarily for junctions held under reverse 

bias and cannot be used directly with their usual interpretations in the present case. 

Currently, we are working in a forward bias regime where the all-important depletion 
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approximation is not valid because of the presence of a large number of injected charge 

carriers near the junction. Positions of quasi Fermi levels also move towards the band 

edges under increasing forward bias. Thereby significantly more participation of 

relatively shallow states is possible in the capacitance/current of a forward biased 

junction.  

         To sum up, dynamic competition between ‘fast’ (radiative recombination) and 

‘slow’ (defect response) processes can generate a compensatory negative capacitance 

response where modulated current will lag behind the modulating voltage like that of an 

inductor to negate any transient change of steady state current level. At this stage, we 

would like to add that any past observations
9-12 

of such frequency dependence of NC in 

predominantly non-luminescent Silicon based structures/devices may also require the 

presence of mutually competing ‘fast’ and ‘slow’ non-radiative channels near the active 

junction. However, this has to be verified by experiments on a case by case basis and will 

be discussed in chapter 6.  

In order to explain the variation of VMEL with current bias and modulation frequency as 

observed in figure 2.7, we will now try to understand the mechanism by which sub-band 

gap defect states contribute towards the net minority carrier density available for 

radiative recombination. For better understanding, we present figure 2.8 which depicts a 

schematic energy (E) level diagram illustrating the contribution of defect states to the 

total minority carrier (here electrons) density )(EnTotal

injected  available at the conduction band 

edge (EC) in the active region of the device. Here we assume that the electron quasi Fermi 

level (EFn) may be extended in the active region to describe the population of injected 

minority electrons. Similar diagrams can be made for minority holes too.  

As per the diagram, the total density of injected minority electrons )(EnTotal

injected  in 

the active region is the sum of free minority electron density )(EnFree

injected  
and the density 

of trapped minority electrons as 

)()()( EnEnEn Trapped

injected

Free

injected

Total

injected                                 (2.1) 



47 
 

Where, 



Fn

ThC

E

EE

Trapped

injected dEEgEn )()(  and g(E) is the sub-band gap defect density at an energy 

E below the conduction band. 

 

Figure 2.8: Effective band diagram to understand the contribution of sub-band gap defects to the injected 

minority carriers (electrons in the p-type side of the junction) available for recombination at a particular 

temperature and frequency. Here we have assumed that the quasi Fermi level of minority electrons (EFn) 

can be extended to describe the population of injected minority electrons near the active region. The 

shaded area represents the energy range of the sub-band gap states which are actively contributing 

minority carriers for band-to-band recombination. Sub-band gap states above EFn are effectively empty and 

states below ETh cannot follow the modulation and cannot contribute to steady state minority carrier 

density available at the band edges. More participation of shallower states is expected at increasing 

forward bias. 

 

At a particular T (in Kelvin) and f (in Hz), )(EnTrapped

injected  have contributions only 

from sub-band gap defects which lie within EFn and ETh (shaded area in figure 2.8).  ETh is 

the characteristic thermal activation energy of sub-band gap states, given by: 

)/ln( fTkE BTh                                                                     (2.2) 
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If the rate at which these states can exchange carriers with the band edge is 


1
~ , then 

equation (2.2) can be rewritten as 









Tk

E

B

Thexp
1




, where  is the characteristic time,  

is the thermal prefactor of such transitions and kB is the Boltzmann constant.  With 

increasing forward bias, EFn moves closer to the conduction band and the difference  

 FnC EE    decreases. Depending on T and f, defects will contribute to the steady state 

value of band edge carrier density only if     FnCThC EEEE       .  

It is clear from equation (2.2) that sub-band gap states responding at low 

frequencies stay away from the band edges and satisfy the above criterion at a smaller 

forward bias. As a result, in figure 2.7, we see that the onsets of VMEL and negative 

capacitance occur at smaller forward biases for lower frequencies. With increasing ETh 

and decreasing f, contribution of defect states towards )(EnTrapped

injected  
increases. As a result, 

net minority carrier density [ )(EnTotal

injected ] available for radiative recombination process 

also increases. Therefore, we notice in figure 2.7 that room temperature VMEL signal at a 

fixed forward bias is higher for lower modulation frequencies. Defect states responding at 

low frequency are also considerably slower in terms of their response time. That way the 

re-equilibration of minority carriers takes longer time and quasi Fermi level separation as 

well as current response lags the voltage modulation by a bigger margin. This in turn 

requires stronger inductive like response to maintain the steady state. As a result, 

observed negative capacitance is more negative for lower frequencies (figure 2.7) at a 

particular Idc. When Idc is increased at a fixed modulation frequency, radiative 

recombination increases which ultimately causes the negative capacitance effect to 

increase as well.  

Strong dependence of radiative recombination on steady state contribution of 

minority carriers from sub-band gap states may also signify that radiative and non-

radiative recombinations of these minority carriers are no longer mutually exclusive 

events. Subsequently this may also imply that 
radiativeNonradiativeEffective 




111
, where 
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τeffective represents the effective time scale of modulated electroluminescence. Here the 

equality sign applies only in case of non-interconnected probabilistic processes assuming 

a particular minority carrier cannot take part in both radiative and non-radiative processes 

which is not strictly true under the current circumstances. Moreover, any major 

contribution of )(EnTrapped

injected  
towards the total density of minority carriers (equation (2.1)) 

available for radiative recombination can have significant impact on the efficiency of any 

electroluminescent device. Minority carriers trapped by existing deep defects will not 

respond at high frequency (~GHz) and will be missing in action from the final radiative 

recombination processes as per equation (2.1) and figure 2.8. This can effectively 

suppress the amount of minority carriers accessible for radiative recombination, thereby 

reducing the overall light intensity. Therefore, these slower processes can, in principle, 

compromise the efficiency of these light emitting devices during high frequency 

applications like optical communications. 

2.3.3 Spectral properties of modulated light emission 

In figure 2.9a, we plot the in-phase VMEL spectra at different current injection 

levels for a fixed f = 10 kHz. For comparison, continuous wave (CW) light emission 

spectra of LD at different Idc are shown in figure 2.9b. Expected increase in the light 

emission intensity with increasing Idc can easily be noticed. We also notice that VMEL 

signal level increases at higher forward biases as expected.  

It has been reported
39,

 
40

 earlier that it is necessary to consider the modulation 

frequency dependence of only the in-phase component of the modulated photoreflectance 

signal to appreciate the detailed role of sub-band gap defects in the context of modulation 

spectroscopy. However, it is not necessary that the theoretical analyses widely used for 

modulated reflectance spectra of a reverse biased junction depleted of free carriers will 

also be valid for modulated electroluminescence spectra of a device experiencing strong 

radiative recombinations of injected minority carriers under large forward bias. In this 

case, shape of the measured VMEL spectra resembles the first derivative line shapes of 

modulated reflectance spectroscopy where the external modulation does not significantly 

perturb the translational invariance
41

 of the solid. It seems that the voltage modulation 
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also does not change the electric field of the forward biased junction enough, either to 

cause any field induced acceleration of the charge carriers or to modulate the energy level 

structure in the active region. 

 

 

Figure 2.9: (a) In-phase VMEL spectra at different forward bias currents below the lasing threshold. The 

in-phase VMEL signal progressively gains a distinct negative component near its peak for all bias levels 

shown in the figure. This is a manifestation of bi-molecular recombination rate as discussed in the text. 

Current VMEL measurements are limited by the adder amplifier circuit to < 10mA. (b) The usual CW 

electroluminescence spectra from DL 3148-025 red laser diode below the lasing threshold for comparison. 
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From these spectral line shapes, it can be concluded that there is no effect of 

modulation on lattice periodicity which could have resulted in much more complicated 

spectral line shapes
41

. Instead, most of the voltage modulation related effects come from 

changes in the minority carrier density. We can write the net rate of recombination when 

the system is driven away from the steady state as: 

RRR
np

ppnn
R SteadySteadyNet 




))((
                            (2.3) 

where n, p are steady state densities of injected minority electrons and minority holes 

respectively, RSteady is the generic van Roosbroeck-Schokley type recombination rate for 

electroluminescence in the steady state and R is the deviation of radiative recombination 

rate from the steady state. After neglecting small second order terms, it can be shown 

(following chapter 6 of reference  27) that: 

p

p

n

n

R

R

Steady








                                                        (2.4) 

Assuming cpn  , one can arrive at: 

cR  ~                                    (2.5) 

where ∆c is the excess minority carrier density along with a proportionality constant 

consisting of only steady state parameters. Therefore, any increase/decrease in minority 

carrier density (∆c) following the voltage modulation (∆V) can proportionately modulate 

the radiative recombination as well as the resultant electroluminescence intensity. In 

figure 2.8 this can be viewed as a modulation in the shaded area between EFn and ETh, 

through quasi Fermi levels modulation, affecting the amount of minority carriers 

available for recombination. Hence, these types of modulated changes in VMEL are due 

only to modulation of the pumping levels as illustrated in figure 2.10a. Here we are 

assuming that there is no significant pinning of quasi Fermi levels for both types of 

minority carriers in this smaller range of applied injection current.  

Moreover, it is evident from figure 2.5b that reactive response at a particular 

modulation frequency is affected strongly by the change in the net injection level. 
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Therefore, it will not be wrong to assume that voltage modulation induced perturbation of 

minority carrier density not only modulates the radiative recombination but also 

concurrently varies the dielectric response of the diode. We also note that the measured 

in-phase VMEL signal (figure 2.9a) becomes increasingly negative as the spectral scan 

goes through its peak. We have earlier pointed out the connection between the onset of 

VMEL signal with the onset of NC at a particular modulation frequency (figure 2.7), 

whereas, any such connection between the measured conductance data (figure 2.5a) and 

onset of VMEL signal is not very apparent.  

Since the steady state reactive response of minority electrons (n) and minority 

holes (p) depends on respective densities, therefore, VMEL signal is directly proportional 

to the steady state reactive response of both, minority electrons and minority holes, as 

VMEL ~ R ~ np. We know that the time varying current through a reactive component is 

always out-of-phase with the small signal voltage modulation. Therefore, prevailing 

reactive contributions at high forward biases for both minority electrons 













2

i

en ~  and 

minority holes 













2~

i

ep combined together can produce the overall negative factor 









 122 


i

ii

eeenpRVMEL ~~~~  of the in-phase VMEL signal. This 

characteristic negative sign of the in-phase VMEL is, therefore, a testimony to the bi-

molecular recombination process involving both electrons and holes. 
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Figure 2.10: (a) Schematic of CW spectrum presenting optical transitions (solid line) as a function of 

energy (f(E)) and effect of modulation on pumping levels (n and p) by small signal voltage modulation 

(empty symbols). Absolute difference between modulated and un-modulated functions (solid symbol) which 

resembles measured spectral lines verifying that the applied voltage modulation only affects the charge 

carrier density. (b) Variation of in-phase VMEL spectra with modulation frequency. Lower frequencies 

produce cumulatively larger VMEL signal as explained by figure 2.8. 

 

In figure 2.10b, we plot the VMEL (in-phase) spectra for different modulation 

frequencies at a fixed forward current bias (Idc) of 1 mA. Here we see the increase in 

VMEL signal level with decreasing modulation frequency as also explained in connection 
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with figure 2.7. Strong dependence of VMEL on modulation frequency is a clear sign of 

the active presence of defect states in modulating the total injected minority carrier 

density at the band edges inside the active region and consequently affecting their 

radiative recombination.  

 

2.4 Conclusions 

We have studied the low frequency impedance response from quantum well based 

electroluminescent diodes under charge carrier injection. We observed a prominent 

negative capacitance (NC) for high applied biases and low modulation frequencies. We 

perceive it as a result of significant contribution of sub-band gap defect states in the 

active region towards the overall radiative recombination process. Simultaneous onset 

and similar dependence of negative capacitance and voltage modulated 

electroluminescence on low modulation frequencies also confirms the participation of 

sub-band gap states in the minority carrier dynamics even at low injection levels. We can 

relate the onset of negative capacitance with the presence of ‘inductive’ like response 

necessary to compensate any transient effect arising out of a dynamic competition 

between the fast radiative recombination pathways and the slowly responding electronic 

defects.  Device designs should minimize any considerable contribution from such slower 

carrier trapping-de-trapping processes towards the overall density of minority carriers 

available for radiative recombination. Only then can we expect a noteworthy 

enhancement in the intensity of emitted light when device is directly modulated at very 

high frequencies (~GHz) useful for applications like optical communication. A 

qualitatively similar consideration may also apply for high frequency applications of 

Silicon based devices. Behavior of in-phase VMEL signal connects the dielectric 

properties of the junction with the bimolecular nature of light emission in 

electroluminescent devices.  

Studies on time evolution of current transients and temperature dependence of 

VMEL are required to develop more understanding of the role of sub-band gap states in 

modulated electroluminescence spectra and will be presented in the following chapters. 
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However, to obtain the quantitative estimates and to comment on the nature of electronic 

defects a detailed knowledge of device structure is required.   

A major part of the work presented in this chapter has been published in Journal 

of Applied Physics, Vol. 110, p. 114509, 2011 and Physica Status Solidi C, Vol. 10, p. 

593, 2013. 
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Chapter 3  

 

Negative Capacitance Effect and the Evolution of 

Transient Current under Charge Carrier Injection 

 

3.1 Introduction 

We have observed a non-trivial negative capacitance (NC) response under high 

carrier injection in case of light emitting structures along with a correlated frequency 

dependent modulated light emission. We explained NC and its correlation with optical 

properties as an outcome of the defect participation (slow process) in radiative 

recombination (fast process) and their mutual competition for the consumption of 

available charge carriers.   Negative capacitance behavior has generally been reported in 

many different types of diodes with different functionalities
1
 under the condition of high 

charge carrier injection. It is true that the NC effect carries special importance in the 

context of diodes which are meant to be operated under carrier injection, like 

electroluminescent diodes (ELDs), but to better understand NC in general, its occurrences 

in all different type of structures should be considered.  

Generally, NC is observed for high injection levels and is more prominent for 

lower modulation frequencies. It arises due to the presence of a non-equilibrium like 

situation as compared to the steady state reverse biased behavior of a diode
2, 3

. A non-

equilibrium like situation is also desirable to accept NC intuitively as a ‘decrease in 

stored charge (q) with increasing voltage’ (C=dq/dV).   
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3.1.1 A general consideration of negative capacitance (NC) 

In chapter 2 we briefly discussed the description of NC given in the literature 

especially for electroluminescent diodes (ELD). However, generally in the context of 

junction diodes, explanations for NC are as many as the number of devices based on 

them. Occurrence of negative capacitance was observed a long time ago (1955) in Silicon 

and Germanium diodes under forward bias
4
. It was realized that the diode characteristics 

deviate from Shockley theory
5
 under significant charge injection. However, this 

phenomenon was overlooked initially considering it to be an outcome of the bad contact 

or parasitic effects
6
. NC was also observed in semiconductor chalcogenides thin films 

with temperature increase accompanying the dielectric phase change from resistive to 

conducting state
7-11

. In these disordered materials, NC was explained to be caused due to 

the charge redistribution of low mobility carriers lagging behind the applied ac signal. 

Successively, NC in Shottky diodes or metal insulator junction of different materials
12-16

 

was studied to gain a physical insight of the phenomenon. Due to the presence of NC 

under charge carrier injection or a more conducting state, NC was believed to be an 

outcome of conductivity modulation due to minority charge injection in the bulk
17-20

. NC 

was also understood under plasma like treatment
21, 22

 of quantum confined charge carriers 

due to the presence of some process like tunneling other than recombination. A 

systematic dependence of NC on frequency led to the belief that it is due to the effect of 

trap states on charge carrier dynamics
1, 12, 23-28

. NC has also been correlated with the 

presence of trap states in polymer-nanocrystal composites
29

 and diodes made of organic 

semiconductors
30-32

 (having lower carrier mobility). NC has also been studied in case of 

quantum confined structures like quantum wells
33, 34

 and quantum dots
35-37

. With these 

studies, negative capacitance phenomenon, in the context of junction diodes, has come 

out of its perception of being an artifact or experimental errors, however, its various 

explanations do not seem to converge on a common description at first. On the other 

hand, reported traits (high injection and low frequency) of NC remain similar in different 

devices. There have been some theoretical as well as experimental studies coming up 

with a relatively generalized description or signatures of NC
38-44

. Jonscher et al.
38, 39

 have 

developed a generalized model for describing NC through the description of current 

transients. Jones et al.
40

 suggested that in case of Shottky structures or highly resistive 
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samples, NC is due to the relaxation like behavior where dielectric relaxation time is 

more than the recombination life time. Laux and Hess
41

 have used a modified approach to 

calculate the junction capacitance by considering all the components of junction currents 

along with the revised boundary conditions. Their analysis includes the presence of a 

recombination center and can qualitatively describe the presence of NC. Different current 

components included by them can be ascribed to different physical phenomena in 

different material or device systems based on semiconductor junction. Gommans et al.
42 

have suggested that NC observed in low mobility solids can be described by solving time 

dependent drift-diffusion equations for bipolar transport in metal-insulator-metal 

configuration. They found junction capacitance to be highly sensitive for recombination 

rates. Shulman et al.
43

 suggested that NC in fluids can appear when dc-ac signals are 

superimposed (like injection situation created by dc bias), I-V characteristics are super-

linear and relaxation process has nonlinearities.  

All of these studies directly or indirectly emphasize on the presence of different 

competing processes to be at the root of the causing negative capacitance phenomenon 

and agree with the generalized description of NC we have proposed
1, 45

  and discussed in 

chapter 2.  

Recently (between 2011 and 2013)
27, 46-48

, some more efforts have been made to 

understand the physical mechanism of NC and correlate it with different device 

parameters related to the dynamics of charge carriers. For example, Feng et al.
47

  have 

used frequency and bias dependence of NC to calculate recombination life time of charge 

carriers for InGaN based didoes; Anutgan and Atilgan
27

 have used forward bias 

capacitance to estimate the energy distribution of the density of states for the sub-band 

gap states in hydrogenated amorphous Silicon based p-i-n diodes. Presence of NC has 

been used to qualitatively comment on the device performance in case of solar cells
49, 50

. 

It has been understood as an effect of addition recombination pathway reducing charge 

accumulation capacity of the cell. Studies with wider material and device ranges are 

required along with rigorous verification of results using other techniques; only then can 

these proposed techniques be established which are claimed to be easy and 



 
 

62 
 

straightforward. Definitely, this would require some more attention in the field of probing 

a junction diode under charge carrier injection.  

Moreover, as we suggested and has been pointed out by others as well, one can 

use negative capacitance effect in different applications. For example, as we argued
1, 45

 

low frequency negative capacitance reflects the participation of sub-band gap defects in 

charge carrier recombination in case of ELDs. This qualitatively suggests that some of 

the charge carriers are being captured by these slowly responding states which would 

totally be missing in action if diode is modulated directly at very high frequency (~ GHz), 

used in applications like optical communication. Keeping in mind that the application of 

ELDs in optical communication covers a large part of their total application chart, 

negative capacitance based characterization techniques can provide a quick and 

economical way of characterizing and improving the efficiency of ELDs for such 

applications. To mention a few more, it had been proposed by Salahuddin and Datta
51

  

that use of ferroelectric insulator in field effect transistors can produce effective negative 

capacitance effect under specific parameter conditions (due to decreasing polarization  

with increasing electric field). This can be utilized to lower the switching voltage and 

hence power consumption, effectively reducing the heat production in an integrated 

system
51, 52

. Recently, this concept has been demonstrated experimentally
53

. Also, NC has 

been predicted to be used to increase the tunneling range of a varactor diode
54

 in 

monolithic-microwave integrated circuits.  

Clearly a comprehensive and generalized understanding of NC and related 

phenomena is required not only to gain better knowledge of device physics but also can 

be exploited in various applications. In this chapter we will discuss how the occurrence 

of NC can be visualized theoretically in a very general manner along with the physical 

mechanism.  We will consider the admittance change of a diode, in general, in response 

to a small voltage step
39

. We will calculate the admittance under this perturbation by 

using the Fourier transformation of time varying current under the application of a 

voltage step. We will identify the connection of frequency dependent capacitance with 

the nature of relaxation transient current after the small voltage perturbation. We will 

explain that the different behavior or shapes of the current transient can be used to 
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explain both, negative and positive capacitance behavior. A monotonically increasing or 

non-monotonic transient describes NC, while for positive capacitance regime, transient 

remains monotonically decreasing
39

. The analysis presented here remains valid for 

different junction based devices with different functionalities involving different physical 

phenomena. We will also support the theoretical analysis by measuring the current 

transients of ELD during the application of a small voltage pulse, in different ranges of 

applied bias. We will point out the drastic change in the shape of current transient 

marking the crossover between positive capacitance and negative capacitance behavior. 

We will also discuss how the qualitative understanding of NC developed by us
1
 based on 

mutual competition of fast and slow processes (chapter 2) fits into the theoretical picture 

of NC based on the behavior of current transients. 

 

3.2 Diode admittance under small forward bias voltage step 

To develop the analytical understanding of NC, we consider the junction diode as 

a two terminal device, consisting of a Capacitance (C) and conductance (G) in parallel (as 

described in chapter 2 section 2.2.2). Capacitance and conductance of the device can be 

defined as: 

 )(Im
1

)( 


 YC                                                                   (3.1a) 

and  

 )(Re)(  YG                                                                   (3.1b) 

where =2f and Y() is the device admittance given by: 

)(

)(
)(






V

I
Y                                                                     (3.2) 

I is the small signal current in the device after the application of small voltage V. 
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 We will use the Fourier analysis method to calculate C and G by looking at the 

transient behavior of the device after the application of small, time dependent voltage 

excitation at t=0.  

Under the application of a step voltage, such that: 

)()( tVtV                                                                      (3.3) 

where (t) is the unitary step function, current in response can be written as: 

)(lim)()( 0   ItItI                                                             (3.4) 

This current involves both transient component and a step like component. If I[] 

represents current at a much later time (as t) then the current I (t) can be written as: 

)()](lim)([)()]()([)( 0 tIItItItI                      (3.5) 

First term in equation (3.5) represents transient current (say J(t)) which vanishes as 

t. 

To calculate Y using equation (3.2), we take Fourier transformed components of equation 

(3.3) and (3.5): 




















dtetV

dtetI

Y
ti

ti











)(

)(

)(                          (3.6) 

We assume here that V is small enough to cause any nonlinearity in transient behavior 

and can be taken out of the integral. For practical purposes, it should be just enough to 

clearly visualize the effect of perturbation.  

Now, considering X= 




 dtet ti )( and performing integration by parts: 

dt
i

e

dt

td

i

e
tX

titi





















 






 )(
)(              (3.7) 
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Since (t) is a unitary step function, first term in the above integral will vanish and 

second term will survive only for t=0 with d(t)/dt=1. Hence, 

i
X

1
                                                                        (3.8) 

now we will use this value of X in equation (3.6) and will also take into account that 

perturbation exists only after t=0 

dtetIiY ti





0

)()(                                                                (3.9) 

using tite ti  sincos 
and then separating real and imaginary parts: 

dtttJ
V

C 





0

cos)(
1

)(                                                       (3.10) 

dtttJ
VV

II
G 













0

0 sin)(
)(lim)(

)( 


                      (3.11) 

where J(t) is the transient current as given by the first term in equation (3.5). This 

transient current is composed of an impulse like component and a relaxation component 

(j(t)): 

)(')()( tjtjtJ                                                                    (3.12) 

where intuitively j
’
(t)=C0V(t), (t) being delta function to describe the step like 

behavior and C0 is the geometric capacitance. Using this in equation (2.10), 

dtttj
V

CC 





0

0 cos)(
1

)(                                               (3.13) 

integrating by parts: 


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
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

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


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since j(t)0 as t,  

tdt
dt

tjd

V
CC 




 sin

)(1
)(

0

0 













              (3.15) 

It is clear from equation (3.15) that the ultimate value of C() will depend on the second 

term in equation (3.15) which is governed by the transient current itself. Depending upon 

the time variation of the transient current, integral value can be positive or negative 

leading to an effective positive or negative value of capacitance respectively. If transient 

is positive valued and monotonically decreasing to zero, the integral will give positive 

values and resultant capacitance will be positive. If transient is positive valued and 

increasing or non-monotonic such that its negative time derivative is negative valued 

approaching zero then the integral will give negative values. In that case, total 

capacitance will be negative in frequency ranges which generate a higher magnitude of 

negative second term than C0. Qualitatively, a positive and increasing current transient or 

effectively increasing transient (with non-linear behavior) will lead to an effective 

negative capacitance value, while a decreasing transient will signify positive capacitance. 

In coming sections we will focus on experimental observation of how the different shapes 

of current transients can represent different regimes of capacitance and their physical 

origin.  

 

3.3 Experimental methods 

In addition to the sample details and instrumentation discussed in the chapter 2 

(section 2.2) for transient current measurements, SR850 lock-in amplifier from Stanford 

Research Systems and AFG 3022B function generator from Tektronix were used for dc 

biasing and voltage pulsing respectively. Resultant transient currents were recorded using 

SR570 current pre-amplifier from Stanford Research Systems and DPO 4034 digital 

oscilloscope from Tektronix. Figure 3.1 shows a schematic of the measurement setup 

used. To measure transient current response, a 50 mV forward bias voltage pulse was 

applied while maintaining a particular level of injection or dc bias.   
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Figure 3.1: Schematic of the current transient measurement setup. 

 

 

3.4 Results and discussion 

Figure 3.2 shows the variation of negative capacitance and voltage modulated 

electroluminescence with applied modulated frequency. We can observe a continuous 

increase in both as the frequency decreases. This remarkable connection between optical 

and electrical techniques can be exploited to understand the physics of an active light 

emitting device. In the context of negative capacitance, which was at one point 

considered to be a parasitic effect or problem of improper contacts, this physical 

connection rules out any such possibility. Besides this connection, dominance of negative 

capacitance effect on lower frequencies also suggests that it is not like a pure inductor 

which should have dominance at higher ranges of the frequencies.  As discussed in 

section 3.2, we would like to elaborate on the time domain behavior of this frequency 

dependent response and attempt to understand it better.   
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Figure3.2: Variation of negative capacitance and voltage modulated electroluminescence (inset) with 

applied modulation frequencies. We observe continuous increase in both the quantities as the applied 

frequencies decrease. 

 

3.4.1 Transient current under small forward bias voltage step 

Figure 3.3a shows the capacitance response of the diode DL 3148-025 for varying 

bias level (Vdc) for modulation frequency of 10 kHz. We observe that as the bias 

increases, capacitance acquires inductive like behavior and shows negative values. After 

approximately 1.7 V, we observe a prominent negative capacitance behavior.  

In figure 3.3b, we are showing current transients after a small voltage step while 

maintaining particular injection levels. We applied a voltage pulse as also shown in the 

plot (black line). We used 10 kHz square wave pulse with 20% duty cycle. Amplitude of 

the pulse was kept at 50 mV to ensure that it provides only required perturbation to the 

system without producing any undesirable non-linear effect as assumed in the calculation 

(section 3.2). We observed the behavior of current transients during the application of this 

pulse. As we increase the bias we observe a change in the current transient behavior. In 

the regime where NC is observed (~ 1.7 V) transient becomes monotonically increasing 

(marked as inductive in the figure). For a positive capacitance regime transient remains 

monotonically decreasing after a sudden jump due to the change in applied electric field. 
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We also observe nonlinearity in current transient, before acquiring monotonically 

increasing nature, as the system approaches negative capacitance regime.  

 

 

Figure 3.3: (a) Capacitance of DL 3148-025 measured at 10 kHz, shows prominent NC effect above 1.7 V. 

(b) Current transient after the application of voltage pulse (50 mV, 10kHz with 20% duty cycle, also shown 

in the plot) for different injection levels. As the NC effect starts to dominate transient approaches 

monotonically increasing behavior (shown as inductive). However, for positive capacitance regime it 

remains monotonically decreasing. 
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To have a better correlation of measured current transients with the theoretical 

expression, we further present figure 3.4. We present the current transient for 1.8 V 

where NC effect is prominent. We observe a smooth, monotonically increasing transient. 

In the inset of figure 3.4 we show (a) (–dj(t)/dt) calculated for the measured current 

transient which is negative and monotonically increasing to zero, (b) simulated sinusoidal 

signal and (c) the final product  [(–dj (t)/dt)sin t]. It is very easy to observe in the 

inset (c) now that the negative half of the resultant periodic variation is significantly 

larger in this case. This leads to the negative contribution from the second term in the 

equation (3.15) and implies the presence of NC for wide range of frequencies.   

 

Figure 3.4: Evolution of current transient under a 50 mV forward voltage pulse when device is held at 

forward bias of 1.8 V. The voltage pulse stays at 50 mV for the whole duration of the transient shown 

above. Current monotonically increases to saturation value. Insets show (a) negative time derivative 

(-dj(t)/dt) of the transient (b) simulated sinusoidal signal and (c) product [(-dj(t)/dt)(sin t)] is 

dominated by the negative part of the oscillating output which makes the reactive response to simulate 

negative capacitance like behavior. Monotonically increasing transient indicates the occurrence of 

negative capacitance for all measurement frequencies. 

 

In figure 3.5 we consider current transients for two different bias levels i.e. 1.6 V 

and 1.8 V. For lower bias (1.6 V), negative capacitance behavior is not very prominent 

and current transient shows increasing shape with non-monotonic nature (solid blue line 
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in figure 3.5). Its time derivative (line with circles) acquires a very sharp decreasing 

behavior with small non-monotonic behavior with the time. [(–dj (t)/dt)sin t] product 

for this transient would not generate a dominant negative half. In fact, the difference in 

magnitudes of the positive and negative halves will die down like the transient derivative 

itself. This will lead to an effective positive capacitance behavior for a wide range of 

frequencies. However, a negative capacitance effect can be predicted for lower frequency 

range. As the bias is increased (1.8 V) negative capacitance effect is prominent. As a 

result the current transient (solid black line) becomes smooth and monotonically 

increasing. Its derivative (line with squares) also acquires decreasing and more 

monotonic behavior. Lag in the current transient also becomes more prominent with 

increasing bias. This description clarifies the significance of monotonically increasing 

and non-monotonic transients in the context of NC. 

 

Figure 3.5: Current transients and their derivatives for DL-3148- 025 laser diode under the application of 

50 mV step voltage. As the applied bias increases, current transient (derivative) becomes monotonically 

increasing (decreasing) which is the characteristic of negative capacitance behavior. 

 

Presence of monotonically increasing current transient or non-monotonic transient 

can be understood by the effect of impurity and interface states on the dynamics of charge 

carriers
26, 39, 55

. We understand that NC is due to the significant contribution of sub-band 

gap defect states to overall charge carrier density
1, 45

. This disables quasi Fermi levels 
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from following applied modulation. As a result, we observe a transient change in the 

steady state separation values of the quasi Fermi levels after a complete cycle of 

sinusoidal modulation. Subsequently a transient current is generated which lags behind 

the applied voltage generating inductive like effect. Resultant induced voltage ultimately 

tries to compensate any such momentary changes in the separation of quasi Fermi levels 

over a cycle of applied modulation and steady state condition is regained. When step 

voltage is applied to an initially forward biased diode, it increases the charge carrier 

density even more.  Due to the perturbation in quasi Fermi level positions, contribution 

from trap states also changes. Simultaneously radiative recombination will consume 

charge carriers faster than the response from the traps. Trapping rate of holes and 

electrons and hence their effective availability will also be different at respective 

interfaces generating a time varying potential across the device
56

. This will result in 

increased interface barriers but ultimately increasing the drift for charge carriers. We 

observe this as a slow increase in transient current during the voltage pulse when 

contribution from defect states is significant. We also observe the effect that the transient 

current derivative slowly dies (figure 3.5) when the net current level approaches its 

steady state value as governed by Idc. 

 

3.5 Conclusions 

We have presented a theoretical description of negative capacitance which can be 

generalized to different junction devices. We described frequency dependent capacitance 

in terms of the transient current produced after a small voltage perturbation. A 

monotonically increasing transient or non-monotonically increasing positive valued 

transient describes NC behavior. However for positive capacitance regime transient has 

decreasing behavior. This description not only produces negative and positive 

capacitance mathematically but has also been verified experimentally in this work.  We 

presented a physical mechanism for observing increasing transients in case of NC 

behavior by considering the role of defect states in charge carrier recombination 

dynamics. This is consistent with the explanation we proposed for NC and its optical 

correlation in chapter 2 and can be generalized for a variety of devices other than 
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electroluminescent devices. As we have pointed out earlier, probing mechanism of NC 

has provided a better understanding of the different processes taking place in the device.  

A part of the work presented in this chapter has been published in Physica Status Solidi 

C, Vol. 10, p. 593, 2013 and MRS Proceedings, 1635, t07-05 (2014). 
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Chapter 4  

 

Temperature Variation of Negative Capacitance 

and Modulated Electroluminescence: Role of 

Quantum Well Structure 

 

4.1 Introduction 

So far, we have discussed the presence of an inductive like response from ELDs 

under low frequency modulation and high charge injection
1,

 
2
. This response, seen as 

negative capacitance (NC) is exciting, technologically important
3-5

,
 
yet a less understood 

phenomenon. A remarkable connection of this electrical property with voltage modulated 

electroluminescence (VMEL) has been established. Frequency dependent NC and VMEL 

are understood as an outcome of the dynamic competition between radiative 

recombination process in the quantum well (QW) and the steady state response from 

defects states
1
. We have also discussed a general description of NC, given in the context 

of different functionality devices and its theoretical explanation based on the behavior of 

current transients after a small forward bias voltage step
6
. We have already shown in 

previous chapters how our explanation of NC, considering the competition of fast and 

slow processes in general, involving available charge carriers, provides a generalized 

explanation for its occurrence.  However, this description is incomplete without probing 

the temperature dependence of these properties for the following reasons: (a) as per 

equation (2.2) contribution from sub-band gap states is temperature dependent and must 

affect NC as well as VMEL and (b) strictly room temperature studies, as discussed so far, 

overlook (under thermal equilibrium) any effect of temperature dependent processes 
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inside the quantum well, on measured modulation properties. Notably, in this context, 

there are very few (and very recent) reports in the literature concerning temperature 

dependent behavior of a diode under charge carrier injection
7, 8

. These studies report the 

sensitivity of negative capacitance for temperature variation. However, a clear cut 

connection with light emission is not probed.  

Therefore in this chapter we will show how the ELDs we are probing under high 

carrier injection behave with temperature variation. In the work presented in previous 

chapters, while working on a particular constant temperature, we assumed thermal 

equilibrium condition. This ensures that the steady state population of charge carriers 

inside the QW is unaffected by any thermally activated escape of carriers from the QW 

barrier. Hence, any change in the measured response was solely due to applied 

modulation.  

In this chapter, we will discuss the temperature variation of both NC and VMEL 

and their interdependence. In addition to probing basic physical processes, it is necessary 

to study the interdependence of electronic and optical properties of ELDs under their 

operating condition of light emission for their efficiency improvement. In fact, 

improvement in the performance efficiency of ELDs is the primary goal of physicists as 

well as engineers working in the field of optoelectronics. Continuous research is going on 

to achieve better efficiency devices and materials for a vast variety of technological 

applications
9
.  

During a temperature scan, unlike usual
10

 continuous wave (CW) light emission, 

which expectedly decreases continuously with increasing temperature, both NC and 

VMEL show an increase when temperature increases from a very low value (~60 K). 

They achieve a maximum around a certain temperature range and then start to fall down 

with further increase in temperature. Position of this maximum systematically shifts 

towards higher temperature with increasing forward bias. Contribution from defect states 

at applied modulation frequency explains the increase of NC as well as VMEL with 

temperature for lower temperature regime. However, as the temperature becomes 

sufficiently high, charge carrier escape from the inbuilt quantum wells becomes 

dominant, effectively reducing both NC and VMEL. Resultant peak or maxima in 
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modulated light emission indicates that the device can have maximum efficiency at 

different temperatures for different biases. Thus, we suggest that for efficient working of 

ELDs under direct modulation, the temperature of maximum light emission must be 

tailored to their operational temperature. This can be achieved either by careful choice of 

materials and/or by clever device engineering.  

 

4.2 Experimental methods 

4.2.1 Temperature variation 

For variation of temperature we mounted the sample (on the sample holder shown 

in figure 2.3 in chapter 2) inside the closed cycle Helium cryostat (from Advance 

Research Systems). For better transfer of thermal energy, we used a Silver-Indium ring 

between the cold head and sample holder. For primary temperature sensing Si diode 

temperature sensor (DT-670B-SD from Lakeshore) was mounted on the cold head 

directly. This sensor was used along with the Lakeshore 340 temperature controller to 

monitor and control the temperature by controlling the current through the electric heater 

strip around the cold head. To monitor the sample temperature accurately we used 

another sensor in the vicinity of the sample itself. To improve the thermal contact 

between the sample holder and the sensor, we used Cryogenic High Vacuum Grease form 

Apiezon (N Grease). We measured the temperature with an experimental accuracy of 

±0.1 K.  

We know that the dependence of injection current and hence the number of free 

charge carriers available in the diode, on applied voltage during temperature variation
11

, 

is non-linear (chapter 1, equation (1.8)). Therefore we performed the experiments at a 

constant forward bias current (Idc). This allows us to ignore any effect of changing charge 

carrier density due to temperature variation only on the mechanisms we are probing. 
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4.3 Results and discussion 

Figure 4.1 shows the variation of CW light output/ electroluminescence with 

temperature. We can observe a continuous decrease in the light emission intensity as the 

temperature increases. 

 

Figure 4.1: Continuous wave (CW) light emission from laser diode DL-3140-025 decreases monotonically 

with increasing temperature for all the values of current (Idc).  This follows general reduction in radiative 

recombination efficiency with temperature increase as discussed in the text. 

 

Generally, efficiency of light emission decreases with increasing temperature and 

can be attributed to various processes affected by temperature variation
12-17

. In case of 

quantum well based structures, fall of luminescence intensity with temperature can be 

attributed to two major reasons
18

: (i) activation of non-radiative recombination processes 

mediated by trap states
19-23

 and (ii) thermal escape of charge carriers from quantum wells 

and their effective non-radiative recombination in the barrier layer
24-30

. These processes 

effectively increase the radiative recombination life time with increasing temperature 

making the process inefficient
31

.  
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4.3.1 Temperature dependence of modulated light emission and negative 

capacitance response 

Results in figure 4.1 can be treated as the control experiment for the functionality 

of the diode, giving standard reported results. Now, in figure 4.2, we show similar plots 

for VMEL. It is clear from the figure that the behavior of modulated electroluminescence 

or modulated light emission is not a monotonic function of temperature. 

 

Figure 4.2: Temperature scan of modulated light emission from laser diode (DL-3148-025) at different Idc, 

measured at 1 kHz. Scan goes through a maximum at certain temperatures (TMax). With increasing bias, 

TMax shifts to higher temperature. For cost effective performance, this maximum should be around 

operational temperature of the ELD.  

 

For a given Idc, when the sample temperature is increased form a very low value 

(~ 60 K) we observe that VMEL signal increases. This is contrary to what has been 

discussed above in the context of figure 4.1 where CW light emission expectedly 

decreases with increasing temperature. After acquiring a range of temperature (~140K – 

210K), further heating causes VMEL to reverse its trend and it starts to decrease. 

Interestingly, this results in a temperature point where VMEL signal maximizes. We 

named this temperature of maximum emission as TMax.  It is apparent from figure 4.2 that 

TMax shifts systematically to higher temperature side as the bias (Idc) increases. Absence 
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of any maximum in the case of CW light emission indicates that the observed features in 

VMEL are only due to the steady state response of charge carriers to applied voltage 

modulation.   

Our previous results indicated a correlation between VMEL and NC
1, 2

, hence to 

verify this correlation of light emission with the capacitance behavior we measured 

impedance of the devices under charge injection condition with temperature variation. 

Figure 4.3a and 4.3b show the variation of capacitance (C) and conductance (G) 

respectively with temperature for frequency 1 kHz and varied Idc levels.  

These measurements are done under the circuit model containing capacitance and 

conductance in parallel as described in chapter 2 (section 2.2.2). We have discussed in 

chapter 2 that the onset of VMEL accompanies the onset of negative capacitance (NC). 

As shown in figure 4.3a, we observe NC effect in the same bias regime where we were 

observing significant modulated emission (figure 4.2). NC also increases in magnitude as 

the temperature increases from a very low value, acquires maximum value and then 

reverses its course to decrease with increasing temperature.  Temperature where NC 

effect is maximum (TMax) also shifts to higher values with increasing forward bias or Idc 

values. In conductance, as shown in figure 4.3b, we observe an increase with increasing 

temperature, however above the range of TMax, it saturates with a slow decrease 

thereafter. Figures 4.2 and 4.3a strongly support the correlation between NC and VMEL 

throughout the range of temperature variation. This correlation can be explained by 

considering the active participation of defects in radiative recombination dynamics.  
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Figure 4.3: Temperature scan of (a) negative capacitance and (b) conductance for laser diode at 1 kHz for 

different Idc. A maximum is observed in capacitance at certain temperature (TMax), which shifts to higher 

side for higher bias. Behavior of negative capacitance is similar to that of VMEL as shown in figure 4.2. 

 

Defect states can only contribute to the VMEL and NC signal if their thermal rate 

of carrier exchange with the band edges (1/) is comparable to applied frequency (f). Here 

(1/) is related to the thermal activation energy (ETh) of the defect level by 

1 exp( )Th BE k T   where kB is the Boltzmann constant,  is the thermal prefactor, 

hence we can write:  
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)/ln( fTkE BTh                                                                     (4.1) 

steady state charge carrier (e.g. electrons) contribution from defects is given as, 





Fn

ThC

E

EE

Trapped dEEgn )( , g(E) is the sub-band gap defect density.  Limits of integration 

represent the total defect states which can respond to the applied signal (shaded area in 

figure 2.8) as given by equation (4.1) and also by the position of quasi Fermi level (EFn) 

and band edges (conduction band EC in case of electrons). At any given temperature, 

lower frequency allows defect levels with higher ETh also to respond to the applied 

modulation, thereby, increasing the defect contribution towards total charge carrier 

density available for radiative recombination. This is why we observe higher VMEL and 

NC signals at lower frequencies as discussed in chapter 2 (figure 2.7). Similarly, at a 

given bias and frequency, defect contribution to charge carrier density available for 

radiative recombination increases with the increasing temperature. As a result we see 

counterintuitive increase in the magnitude of VMEL and NC signal as shown by figures 

4.2 and 4.3a, when temperature is increased from a significantly low value ( 60 K). This 

signature is missing in case of CW light emission as is evident from figure 4.1. However 

this increase is rather slow for relatively low temperatures (≤ 100 K) due to the inability 

or inertia of charge carriers to respond to the applied voltage modulation. In such case, 

one would expect that for even lower temperatures both VMEL and NC will saturate to a 

small value.  

 As we increase the temperature further above TMax, VMEL and NC reverse the 

behavior and start to decrease. In this regime, behavior of VMEL matches with that of 

CW light emission and hence the likely causes of this can be
18

 (i) the loss of charge 

carriers to thermally activated defects with very large response time as compared to the 

applied modulation. Charge carriers can get trapped in these slow defects becoming 

unable to follow the applied modulation or (ii) the increasing loss of charge carriers 

available for radiative recombination due to their field assisted thermal escape from the 

active quantum well (QW) region. Both of the processes can contribute simultaneously as 

well.  
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 To probe this process further and to figure out the dominant reason, we studied 

frequency dependence of temperature scan of VMEL and NC maintaining a particular Idc.  

We present the results in figures 4.4a and 4.4b respectively.  

 

 

Figure 4.4: Frequency dependence of temperature scan of (a) modulated light emission and (b) negative 

capacitance at Idc=250 µA. Note that the TMax is relatively independent of applied modulation frequencies 

in both the cases. 
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For the frequency variation results presented here, Idc was kept at 250 µA. Similar 

behavior was obtained for other values of Idc also. For any given temperature, lower 

frequency produces higher VMEL signal and negative capacitance. This is again in 

support of our previously discussed results in chapter 2. Noticeably, TMax is relatively 

independent of the frequency (for frequencies ≤ 100 kHz) for both VMEL and NC. This 

indicates that the process causing VMEL and NC to decrease after TMax is not affected by 

the applied modulation. This can happen when the process occurs at a very fast rate as 

compared to the time scale of the modulation. This favors the presence of QW escape 

processes to be the cause of the reversal observed in VMEL and NC. Also, in the 

dominance of slow defects we would have observe a peak in conductance response rather 

than capacitance response as discussed in chapter 1 section 1.5. Thermally activated 

escape of charge carriers from quantum well, being a very fast process
32

 (~ 100 ps) 

remains independent of the applied modulations frequency in the used frequency range. 

Hence it starts affecting the properties of the device we are measuring under modulation, 

around the same temperature irrespective of the applied modulation frequency. The 

escape process is supported by the remnant field of the junction. Higher thermal 

activation is required, as the bias becomes more positive which nullifies the field of the 

junction. As a result, we observe that the TMax shifts to higher temperature side with 

increasing Idc. 

4.3.2 Field assisted thermally activated escape of charge carriers from quantum 

wells 

It would be interesting to probe the thermally activated escape process but in the 

present case we have injected charge carriers, defect responding to applied modulation, 

emission of light and escape process happening simultaneously. Hence it becomes 

difficult to directly probe the escape process itself. However, in this case, continuous 

charge carrier escape from QW is a complimentary process to light emission in a sense 

that it depletes the number of charge carriers available for radiative recombination. To 

probe the escape process we measured the variation of CW light emission with 

temperature for different Idc values, as shown in figure 4.5a. We also measured the 

variation in Idc with temperature while maintaining certain light emission intensity, as 
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shown in figure 4.5b. In our case, a major contribution to this Idc comes from charge 

injection to active region, QW escape, radiative recombination and trapping by defects 

etc.  

 

 

Figure 4.5: (a) showing increase in the rate of light emission with decreasing temperature and increasing 

Idc (0.1, 0.2, 0.45, 0.7 and 1.3 mA). As the thermal escape starts, change in the slope of light output 

decrease can be noticed. (b) Variation in the rate of charge injection in the form of Idc with temperature to 

maintain certain CW light output intensity. As the temperature increases, higher Idc (rate of charge 

injection) is required to maintain the light output intensity. Again we observe a sharp change in the Idc 

values after the escape process starts. (notice the logarithmic y axes in the figures) 
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Current density of escape JE for electrons is directly proportional to the density of 

charge carriers available in the QW and inversely proportional to the escape life time. It 

can be written in the form
33

:  

E

QW

E

eLn
J


                                                                                (4.2) 

where L is the width of the QW, nQW is the carrier density inside the well, e is the 

electronic charge and 1/E is the rate of thermal escape. As the temperature increases, 1/E 

for charge carriers in the QW increases, and escape process starts to dominate around 

1000/T ~ 4 - 6.5 K
-1

. This is also evident in figure 4.5a: for low temperatures, radiative 

recombination falls slowly, probably due to the activation of non-radiative defect 

channels. After the range of 1000/T ~ 4 - 6.5 K
-1

, which matches with the range of TMax 

or the temperature range where reversal is observed in VMEL and NC, light emission 

output falls sharply with 1000/T. This happens due to the higher consumption rate of the 

charge carriers by thermally activated QW escape process at a particular Idc. This region 

of the figure 4.5a fits well with the equation of the form N=N0-exp(-EI/kBT) indicating an 

Arrhenius like process [N′=(N0-N) ≈ exp(-EI/kBT)]. Arrhenius equation describes the 

variation of a temperature dependent rate process
34,

 
35

. In this context it signifies the 

relative fall of radiative recombination rate with increasing temperature after the charge 

carrier escape starts. At a particular temperature, more light emission is observed for 

higher Idc as expected.  

Similarly in figure 4.5b, as the temperature increases (beyond 1/T ~ 6.5 K
-1

), 

higher rate of charge injection in terms of Idc is required to maintain constant light 

emission intensity. This is again due to the increase in thermally activated QW escape 

process with increasing temperature. Linear behavior of Idc (plotted in log scale) with 

1000/T after the onset of escape process indicates an Arrhenius like process. This 

signifies the increasing charge injection rate required to maintain certain light output 

intensity with increasing temperature. At a particular temperature, required Idc to maintain 

light emission, increases with increasing light emission intensity, as is also discussed in 

the context of figure 4.5a. 
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We can obtain Arrhenius like plots from the region 1000/T ~ 4 - 6.5 K
-1 

of figures 

4.5a and 4.5b after the onset of thermal escape of charge carriers from the QW. 

Calculated values of respective activation energies EI and EII are shown in figure 4.6a and 

4.6b respectively.  

 

 

Figure 4.6: (a) Absolute value of the activation energy for light emission EI as calculated from the straight 

line portion of the Arrhenius like plot of figure 4.5a. For this calculation we considered the process as 

[N=N0-exp(-EII/kBT)]in figure 4.5a and then obtained Arrhenius like plot by first obtaining the value of N0. 

This signifies the recovery of charge carriers to maintain the light output by further charge injection or 

(increasing Idc) after their consumption by escape process. (b) Activation energy for charge injection EII as 

calculated from the straight line portion of the Arrhenius like plot of figure 4.5b.  
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 The rate for any thermally activated QW escape process can be given as
31 














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




Tk

E

Q

Tk

B

BB

E

exp
2

1
2/1


                                                     (4.3) 

where Q= L
2
m

*
, m

*
 is the effective mass of the charge carrier inside the well and EB is the 

effective thermal barrier height for the escape.  In the present case of active light emitting 

device under voltage modulation, thermal rate of one process is intricately connected with 

the other competing processes like charge injection, recombination, escape and defect 

trapping etc. Many of these processes are also intrinsically thermally activated with 

different barrier heights. Hence it is difficult to directly associate the calculated activation 

energies solely to any particular barrier height of field assisted thermal escape from QW. 

However we understand EI as the activation energy of light emission which goes down 

with increasing bias (Idc) suggesting that the QW escape process which is 

complimentary to light emission decreases with increasing Idc. This happens due to the 

field assisted behavior of QW escape process which is also evident in figures 4.2 and 

4.3a. In absence of any forward bias, built-in field of the p-n junction efficiently separates 

thermally escaped charge carriers
36

. However, with increasing forward bias (Idc) this net 

field contribution to field assisted thermally activated escape of carriers from QW 

decreases. Hence for higher value of Idc further increase in temperature (as compared to 

lower current) is required for the activation of escape process. As a result TMax shifts 

towards higher temperature for higher Idc. EII is understood as the activation energy of 

charge injection which remains relatively unchanged with light emission intensity within 

our range of measurements and mainly depends on p-n junction parameters of ELD. 

4.3.3 Different processes inside the quantum well 

To sum up, as the temperature increases, QW escape process dominates over 

shallow defect mediated contribution to steady state radiative recombination, 

consequently we see a decrease in the magnitude of VMEL and NC signals above a 

certain temperature TMax.. Schematic of these processes is shown in figure 4.7.  
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Figure 4.7: Schematic band diagram of the electronic processes occurring in QW which can be extended to 

multi QW structures as well. Electrons (holes) are injected from the n (p) neighborhood of the junction. 

These electrons (holes) can undergo radiative recombination or defect mediated recombination through 

some defect with activation energy ETh. With increasing temperature, field assisted thermal escape of 

charge carriers starts to dominate, thereby reducing the number of charge carriers inside the well (nQW). 

Straight arrows show the direction of carrier injection under a constant DC bias. Curved arrows show the 

field assisted dynamic escape of charge carriers drifting in the direction of the remnant inbuilt field of the 

junction. EFn shows the quasi Fermi level for electrons within QW for small forward bias. Quasi Fermi 

level for holes is not shown here for simplicity. In present devices, we experimentally measured the 

combined effect of these processes in the different multi QW structures.  

 

Thermal activation of escape along with the deep defects is the cause of 

continuously decreasing CW light emission with increasing temperature. However, 

increase in modulated light emission with temperature for low temperature regime and 

occurrence of peak-like feature is due to the dynamics of processes which can only be 

reflected under modulation. This peak-like feature in VMEL at low temperatures 

indicates that under direct modulation, device efficiency is not maximum around room 

temperature which is closer to the working condition of the device. This temperature can 

be brought to the working temperature of the device by optimizing defects and quantum 

well parameters for the device. Effect of quantum well parameters can be determined by 

equations (4.2) and (4.3). However, different thermally activated processes like defect 
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dynamics along with carrier recombination happen simultaneously in an active device. 

Mutual effect of these processes can be specific to particular device structure. Hence 

careful study of various processes in actual working device, like we have presented, is 

required to improve its efficiency which may not have a generalized prescription. In such 

scenario, characterization techniques we have developed can provide significant 

information about the device dynamics which can be useful in device improvement. 

 

4.4 Conclusions 

We discussed the counterintuitive increase in the magnitude of VMEL from ELD 

when its temperature is raised from a low value till a certain value TMax. This deviates 

from the usual, monotonically decreasing nature of CW light emission with increasing 

temperature. This is caused by the increasing participation of shallow defect levels in 

radiative recombination with increasing temperature.  Beyond TMax, thermal escape of 

charge carriers from the quantum well starts to dominate and VMEL magnitude falls. 

This results in a temperature range around TMax where modulated light emission is 

maximum.  TMax systematically shifts to higher temperature side with increasing forward 

bias and is relatively independent of the modulation frequency within the range of our 

measurements. Similar qualitative features are also observed in negative capacitance. 

This correlated behavior of optical and electronic processes is important to understand the 

device behavior during light emission or charge carrier injection. From the point of view 

of the applications, the temperature of maximum light emission must be brought to the 

operating temperature of the light emitting device for its efficient performance under 

direct modulation. Although here we presented results on AlGaInP based multi quantum 

well laser diodes below lasing threshold, we expect these results and analyses to be valid 

for a wider range of quantum well based light emitting devices.  

The work presented in this chapter has been published in Applied Physics Letters, 

Vol. 102, p. 053508, 2013 and Physics of Semiconductor Devices: Environmental 

Science and Engineering, p. 795 (2014). 
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Chapter 5  

 

Room Temperature Electrical Investigation of the 

Signatures of Excitons and Mott Transition  

 

5.1 Introduction 

We have discussed, in the preceding chapters, the connection between voltage 

modulated optical and electrical properties and mutually non-exclusive nature of radiative 

and non-radiative transitions
1-3

 from multi quantum well based electroluminescent diodes 

(ELD). We clearly showed that slowly responding (~ ms) electronic defects can influence 

faster (~ps-ns) radiative recombinations in a non-trivial fashion which necessitates 

1/τEffective≠ 1/τRadiative + 1/τNon-radiative where Effective is the effective time constant for 

modulated electroluminescence. Additionally, we reported an unusual non-monotonic 

behavior of voltage modulated electroluminescence with decreasing temperature
4, 5

. We 

also observed clear change in both conductance and capacitance of the ELD at the onset 

of lasing
1
.
 
This connection between the electrical and the optical properties

 
of

 
ELD is 

remarkable and is through the involvement of charge carriers in these processes. Hence, 

one would expect that probing the impedance changes along with the onset of light 

emission should also reveal the process of light emission itself, directly or indirectly. In 

this work we will discuss the change in the steady state defect response due to the onset 

of light emission and identify the process originating light emission. 

In the direct band gap quantum well system we are working with (as detailed in 

chapter 2, section 2.2), significant processes of light emission that can be from direct 

band to band transition involving the presence of free electron-hole plasma (EHP) in 

respective bands or it can be due to the transitions between excitonic states.  
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Excitons are formed due to the Coulombic attraction between negatively charged 

electrons and positively charged holes producing ‘Positronium’ like bound pairs when a 

material is either optically or electrically excited
6-10

. At low charge carrier densities, 

exciton as a bosonic quasi particle of two fermions (electron and hole), can either move 

freely or form localized complexes inside a solid. For III-V semiconductors like 

AlGaInP, binding energy of free excitons is reported to be only on the order of 5-10 

meV
11

. Still quantum structures of III-V materials exhibit resonant excitonic light 

emission at room temperature
12-14

 due to the effect of strong spatial quantum 

confinement. It is possible due to the stationary nature of resonant excitonic quantum 

states in semiconductor nanostructures. This suggests that despite having a very short life 

time, on the order of ps, under continuous excitation there will always be a stable 

population of resonant excitons in the quantum well at any given instance of time even at 

room temperatures. Furthermore, excitons are also expected to reveal exquisite 

condensed phases of matter like Bose Einstein Condensation (BEC) of excitons
15-21

 and 

exciton-polaritons
22-26

, BCS like states with excitonic pair formations in the momentum 

space
27-29

 and electron–hole liquid
30

 etc. at low enough temperatures. Many of these are 

also finding applications in novel devices like ultralow threshold exciton-polariton 

lasers
31-33

.  

A large majority of the studies related to excitonic phases almost exclusively use 

light as a medium of excitation and/or detection. Solely optical spectroscopies have been 

used to explore the presence of excitons and presence or absence of a sharp Mott 

transition
34,35

 from neutral excitonic phase to metallic electron-hole plasma phase in 

semiconductor quantum wells
12-14

 quantum wires
36, 37

 and quantum dots
38

. Presence of 

excitonic phases is inferred from the properties of luminescence spectra, for example, 

shape of the spectra or change in spectral features with changing excitation density 

(current
32, 39, 40 

or photons
41, 42

) or temperature
18, 19

.
 
These techniques are however not 

very accurate due to the presence of various other factors which affect spectral line 

shapes as discussed in chapter 1, section 1.4.1. On the other hand, there are hardly any 

investigations on electrical signatures of the condensed matter physics of these excitonic 

phenomena or the transition of excitonic phase to EHP phase. It will be surprising if these 

delicate excitonic phases, more often than not explored by their optical traces only, do not 
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have any electrical counterparts. Also, for an active device like light emitting diodes it is 

more appropriate to study the electrical properties of device to probe its electronic 

transport process.  

Therefore, in this work we probed and detected the existence of excitons in 

AlGaInP laser diodes by measuring steady state, small signal impedance response in 

frequency domain as the carrier injection is gradually increased. Instead of the standard 

temperature activation of a rate process, here, we monitor the bias activated rate 

processes at a certain temperature. We model this response with a phenomenological rate 

equation which explains the experimental data effectively. Observations illustrate that the 

bias activated differential capacitance response inverts its frequency dependence as the 

light emission starts and exhibits ‘negative activation energy’. We proposed that this 

phenomenon of negative activation energy can be attributed to the presence of a ‘stable 

intermediate electronic bound state’ whose binding energy coincides with the standard 

binding energy of excitons in AlGaInP like III-V semiconductors. Since we identify the 

presence of excitonic state through frequency dependent differential capacitance 

response, our technique is useful even at frequencies which are low as compared to the 

excitonic resonance frequencies. Furthermore, we observed that the differential 

capacitance response gets suppressed with further increase in the bias marking the Mott 

transition of the excitonic state into free EHP state. Optical spectroscopy results also 

support our interpretations based on electrical signatures. Hence, this work presents a 

unique way to look at the multifaceted nature of the physics of excitons by looking at its 

electrical signatures alone. 

  

5.2 Results and discussion 

We show the onset of light emission and injection current (Idc) as a function of 

applied bias (Vdc) in figure 5.1. We observe a significant light emission around 1.5 V 

when injection current is on the order of a few μA. 
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Figure 5.1: Light output (line with squares) and injection current (solid line) as a function of applied bias 

voltage Vdc (measured at room temperature). We observe the onset of significant light emission around 1.5 

V. At this value, current is on the order of 2-3μA. Further increase in bias causes current to increase 

exponentially as expected from diode characteristics (as discussed earlier).  

 

We are interested in exploring changes in the behavior of impedance response 

with the onset of light emission and its further growth as the Vdc is increased at 

maintained room temperature.  

5.2.1 Frequency response of conductance (G) and capacitance (C) under charge 

carrier injection 

In figure 5.2a and 5.2b we present the measured G/2f and C respectively as a 

function of modulation frequency (f) for different applied forward bias values (Vdc). 

Measurements were performed according to the circuit model discussed in chapter 2, 

section 2.2.2. We observe that G/2f goes through a maximum as the frequency changes. 

This behavior can be attributed to defect response
43

. This maximum is observed when 

quasi Fermi level overlaps with the defect activation energy. An inflection point is 

observed in capacitance when G/2f goes through a peak as is evident from figure 5.2b 

(this connection has been discussed in chapter 1, section 1.5).  
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Figure 5.2: (a) Plots of G/2f vs f show peak like features corresponding to the activation of conductance 

at a certain modulation frequency f due to defect response, as described in chapter 1, section 1.5. (b) 

Capacitance (C) shows matching inflection points corresponding to peaks in G/2f. The inset of (b) depicts 

junction capacitance for high bias values and negative capacitance effect can be observed above 1.5V. 

 

We observe that for low forward biases, measured capacitance decreases with 

increasing frequencies. Whereas, for biases above 1.5 V (when light emission starts), 

capacitance starts to decrease at lower frequencies and eventually turns negative (inset of 

figure 5.2b). This negative capacitance enhances at higher biases and lower frequencies 

and we had explained
 
it in terms of dynamic competition between fast light emission 
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process and slowly responding defect channels
1, 2

. We also see a change in the behavior 

of G/2f above this bias value. Depending upon the applied bias, we observe that the 

peak in G/2f and corresponding inflection point in C shift in frequency domain. This is 

because quasi Fermi level changes with changing applied bias and hence affects the 

defect response. Since the defect response seems to be coupled with the light emission 

process, we would like to explore it in detail. 

5.2.2 Frequency derivative of capacitance: bias activated response 

To analyze the defect response and calculate the frequency of maximum response, 

we use the frequency derivative of capacitance. In this technique44, one plots fdC/df with 

frequency to understand such defect response. It is easier to recognize such peak features 

and locate the frequency (fMax) of the peak maximum. Defect density N(ETh) is 

proportional to fdC/df  and is given by a generalized equation
44-46

  

qwTk

U

df

dC
fEN

B

Th

1
)( 








                                                       (5.1) 

where U is the effective built-in-potential and is linearly related to applied bias Vdc such 

that U = [B -Vdc] and B is the built-in potential at zero bias, q is the electronic charge, 

w is the width of the junction. We discussed that when defect energy overlaps with the 

quasi Fermi level position, we observe a maximum in G/2f and due to this activation of 

conduction from defects, capacitance changes showing an inflection point and hence a 

peak in the capacitance derivative. The usual thermal activation energy is obtained from 

the slope of an Arrhenius plot of lnfMax with 1/T. In frequency scan, fMax shifts towards 

lower frequency side with increasing 1/T (or decreasing temperature) following the defect 

rate equation (2.2) as discussed in chapter 2. However, in this work, we are particularly 

interested in exploring the frequency response of electrical impedance with and after the 

onset of light emission. Hence, in place of varying temperature we increase voltage bias 

Vdc to achieve light emission onset and track any change in the impedance response. We 

essentially keep the temperature constant in this experiment (296 ±0.1 K). However, from 

equation (5.1) one can guess that the roles of temperature and bias are mutually reversed 

for defect dynamics. 
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Figure 5.3a demonstrates this variation of fdC/df with frequency at smaller 

forward biases starting from zero.  

  

 

Figure 5.3: (a) Frequency derivative of capacitance peaking at certain frequency fMax due to the activated 

defect response. As the bias increases, peak shifts towards lower frequency side and the peak amplitude 

increases. This bias dependence is qualitatively inverse of the usual temperature dependence of such defect 

response.  (b) Linear behavior of ln fMax with Vdc indicates that the 1/T ~ Vdc in the defects rate equation 










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E
R

B

Thexp
1




. Change in the slope after 1 V is due to the onset of injection current.  
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These fMax values shift toward decreasing f when the forward bias (Vdc) slowly 

increases from zero value. We also see the anticipated increase in this fdC/df peak 

amplitude with increasing Vdc due to the increasing defect response
1

. Therefore, this 

observed phenomenological activation rate with increasing Vdc is qualitatively analogous 

to the usual variations
46

 of fdC/df vs 1/T following the electronic transition 

rate












Tk

E
R

B

Thexp
1




, where a decrease in temperature decreases the peak position 

of frequency response (fMax) but increases the overall amplitude of fdC/df peaks. We must 

emphasize that observations of similar dynamic behavior of small signal impedance 

response at these smaller forward biases are also reproduced in non-light emitting Silicon 

diodes (as will be discussed in chapter 6). With this understanding, we write a revised 

phenomenological rate equation for bias activated electronic transitions rate R′ at one 

temperature as:  









 dc

B

Th V
k

E
R 


exp'

1
'                                                       (5.2) 

where  η is a proportionality factor in units of V
-1

K
-1 

to ensure correct dimensionality. 

Rewriting this equation gives, 

'ln'ln 









 dc

B

Th V
k

E
R                                                            (5.3) 

hence, plotting ln(fmax) with Vdc should give a straight line with slope (m) as: 

.






 


B

a

k

E
m


                                                      (5.4) 

 We fit the measured fdC/df data as shown in figure 5.3a to obtain these peak 

frequencies (fMax) at different Vdc. Subsequent ln(fMax) vs Vdc plot shown in the figure 

5.3b indeed fits nicely to straight line in support of the above phenomenological rate 

equation (5.2). Initial slope is very small (-0.04) for very low biases just above zero and 

abruptly increases to -0.19 after bias ~1.0 V as shown in the figure 5.3b. This drastic 

slope change around 1 V is connected with changes in the carrier dynamics due to the 
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onset of significant injection as evidenced from the I-V plot shown in figure 5.1. The 

intercept values of the straight lines fitted in the figure 5.3b, 13.21 and 13.34 for < 1V 

and > 1V regions respectively, also show a change. This intercept is intrinsically related 

to the entropic changes (∆S) associated with the injection process following
47
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 where change in free energy is 

;STHF 
ThEH  , H being change in enthalpy. Increase in the slope after the 

start of significant injection at ~1 V is connected with a corresponding increase in the 

intercept and thereby an enhanced ∆S. This increase in ∆S for Vdc  > 1 V possibly happens 

due to the increased presence of free charge carriers as increased number of available 

microstates for the concerned electronic transition.       

Most importantly, we have also measured the differential capacitive response in 

the bias regime (Vdc > 1.5 V) where we could also measure electroluminescence signal 

(figure 5.1). The matching data of fdC/df  vs  f  for various Vdc  1.5 V are displayed in 

figure 5.4a. With increasing bias above 1.5 V, injected charge reservoir of the active 

junction depletes through radiative recombination. It also drastically reduces the above 

mentioned entropic change ∆S connected with the number of carriers (microstates) in the 

reservoir of injected charges at the active junction. Corresponding intercept value of 

ln(fmax) with Vdc  plot shown in the figure 5.4b, found to be 10.13, also reduces 

considerably as compared to the intercept values of the plots shown in the figure 5.3b 

before the light emission.  

Moreover, we note that the peak frequency for fdC/df shifts towards higher 

modulation frequencies instead. Consequently, the resultant Arrhenius like plot of ln(fMax) 

with Vdc shows a seemingly counterintuitive positive slope (~ 1.99) for a reasonably 

linear fit. Plugging this into the phenomenological rate equation (5.4) then indicates the 

presence of ‘negative activation energy’ for the bias activated rate processes above Vdc > 

1.5 V. Therefore, at these higher injection levels, we certainly observe an exact opposite 

dynamical behavior of bias activation than what was seen in case of lower injection levels 

(figure 5.3). We must also mention here that the seemingly Boltzmann like behavior of 

rate processes [e.g. equation (5.3)] may no longer apply at higher carrier densities and our 
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data tends to show (figure 5.4b) slight deviations from linearity at higher biases which is 

still well below
1
 the typical lasing threshold (~2.2 V) of these devices. 

  

 

Figure 5.4: (a) Frequency derivative of capacitance after the onset of light emission. As the bias increases, 

peak shifts towards higher frequency side and the peak amplitude decreases. This derivative response 

completely vanishes around 1.7 V. This behavior is inverse of what has been observed before light emission 

as shown in the previous figure. (b) Positive slope of ln fMax vs Vdc variation points towards the presence of 

a negative activation energy due to the presence of an intermediate bound state. 
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5.2.3 Understanding the observed negative activation energy: presence of 

intermediate excitonic bound state 

To understand the origin of this negative activation energy, we now elaborate on 

the interpretation of activation energy (Ea) as per the usual understanding of transition 

state theories. In general, the activation energy is recognized as an energy barrier to a 

one-step transition process and actually determines the fraction of carriers which 

ultimately cross that free energy barrier. However, there are well known situations in 

physical chemistry where certain reaction rates decrease with increasing temperatures. 

Presence of a rate process with effective negative activation energy can be explained
48-50

 

by a certain type of transitions where a quintessential two-step configurational route has 

to evolve through another ‘stable intermediate transition state’. This happens in such a 

way that the low energy initial states make the transition to the final state at a much faster 

rate
48

 than the high energy initial states. The net effective activation energy for the whole 

transition is given by Tolman’s interpretation
48, 49, 51 

RTSa EEE                                                         (5.5) 

where TSE is the average energy of the stable intermediate transition state and RE  is 

the average energy of initial states which is typically proportional
48

 to the energy of the 

thermal bath (~kBT). Clearly, if the first term in equation (5.5) is lower than the second 

term then one can get a resultant activation energy which is negative. Since we observe 

such negative activation energy by measuring ‘steady state’ electrical responses, we 

argue that in the present case this intermediate transition state represents a ‘stable’ 

population.  

It is possible that this stable intermediate transition state is associated with the 

formation of exciton like bound states with average binding energy TSE . To verify such 

excitonic presence at these injection levels we go back to equations (5.4) and (5.5). 

Combining these, we get  
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.RTS

B

a EE
k

mE 


                                            (5.6) 

With decreasing temperature, TkE BR ~  should decrease and as a result the slope ‘m’ 

given in equation (5.4) should also change with temperature. To verify this, we measured 

the fdC/df response just after the onset of light emission for different temperatures and 

present ln (fMax) vs Vdc plots in figure 5.5. We indeed observe that the slope ‘m(T)’ 

changes with changing temperatures. 

 

Figure 5.5: ln fMax vs Vdc for different temperatures: (a) 150 K, (b) 200 K and (c) 250 K.  Data fits nicely to 

the straight line as per the phenomenological equations (5.3) and (5.4). Slope of these fitted straight lines 

decreases with decreasing temperatures. 

 

Not only do we see a decrease in slope, we also find that the frequency of peak 

response (fMax) shifts to lower frequency side with decreasing temperature (as can be seen 

by observing ln fMax values on y-axes of the plots). This is due to the thermal rate of 

defect response changes with changing temperature as discussed in chapters 1, 2 and 4.  
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To get a quantitative estimate of TSE , we replace RE by energy ~kBT of the 

thermal bath and by re-arranging terms we get: 

nTbT
k

E
Tm

B

TS
 


)(                                                  (5.7) 

this suggests that a plot of slope m(T) vs T should be a straight line where ‘b’ is the new 

intercept and ‘n’ is the new slope. Figure 5.6 shows the variation of m(T) with 

temperature. 

 

Figure 5.6: Temperature variation of slopes m(T) determined from ln fMax vs Vdc plots. Estimated average 

energy of the intermediate transition state as per equation (5.7) is 6.3±0.4 meV. This coincides well with 

excitonic binding energy of such III-V materials
11

. 

 

By fitting a straight line to the data shown in figure 5.6, we obtain this value of η from the 

new slope ‘n’ and then estimate TSE  from the intercept ‘b’. We also assume that both η 

and TSE  do not vary much with temperature in this range such that 1


TS

TS

E

E
 even 

when the band gap of the material may change somewhat
52, 53

. Thus we estimate TSE  to 

be 6.3±0.4 meV, which closely matches with the binding energy of excitons in these 

materials
11

. Therefore, we recognize this effective ‘negative activation energy’ in the 
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steady state frequency response of electrical impedance as a signature of the presence of a 

stable population of ‘intermediate transition states’ which is ‘excitonic bound state’. For 

better understanding, we present a schematic configurational state diagram of the 

composite transition processes in figure 5.7.  

 

Figure 5.7: Schematic of the bias activated process of electroluminescence in the configurational diagram 

following the transition state theory
48-50

 of activated response. Presence of a ‘stable intermediate transition 

state’ at an energy lower than the shallow defect levels (such that E-1 > E1+E2) leads to an effective overall 

transition having ‘negative activation energy’. 

 

Initially, charge carriers trapped in shallow defects are having average thermal 

energy RE
 
available to them at one temperature. In general, these carriers just have to 

cross the defect activation energy barrier E1 and then directly take part in light emission. 

However, at higher injection levels, quasi Fermi levels move closer to band edges. Some 

of these carriers can now first populate this stable bound state, situated at 

energy TSE lower than these shallow defect states and then make further transitions to 

produce light through radiative recombinations. This ensures that the condition of 

211 EEE   is satisfied
49

 to have an effective negative activation energy for the overall 

transition process. 
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5.2.4 Optical signatures and suppression of bias activated response 

To further confirm this assertion about electrical signatures of excitonic presence, 

we measured the standard electroluminescence (EL) spectra at different levels of carrier 

injections as a function of applied bias. Eventually, these excitons are screened out with 

increasing presence of charge carriers. Figure 5.8 presents the observed spectral features.  

In figure 5.8a we plot integrated electroluminescence (EL) intensity as a function 

of injection current. It has been shown experimentally
39-42

 as well as theoretically
54

 that 

luminescence (photo or electro) L, follows a power law variation with excitation power P 

(photons or current) i.e. L ~ P
k
. Value of the exponent can vary depending upon the 

properties of luminescence source mechanism. Generally, linear variation of L with P (k 

= 1) is associated with excitonic luminescence and quadratic dependence (k = 2) is 

associated with the luminescence from EHP
41

. For Vdc > 1.7 V (Idc > 0.2 mA), integrated 

EL intensity vs injection current (Idc) shows a power law with exponent ~1.7. This may 

indicate a mixture of both excitonic and EHP light emission at room temperature with a 

dominant presence of the latter. However for Vdc < 1.7 V, we see a sharp deviation from 

this power law which could be because of excitonic light emission. For a better 

confirmation of this fact we plot peak energy values and emission line width as a function 

of injection current in figure 5.8b.  For lower biases there is no significant change in the 

EL peak energy and emission line width indicating excitonic light emission
11, 55

. 

On the other hand, above the applied bias of 1.7 V, EL peak energy starts to red 

shift and line width also increases drastically. Such sudden broadening of EL peak with 

increasing injection levels usually marks the onset of considerable exciton-exciton and 

exciton-charge carrier scattering. All these evidences certainly point towards a significant 

presence of band-gap renormalization effect
37

 due to ensuing Mott transition
34, 35

 of 

excitonic state to a dominant EHP state at such high injection levels. 
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Figure 5.8: A log-log plot of integrated EL intensity with injected current showing power law behavior for 

higher current biases (with exponent ~1.7). This indicates the enhanced presence of EHP luminescence 

above ~1.7 V (~ Idc = 0.2 mA). For low biases, deviation from this power law is observed due to excitonic 

light emission. This is further corroborated in (b) which shows corresponding transitions of EL peak 

positions and line width with applied bias. For low biases (< 1.7 V), peak position remains constant 

indicating excitonic presence in light emission. Above 1.7 V, EL peaks start to red shift due to band gap 

renormalization effects and line width starts to increase drastically. This is where we expect exciton-EHP 

Mott transition to occur and EHP recombination to dominate over the excitonic light emission.  
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 To put it in the context of our electrical results, we also see in figure 5.4a that 

peaks in fdC/df tend to fade away just below this bias of ~1.7 V. Apparent disappearance 

of this steady state electrical signature of a stable intermediate transition state depicting 

negative activation energy, which is in all probability excitonic in nature, can be 

contemplated as an electrical signature of the onset of Mott transition. We must also 

mention that although there are observations which fit into power law behavior of 

integrated luminescence intensity with the increase in excitation density and also lie in 

between regimes claiming the presence of both the mechanisms, there are reports
41, 52, 53 

with differences in exponent values for this power law. k > 2 has also been reported
39

.
 
In 

short, there still are debates on the nature of luminescence from semiconductor quantum 

structures
41

 and there is no unique tool to differentiate the source mechanisms around a 

Mott transition by optical means alone. However, plots in figure 5.8 showing the 

presence of a Mott transition at biases above 1.7 V matches well with the suppression of 

the electrical signature of excitonic response just below 1.7 V as evident from figure 5.4a. 

Therefore, this steady state all-electrical technique based on measuring the frequency 

dependent dynamic impedance response can be a useful additional tool to study the light 

emission physics in general. 

 

5.3 Conclusions 

We have probed the underlying electronic mechanisms of light emission in 

AlGaInP based multi-quantum well laser diodes electrically at room temperature. The 

frequency domain, steady state, small signal, electrical impedance response of electronic 

rate processes activated with dc bias across these semiconductor laser diode junctions 

reveals an intricate picture of carrier dynamics. We utilized frequency derivative of 

capacitance to study such bias activated response and used a phenomenological rate 

equation to understand these rate limited processes. The dynamical behavior of such 

electrical response inverts its trend after significant light emission and points to the 

presence of a negative activation energy process. We explain that the occurrence of such 

‘negative activation energy’ is possibly due to the formation of a stable, intermediate 
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exciton like bound state in this essential multi-step transition rate. Spectral features of the 

electroluminescence and calculated average energy of this intermediate state matches 

well with the binding energy of excitons in this III-V material. Further increase in charge 

injection suppresses this differential capacitive response of excitonic presence indicating 

the Mott transition by electrical means. This contention is again fully supplemented by 

optical spectroscopies showing a clear band gap renormalization effect at the transition 

from excitonic to free electron hole plasma state. Our work, therefore, presents a novel 

all-electrical approach to probe condensed matter physics of light emitting semiconductor 

media and may also be extended to characterize the presence of exotic excitonic phases. 

The work presented in this chapter is under review for publication 

arXiv:1312.7259 [cond-mat.mes-hall]. 
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Chapter 6  

 

Generalized Frequency Dependence of Negative 

Capacitance and Bias Activated Response 

 

6.1 Introduction 

We have discussed how defect response couples with radiative recombination 

process in frequency
1-3 

and temperature
4, 5

 domain to produce impedance changes with 

the light emission onset in quantum well based electroluminescent diodes (ELDs). We 

have also monitored bias activated defect response to explore the light emission 

mechanism in these devices
6
. We observed how the effect of bias can be plugged in to 

explain the defect response in place of temperature following our phenomenological rate 

equation of bias activated process.  

In the context of negative capacitance (NC), we pointed out in chapter 3 that our 

understanding based on the mutual competition of two different time scale processes 

(radiative recombination and defect response) provides a most generalized description of 

NC that can accommodate many of the reported results and explanations. Our description 

goes well in agreement with the most cited works of the field by Hess et al.
7
 who 

presented the improved analytical expression for junction current to include the 

possibility of negative capacitance and Jonscher et al.
8,

 
9
 who developed the generalized 

expression for diode admittance in terms of transient current behavior. Most of the 

studies in the context of NC, including electroluminescent and non-luminescent diodes 

report occurrence and enhancement of NC for lower modulation frequencies
10

. We also 

observed NC effect for low modulation frequencies in case of quantum well based ELDs.  
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In this chapter we present the capacitance response of functionally different 

junction diodes under high injection levels or forward bias. We will demonstrate that 

quantum dot based ELDs show NC effect at low modulation frequencies like quantum 

well based ELDs. Interestingly, in case of non-luminescent Si-based diodes we will show 

that NC behavior is observed for higher frequencies while low frequencies show the usual 

positive capacitance response. Observation of drastically different frequency dependence 

of NC in two diodes with different functionalities can only be explained by the 

consideration of mutually competing different time scale processes involving available 

charge carrier density, as we proposed
1, 2

. To probe these processes, we will discuss the 

bias activated capacitance derivative response from the devices. We will show that in 

case of Si diodes also, bias activated capacitance derivative follows our 

phenomenological equation (5.2).  

Hence, we will present the results giving a generalized completeness to the work 

and techniques we have presented so far. We recognize that although the higher injection 

levels are always required to give rise to inductive like reactance or negative capacitance 

effect; to understand the frequency characteristics of such response, one has to go into the 

details of the dynamical processes happening inside the device and their mutual interplay. 

Presence and absence of a fast radiative recombination channel competing with slower 

defect related response, involving charge carriers, can affect the frequency dependent 

reactance component of diodes.  

 

6.2 Experimental methods 

In addition to the AlGaInP based multi quantum well laser (QWL) diodes 

described in chapter 2, we have used a variety of different diodes for this work. We used 

InGaAs based quantum dot laser diodes grown by molecular beam epitaxy (kindly 

provided by Prof. M. Henini, University of Nottingham, Nottingham, UK). Details of 

sample structure and growth parameters can be found in the reference 11. We also used 

commercially available Si based diodes 1N 4001, 1N 4007 and SFH-213 p-i-n 

photodiode.  
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6.3 Results and discussion 

Figure 6.1a and 6.1b show the variation of measured capacitance and voltage 

modulated electroluminescence (VMEL) respectively for quantum dot laser (QDL) diode.  

 

 

Figure 6.1: (a) Capacitance and (b) voltage modulated electroluminescence signal for InGaAs quantum dot 

laser diodes
11

 grown by molecular beam epitaxy. As the bias increases, capacitance becomes negative. 

Simultaneously we observe the onset of modulated light emission between the Vdc range of 0.9 V to 1 V. 

With decreasing applied modulation frequencies, onset of both NC and VMEL shifts to lower biases and 

their magnitude increases.  
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We observe that as the bias increases, we start to see the onset of NC and 

modulated light emission. These onset biases shift to lower values as the frequency of the 

applied modulation is lowered. Also, the magnitude of both NC and VMEL increases 

with decreasing modulation frequencies. The occurrence of negative capacitance, its 

frequency dependence and correlation with the modulated emission can be explained by 

considering the role of sub-band gap defect levels in charge recombination dynamics as 

discussed in chapter 2, section 2.3.2 and described further in the following section. 

6.3.1 Different dynamical dependence of negative capacitance on applied 

modulation frequency for different sets of diodes 

Figure 6.2a shows the variation in measured small signal capacitance (C) with 

forward bias for QWL at different modulation frequencies. As the bias increases, 

capacitance becomes negative. In log scale, given frequency response curve terminates at 

a point where it becomes negative (this is a different presentation of the results discussed 

in chapter 2). With lower applied modulation frequency, the onset of negative 

capacitance occurs at lower forward biases. On the other hand, frequency dependence of 

negative capacitance is completely reversed in case of Si diode (1N 4001) as shown in 

figure 6.2b. As the frequency decreases, we observe negative capacitance onset shifting 

towards higher applied injection levels. We also measured such negative capacitances in 

other Si based diodes (p-i-n photo diode SFH 213 and 1N 4007), all of which gave 

qualitatively similar frequency dependence. 

In our earlier studies
1, 2

, to explain the occurrence of negative capacitance in light 

emitting diode structures, we considered the mutual competitive dynamics of sub-band 

gap defect levels and radiative recombination of available charge reservoir at high 

injection levels. Depending upon the applied modulation frequency and temperature of 

the device, defects within a certain energy depth ETh can respond
1
 to the applied signal 

and contribute to the measured impedance (shaded region in figure 2.8, chapter 2). 

Therefore, one can write the standard expression relating ETh, thermal rate of charge 

carriers trapping and de-trapping from defect states (τ) and modulation frequency (f) as: 

 ./exp/1 TkEf BTh   When applied modulation is comparable to 1/τ, defect 
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responds to applied sinusoidal modulation which ultimately affects the measured 

impedance of the active junction.  

 

 

Figure 6.2: Variation of capacitance with bias under different applied modulation frequencies for (a) 

quantum well laser diode DL 3148-025 (QWL) and (b) Si diode (SD - 1N 4001). The point where a 

particular data plot terminates is the starting of negative capacitance. In Si diodes high frequency gives 

negative capacitance for lower biases which is reverse of what is seen in QWL. We also observed similar 

behavior in other Si based diodes including 1N 4007 and SFH 213 photodiode. 
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Onset of light emission in ELDs interrupts the total number of charge carriers 

available at the junction which includes the contribution from defect levels (nTrapped). 

Radiative recombination process consumes charge carriers coming out of the defect states 

irreversibly and faster than they are replenished. As a result, at the end of the sinusoidal 

modulation cycle, equilibrium defect population is not recovered. This can cause a 

transient change in the quasi Fermi level (which tracks the charge carrier population) 

position and in the carrier reservoir at the junction which induces a compensatory lagging 

behind current to establish the equilibrium. Consequently, we observe an ‘inductive like’ 

reactance, experimentally measured as negative capacitance. The more the contribution 

from defect levels (nTrapped), the more compensation would be required to achieve such 

equilibrium. Then it is easy to understand from the rate equation (2.2, chapter 2) that with 

decreasing frequency energy depth (ETh) increases. This increases nTrapped and hence the 

magnitude of compensatory ‘inductive like’ current which ultimately increases the 

magnitude of negative capacitance at decreasing modulation frequencies as has been 

observed in the past
1, 2

 

Similar explanation, based on competing different time scale processes, can be 

extended to understand the impedance response of Si-based diodes too. However, in case 

of non-luminescent Si-based diodes, such fast (~ps) radiative recombination is absent. 

Still the occurrence of negative capacitance points towards the presence of different 

mutually competing rate limited electronic processes with different time scales. 

To further examine the dynamic dependence of negative capacitance on 

frequency, in figure 6.3, we plot and compare the bias values at which negative 

capacitance starts to occur (VNC) at a particular modulation frequency for two different 

sets of diodes. In case of ELDs, as shown in figure 6.3a, VNC increases monotonically 

with increasing applied frequency. This behavior remains qualitatively the same for 

quantum well laser diodes (QWL) and quantum dot laser diodes (QDL). This is also in 

agreement with the work by Feng et al.
 12

.  
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Figure 6.3: Variation of the bias at which negative capacitance is observed (VNC) for different applied 

modulation frequencies for (a) quantum well laser diodes (QWL) and quantum dot laser diodes (QDL) and 

(b) Si based diodes. For laser diodes, VNC increases monotonically with increasing frequencies. For Si 

diodes, VNC first stays somewhat constant (region I) and then decreases with increasing frequencies (region 

II). 

It is important to note that the defect contribution can only be activated if it exists 

below the quasi Fermi level in the band gap
1
. As we increase the frequency, we decrease 

the depth ETh, and hence contribution from relatively deeper defects is lost. To overcome 

this, quasi Fermi level has to move towards the band edge to increase the effective defect 
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contribution, which can be achieved by increasing applied bias (at a constant 

temperature). Once the defect contribution is significant to compete with the radiative 

recombination process, we start observing NC. This is why we see that as the modulation 

frequency increases, VNC increases in ELDs
1

. 

On the other hand, in figure 6.3b we observe that for all the Si based ‘non-

luminescent’ devices used, VNC does not follow monotonic behavior with increasing f. 

There, two different regions can be visualized depending upon the variation of VNC with 

frequency. In region I, VNC is relatively independent of applied modulation frequencies 

for lower frequency ranges below ~5 x 10
4
 Hz and remains nearly constant. In region II, 

above ~5 x 10
4
 Hz, VNC decreases with increasing frequencies which is the exact opposite 

of what is observed in case of electroluminescent diodes. 

6.3.2 Frequency dependent impedance response 

To understand the frequency variation of defect response we need to see the 

impedance response as a function of modulation frequency. Figure 6.4 shows the 

variation of G/2f (where G is conductance) and capacitance (C) for Si-diode 1N-4001. 

This is analogous to the plots shown in figure 5.2 (chapter 5) for QWL.  

As we discussed in chapter 5 in connection with defect response, usually, a peak 

in G/2f is observed with frequency or temperature variation. This peak corresponds to a 

position of maximum response from the defects or the position where quasi Fermi level 

crosses the respective defect energy level
13

. A corresponding inflection point is always 

observed in capacitance (C) due to their mutual connection through Kramer-Kronig 

relations
14

. The observed defect response peak in this case, as shown in figure 6.4a, is 

comparatively broader than that in case of QWL (figure 5.2a). In capacitance, we observe 

two inflection points in different frequency ranges as compared to a single inflection 

point observed in case of QWL (figure 5.2b). In this case also, we observe negative 

capacitance values for high biases but for higher modulation frequencies. When 

modulation frequency approaches 2 MHz (the highest value in our experimental 

parameter range), capacitance values seem to converge to a smaller value.  
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Figure 6.4: (a) Plots of G/2f vs f show peak like features. Peak observed in this case are broader as 

compared to the peaks observed in case of quantum well laser shown in chapter 5, figure 5.2a. (b) 

Capacitance (C) shows two inflection points in two different frequency regimes. Here also we observe 

negative capacitance but for higher modulation frequencies. We note that as the modulation frequency 

reaches 2 MHz, capacitance seems to converge to a low value.  

 

To probe the variation of defect response with applied bias variation, we used 

capacitance derivative technique
13, 15, 16

 as discussed in chapter 5.
 
 Like in the case of 

QWL diodes
6
, we look at the bias activated dynamic rate processes at room temperature 
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to probe the device response under carrier injection. Experiments showed that
6
 the 

dependences of rate process on T and Vdc are mutually inverse and we wrote it as 

1/T=ηVdc where η is a proportionality constant for correct dimensionality. This equation 

can then be modified to the form  TkVEf BdcThMax /exp   . We do expect a different 

dynamics of these processes due to the different frequency dependence of the capacitance 

response in this case. 

Figure 6.5a shows variation of fdC/df for a wide range of applied modulation 

frequencies for Si diode 1N 4001. We see two prominent peaks in the fdC/df vs f plot 

showing the presence of two defect channels with different time scales and strengths. 

However, in case of ELDs, we only observed a single peak in such response showing the 

dominance of single defect channel (as shown in figure 5.3a, chapter 5). For simplicity, 

we name low and high frequency range peaks as peak 1 and peak 2 respectively. As the 

bias increases, fMax for both the peaks shifts to the respective lower frequency sides. The 

variation of lnfMax with applied bias is plotted in figure 6.5b. Such linear variation of ln 

fMax with Vdc validates our conceived equation as mentioned above (also equation (5.2) in 

chapter 5). Values of the slopes are found to be -4.3±0.1 for lower frequency response 

and -13.0±0.3 for higher frequency response. This difference may be related to the 

entropic contribution to free energy barrier for a particular electronic defect
17

. Unlike 

ELDs
6
, Si-based diode does not show any sign change of slopes in lnfMax vs Vdc plot 

which was related to the presence of excitons during light emission. This again 

emphasizes the point that qualitatively different internal dynamics of ELDs and Si based 

diodes is responsible for the observed difference in the frequency dependence of negative 

capacitance response.  

In these bias activated processes, it is important to note that as the modulation 

frequency reaches between ~5x10
4
 to 10

6
 Hz, peak 2 starts to respond significantly only 

above 0.45 V, however, the slower defect response (peak 1) starts appearing at much 

lower biases. Density of defects responding at such frequencies is directly proportional to 

the derivative fdC/df
13, 16

 and hence the area under the peaks corresponds to the density of 

defects within the energy range spanned by the corresponding range of modulation 

frequency. 
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Figure 6.5: (a) Absolute value of fdC/df showing two peaks at different frequency positions for Si diode. We 

call lower and higher frequency range peaks, peak 1 and peak 2 respectively. Variation of peak position 

towards lower frequencies with increasing applied bias can be more clearly observed. (b) Peak frequency 

values are used to plot lnfMax with applied bias (Vdc) for peak 1 and in inset for peak 2. Peak frequency 

decreases with increasing bias.  

 

In figure 6.6, we see that the area acquired by the right half of peak 1 (which 

overlaps with peak 2) increases in correlation with the area acquired by peak 2. Net 

defect density of peak 1 is much larger as compared to peak 2. However, at large forward 
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biases, rate of increase in peak 2 is faster than that in peak 1. This can be viewed from the 

plot in the inset of figure 6.6, where values are normalized with respect to the highest 

area value for respective peaks. We ascribe this observed correlation as an evidence for 

competition of two rate limited processes governing voltage onset of respective negative 

capacitance. 

 

Figure 6.6: Shows that the area acquired by the right half of peak 1 and peak 2 increases with increasing 

bias in a correlated fashion. Lines joining the data points are for visual clarity only. In the inset we plot the 

normalized area showing that with increasing bias, peak 2 acquires a faster rate of increase in area. 

 

In Si diodes, two differently sized defect responses (bigger peak 1 and smaller 

peak 2) overlap (within similar frequency/energy ranges) and compete with each other for 

the overall impedance of the junction. At modulation frequency > 5x10
4 

Hz, steady state 

situation is not recovered at the end of the sinusoidal modulation because the presence of 

a dominant but slower defect channel interrupts the dynamics of relatively smaller but 

faster defect response. This results in a mismatch of charge trapping and emission from 

these two defect channels over a complete modulation cycle. Subsequently, population 

from these defects can undergo a transient change, giving rise to a compensatory lagging 

behind current and hence the negative capacitance
1, 2

 in the measured steady state 

response of the active junction.  In this region II of figure 6.3b, the contribution from 
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relatively faster defect channels is reduced with decreasing frequency. This demands 

further increase in applied bias to generate significant contribution from shallower and 

faster channels which compete with slower channels to produce any negative capacitance. 

As a result, VNC increases with decreasing frequencies. However, this is qualitatively 

opposite to the case of ELDs
1
 where fast and dominant radiative recombination 

irreversibly depletes the charge carrier reservoir and competes with much slower and 

smaller steady state response from defect states.    

As we decrease the frequency below ~5x10
4 

Hz, we modulate the defects which 

only have the slower component of thermal rate of carrier exchange with the band edge. 

However, until a significant amount of bias is applied, that can activate the shallower 

defects/ faster channels, we do not observe any NC effect. For high enough forward 

biases, contribution of faster channels again competes with the slower defect response 

and NC is observed (figure 6.3b, region I). Since the activation of this high frequency 

defect response (peak 2) with increasing bias does not depend on slower modulation 

frequencies, we observe that VNC in region I of figure 6.3b also does not vary much with 

changing modulation frequencies. It is important to mention here that in some of the Si-

based devices, frequency dependence of NC, qualitatively similar to that of ELDs has 

been reported
18, 19

. We speculate that this could be due to the interplay of different time 

scale processes in a manner similar to ELDs.  

As we reach the very high frequency range (around 2 MHz, which is also the limit 

of our experimental setup), capacitance approaches a small positive value as shown in 

figure 6.4b. This can be due to the absence of any competing defect response in this 

frequency range. In this case, capacitance value will be governed by the geometric 

capacitance of the junction.   

 

6.4 Conclusions 

We observed different frequency dependent dynamics of impedance response in 

electroluminescent diodes and non-luminescent Si-based diodes under charge carrier 
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injection. In both sets of devices we see negative capacitance response with increasing 

bias however, frequency dependence is mutually inverted. In electroluminescent diodes 

negative capacitance effect increases with lower applied frequencies whereas in Si-based 

diode it is observed for higher applied frequencies. We studied bias activated differential 

capacitance response to understand the observed difference in capacitance behavior. The 

phenomenological rate equation we developed for such response agrees well with the 

experimental results in case of Si diodes too. We explained that the reason behind the 

observed negative capacitance effect is the involvement of different radiative and non-

radiative channels in the time dependent dynamics of the devices. In electroluminescent 

diodes, faster radiative recombination competes with slower and weaker defect response. 

In Si diodes, two overlapping defect channels of varied strength and time scales compete 

and cause negative capacitance. This study can help us to better understand the electronic 

processes giving rise to negative capacitance like response in junction diodes. These 

understandings can easily lead to new device functionalities. To further identify the 

nature of a particular electronic defect and thereby optimize the device application, one 

can extend this study by carefully looking into the necessary details of a typical device 

structure. 

The work presented in this chapter has been published in Applied Physics Letters, 

Vol. 105, p. 123503, 2014. 
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Chapter 7 

 

Summary and Conclusions 

 

In this thesis we presented the studies on the properties of electroluminescent 

diodes (AlGaInP based multi quantum well structures) under charge carrier injection. We 

probed optical and electrical properties along with their mutual connection by mainly 

using impedance spectroscopy and modulated electroluminescence spectroscopy for 

relatively low modulation frequencies. We proposed that under charge carrier injection, 

these diodes may not follow the conventional theory of junction diodes based on 

depletion approximation and electrostatic description. Observed negative capacitance 

(NC) under high charge carrier injection and low modulation frequencies validated our 

proposition. NC was found to be related with the voltage modulated electroluminescence, 

with both the quantities showing simultaneous onset and similar frequency dependence.  

We gave a basic and generalized explanation for the phenomenon of NC and its 

correlation with modulated electroluminescence by considering the role of sub-band gap 

defect states in fast radiative recombination process. Our explanation in this case 

necessitates the presence of a mutually coupled dynamics of slow defect response (non-

radiaive process) and fast radiative recombination. These processes are considered 

mutually exclusive in general. We presented a model to explain the frequency variation 

of these correlated electrical and optical modulation properties. Based on the model, we 

argue that the high frequency performance of electroluminescent diodes (ELDs) can get 

hampered by such slowly responding defects. Hence our characterization methods can be 

helpful in improving the efficiency of ELDs under high frequency direct modulation used 

in applications like optical communication.  
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We also presented voltage modulated electroluminescence spectra of these 

devices for the first time which reveals the nature of modulation in the condition of high 

forward bias. We found that standard theory of modulated reflectance for depleted 

junctions need not be true in our case. This opens up a direction for further experimental 

investigations and theoretical analysis. 

We further studied the behavior of current transients after a small forward bias 

voltage pulse in connection with NC. We presented analytical expressions to describe the 

negative and positive capacitance behavior based on current transient properties. We also 

demonstrated experimentally that monotonically increasing current transients indicate the 

presence of negative capacitance for a wide range of applied modulation frequencies. 

Non-monotonic transients can also represent negative capacitance behavior in a particular 

range of frequencies. However, monotonically decreasing current transients indicate 

positive capacitance regime.  

We also presented, for the first time, the temperature variation of negative 

capacitance and modulated electroluminescence for these diodes. Expectedly CW light 

emission from these diodes decreases monotonically with increasing temperature. Unlike 

this, counter intuitively, modulated light emission first rises and then starts to fall when 

the temperature is increased from a very low value (~60 K). This gives a peak in the 

modulated light emission within a certain temperature range depending on the applied 

forward bias. We recommended that the temperature of maximum light emission must be 

brought to operating temperature of ELDs for their efficient performance under direct 

modulation.  This can be achieved either by careful choice of materials and/or by clever 

device engineering. In agreement to the model we developed, we observed that negative 

capacitance also shows similar behavior like modulated light emission under temperature 

variation. We explained that the participation of sub-band gap defect levels in radiative 

recombination dynamics causes the counter intuitive increase in measured modulation 

properties with increasing temperature for low temperature range. However after a certain 

range of temperatures, thermal escape of charge carriers from quantum well starts to 

affect these modulated properties and we observe a decrease in both modulated light 

emission and negative capacitance.  
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The quantitative analysis of these physical processes requires further rigorous 

theoretical framework which may go beyond the electrostatic description of p-n junction 

based on Poisson’s equation. Further experimental attention is required on the 

interdependence of optical and electronic properties of ELDs. This certainly opens up a 

huge scope for future work from both basic and applied perspectives. 

We extended our understanding of correlated electrical and optical properties 

arising due to the participation of defect levels in radiative recombination to probe the 

light emission process itself. We studied bias activated, small signal frequency derivative  

capacitance response at room temperature. We developed a phenomenological rate 

equation to understand the dynamics dependence of this response on applied modulation 

frequency. Interestingly, this dependence reverses its behavior after the onset of light 

emission indicating an intriguing presence of effective ‘negative activation energy’. We 

explained that the occurrence of this effective negative activation energy is due to the 

presence of a ‘stable, intermediate transition state’ in the process. Calculated average 

energy of this state was found to be same as the excitonic binding energy of these III-V 

materials. Hence we identify the presence of negative activation energy as the electrical 

signature of excitonic state. Further increase in charge injection suppresses the signature 

of excitonic bound state, indicating a Mott transition. This is additionally vindicated by 

optical measurements showing the transition from excitonic to free electron hole plasma 

state in support of our electrical signatures. 

In general, optical spectroscopies are exclusively used to study excitons and their 

complexes in various materials. These systems are of great interest to explore basic 

quantum physics and develop new low threshold lasers. Therefore our work presents a 

new, steady state, all-electrical approach to probe condensed matter physics of light 

emitting semiconductor media in general and may find its application in characterizing 

the more complex and exotic excitonic phases at low temperatures. 

We also applied similar experimental techniques and analyses to other light 

emitting devices (e.g. InGaAs based quantum dot lasers) and functionally different 

devices based on Silicon which are intrinsically inefficient for light emission. We showed 

that our understanding of negative capacitance can be used to explain its different 
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frequency dependence in case of Si based diodes as compared to ELDs. We also showed 

that bias activated defect response follows our phenomenological rate equation in case of 

these diodes. 

In brief, we can make the following conclusions based on the work presented in 

this thesis: 

 Under high charge carrier injection, electroluminescent diodes show negative 

capacitance behavior and deviate from the textbook description of junction diodes 

based on electrostatics and depletion approximation.  

 Negative capacitance tracks the onset of modulated electroluminescence and both 

follow similar frequency dependence. 

 Mutual competition of sub-band gap defect levels with radiative recombination 

process is responsible for observed correlation between optical and electrical 

properties. This necessitates the mutual non-exclusivity of radiative and non-

radiative (defect response) processes in this case.  

 Negative capacitance signatures can be seen in the behavior of current transient 

after a forward bias voltage pulse. 

 Mutual dynamics of defect response and thermal escape of charge carriers from 

the inbuilt quantum well structures causes counterintuitive temperature 

dependence of modulated light emission. 

 We predict that for better efficiency of devices under high frequency direct 

modulation, low frequency defect response as well as quantum well parameters 

need to be optimized. 

 We identified the presence of excitonic bound state through the presence of 

negative activation energy in bias activated differential capacitance response. 

Suppression of this signature at high bias indicates Mott transition of excitonic 

state to free electron-hole plasma state.  

 Techniques and analyses presented here can be used in a generalized way for 

different sets of junction based semiconductor structures. 
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7.1 Future directions 

We have pointed out that a rigorous theoretical framework, which may need a 

treatment beyond the electrostatic description, is required to describe the behavior of a 

diode, in general, under charge carrier injection. A detailed study of the correlation 

between optical and electrical properties of electroluminescent diodes can lead to further 

understanding of light emission processes in different material systems including 

quantum confined system. It is required, therefore, to pursue more research in this 

direction which is often overlooked due to the other very apparent aspects of device 

physics driven by technology requirements. Here, we will point out a few directions 

which can be pursued in continuation of this work. Some of them are already being 

actively explored in our lab. 

A. Dielectric response of electroluminescent diodes under high frequency (GHz) 

modulation 

In the work presented in this thesis, applied modulation is very slow as compared to the 

fast radiative recombination happening at the heart of the device dynamics. Though this 

reveals interesting physics of defect response, it would be interesting to probe these 

devices under very high modulation ~GHz. This can directly affect the radiative 

recombination process itself with similar time scales. We have already received the grant 

to pursue this work in the lab and instrumentation required for high frequency 

measurements is in progress.  

B. Change in the dielectric properties of electroluminescent diodes at and after 

lasing threshold 

Onset of lasing, in terms of the presence of coherent light emission, can lead to the 

change in the dielectric behavior of these diodes. We have also presented the change 

observed in capacitance as well as conductance at lasing threshold (chapter 2, figure 2.6). 

As a signature of lasing, junction voltage has been reported to jump to a saturation value 

due to the existence of quasi Fermi levels in respective bands (population inversion like 

condition). In some cases junction voltage has been found to show a drop due to the  
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subsequent pinning of the quasi Fermi levels in respective bands after lasing threshold [e. 

g. Li et al. Appl. Phys. Lett.102, 123501 (2013)]. However, modulation properties are 

rarely studied with lasing threshold which can reveal interesting physics.  

C. Sub-Kelvin temperature studies of excitonic physics 

We have observed the electrical signatures of excitons and their Mott transition to free 

electron-hole plasma state. It could be very informative to probe various condensed 

phases of excitons like excitonic Bose-Einstein condensation (BEC), exciton-polariton 

BEC, Bardeen-Copper-Schrieffer (BCS) like states at low temperatures. What are the 

electrical signatures of such phases, what are the electronic processes leading to these 

condensed states, how these complexes affect or take part in light emission are some of 

the questions which can be pursued.  

D. Probing plasmonic materials under electrical perturbation and modulation 

Plasmonic materials, having a large number of free electrons can be considered a system 

similar to a diode under high charge carrier injection. Application of electrical 

perturbation and/ or modulation (like we have used in our work) can be useful to probe 

plasmon propagation and any losses attached with the process in these materials. In this 

context, it has been demonstrated that plasmons can be excited electrically [Bharadwaj et 

al. Phys. Rev. Lett. 106, 226802 (2011)], effect of electrical perturbation on plasmon 

propagation has also been reported with very preliminary results [Song et al. 

Nanotechnology 24, 095201 (2013)]. Intuitively, change in the dielectric properties of the 

material locally or instantaneously by the application of modulation will affect plasmon 

physics and its propagation in the material which can lead to interesting physical 

phenomena or device applications. In our lab we have designed and developed systems to 

pursue this work. Study on the plasmon propagation under external voltage in Ag 

nanowires is being carried out in collaboration with Dr. G. V. Pavan Kumar and his 

group. 

Other potential extensions to the work presented could be probing the polarization 

state of the emitted light before and after lasing threshold to probe the lasing process and 

establishment of coherence in diode structures. High frequency response from the device 
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can be probed at lower temperature which can reveal interesting physics. In short, the 

work can be extended in various directions to probe the physics of junction based devices 

under charge injection and material systems with similar properties.  


