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This work focuses on the physics-based simulation and analysis of III-arsenide LED devices 

with potential applications in electroluminescent cooling (ELC). The structure of the LEDs 

is modified by engineering, specifically, the active region either by doping it or modifying 

its structure by introducing multiple barrier layers. Device characteristics analysis is carried 

out using an experimentally calibrated physical model. Such model is based on the drift-

diffusion method for electronic charge transport studies and is implemented within the 

COMSOL Multiphysics software environment employing the finite element method. The 

results show promising trends, with the studied structures allowing an extension of the high 

internal quantum efficiency bias region, leading to an above-unity wall-plug efficiency and 

hence ELC.  
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1. Introduction 

LED technology has a rich history, experiencing constant progress involving extensive 

innovative research and development work, as nicely summarized in Ref. [1]. At the 

beginning of 20th century, during the experiments with solid-state detectors (then called 

“crystal detectors”) which were based on SiC, Henry Joseph Round [2] noticed light 

emission from SiC crystallites used as sandpaper abrasive. This observation marks the birth 

of light-emitting diodes (LEDs). In this instance, to produce light, it was necessary to touch 

the SiC crystal with metal electrodes. 

While SiC contributed to initiating the LED revolution, such material is not able to compete 

with modern III-V semiconductors, such as GaAsP. The development of LEDs based on this 

material started in 1962 when Holonyak et al. reported on the emission of coherent visible 

light from GaAsP junctions [3]. Such development has been exploited to introduce 

applications in indicator lights, seven-segment numeric display and alphanumeric displays. 

However, the external efficiency of such GaAsP LEDs was extremely low, reaching only 

0.2%. Ralph Logan and his co-workers from AT&T Bell Laboratories developed 

manufacturing process for GaP green and red LEDs, which were alloyed by Sn [4]. 

In the 1960s the Radio Corporation of America (RCA) was one of manufacturers of color 

TV with cathode ray tubes. James Tietjen, who was a director of the Material Research 

Division, wanted to develop flat-panel display. At that time, GaAsP red and GaP:N LEDs 

already existed. Only blue LED was left to develop to create the display. In May 1968 Tietjen 

hired Paul Maruska and challenged him to find method for growing single-crystals films of 

GaN which, as Tietjen assumed, are able yield blue LEDs. As result, it was found that Mg 

doped GaN films are able to emit blue and violet light [1]. 

In 1990s, Shuji Nakamura and Takashi Mukai, from Nichia Chemical Industries Corporation 

(Japan), demonstrated green and blue GaInN double-heterosructure LED (see e.g. Ref. [5]) 

with an efficiency of around 10%. GaInN material is also suitable for white LEDs [6]. 

Another material system that is widely used, to this day, for high-brightness emitters is 

AlGaInP, which can emit red, orange and yellow light [1]. 

This thesis is focused on GaAs, as the material for the active region in the studied LEDs, 

considering its suitability to demonstrate solid-state cooling as thoroughly discussed in the 

next chapters.  The first GaAs based LEDs and lasers were reported in 1962 by researchers 
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from various companies, including IBM, GE, MIT and RCA [1]. In such a context, the 

liquid-phase epitaxy (LPE) technique was used to produce these LEDs. The external 

quantum efficiency of such LED, developed by Rupprecht and Woodall from IBM, achieved 

6% [7]. 

Since 1960s, LED science and technology have progressed significantly, achieving a 

revolution in solid-state lighting. Such progress is clearly illustrated in Figure 1.1, showing 

a timeline of the development of various types of LEDs, and highlighting the significant and 

maintained increase in the device wall-plug efficiency (WPE); the WPE (also known as the 

electricity-to-light LED efficiency) is a central LED figure of merit, providing the ratio of 

the emitted optical power to the input electrical power (as the LED is electrically biased). 

Recent progress from few research groups including ours reported above-unity WPEs for 

ultra-low [8] and high powers [9], as also illustrated Figure 1.1. A WPE exceeding 100% 

indicates the cooling of the LEDs, as it corresponds to a net absorption of phonon (i.e. a net 

heat absorption). This phenomenon is formally known as electroluminescent cooling (ELC), 

and is attracting significant interest in the LED and green photonics community [10]. ELC 

becomes possible when the energy extracted by light emission overcomes the losses caused 

by parasitic non-radiative processes. At the microscopic level, this can be explained by the 

fact that it is possible to create electron-hole pairs with an excitation energy that is smaller 

than the emitter bandgap (Eg), with the remaining energy being drawn from lattice heat 

(phonons). Semiconductor based ELC technology, is green, uses solid-state materials, and 

promises elevated efficiencies (as discussed e.g. in Ref. [10]), and hence it is expected to 

replace devices like thermoelectric coolers, mechanical heat pumps and refrigerators, if 

certain technological barriers are solved.  

This work is devoted to improving GaAs LED characteristics via simulations of devices by 

choosing carefully certain parameters, such as doping concentrations, surface recombination 

velocity, and by applying structural modifications to the LED active region. The simulation 

tool was implemented within the COMSOL Multiphysics environment [11] and was 

validated with experimental data. The concrete goal of this study is to identify LED designs 

allowing internal quantum efficiencies (IQEs) close to 100%, and therefore above-unity 

WPEs. 
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Fig. 1.1.  The evolution of the wall-plug efficiency of LEDs since 1960s, for various types 

of devices (courtesy of Sadi et al. [10]). ELC data were obtained at room temperature, 

from Ref. [8] for low powers, and Ref. [9] for high powers. 

The thesis is organized in several chapters, including a discussion of relevant background 

(as related to LED physics and operation), a literature review of five papers of the most 

relevance to this thesis, a description of the device structures and the simulation model used, 

and a presentation and discussion of interesting simulation results. A summary of the thesis’s 

findings is included in the end.  
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2. Background 

The purpose of this chapter is to introduce the basic structure and operation of LEDs, 

discussing the important physical processes, such as electron-hole recombination, charge 

transport and notions related to p-n junctions. 

 

2.1. Electron-hole recombination in semiconductors 

 

LEDs operate thanks to the phenomenon of electroluminescence, in which photons are 

emitted by applying an electrical bias. However, from a microscopic point of view, photon 

emission can only happen thanks to electron-hole (e-h) recombination, which is the 

(quantum) physical mechanism that is central to LED operation. However, not every 

recombination mechanism results in light emission. Indeed, recombination processes can be 

classified into two types:  radiative and non-radiative processes. Only the former type can 

result in the release of a photon. Therefore, the process of improving LED performance 

involves the engineering of structures maximizing radiative recombination over non-

radiative recombination processes, as is the focus of this thesis. In equilibrium conditions 

(without external stimuli, like input light or current flow) the product of the electron and 

hole concentrations is constant: 

2

0 0 = in p n ,                                                    (2.1.1) 

where n0 and p0 are equilibrium electron and hole concentrations and ni is the intrinsic carrier 

concentration. 

A recombination process can be illustrated using band diagrams, as shown in Figure 2.1.1. 

The number of recombination events is proportional to the electron and hole concentrations. 

The recombination rate per unit volume per unit time R, for radiative processes, can be 

written as 

- -= = =
dn dp

R Bnp
dt dt

,                                     (2.1.2) 

where B is the bimolecular recombination coefficient, and n and p are the local electron and 

hole concentrations, respectively. 
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Fig. 2.1.1. Illustration of the electron-hole recombination process [1]. 

Light absorption or current injection can lead to excess charge carrier generation in the 

semiconductor. The total carrier concentration can be written as 

0= + n n n   and  0= + p p p .                                (2.1.3) 

Electrons and holes generate and recombine in pairs, and therefore their excess 

concentrations are equal: 

( ) ( ) = n t p t .                                          (2.1.4) 

The corresponding recombination rate can be written: 

  0 0( ) ( )= +  + R B n n t p p t .                          (2.1.5) 

In the case of a low-level excitation, the concentration of photogenerated carriers is 

significantly smaller as compared to the concentration of majority carriers, i.e. 

0 0( )n n p  + . Considering that ( ) ( ) = n t p t  the following equation can be obtained 

2

0 0 0( ) ( )= + +  = +i excessR Bn B n p n t R R .                (2.1.6) 

It follows that the time-dependent carrier concentration can be written as 

 0 0

( )
( ) ( )= − = + − +excess excess

dn t
G R G G R R

dt
,                  (2.1.7) 

where R0 and G0 are the equilibrium recombination and generation rates. By solving 

simultaneously Equations 2.1.6 and 2.1.7, and by assuming that G0=R0, the following 

relationship can be obtained: 

0 0( )

0( )
B n p t

n t n e
− +

 =                                         (2.1.8) 

where 0 ( 0)n n t =  = . Equation 2.1.9 below determines carrier lifetime 
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0 0

1

( )
 =

+B n p
.                                             (2.1.9) 

Therefore, for semiconductors with a specific doping type 

0

1 1
 = =n

ABp BN
               (p-type)             (2.1.10) 

and 

0

1 1
 = =p

DBn BN
,             (n-type)             (2.1.11) 

where  n  and  p  are the electron and hole lifetimes, respectively. 

Figure 2.1.2 shows the time dependence of majority and minority charge carrier 

concentrations in a p-type semiconductor, for the case of a low-level excitation where the 

photogenerated carrier concentrations are significantly small, compared to the concentration 

of majority carriers. However, the minority carrier concentration is much larger than the 

concentration of photogenerated carriers. Both minority and majority carrier concentration 

decay with their corresponding time constants, i.e. the carrier lifetime.  In contrast to the 

minority carrier concentration, only a small portion of majority carriers disappear due to 

recombination. Therefore, in the case of a low-level excitation, majority carriers recombine 

at a much lower rate than minority carriers. 

 

Fig. 2.1.2. Time dependence of charge carrier concentrations before, during, and after an 

excitation pulse, in a p-type semiconductor [1]. 
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In the case of a high-level excitation, the photogenerated carrier concentration is higher than 

the equilibrium carrier concentration, i.e. 0 0( )n n p  + . Similar to Equation 2.1.8 for low-

level excitation, the equation for ( )n t can be written as 

1

0

1
( )

−
 =

+
n t

Bt n
.                                       (2.1.12) 

As compared to the low-level excitation case, this is not an exponential carrier decay. The 

time constant can be calculated as 

0

1
( ) = +


t t

B n
.                                        (2.1.13) 

As can be seen from the equation, the minority carrier lifetime increases with time. For long 

periods, a low-level excitation can be reached. The luminescence after a short excitation 

pulse is proportional to the recombination rate. The equations for R for the low-level and 

high-level excitation cases 

 0( )
t

ndn t
R e

dt




−


= − =         (for a low excitation)      (2.1.14) 

and 

1 2

0

( )

( )−

−
= − =

+

dn t B
R

dt Bt n
     (for a high excitation).     (2.1.15) 

The luminescence decay after a short optical exciting pulse is shown in Figure 2.1.3. In the 

case of a low excitation the decay is exponential. The decay for high excitation is non-

exponential. 

 

Fig. 2.1.3. Luminescence decay for low and high excitations [1]. 
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As mentioned earlier, there exists two types of recombination processes: radiative and non-

radiative. If a recombination is radiative, one photon is emitted with an energy equaling 

approximately the bandgap of the semiconductor. In the case of a non-radiative event, the 

electron energy is converted into vibrations of the lattice (phonons) in the form heat (Figure 

2.1.4). 

 

Fig. 2.1.4. (a) Radiative and (b) non-radiative recombination [1]. 

Non-radiative recombination usually occurs due to the presence of defects in the crystal 

structure, such as dislocations, native defects, and unwanted foreign atoms. Additional 

energy levels appear, because of these defects, which can be efficient recombination centers 

(Figure 2.1.5), especially if the energy levels are close to the middle of the gap.  

 

Fig. 2.1.5. A band diagram representing various recombination events and the 

corresponding defect energy levels: (a) a deep level (Shockley–Read-Hall) process, (b) an 

Auger process, and (c) a radiative process [1]. 
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A Shockley-Read-Hall (SRH) recombination event consists of the recombination of an 

electron-hole pair at these recombination centers (with the additional energy level in the 

bandgap). The SRH recombination rate can be written as 

SRH

n p

np
R

p n 
=

+
.                                       (2.1.16) 

There are three common cases that are worth mentioning, as far as SRH recombination is 

concerned:  

 /SRH nR n =      (for a n-type semiconductor)       (2.1.17) 

/SRH pR p =     (for a p-type semiconductor),      (2.1.18) 

and 

/ ( )SRH n pR n  = + ,    (if n=p).        (2.1.19) 

The last case is characteristic to intrinsic active regions, in LEDs. In all these cases, the SRH 

rate can be written  as: 

RSRH = An  or  RSRH = Ap,                                 (2.1.20) 

where A is termed the SRH recombination constant. It is of note that, during LED operation, 

SRH recombination usually dominates at low biases, where the carrier densities are 

relatively small in the active region. 

During an Auger recombination event, three carriers are involved in the process. An electron 

and a hole recombine but instead of emitting a photon, the excess energy is transferred from 

one of the carriers (electron or hole) to a third charge carrier (electron or hole). As expected, 

Auger recombination reduces luminescence efficiency but only significantly at a very high 

excitation. Auger recombination rates are given by 

2=Auger pR C np                   (for holes)                  (2.1.21) 

and 

2=Auger nR C n p               (for electrons).               (2.1.22) 
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Here, Cn and Cp are Auger coefficients for electrons and holes, respectively. In the case of a 

high excitation, when non-equilibrium carriers have a much higher concentration than 

equilibrium carriers and n=p, the Auger recombination rate can be rewritten as 

3 3( )= + =Auger p nR C C n Cn                                       (2.1.23) 

where C is Auger coefficient. As it was mentioned before, Auger is very small and can be 

neglected in contradistinction to high excitation. It is noteworthy that, during LED operation, 

Auger recombination usually dominates at high biases, where the carrier densities are 

elevated in the active region. 

Surface atoms cannot have same bonding structure as bulk atoms, because of the lack of 

neighboring atoms. This can lead to locally new structures with energy states which are 

different as compared to bulk states. Indeed, semiconductor surfaces (such as free surfaces 

common in LEDs, e.g. GaAs/air, or semiconductor-semiconductor interfaces) can be 

characterized by a high concentration of states, acting as non-radiative recombination centers 

where carriers can recombine at rapid rates. These non-radiative processes, known as surface 

(or interface) recombination, expectedly leads to a decrease in luminescence efficiency. 

Therefore, several recombination mechanisms of a non-radiative nature (SRH, Auger and 

surface recombination) impact adversely the luminescence efficiency of LEDs. The 

undesirable effect of some of these mechanisms can be, in principle, minimized via clever 

LED structure design, as discussed in the results chapter of this thesis; for example, we will 

discuss how to minimize the impact of SRH by modifying the structure of the active region. 

In general, surface recombination can be significantly minimized by proper passivation. 

However, it is worth noting that non-radiative bulk processes, such as SRH and Auger 

recombination, can never be totally avoided, as any crystalline structure will have native 

defects. Thus, radiative and non-radiative processes constantly compete with each other. 

Considering the influence of all these mechanisms, the internal quantum efficiency of an 

LED can be calculated as 

1

int 1 1




 

−

− −
=

+

r

r nr

                                                  (2.1.24) 

where 
1

r
−

 and  
1

nr −
 are the equivalent radiative and non-radiative lifetimes respectively.  
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The contribution of each recombination mechanism, as discussed above, to the LED electric 

current can be described using the well-known ABC model, which is based on Fermi-Dirac 

statistics. Here, the current can be written as 

= R VI qV R ,                                                   (2.1.25) 

where q is the elementary charge, and RV is the total recombination rate given by 

2 2

 
= + + +

+
V p n

n p

np
R Bnp C np C n p

p n
,                       (2.1.26) 

assuming the dominance of bulk recombination mechanisms. Here, VR is recombination 

volume (volume of active region). Therefore, the LED current can be re-written in the ABC-

form as: 

2 3( )= + +RI qV An Bn Cn .                                   (2.1.27)                                    

Here, A, B and C are the usual recombination constants for SRH, radiative and Auger 

recombination, respectively. All these constants are material and temperature dependent. In 

case of the significant presence of surface-type recombination, this equation can be updated 

to include their contribution to the current, as described in Ref. [10].  

 

2.2. LED device operation 

 

The basic structure of an LED consists of a pn-junction, characterized by a n-type layer with 

donor concentration ND and a p-type layer of an acceptor concentration NA. In an unbiased 

pn-junction, the majority charge carriers diffuse to the region with the different conductivity 

type, i.e. electrons diffuse to the p-region and the holes to the n-region. As result, the vicinity 

of the pn-junction is depleted of free carriers (depletion region). Since this region is depleted 

of free carriers, it has a high resistance. The conduction and valence band edges of a pn-

junction are illustrated in Figure 2.2.1. 
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Fig. 2.2.1. A pn-junction under (a) a zero and (b) a forward bias [1]. 

The depletion region contains ionized donors and acceptors. So, the resulting space charge 

produces a diffusion voltage which is given by 

2
ln A D

D

i

N NkT
V

q n
= ,                                               (2.2.1) 

 where k is the Boltzmann constant, and T is the lattice temperature. The width of the 

depletion region is given by 

2 1 1
( )D D

A D

W V V
q N N

  
= − + 

 
                                     (2.2.2) 

where 0  = r  is the dielectric permittivity of the semiconductor and V is the diode bias 

voltage. Under an applied forward bias, electrons and holes are injected into the region with 

the opposite conductivity type, where recombination occurs, causing photon emission. 

Under reverse bias, the current of diode saturates. The I–V characteristics of the diode for a 

reverse bias condition can be written as 

/( 1)qV kT

SI I e= − ,                                            (2.2.3) 

where the saturation current is given by 

2 2

( )
p i n i

S

p D n A

D n D n
I qA

N N 
= + ,                                (2.2.4) 

where Dn and Dp are the diffusion constants for electrons and holes, respectively. For a 

forward bias, the current is written as 

( )/
( ) D

p q V V kTn
A D

p n

D D
I qA N N e

 

−
= + .                        (2.2.5) 
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The forward bias voltage at which current strongly increases is called threshold voltage. 

Figure 2.2.2 illustrates several diode I–V characteristics of p-n junctions made of different 

semiconductor materials. 

 

Fig. 2.2.2. The current-voltage characteristics of pn-junctions made of different 

semiconductor materials [1]. 

In general, diodes are not ideal and they have unwanted or parasitic resistances. These 

resistances can be caused by non-Ohmic contacts, neutral regions resistances, etc. Taking 

into account such parasitic resistances and assuming a shunt resistance Rp and a series 

resistance Rs, the I–V forward bias characteristics can be described by 

( )/( )( )
S idealq V IR n kTs

S

p

V IR
I I e

R

−−
− = .                           (2.2.6) 

The effect of different parasitic resistances is illustrated in Figure 2.2.3. 
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Fig. 2.2.3. The effect of different parasitic resistances on the I–V characteristics of a pn-

junction [1]. 

The energy of an emitted photons is determined by semiconductor energy gap Eg 

gE  ,                                                  (2.2.7)      

where  is the reduced Planck’s constant and ω is the angular frequency.     

The distribution of carriers in pn-junctions depends on the diffusion constant which is 

defined by the following equations 

n n

kT
D

q
=    and   

p p

kT
D

q
= ,                                 (2.2.8) 

 where µn and µp are the electron and hole mobilities, respectively. The injected carriers to 

the semiconductor are characterized by a diffusion length given by 

=n n nL D    and   =p p pL D .                                (2.2.9) 

The pn-junction examples considered above concern homojunction based LEDs, where the 

p- and n-type regions are of the same semiconductor material. However, most of modern 

LEDs are formed using heterojunctions, where the devices incorporate several types of 

materials, taking advantage of bandgap engineering (including e.g. alloyed semiconductors). 

Typical heterojunction-based LEDs incorporate a small-bandgap active region surrounded 

by large-bandgap materials regions. The effect of heterojunctions on the carrier distribution 
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is shown Figure 2.2.4. As can be seen, the charge carriers are restricted in the active region 

by the barriers: in this structure, electrons are barred from moving to the p-side thanks to the 

conduction band energy barrier, while holes are barred from moving to the n-side thanks to 

the valence band energy barrier. Therefore, the thickness of the region where carriers 

recombine is defined by the thickness of the active region rather than the carrier diffusion 

length. Thus, both carrier types (electrons and holes, simultaneously) in a heterojunction-

based structure have higher concentration in the active region as compared to a homojunction 

structure. The double heterojunction structure shown in Figure 2.2.4(b) forms the basis of 

modern (efficient) LEDs, where a relatively high concentration of both electrons and holes 

are trapped in the same area (the active region) leading to significant light emission. 

 

Fig. 2.2.4. Basic pn (a) homo- and (b) heterojunction structures with a forward bias [1]. 

Unfortunately, at the use of heterostructures is not free of challenges. One of them involves 

the resistance caused by a heterointerface. The origin of such resistance is shown in Figure 

2.2.5(a). Carriers which transfer from the large-bandgap semiconductor to the low-bandgap 

semiconductor must overcome an additional electric potential barrier near the interface by 

tunneling or by thermal emission over the barrier. Luckily, there is a way to eliminate such 

problem, created by band spikes, by using a graded region, where the chemical composition 

(alloy fraction) of the material in the vicinity of the heterointerface is gradually reduced to 

eventually match the active region material. The band diagram of this structure is shown in 

Figure 2.2.5 (b). As can be seen, the effective barriers at the heterostructure interface can be 

reduced or almost eliminated by such grading. In practical terms,  in this example, this can 

be achieved by the gradual reduction of the aluminium (Al) alloy fraction in the AlGaAs 

barrier layers, leading to the narrowing of the (otherwise wide) AlGaAs bandgap, converging 

to the GaAs bandgap. Thus, it becomes possible to make a material junction smoother to 

facilitate charge transport in a heterostructure based LEDs. 
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Fig. 2.2.5. The band diagram of (a) an abrupt double and (b) a graded double 

heterostructure [1]. 

Carriers in LED devices can escape from the active region through the confinement layers. 

To prevent such a problem, electron-blocking layers can be used. Figure 2.2.6 shows the 

band diagram of a heterostructure using an electron-blocking layer. Here, the LED also 

incorporates confinement layers as well as multiple quantum (MQW) well active region. It 

is worth mentioning that the valence band edge at the confinement layer can also has spike 

(near the n-side heterointerface) and notch (near the p-side heterointerface) as depletion and 

accumulation layers respectively. Similarly, a hole-blocking layer can be used to prevent 

holes from leaking through to the n-side. 

 

Fig. 2.2.6. The band diagram of an electron-blocking layer structure [1], for (a) an undoped 

structure and (b) a doped structure. 

In an ideal LED, one photon is emitted per one injected carrier. However, in real LEDs with 

contacts, this is not the case. Thus, a central LED figure of merit, the internal quantum 

efficiency (IQE), is introduced. It is defined as 
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/ ( )

/

ph ph

IQE

inj

n P

n I q


 = = .                                 (2.2.10) 

Here, nph is the number of photons emitted from active region per second, ninj is the number 

of electrons (or holes) injected into the LED per second, Pph is the optical power emitted 

from the active region, and I is the injected electric current. 

Once photons are emitted from the active region, they should escape from the LED. 

Practically, not all emitted photons escape into free space, for example, because of 

reabsorption or trapping within the LED regions. For this purpose, it is useful to introduce 

an important parameter, the light extraction efficiency,which is defined as 

/ ( )

/ ( )





= =

FS

ph ext
extraction

ph ph

n P

n P
,                           (2.2.11) 

where 
FS

phn  is the number of photons emitted into free space per second and Pext is the optical 

power emitted into free space. Following from this, second central LED figure of merit is 

introduced: the external quantum efficiency (EQE). It is defined as 

    = =

FS

ph

EQE IQE extraction inj

inj

n

n
                               (2.2.12) 

Overall, the EQE includes losses related to non-radiative recombination, light trapping and 

charge injection efficiency. It gives the ratio of useful light particles per number of injected 

charge particles. It is of note that LEDs are operated at biases not exceeding Eg/q, where the 

injection efficiency 1inj . After all these definitions, the concept of the wall-plug 

efficiency (WPE), sometimes also referred to as the power conversion efficiency or simply 

the power efficiency, can be introduced: 

 


 = =ext
WPE EQE

P

IV qV
                                              (2.2.13) 

where I and V are the LED electric current and bias voltage, respectively. From a practical 

point of view, the WPE is the most useful LED figure of merit, as it provides the ratio of the 

extracted optical power to the input electrical power. However, from a design point of view, 

it is useful to determine the IQE and EQE, as well as to analyze the I–V, which helps 

identifying possible losses and minimize their impact. For example, a low IQE indicates the 
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necessity to minimize non-radiative recombination, by e.g. passivating specific surfaces to 

minimize surface recombination [12], or by selecting barrier with a negligible interface 

recombination [13]. Similarly, a low EQE additionally imposes the necessity of improving 

the extraction using e.g. optical structures such as grating [14].  
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3. Literature review 

This chapter discusses five selected papers of significant relevance to this Master's thesis. 

Firstly, laser (photoluminescent) cooling is discussed, by analyzing the findings of the 

review paper by Sheik-Bahae et al. [15]. Secondly, the potential of LEDs to reach high 

efficiencies, and ultimately electroluminescent cooling (ELC), is highlighted by studying the 

findings provided in Ref. [16] by Heikkilä et al. Thirdly, the first experimental 

demonstration of electroluminescent cooling, at ultra-low powers in narrow-band 

semiconductor LEDs, is discussed as presented in Ref. [17]. Fourthly, the theoretical and 

experimental work carried out in our group on ELC, at high powers, as related to the 

identification of the bottlenecks preventing cooling, and as presented in Ref. [18], is 

discussed. This paper investigates the specific physical and technological mechanisms acting 

as an obstacle to the direct demonstration of ELC at high applied LED bias voltages.  Fifthly, 

and finally, the paper by our group (Ref. [19]), discussing how certain practical changes in 

LED device features could allow such direct demonstration, is reviewed. 

 

3.1. Optical refrigeration 

In this part of the thesis, the review article “Optical refrigeration” by M. Sheik-Bahae and 

R. Epstein [15] is discussed. In the first half of 20th century, P. Pringsheim [20] suggested 

that it is possible to cool solids by fluorescence upconversion. Unlike in liquids and gases, 

the thermal energy of solids is contained in the vibrational lattice modes. Laser quanta from 

the red range of spectrum are absorbed by atoms leading to spontaneous emission of more 

energetic (blue-shifted) photons and, therefore, the cooling of the solid. 

The optical refrigeration process is possible in high-purity materials, which have spaced 

energy levels and emit light with a high quantum efficiency. Such properties are a 

characteristic of glasses and crystals, that are doped with rare-earth elements, or direct-

bandgap materials such as III-arsenides (as considered in this thesis). The optical 

refrigeration process is illustrated schematically in Figure 3.1.1. Photons from a light source 

(e.g. a laser) excite atoms from the top of the ground state to the bottom of the excited state. 

Then, atoms achieve a quasi-equilibrium state after absorption of lattice phonons. Thus, 

photons with energy higher than that of the absorbed photons are emitted spontaneously. 

This effect is termed anti-Stokes fluorescence. In 1946, Landau dispelled concerns that this 
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process violates the second law of thermodynamics, with his paper “On the thermodynamics 

of photoluminescence” [21]. 

 

Fig. 3.1.1. An energy diagram representing anti-Stokes fluorescence [15]. 

Second interesting content of this article, that should be mentioned here, is the part devoted 

to discussing the cooling of semiconductors. The difference between semiconductors and 

rare-earth-doped solids is that while in the latter cooling occurs in the donor ions within the 

host materials, this process in semiconductors involves transitions between the valence and 

conduction bands in the direct-bandgap semiconductor (see Figure 3.1.2). This allows such 

semiconductors to become much colder as compared to the rare-earth-doped solids.  

 

Fig. 3.1.2. Optical cooling in direct-bandgap semiconductor [15]. 

Starting from the basic physics of LEDs, it is clear that the main obstacles preventing the 

achievement of cooling are related to non-radiative losses (including SRH, surface and 

Auger recombination) and the internal reflection of photons within the semiconductor, which 
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potentially leads to their re-absorption. Such obstacles are also the limiting factors for 

achieving high LED quantum efficiencies. Moreover, efficiency is temperature dependent. 

However, recent progress in nanomaterial engineering and science as well as the continuous 

increase in the capabilities of technology computer-aided design (TCAD) software is leading 

to an increased interest in the field of solid-state cooling, to solve such difficulties. 

In brief, this paper [15] addresses the possibility of solid-state cooling using an optical 

excitation (e.g. in the form of a laser) in III-V semiconductors and solids, in general, and 

was an encouraging first step towards carrying out more research to achieve 

electroluminescent cooling using III-V materials. 

3.2. Ultimate limit and temperature dependence of light-emitting diode efficiency 

The paper “Ultimate limit and temperature dependency of light-emitting diode efficiency” 

by O. Heikkilä et al. [16] is devoted to theoretical study of the factors limiting the 

performance of LEDs. As emphasized in chapter 2, this article reinforces the possibility that 

an above-unity wall-plug efficiency can be achieved, especially in III-V based LEDs. 

It has been known, for a long time, that a part of the energy of the photons emitted from 

LEDs can originate from the phonons. In practical (experimental) terms, the analysis of LED 

efficiency is mostly restricted to the external quantum efficiency, disregarding the fact that 

the emitted photon energy (  ) can be higher than input electrical energy (qV), thereby 

neglecting the possibility to explore electroluminescent cooling. 

The aim of this paper was to present a simple transparent LED model, which includes all 

important loss mechanisms and the necessary temperature dependencies. A schematic 

illustration of an LED is shown in Figure 3.2.1, incorporating a simple double heterojunction 

(DHJ) layer structure with an active region based on a direct band semiconductor. 
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Fig. 3.2.1. A schematic diagram of double heterojunction LED [16]. 

Below, we discuss the insightful equations which were implemented in the model used to 

reach the main conclusions in this paper. 

 

3.2.1. Radiative recombination 

For a semiconductor with a specific bandstructure, the radiative recombination rate per unit 

volume can be evaluated as 

2
2

0

1
( ) ( ) ( ) ( ) ( )(1 ( ) ( ))

g

if

r j C C V V C C V V

E

q p
W g E g E f E f E n E f E f E dE

m E







 = − − −  ,   (3.2.1) 

where ifp  is the momentum matrix element from the transitions from the conduction band 

to the valence band, 
3 2 3( ) / ( )= −i j gg m E E  is the joint (electronic) density of state, Eg 

is bandgap energy, / ( )= +j e h e hm m m m m  is the reduced mass (me and mh being the effective 

masses for electrons and holes, respectively), 
2 38 / (2 ) =pg E c is the optical density of 

states, n  is the average photon number, ,C Vf  and ,C VE are the occupation probabilities and 

energy of hole and electron states in the conduction and valence band, respectively. Here, it 

is considered that the parasitic photon absorption is negligible, by assuming that emission 

and absorption in the structure cancel each other. By applying the Boltzmann approximation, 

the recombination rate can be rewritten as 
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where 
3/2

0

0

( ) ( )−=
T

B T B
T

 is the bimolecular (radiative) recombination coefficient, as 

introduced earlier. There we emphasize its dependence on the lattice temperature). For 

GaAs, B0 ~10-16 m-3 s-1. In general, radiative recombination is position dependent. This is 

especially true in LEDs with thick active regions, where such dependence can be strong. 

Additionally, most of the recombination processes are expected to occur within the 

penetration depth of photons, from the interfaces of the active region. However, since the 

emission model used in Ref. [16] does not take into account such dependencies, such model 

is applicable only to LEDs with active regions thinner than the penetration depth. 

 

3.2.2. Shockley-Read-Hall recombination 

SRH recombination becomes important in the LED operating regime where the density of 

carriers is small, corresponding to relatively low biases, where the impact of radiative or 

Auger recombination is still negligible. Strictly speaking, Equation (2.1.16) needs to be 

generalized, by writing the SRH recombination using the formula: 

2
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p n
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n n p p 

−
=

+ + +
,                                     (3.2.3) 

where n1 and p1 are the densities of electrons and holes when the Fermi level becomes equal 

to the energy of the trap causing the recombination process. As a note, the maximum value 

of the SRH recombination rate can be obtained when 1 1= = in p n , and consequently the 

upper limit of the rate can be written as 

2
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i
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An if p npn n
R

Ap if n pn p n

−
  

+ + 
                                (3.2.4) 

where 1 −=A   is SRH recombination constant, as already defined in chapter 2. 
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3.2.3. Auger recombination 

Similarly, the Auger rate formula from Equation (2.1.23) must be generalized as 

2( )( )Aug p n iR C p C n np n= + −                                 (3.2.5) 

where nC and pC  are Auger parameters for electrons and holes, respectively. In modelling 

III-V LEDs, it is a common practice to assume that = =n pC C C , for simplicity but also 

because the lack of reliable numerical values for both parameters. In materials with wide 

bandgap, Auger processes are mediated by an assisting phonon. The Auger recombination 

constant parameter is also temperature dependent. Such a dependence is given by 

0

1 1
( ) exp

300

q
C T C

k T

  
= −  

  
,                            (3.2.6) 

where 
30 6 1

0 7 10− − −= C cm s  for GaAs. 

 

3.2.4. Current leakage 

At relatively high bias voltages (> Eg/q), LED can be characterized by leakage currents, e.g. 

when electrons are transported from the active region to the p-contact. This leakage can 

occur even when using a standard barrier layer (also referred to as the electron blocking 

layer) in the p-side of the LED (with an acceptor doping of NA). The density of the leakage 

current Jn, for a nondegenerate active region can be approximated by 

 
/, , ,1
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sinh( / )

gE kTb n C b V bd
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N x L N N

 −
= − ,                         (3.2.7) 

where  ,b n  is the electron mobility, x1 is the thickness and , /d b n AL kT qN B= is the 

diffusion length, ,C VN  are the effective density of states in conduction and valence bands. 

The electron mobility is temperature dependent and can be approximated like T  − , 

where  1.7,2.5   for electrons and  2,3   for holes. If the barrier in the p-doped layer 

is very thin as compared to the diffusion length of the minority carriers, the leakage current 

can be a significant loss mechanism in LEDs, especially in high temperatures. Using thicker 
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barriers (> Ld) is therefore preferred to reduce the leakage current, and hence to minimize its 

adverse impact on the temperature dependence of EQE.  

 

3.2.5. Overall efficiency 

The efficiency of an LED is directly affected by the photon recycling efficiency in the device. 

Such efficiency is adversely impacted by photon trapping where photons are unable to 

escape the LED, e.g. due to photon reabsorption within the LED areas (semiconductor or 

contact regions). However, it is worth mentioning that photon recycling itself, corresponding 

to succeeding re-absorption and re-emission, can occur several times before photons 

eventually escape the structure volume. In brief, the LED EQE is affected both by changes 

in IQE and ‘parasitic’ photon re-absorption. EQE can be approximated by the relationship 

 =
+ + + +

eff r

EQE

eff r A SRH d opt

t W

t W W W W W
                                (3.2.8) 

where efft  is the escape probability of an emitted photon, and rW , AW , and SRHW  are the 

radiative, Auger, SRH recombination and absorption (by parasitic loss mechanism)  rates, 

respectively. Wd is the rate of carriers escaping the active region (resulting in a leakage 

current). Here, opt rW W=  represent the photon parasitic absorption losses outside the active 

region. In an LED with an excited intrinsic active region, where n=p>>ni, the EQE can be 

calculated as follow: 
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,                            (3.2.9) 

where D is a constant, as defined in Ref. [16]. After some algebra, the maximum value of 

the EQE can estimated to be 

2
1




+ +
 −EQE

eff

B AC D

t B
,                                   (3.2.10) 

where / 4n A C= . It was suggested that Auger processes and, therefore, material quality 

is the main factor affecting the EQE, especially at high biases. However, besides the loss 

mechanism described above, additional losses exist as associated with various resistive 
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losses in the structure. The model developed in the discussed article is of a one-dimensional 

(1D) nature, where the studied structure is idealistic. To estimate the resistive losses, a 

phenomenological Ohmic loss model was used to calculate the resulting voltage drop: 

. ,( / ) ( / )  = +bn b n D bp b p AU L q N J L q N J .                       (3.2.11) 

Here, J is the total current density, bnL  and bpL  are the thicknesses of the n- and p-type barrier 

layers, respectively. Thus, the overall wall-plug efficiency (WPE) can be re-written as 
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WPE EQE EQE

iq U U kT np n qU
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 

= =
+ +

.                 (3.2.12) 

Following from the ELC discussion in the previous chapter, if such efficiency exceeds unity, 

cooling is achieved and the LED is said to operate as a heat pump.  

 

3.2.6. The gray body limit of emission power 

An alternative view to the LED, named the gray body limit, is based on evaluating the steady 

state photon flux originating from a quasi-thermal light source. Unfortunately, however, it 

does not take into account the losses originating from nonradiative recombination.  

According to Wurfel [22], the upper limit for the spectral intensity of an LED is given by 
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where ( )A   is the energy-dependent absorptivity, of the range [0,1], which depends on the 

absorption spectrum and the thickness of the active region. The integration of the spectral 

intensity over energy (  ) gives the total intensity 
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The corresponding total photon flux is calculated as 
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,                                     (3.2.15) 

And the maximum power density of cooling is given by 
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max = − nQ I qUI .                                           (3.2.16) 

 

3.2.7. Results and discussion 

The authors presented computational results from the study of a 1D LED structure, 

incorporating a 500 nm active region surrounded by 10 µm n-type and p-type Al0.3Ga0.7As 

barrier layers. The chosen thickness of the active region is only slightly smaller compared to 

the penetration light depth in GaAs (~ 1 µm), but it is still adequately small enough for this 

study. Calculations for different active region and barrier layers thicknesses were also carried 

out. Figure 3.2.2(a) shows the results from the calculation of the generated heat flux, the 

external quantum efficiency (EQE) and the coefficient of performance (COP) of structure 

(i.e. the WPE). In this figure, the left column is for the intrinsic semiconductor case while 

the right one is for a doped semiconductor. The difference in the EQE, heating and cooling 

power density, and the COP appear because of the lifetime decrease of radiative 

recombination in the doped structure, as compared to SRH recombination. 

For more realistic operating conditions, the structure was assumed to have an extraction 

efficiency value of 0.2 (Figure 3.2.2(b)), instead of the ideal 1. Such low extraction 

efficiency reflects badly on the performance of the LED, leading to the conclusion that 

achieving an efficiency exceeding unity, for an intrinsic active region, is impossible. This is 

in contrast to the doped case, where this is still possible. However, such an advantage (an 

above-unity efficiency) can be maintained only at reduced current densities (below 10 

mA/cm2). 

Along with the simulation studies discussed above, the EQE of the LED structure was 

analyzed, as a function of the extraction efficiency, for different IQEs (Figure 3.2.3). Large 

EQE can be achieved even with small extraction efficiencies thanks to photon recycling. 

Additional simulations, in this paper, showed that the reduction of the barrier layer thickness 

increases the leakage current, while the reduction of active region thickness increases the 

magnitude of the diffusion current as compared to the total radiative recombination current. 

In both cases, the LED efficiency is reduced. As expected, at large mobile carrier densities, 

obtained in practice in LEDs at a high bias (injection) condition, Auger recombination is the 

main factor limiting the efficiency. 
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Fig. 3.2.2. The effect of doping, temperature and injection current on the EQE, the 

wall-plug efficiency (COP) and heat generation, in an LED with (a) a unity extraction 

efficiency and (b) a 0.2 extraction efficiency [16]. 

 

Fig. 3.2.3. Dependence of the EQE from extraction efficiency with different values 

of IQE [16]. 
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This paper by Heikkilä et al. [16] was one of the first theoretical works to directly assess the 

potential of III-V LEDs in electroluminescent cooling, by providing a systematic study of 

LED efficiencies considering various factors. It is concluded that high-efficiency LEDs can 

cool down while emitting light under specific circumstances. The basic models used were 

very insightful, showing e.g. that the doping of the active region of LEDs may allow an 

increase in the EQE, and hence the COP (WPE), especially at low and moderate power 

densities. This increase enhances the possibility of observing ELC, although for this purpose 

large emission area devices are needed. Also, in general, varying the LED temperature lead 

to interesting results, with high temperatures leading to a higher COP and hence a higher 

probability of observing ELC. 

 

3.3. Thermoelectrically pumped light-emitting diodes operating above unity efficiency 

Electroluminescent cooling (or refrigeration) was theoretically identified decades ago [23]. 

However, its experimental demonstration remained elusive until recently, with the 

demonstration of ELC at low powers [17] and the probing of ELC at high powers [10]. 

Hence, the third work of great relevance to this thesis is the paper of Santhanam et al. [17], 

which was devoted to the experimental demonstration and study of ELC, at ultra-low powers 

using a thermoelectrically pumped LED setups. In this attempt for achieving an above unity 

efficiency, the study focused on the biasing regime where qV was much lower than Eg.  

This paper includes a demonstration of ELC, showing an unparalleled WPE reaching up to 

231% at input electrical powers of the order of picowatts, as illustrated in Figure 3.3.1. The 

setup, in this paper, used an LED formed by an GaSb/GaInAsSb/GaSb heterostructure, as 

shown in Figure 3.3.2, having an intrinsic GaInAsSb active region, with a bandgap of around 

0.58 eV. In this setup, the temperature of the LED was increased to values as high as 410K, 

which increases the thermal excitation at low forward biases (< kBT/q). Here, light emission 

was collected using a collimating lens (not shown here), which was then measured using a 

lock-in setup. This paper was only a first step. Later, the authors design a further optimized 

setup (using InAs, InAsSb and InGaAsSb LEDs), to reach above-unity ELC at room 

temperature [8]. It was shown that, for the InAs and InAsSb LEDs with the smallest 

bandgaps, ELC can be observed experimentally at room temperature, at very low powers 

(picowatts), with the WPE reaching almost 400%. Unfortunately, ELC was not observed for 
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the (InGaAsSb) LED with the highest bandgap. This is due to the inefficient thermal 

excitation of this large bandgap material, at extremely small biases. 

 

Fig. 3.3.1. LED output optical power versus input electrical power [17]. 

 

Fig. 3.3.2. Band diagram of the LED at a 26 mV forward bias [17]. 

In summary, ELC has been convincingly demonstrated at extremely low input powers, in 

the order of pico-Watts, using small bandgap materials. The remaining challenge at this point 

is observing ELC at high powers, in the order of milli-Watts or larger. Such a goal can be 

reached by high-quality large bandgap semiconductors, such as GaAs, which is the aim of 

research conducted in our group. This is discussed in the following subsections (3.4 and 3.5), 

summarizing two of the most recent papers published by the group.  
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3.4. Electroluminescent cooling in III-V intracavity diodes: efficiency bottlenecks 

To discuss ELC at high powers, it is useful to discuss the paper “Electroluminescent cooling 

in III-V intracavity diodes: efficiency bottlenecks” by Sadi et al. [18]. As extensively 

discussed in this paper, achieving ELC implies, first, the design of LEDs with a very high 

quantum efficiency.  

Both the concepts of ELC and photoluminescent cooling (PLC) involve the idea that the 

energy of the emitted photon energy exceeds that of the bandgap. However, ELC is 

characterized by one major advantage: such photon energies   are Eg + kB T even at input 

biases V much smaller than / q . This automatically means that a WPE upper limit of 

/ qV is possible. In this context, an above-unity limit is achievable even with relatively 

high biases (~Eg/q), and hence powers, when using high quality wide bandgap 

semiconductors (such GaAs), characterized by reduced non-radiative recombination (SRH 

and Auger) rates. However, more work is needed to address technological roadblocks, as 

related e.g. to surface recombination or light extraction, which is the topic of the paper by 

Sadi et al. [18]. 

This paper explored ELC, by using the III-As double diode structure (DDS) setup, illustrated 

in Figure 3.4.1.  By using an experimentally-calibrated charge transport model (based on the 

drift-diffusion formulation), as coupled to an adequate photon transport model, the paper 

analyzed the device performance, and the various efficiency bottlenecks of ELC 

demonstration at high powers, as related to recombination mechanisms and optical losses. 

 

Fig. 3.4.1. Cross section of the studied double diode structure DDS [18]. 
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As can be seen from Figure 3.4.1, the DDS structure includes a GaInP/GaAs double 

heterojunction (DHJ) based LED and a GaAs p-n homojunction photodetector (PD), which 

allows direct estimation of the optical power transfer efficiency from the LED to the PD. 

Thus, the DDS is intended to act as a research prototype for ELC demonstration. The LED 

incorporates 800nm i-GaAs (intrinsic) active region. As thoroughly discussed in chapter 4, 

various DDS samples were fabricated using molecular beam epitaxy and metal-organic 

vapor phase epitaxy, with device functionality (geometry and contacts) created using 

additional processing steps. Using direct I–V measurements of the LED and PD, it is possible 

to estimate several important figures of merit for DDS. The first quantity is the coupling 

quantum efficiency (CQE), which is given by 

2 1/ =CQE I I ,                                            (3.4.1) 

where 2I  is PD photocurrent and 1I  is LED current. It is noteworthy that the CQE from the 

DDS setup can be considered as the equivalent parameter of the EQE for a standalone LED 

with an ideal light extraction. The second quantity is what it is called the extrinsic power 

conversion efficiency (EPCE), which is given by a simple multiplication 

  =EPCE CQE EVE ,                                         (3.4.2) 

where 
1/ =EVE qU  is referred to as the extrinsic voltage efficiency (EVE), with U1 being 

the external applied LED bias. The EPCE for a DDS corresponds to the concept of the wall-

plug efficiency for a standalone LED. For the proper analysis of DDS, it is necessary to 

define the concept of the internal voltage efficiency (IVE) 

/ =IVE LEDqU ,                                      (3.4.3) 

using the actual LED bias voltage, written as 1LEDU U IR= − , by removing the impact of the 

effect of the measurement setup probe resistance R1: this resistance is an external factor 

introduced by the setup, which should be eliminated for an intrinsic analysis of the DDS 

performance. By using IVE, the PCE of the DDS is defined as 

   =PCE CQE IVE .                                            (3.4.4)     

The PCE is the most relevant value for directly observing ELC. The IQE of LED and PD 

can be defined as 1/ =LED

IQE radI I  and 2 / =PD

IQE genI I  respectively, where Irad is the current 
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associated with radiative recombination from the LED, and Igen is the electron-hole 

generation current in the PD. The following relationship groups all the significant loss 

mechanisms affecting the LED IQE: 

 
1

    
+

= =
+

LED rec rad bulk bulk int
IQE injection bulk int surf

bulk bulk int rec

I I I I I

I I I I I
.                 (3.4.5) 

Here = + + + +rec rad SRH Aug int surfI I I I I I  is the total recombination current (including the 

radiative, SRH, Auger, interface and surface recombination currents), and 

= + +bulk rad SRH AugI I I I  is the bulk recombination current within LED active region. The IQE 

of the PD can be estimated via the following relationship 

  = LED PD

CQE IQE IQE ,                                          (3.4.6) 

where χ is the optical coupling constant. The internal PCE (IPCE) is then defined as 

  = LED

IPCE IQE IVE ,                                      (3.4.7) 

and is equivalent to the internal WPE. The most relevant processes are illustrated in Figure 

3.4.2. 

 

Fig. 3.4.2. The main processes occurring inside the DDS [18]. 

The simulation model uses material parameters obtained from literature or extracted by 

comparison to experimental data, as discussed in Ref. [18]. As shown in Figure 3.4.3, 
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excellent agreement is obtained between measurements and simulations, for this particular 

device. 

 

Fig. 3.4.3. Comparison of simulated and experimental I–V characteristics of the LED 

and PD, forming the DDS [18]. 

For a rigorous analysis of the LED and DDS efficiencies, Figure 3.4.4(a) shows the variation 

of the different efficiency factors [described in Equation (3.4.5)], as a function of the external 

applied bias. For the considered devices, the injection efficiency inj is near-unity, as the 

leakage current through the LED is negligible at the considered LED biases. The interface 

recombination efficiency int  is also near unity, as the recombination at the GaAs/GaInP 

interfaces of the active region is negligible.  The bulk recombination efficiency bulk  is 

mainly degraded by SRH recombination at low biases (<1.2V). The influence of Auger 

recombination on the bulk efficiency is negligible, even at high biases, as the Auger constant 

for GaAs is relatively small. In principle, the surface recombination efficiency surf describes 

the effect of nonradiative recombination at the LED mesa walls. Clearly, this is the main 

mechanism degrading LED efficiency at low and moderate biases (<1.3V), despite reaching 

a peak of 97% at high biases. 

As shown in Figure 3.4.4(a), the DDS CQE is affected not only by the LED losses (via the 

IQE), but also by the photodetector losses. Indeed, for the studied device, the IQE of the 

photodetector is only ~74% at high biases, due to photon re-absorption losses if the PD GaAs 

layers, leading to an even lower CQE. These results indicate that surface recombination and 

PD losses are main factors restricting the DDS efficiency at moderate and high biases. 

However, it is worth noting that, even with such losses, it is estimated that the LED already 
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cools down internally, as illustrated by the IPCE obtained above unity (105% at 1 1.5U  V), 

as shown in 3.4.4(b). This is in spite of the PD losses limiting the maximum PCE to ~75%.  

 

Fig. 3.4.4. (a) The various efficiency factors affecting the LED and DDS efficiency, 

and their dependence on the applied external LED bias. (b) The corresponding PCE and 

IPCE, as a function of bias [18]. 

In summary, an experimentally calibrated transport simulation model is used to address the 

possibility of ELC in LEDs using a GaAs active region. It is shown that the bulk material 

properties are already sufficient to achieve ELC. However, for a direct demonstration of 

ELC, more efforts are needed to minimize surface recombination efficiency (e.g, via 

passivation) and improve light extraction from the LED, e.g. by minimizing photon re-

absorption in the device and metallic contacts. 

 

3.5. Electroluminescent cooling in III-V intracavity diodes: practical requirements 

As a continuation of paper discussed in Section 3.4, the paper “Electroluminescent cooling 

in III-V intracavity diodes: practical requirements” by Sadi et al. [19] focuses on how to 

modify in practical terms the DDS devices to maximize the possibility to observe ELC. The 

paper uses the electro-optical simulation model presented in section 3.4, by solving the drift-

diffusion equations in three dimensions, calculating in a self-consistent fashion the spatial 
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distribution of the net recombination rates, densities, the electrostatic potential, band edges 

and the quasi-Fermi levels. The input simulation parameters (e.g. recombination constants, 

mobilities, band structures, etc.) are extracted from experiments or obtained from established 

literature results, as discussed in detail in Ref. [19].  

To improve structure designs, it is necessary to understand the microscopic details governing 

charge transport in the semiconductor heterostructure. Figure 3.4.5 shows conduction and 

valence band diagrams for both the GaInP/GaAs DHJ LED (biased at 1.15 V) and the (short-

circuited) GaAs p-n monojunction PD, which is directly coupled to the LED. While Figure 

3.4.5(a) indicates negligible carrier leakage outside the LED active region, Figure 3.4.5(b) 

indicates a possible hole population in the n-region, indicating possible undesirable electron-

hole recombination, which minimizes the photodetector efficiency.  

 

Fig. 3.4.5. Band diagram and recombination profiles of the LED under a bias of 1.15 V, and 

the coupled (short-circuited) photodetector (PD) [19]. 

The first effect to be probed is surface recombination, which can be significant at free GaAs 

surfaces, such as at the mesa walls of the LED, due to an increased surface recombination 

velocity [24]. Figure 3.4.6(a) shows the I–V characteristics of the LED and PD, as obtained 

from simulations and measurements. Figure 3.4.6(a) also shows the predicted I–V curve for 

the same device, but assuming a negligible surface recombination (dashed line), which can 

be achieved practically via passivation. Figure 3.4.6(b) shows the CQE for each of these 

cases, as well the estimated IQE for the LED. Please note that such characteristics are shown 

as a function of the actual LED bias U, i.e. by suppressing the external setup probe 

resistances. The results indicate clearly that surface non-radiative recombination is the main 
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(lossy) mechanisms dominating at low and moderate injection biases (<1.1V). Fortunately, 

the adverse effect of surface recombination can easily be suppressed via surface passivation 

processing techniques or improved device geometries, as thoroughly discussed in Ref [19]. 

 

Fig. 3.4.6. (a) the I–V characteristics of the LED (I1) and PD (I2), as obtained from 

simulations and measurements, as well as the predicted I–V curve when assuming a 

negligible surface recombination. (b) The CQE for each of these cases, as well the 

estimated IQE of the LED [19]. 

Figure 3.4.7illustrates how material quality affects the CQE, and the IQE of the LED and 

PD. The figure illustrates the combined effects of the SRH-like recombination (SRH and 

surface), by varying the SRH recombination constant A, for a default and a zero-

recombination velocity (vsr).  Two important observations emerge from this figure. Firstly, 

when using the established velocity value (vsr = vsr0 = 4×105 cm/s) [24], using a lower A will 

improve the efficiency, as surface recombination dominates. However, if such effect is 

strongly minimized, using a material with a lower A (e.g. GaAs) can significantly improve 

device efficiency, but also extend the high-efficiency regime to lower biases. As a note, non-

radiative recombination has no effect on the efficiency of the photodetector. 
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Fig. 3.4.7. The (a) CQE, (b) LED IQE and (c) PD IQE, as a function of the actual 

LED voltage bias U, for different SRH constants, with and without surface recombination 

[19]. 

The DDS is originally designed as a thermophotonic device prototype, coupling LED 

emission with PD absorption, to provide enhanced photon energy harvesting, and hence to 

enable cooling, as presented in Ref. [10]. To understand the origin of the performance issues 

in the DDS, it is necessary to study PD losses in more details. Inspection of the band diagram 

of Figure 3.4.5(b) points to a possibility of parasitic recombination in a n-GaAs layer of the 

PD. This undesirable effect is amplified by the high availability of free electrons in the layer, 

in this highly doped layer. As a result, the authors simulated the same DDS, but with three 

different layer thicknesses: 700 nm (default), 200 nm and 100 nm. Figure 3.4.8 shows the 

variation of the CQE, the LED IQE and the PD IQE with bias, for these three cases. 

Expectedly, using a thinner layer leads to an improved PD IQE, thanks to the resulting lower 

recombination in thinner layers. Consequently, the CQE is visibly improved reaching values 

nearing 90%. As expected, such PD improvements have not impacted the LED IQE. 
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Fig. 3.4.8. The (a) CQE, (b) LED IQE and (c) the PD IQE as function of the LED bias, for 

three different thicknesses of the PD n-GaAs layer, with and without surface 

recombination [19]. 

Since this work concerns ELC, it is also informative to analyze the PCE and IPCE, as a 

function of bias, at various conditions. Figure 3.4.9 illustrates the combined effect of both 

SRH and surface recombination on both quantities, by varying the SRH constant, for a 

default and a zero-recombination velocity. Qualitatively, the impact on the PCE and IPCE 

is similar to the impact on the CQE and IQE (Figure 3.4.7), respectively, with one 

noteworthy detail. Since surface recombination suppression extends the high quantum 

efficiency regime to lower biases, a significant improvement in both the PCE and IPCE is 

obtained at this regime. In such case, both quantities exceed unity at a wide biasing range, 

reaching peak values as high as 116% and 140% for the PCE and IPCE, respectively, for the 

best considered A values. Even for a realistic A value (3×105 s-1), the IPCE still reaches 

120%. This result is encouraging, indicating that the bulk properties of the LED materials 

are enough to achieve ELC. However, for A ~ 3×105 s-1, the PCE is still below 100%, 

indicating that more work is needed to experimentally (directly) demonstrate ELC at higher 

powers, by improving e.g. photon harvesting in the DDS.   
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Fig. 3.4.9. The PCE of DDS and IPCE of LED, as function of LED bias, for different 

SRH constants, with and without surface recombination [19]. 

In summary, this paper [19] discusses practical improvements that can be made to improve 

LED efficiency and realize ELC, by using the model and efficiency analysis techniques 

developed in Ref. [18]. It is anticipated that, by using high quality materials (with small SRH 

recombination constants) such as GaAs, the remaining roadblocks for ELC are 

technological. This calls for using advantageous interfaces (with lower recombination 

velocities), such as GaInP/GaAs [13], and to develope efficient passivation techniques [25] 

that would eventually allow for the direct demonstration of ELC at high powers.  
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4. Methodology 

In this chapter, we describe in detail the methods used in the presented thesis. Section 4.1 is 

devoted to presenting the details of the LED structures studied in this thesis, how they are 

manufactured, and the types of setups used to measure their electrical and optical 

characteristics. Section 4.2 provides a complete description of the mathematical model and 

physical mechanisms implemented in COMSOL multi-physics to simulate the operation and 

physics of such structures. 

4.1. Studied experimental devices 

4.1.1. General description of the structure 

The device central to this work consists of an LED based on a III-As semiconductor 

heterostructure, with the mesa geometry illustrated in Figure 4.1.1. The structure includes a 

GaAs active region, where almost all the radiative and non-radiative electron-hole 

recombination processes occur. Due to the relatively small non-radiative SRH [26, 27, 28] 

and Auger [29] recombination constants in the wide bandgap GaAs, GaAs based LEDs 

generally allow IQEs exceeding 99% (e.g. see Refs. [26, 30]). This could potentially lead to 

an above-unity WPE [18, 19], making such devices potential candidates to achieve solid-

state ELC at high input electrical powers. However, few challenges remain, as related to 

minimizing optical losses but also non-radiative recombination in the active region, which 

is the main topic of this thesis. 

The reference LED structure studied here is shown in Figure 4.1.1. It consists of a 

GaInP/GaAs/AlGaAs heterostructure with a cylindrical mesa geometry. The layer 

thicknesses and doping concentrations have been chosen carefully to optimize the LED 

electrical and optical performance. The 800 nm i-GaAs active region layer is sandwitched 

between p- and n-type GaInP layers, forming a p-i-n junction structure. Using GaInP barriers 

has the advantage of minimizing non-radiative recombination at the active region interfaces 

[13], since GaInP/GaAs interfaces are characterized by very low interface recombination 

velocities of the order of 1.5 cm/s [24]. In general, the AlGaAs and GaInP layers also play 

the role of blocking layers preventing holes leaking into the n-contact and electrons leaking 

into the p-contact, concentrating a significant concentration of both carrier types in the active 

region, resulting in significant recombination and hence photon emission.  Both the p- and 

n-type electrodes are contacted with thin GaAs ‘contact’ layers to facilitate charge injection 
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into the device. Free surfaces are usually covered by Si3N4 layers, for passivation purposes, 

to minimize surface recombination at the edge of the active region. The structure is assumed 

to be on top of a lightly doped p-GaAs substrate (not shown here). 

 

 

Fig. 4.1.1. A cross section of the simulated LED structure. 

It is noteworthy that the LED structures fabricated by our group are grown on top of a thick 

photodetector, in the double diode structure (DDS) setup discussed in Refs. [9, 31, 32], to 

facilitate the experimental characterization of its quantum efficiency, but also to probe the 

possibility of thermophotonic cooling. In this thesis, the LED is studied as an independent 

device, focusing on improving its IQE, which is a necessary step towards achieving cooling. 

4.1.2. Structure growth and processing  

The full LED structures are fabricated in multiple steps. The heterostructures forming the 

LED are grown using either metalorganic vapour-phase epitaxy (MOVPE) [33], as available 

to our group at the Micronova research facility [34], or molecular-beam epitaxy (MBE) [31], 

through collaboration with the Tampere University of technology [35]. The main difference 
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between these two methods is that in MOVPE epitaxial growth is carried out with a gas-

vapor mixture of reduced or atmospheric pressure by chemical reaction, while in MBE 

growth is carried out at high vacuum conditions via physical deposition. In average, both 

methods provide devices of the same quality. However, it is worth noting that our devices 

with record quantum efficiencies (e.g. 70% for the device presented in Ref. [9]) are realized 

using MBE. Once the heterostructures are grown, geometrical features are created to allow 

LED functionality. This is achieved via additional subsequent processing steps, including 

optical lithography (using pre-designed masks) combined with selective wet chemical 

etching. This approach is preferred, as electron-beam lithography and plasma etching may 

cause extra damage and produce more defect, leading to LED quntum efficiency losses. 

Once the mesa geometry is created, passivation layers are incorporated, and metallic contacts 

are created using vacuum spraying followed by annealing. In general, our measurements 

indicate that such contacts, deposited on highly doped GaAs thin layers, provide the 

desirable Ohmic behavior with negligible contact resistances. 

 

4.1.3 Device characterization and measurements 

In the experimental study of the LED structures both electrical and optical measurement 

types are employed. The electrical measurement setup, of interest to us, involves recording 

the current-voltage (I–V) characteristics of the LEDs (and photodetectors in case of DDS 

studies), using the approach described in Refs. [9, 31, 32]. The I–V data, describing the 

variation of the LED current as a function of the applied bias, can then be used to extract the 

quantum efficiency of the device. This is done in a post-processing step, involving the use 

of the ABC recombination model [36]. I–V characterization is used in this thesis to validate 

the model built to simulate the ‘reference’ LED structure (shown in Figure 4.1.1), from 

which active-region modifications are applied to enhance device efficiency. 

As a complementary study, optical setups are used, which are based on lock-in thermography 

and conventional luminescence microscopy methods, to record spectral dependencies and 

probe emission patterns in the structure, as illustrated in Figure 4.1.2. Specifically, lock-in 

thermography [37] combines thermal imaging and calorimetric efficiency measurement 

techniques. Calorimetric efficiency measurements use temperature-dependent techniques, 

such as photoacoustic techniques, thermistors or photoluminescence. All these techniques 

allow to carry out fully calibrated measurements on the relative light emission and device 
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heating. Lock-in thermography allows spatially resolved non-contact device 

characterization, giving the opportunity to carry out efficiency measurements in different 

device spots. Analysis of all these measurements provides extra information on current 

spreading (within the LED layers) and allows, using lock-in thermography, to detect possible 

hot spots. 

 

Fig. 4.1.2. Few examples of spectral maps, showing the dependence on the injected current 

[37]. 

 

4.2. Simulation method 

The LED structure model used in this thesis was implemented using the semiclassical carrier 

transport description, by solving the Boltzmann transport equation (BTE) using the Drift-

diffusion approach. 

 

4.2.1. The Boltzmann transport equation 

Carrier transport in the semiclassical approximation is described by the Boltzmann transport 

equation (BTE) written as 

 
scatt

f q f
v f f

t t

 −  
+  +  =  

  
r k

E
,                          (4.2.1) 

where f(k,r,t) is the carrier distribution function, v is the carrier velocity, r  is the nabla 

operator describing the dependence on position (r), k  is the nabla operator describing the 
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dependence on the wavevector k, E is the electric field, and 
scatt

f

t

 
 
 

is the rate of the 

distribution function change caused by various scattering and recombination mechanisms 

[38]. The most important element of this equation is indeed 
scatt

f

t

 
 
 

, which describes 

interband and intraband carrier transitions. Interband process consist of different electron-

hole recombination processes, whose rates are included in the drift-diffusion solver using 

the ABC model. Intraband processes refer to carrier scattering mechanisms with various 

sources, such as phonons, charge carriers, impurities and alloy disorder. Their effect is 

included in the drift-diffusion formulation via the material mobility.    

 

4.2.2. Drift-diffusion model 

The drift-diffusion model is the most employed approximate solution method for the BTE. 

One of the principal approximations of the drift-diffusion model is the assumption that 

electron and holes have infinitely fast relaxation within the bands. By integrating Equation 

(4.2.1) over the wavevector, the current continuity relationship can be derived. Taking into 

account the fact that 1 /v dE dk−=  and assuming that en= −J v , where v the average 

velocity of the charge carrier, the current continuity equation can be written as 

n

n
q qR

t


 − =


J                                                (4.2.2) 

for electrons, and 

p

p
q qR

t


 − = −


J                                                (4.2.3) 

for holes. The drift-diffusion equations can be derived by multiplying Equation (4.2.1) by v 

and integrating with k. Assuming that the bandstructure energy dispersion is parabolic 

(written as 
2 2 */ (2 )cE m= k , where m* is the corresponding effective mass), the drift-

diffusion equation can be written as 

 n n nq n qD n = −  + J ,                                         (4.2.4) 

p p pq p qD p = −  + J ,                                         (4.2.5) 

where   is the electrostatic potential, Dn  and Dp are respectively the diffusion constants for 

electrons and holes, and n  and p  are electron and hole mobilities, respectively. Such 
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equations can be rewritten using the quasi-Fermi levels EFn and EFp (for electrons and holes, 

respectively) as 

n n Fnn E= J ,                                               (4.2.6) 

p p Fpp E= J .                                               (4.2.7) 

Finally, it is possible to obtain the (steady-state) drift-diffusion model by substituting 

Equations (4.2.6) and (4.2.7) into Equations (4.2.2) and (4.2.3), assuming time-

independence, and adding Poisson’s equation: 

( ) ( )tot D Aq p n N N  −  + = − + −P , 

( )n n Fnn E qR =    =J ,                                     (4.2.8) 

( )p p Fpp E qR =   = −J , 

where Ptot includes the spontaneous and piezoelectric polarizations, NA and ND are the 

ionized acceptor and donor concentrations. It is noteworthy that, for III-As materials, 

polarization effects are non-existent, and hence Ptot is set to a zero vector. 

There are some application limits in drift-diffusion model. For instance, the model cannot 

be used for a detailed evaluation of the carrier energy or velocity distributions (especially 

near the adrupt heterojunctions). However, the drift-diffusion model is good enough in 

typical LED studies, reproducing very well the experimental characteristics [18, 19]. 

 

4.2.3. Helpful drift-diffusion model quantities 

Carrier distributions in the drift-diffusion model are described using Fermi-Dirac statistics. 

For example, for electrons, the distribution function is given by 

1
( , )

exp 1

Fn

Fn

B

f E E
E E

k T

=
 −

+ 
 

,                                    (4.2.9) 

where kB is the Boltzmann constant. The density of electrons in the conduction band is given 

by 
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=  .                                        (4.2.10) 

Here, the three-dimensional density of states in the conduction band is given by 
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The integral in Equation (4.2.10) can be evaluated using the standard Fermi integral 
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+ − ,                            (4.2.12) 

where the Gamma function Г(3 / 2) / 2= . Hence, by using Equation (4.2.12), it is 

possible to rewrite the electron density from Equation (4.2.10) as 

1/2
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E E
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,                                    (4.2.13) 

where the effective density of electron states is given by 
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Similar formulation can be applied to holes. Assuming that holes are empty states in the 

conduction band with a distribution 1 ( , )Fpf E E− , the hole density can be written as  

1/2

V Fp

V

B

E E
p N F

k T

− 
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 
,                                    (4.2.15) 

where NV is the effective density of hole states. Further information on the drift-diffusion 

model can obtained e.g. from Ref. [39]. 
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5. Results 

5.1. Aim and objectives 

In this section, we apply the drift-diffusion simulation to study LED structures improved by 

using active engineering. Work starts from modelling the reference structure shown in Figure 

4.1.1. First, the basic characteristics are calculated, and efficiency analysis is carried out to 

understand the behavior of the reference structure. These LED structure has been studied 

experimentally, extensively, and hence it is used to validate the model. In analyzing these 

structure, we revisit some important findings related to LED efficiency, mainly the 

quantitative impact of SRH and surface non-radiative recombination on the I–V 

characteristics, quantum efficiencies, and ELC figures of merit, mainly the wall-plug 

efficiency (as defined by Equation 2.2.13) and the (related) internal wall-plug efficiency 

(IWPE) calculated as 

IWPE IQE
qV


 = .                                            (5.1.1) 

While the WPE indicates net cooling in the LED (while considering all possible losses), the 

IWPE indicates that the LED cools down internally, irrespective of the light extraction 

losses. 

Once the reference structure is analyzed, attention shifts to the study of improved structures, 

using the same geometry and layers as the reference structure, but with certain modifications 

to the active region (hence the term active region engineering). Such types of active regions 

are illustrated in Figure 5.1.1. Such structures use either doped or multiple-layer active 

regions, and are expected to lead to an enhanced radiative over non-radiative recombination, 

giving enhanced efficiencies.  

 

(a)                           (b)                       (c) 

Figure 5.1.1 Various active region arrangements, representing (a) the simple i-GaAs active 

region (used in the reference structure), (b) a doped active region, and (c) a multiple barrier 

(or quantum well) i-GaAs/GaInP active region. 
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5.2. Experimental verification 

As briefly mentioned in section 3, the developed model employs either established material 

parameters available from literature or calibration parameters extracted from measurements. 

By using the established values for the GaAs radiative (B [40]) and Auger recombination (C 

[29]) constants, an excellent agreement is obtained with experimental data. The SRH 

constant A strongly depends on material quality. For GaAs, reports have suggested A values 

lower than 105 s−1 [26], but in this thesis a more conservative value of 3×105 s−1 is used, 

corresponding to an upper limit for model calibration sensitivity. As far as surface and 

interface recombination is concerned, established values for the surface recombination 

velocity (vsr = vsr0 = 4×105 cm/s [24]) and recombination velocity at GaAs/GaInP interfaces 

(~1.5 cm/s [24]) already provide a perfect fit to experiments. Table 5.2.1 summarizes the 

used recombination parameters. 

Table 5.2.1 The main recombination parameters [18]. 

 

Figure 5.2.1(a) shows the experimental and simulated I–V characteristics of the reference 

structure. Excellent agreement is observed between simulations and experiments. A wide 

exponential regime is observed at low biases (<1 V), corresponding to an ideality factor of 

2. In this regime, the I−V characteristics are, hence, governed by SRH-like nonradiative 

recombination processes. As extensively discussed in earlier papers by our group [10, 18, 

19], this region of the LED current is mainly caused by surface recombination at the mesa 

edge of the LED. As bias is increased, a transition region (with bending) is observed within 

the bias range 1.0 V – 1.2 V; this is an intermediate zone where surface recombination is 

weakened and radiative recombination starts to dominate. At the microscopic scale, this can 

be explained by the resistive loss preventing holes from moving from the p-contact to the 

LED mesa edge (the active region surface), limiting the electric current to the surface. As 

expected, this region is characterized by the increase in the IQE, due to significant radiative 

recombination. Beyond this region, at biases above 1.2 V, radiative recombination and 

possibly resistive effects almost completely dominate.  Auger recombination plays only a 
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very limited role here, partly due to its relatively low recombination constant, but also partly 

due to the applied biases range (limited to below Eg/q to avoid serious resistive losses). 

In addition to the LED IQE, Figure 5.2.1(b) shows the simulated IWPE and the WPE, as a 

function of the LED actual bias. Here, the simulations assume a realistic extration efficiency                             

( extraction ) of 0.8. This figure indicates that the IWPE of the LED exceeds unity (103%), 

implying that the LED cools internally, at biases above 1.25V. However, WPE is limited at 

~0.82 due to optical losses, meaning that (with the used extraction efficiency) ELC cannot 

be observed directly without engineering the structure, to improve the EQE.   

 

 

Fig. 5.2.1. (a) The experimental and modelled I–V characteristics of the reference structure. 

(b) The simulated IQE, IWPE and WPE of the structure, as a function of the actual LED 

bias. 

5.3. Effect of non-radiative recombination 

5.3.1. Effect of surface recombination 

To elaborate on the effect of surface recombination, Figure 5.3.1 shows the I–V 

characteristics and the variation of the IQE, IWPE and WPE with the LED actual bias, for 

four surface recombination velocities: vsr=0, vsr×1%, vsr×10%, vsr×100%. Figure 5.3.1(a) 

shows how the impact of surface recombination current is limited to low biases, and has a 
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negligible effect at biases above 1.2V, with the transition region becoming less visible as the 

surface recombination velocity is reduced. Figure 5.3.1(b) shows a general improvement in 

the IQE as the surface recombination is reduced. However, such improvement is significant 

only when vsr is reduced by at least one to two order of magnitude. However, it is worth 

noting that the biggest of such improvements are visible at lower biases, and that the peak 

value of the IQE (obtained at high biases) is almost the same for all cases. Similar trends are 

observed in the IWPE and WPE, considering that both parameters are proportional to the 

IQE. More specifically, Figure 5.3.1(c) shows an IWPE increase of almost 15% when 

surface recombination is suppressed, reaching a peak of 116%. However, again, with the 

inclusion of extraction losses, the WPE does not exceed 100%, although its peak value is 

near 93%. This study shows that, while surface recombination minimization can improve 

the LED quantum efficiency and WPE (at low and moderate biases), it cannot alone facilitate 

ELC observation.           

 
Fig. 5.3.1. (a) The I–V characteristics and the variation of the (b) IQE, (c) IWPE 

and (d) WPE with bias, for four surface recombination velocities: vsr=0, vsr×1%, 

vsr×10%, vsr×100%. 
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5.3.2. Effect SRH recombination 

It is noteworthy that the quality of the the active region material (GaAs in this thesis), can 

vary from one sample to another, depending on the growth method and recipes. For this 

reason, it is worth quantifying the impact of the SRH recombination constant A on the 

quantum and wall-plug efficiencies. Figure 5.3.2 shows the I–V characteristics and the 

variation of the IQE, IWPE and WPE with the LED actual bias, for the default A value (3×105 

s-1) and an A value one order of magnitude higher (3×106 s-1), without surface recombination 

(vsr=0). Unlike surface recombination, SRH is of a bulk nature, and its impact on the 

efficiency is still significant (albeit modest) at high biases. Indeed, as seen in Figure 5.3.2, 

increasing A shifts the IQE curve to higher biases, and leads to a significant reduction in the 

peak IWPE and WPE. In fact, even without surface recombination, both quantities do not 

exceed unity. This observation emphasizes the importance of choosing a high quality 

semiconductor (such as GaAs) characterized by relatively small (bulk) SRH and Auger 

recombination constants.    

 
Fig. 5.3.2. (a) The I–V characteristics and the (b) IQE, (c) IWPE and (d) WPE variation 

with the LED actual bias, for the default A value (3×105 s-1) and an A value one order of 

magnitude higher (3×106 s-1), without surface recombination (vsr=0). 
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5.4. Active region engineering using doping 

A possible way to improve the quantum efficiency of an LED is to intentionally dope the 

active region layer. Figure 5.4.1 shows the I–V characteristics and the variation of the IQE, 

IWPE and WPE with the LED actual bias, for different active region doping concentrations 

(n- and p-type), without surface recombination (vsr = 0). Results from the simulation of the 

reference structure (using a i-GaAs active region) are also shown, for comparison. In contrast 

to the intrinsic active region case, this approach introduces an engineered higher mobile 

concentration of one type of mobile carriers (electrons and holes) in this region. This is 

expected to enhance the radiative recombination rates over the non-radiative (SRH and 

surface) recombination rates. This is highlighted in Figure 5.4.1(b), showing a higher IQE 

for a wider regime, extending to very low biases. As such, a positive impact is clearly visible 

in the IWPE curves, in Figure 5.4.1(c), showing significant IWPEs for a wider bias range, 

but also peaks achieve 118% for a 1023 m-3 doping and 183.5% for a 1024 m-3 doping, when 

using the default A value (3×106 s-1). For the more optimistic A value (3×105 s-1), the IWPE 

still reaches impressive values of 137.6% for a 1023 m-3 doping and 224.1% for a 1024 m-3 

doping. As can also be seen, from Figure 5.4.1(d), the WPE exceeds unity for the default A 

value, for doping values above 1023 m-3, fulfilling the ELC condition. However, the reported 

significant improvements in the quantum and wall-plug efficiencies, are unfortunately 

accompanied by an up to a twofold reduction in the maximum LED current (and hence 

power). Nevertheless, it is worth noting that this is not a serious setback, as cooling can still 

occur at a wide range of powers, from nano-Watts to milli-Watts, for the best performing 

device.  
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Fig. 5.4.1.  The (a) I–V characteristics and the variation of the (b) IQE, (c) IWPE and (d) 

WPE with the LED actual bias, for different active region doping concentrations (n- and p-

type), without surface recombination (vsr=0). 

 

5.5. Active region engineering using multi-QW 

Another active region engineering solution involves replacing the simple i-GaAs layer, in 

the reference structure, with a multiple ‘quantum well’ (MQW) like structure, as illustrated 

in Figure 5.1.1(c). In this thesis, we assume three lattice-matched 20nm GaInP barriers 

within the 800 nm active i-GaAs region. Figure 5.5.1 shows the I–V characteristics and the 

variation of the IQE, IWPE and WPE with the LED actual bias, for the reference and MQW 

structures, with surface recombination. Amazingly, the MQW structure minimizes 

efficiently both SRH and surface recombination at low and moderate biases, as shown in 

linear region of the I–V  curves in Figure 5.5.1(a). This leads to a significant IQE 

improvement, even at very low biases (e.g. below 1 V) where the IQE is supposed to 

approach zero. This improvement is attributed to the fact that, at low biases, such barriers 

redistribute electrons and holes in the active region, by separating spatially electrons and 

holes. In this case, the product np, in the active region, is so small that the resulting SRH and 

surface recombination rates (which are directly proportional to np) are very small. Hence, in 

contrast to the doped active region structures of section 5.4, the MQW structure rather 
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minimizes non-radiative recombination instead of enhancing radiative recombination. 

Similarly, the positive impact is visible in the IWPE curves, in Figure 5.5.1(c), showing 

significant IWPE values for a very wide bias range, with a peak increase of ~5% compared 

to the reference structure, reaching ~108%. While such IWPE value indicates internal 

cooling, the WPE itself [see Figure 5.5.1(d)] does not exceed unity, preventing the direct 

observation of ELC. Moreover, improvements in the quantum efficiency are accompanied 

also by roughly a twofold reduction in the maximum LED current. However, this structure 

is still very useful, as its relatively high efficiency obtained at very low biases indicates a 

huge potential in wireless communications and the internet of things, at ultra-low powers 

[41]. 

 

 

Fig. 5.5.1.  The (a) I–V characteristics and the variation of the (b) IQE, (c) IWPE and (d) 

WPE with the LED actual bias, for the reference and multiple quantum well (MQW) 

structures, with surface recombination. 
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6. Summary 

This work focused on the physics-based simulation and parametric study of innovative III-

As LED designs with potential applications in electroluminescent cooling (ELC). The thesis 

started by an interesting introduction into the history of LEDs, summarizing the amazing 

and continuous progress such devices have experienced, since the 1960s, leading to a 

revolution in solid-state lighting. The basic structure and operation of LEDs was then 

reviewed, summarizing the important physical processes affecting their behavior, including 

electron-hole recombination, charge transport and p-n junction related effects. A full chapter 

was then dedicated to discussing five selected articles of great relevance to this work, 

covering (i) the topic of optical (photoluminescent) cooling, (ii) the potential of III-V LEDs 

in reaching high wall-plug efficiencies, and ultimately electroluminescent cooling (ELC), 

(iii) the first experimental demonstration of electroluminescent cooling at ultra-low powers 

in narrow-band semiconductor LEDs, and (iv) the most recent theoretical and experimental 

work carried out in the candidate’s group, as related to ELC, at high powers. One chapter is 

dedicated to the description of the simulation, fabrication and measurement methods used in 

this study. 

This work involves simulation of an experimentally calibrated physical model to analyze the 

device characteristics of interesting LED structures, whose active regions are engineered for 

maximized internal quantum efficiency. Specifically, this is achieved either by doping the 

active region or by modifying its structure by introducing multiple barrier layers. The model, 

itself, is based on the drift-diffusion method for electronic charge transport, which was 

implemented within the COMSOL Multiphysics simulator environment. The simulation 

work was carried out in three steps. Firstly, the basic characteristics of the reference structure 

was calculated, efficiency analysis was carried out to understand its behavior, and 

experimental data from the measurements of this structure was used to validate the model. 

Secondly, more simulation scenarios were run to revisit important findings related to LED 

efficiency, consisting mainly the impact of SRH and surface non-radiative recombination on 

the I–V characteristics, quantum efficiencies, and ELC figures of merit, such the wall-plug 

efficiencies. Thirdly, a study of the improved structures is carried out to demonstrate the 

expected enhancement in both the quantum and wall-plug efficiencies. 

Results show that both types of the proposed structures allow an extension of the high 

internal quantum efficiency bias region, leading to significantly higher and even an above-



65 

 

unity wall-plug efficiency. More specifically, the (n- or p-type) doping of the active region 

can lead to an extremely high IWPE (up to 200%), giving an above-unity WPE, which 

implies a direct observation of ELC. These efficiency improvements are attributed to the fact 

that higher mobile carrier concentrations in the active region increase the probability of 

radiative processes as compared to non-radiative recombination. While such improvements 

are also accompanied by a reduction in the maximum LED current, cooling can still occur 

at a wide range of low and high powers. Using ‘multiple barrier active region’ structures 

(abbreviated as MQW structures) also leads to a remarkable improvement in the IQE, even 

at very low biases. Such improvement is attributed to the fact that such structures are efficient 

in minimizing non-radiative recombination. While a positive impact on the IWPE was also 

observed (indicating internal cooling), the WPE itself is shown to not exceed 100% in the 

studied example MQW structure (preventing the direct observation of ELC). Also, as in the 

doped structures, the MQW structures are characterized by a lower maximum LED current. 

However, it is anticipated that such structures can still be very useful for developing 

application in wireless communications and the internet of things at extremely low powers. 

In brief, this thesis focuses on the theoretical study of innovative III-As based LED 

structures, with a promise in ELC but also low-power communications. While the presented 

results are encouraging, further work is warranted to realize and characterize such innovative 

designs using available fabrication and measurement facilities. 
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