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The photovoltaic (PV) industry has entered a period of record growth since the 

90s. Most of the commercial products are based on crystalline Si technology. However, 

there are fundamental limits to the ultimate Si costs that may inhibit it from achieving the 

desired level of contribution to worldwide energy production. In contrast, thin-film PV 

technology can reach the desired cost-performance outcome due to fast deposition 

rates and lower material cost.  

The research of this dissertation is focused on hot carrier solar cells for cell 

conversion efficiency improvement in a low cost, high throughput CuInxGa1-xSe2 (CIGS) 

system. The rapid thermalizaton loss of hot photo-exited carriers interacting with the 

lattice can potentially be reduced through phonon engineering in the absorber layer; the 

subsequent extraction of the hot carriers may be realized through device engineering of 

energy selective contacts. Simulations and modeling are presented for a novel hot 

carrier solar cell design with a superlattice structured absorber consisting of copper 

indium diselenide/copper gallium diselenide(CIS/CGS) and a quantum-well-structured 

energy selective contact of aluminum nitride/gallium nitride(AlN/GaN). The discrete 

phonon dispersion curve of a CIS/CGS absorber reduces the phonon decay possibility 
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and provides a phonon bottle neck effect to slow down the cooling process. The 

AlN/GaN contact provides confinement for hot carrier extraction. Experiments were 

performed on the national renewable energy laboratory (NREL) conventional solar cell 

SC1. Comparison of the current-voltage relationships of CIGS illuminated under low 

energy and high energy photon wavelengths shows evidence of hot carriers contributing 

to the collection. A modified Shockley lucky electron model is developed to extract the 

initial carrier energies and the phonon mean free paths by applying the hot carrier 

concept to the traditional thin film CIGS cell design. An improvement using the hot 

carrier theory is made by imbedding the traditional design with a barrier between the 

buffer layer and absorber layer for blocking the cold diffusion carriers while allowing 

most hot carriers to pass through. A barrier consisting of Zn0.3Cd0.7S is proposed for 

optimal effectiveness. 
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CHAPTER 1 
INTRODUCTION OF HOT CARRIER SOLAR CELLS 

Solar Cell Background 

Solar energy has been gaining a lot of attention since the ‘70s of the last century. 

There are few sources of energy that are as clean and environmentally friendly as 

photovoltaic. While conventional fossil fuels such as natural gas are constantly found to 

be in greater reserve as well as burning in a “clean combustion” process, CO2 

production cannot be stopped and “sequestration” such as pumping underground is not 

economical and not entirely safe. Traditional non-CO2 processes such as hydroelectric, 

wind and tidal are limited by the number of available sites and may have a negative 

impact on the local environment. “Carbon neutral” biomass processes rely on 

photosynthesis efficiency of plants and consume agricultural resources. No alternative 

power production process can produce the energy per squaremeter, the collection 

efficiency, to match modern high efficiency photovoltaic modules. In the last century this 

technology was mostly found in remote off-grid locations and satellites. It was too 

expensive for other uses. Nowadays the cost per watt has greatly improved due mainly 

to economy of scale [1][2]. 

Hot Carrier Solar Cell State of Art 

The design of a hot carrier solar cell should allow hot carriers to be collected 

before their energy is lost to the lattice. This is done by slowing the cooling in the 

absorber [3] and collecting the carriers in energy selective contacts [4]. This ultimately 

leads to both higher open circuit voltage and short circuit currents, leading to an overall 

greatly improved efficiency. 
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In a conventional single junction cell, a photon at or greater than the band gap 

energy is absorbed to excite an electron from the valence band up into the conduction 

band, leaving a hole in the valence band. If equal, a carrier arrives at the band gap 

edge. If greater, as is most often the case for the solar spectrum, energy in excess of 

the band gap directly converts into the carrier’s kinetic energy. Equilibration among 

these high-energy carriers defines a hot carrier temperature, TH. The kinetic energies 

and hot carrier temperature are related by Ekinetic=3/2kTH, where k is the Boltzmann 

constant.  Of course, the hot carrier temperature is higher than the ambient temperature 

T0. Ultimately the excess kinetic energy is dissipated as heat until the carrier 

temperature equals the ambient temperature. Hot electrons and holes will collide with 

the lattice relaxing the energy in the form of phonons until electrons and holes reach the 

conduction band and valence band edges. Because of this transition, the energy 

exceeding the band gap is not utilized to generate electrical power but wasted as heat. 

For this reason the open-circuit voltage is limited to the absorber band gap potential. 

Moreover, the short-circuit current is limited by the carriers’ low velocities due to the 

heat dissipation and small carrier density because the small separation between 

conduction band and valence band leads to a high recombination rate.  

Hot carrier solar cells should be designed in such a way that TH decays to T0 at a 

slow enough rate for the hot carriers to be collected without significant thermal loss.  

Photon energy is kept within the carrier system instead of becoming useless device 

heat. The resulting open circuit voltage is therefore not limited by the band gap 

potential. The open-circuit voltage is rather the potential difference between the quasi 

Fermi-levels of the high energy electrons and holes as shown in Figure1-1. The short-
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circuit current is also improved because of a reduction in the recombination rate. This is 

due to the fact that high energy electrons and holes are separated farther than the 

edges of the conduction and valence bands. Also, point and extended defects in crystal 

structure, polycrystalline, or impurities in hot carrier devices are less of a problem since 

the high velocity carriers often have energies in considerable excess of trap states and 

barrier heights, thus reducing capture or scattering cross-sections. This implies lower 

recombination rates as well easy transport across grain boundaries and other extended 

defects. This characteristic is important since it suggests that lower cost polycrystalline 

absorber layers will be nearly as effective as single crystal absorbers. 

A typical hot carrier solar cell structure is schematically displayed in Figure 1-1. 

An efficient cell design must perform two critical functions. First the design should 

ensure that the high energy photo-excited carriers in the absorber do not transfer the 

energy to the ambient environment. Secondly, these carriers should be collected 

without energy lost.  

The first function is achieved by phonon engineering in the absorber layer. Hot 

carriers transfer the excess energy to the lattice in the form of an optic phonon. An optic 

phonon typically decays into two equal energy acoustic phonons, known as the  

Klemens mechanism[5][6]. Optic phonons are high-energy stationary lattice waves and 

are actually able to transfer energy back to the carriers to keep them hot. Acoustic 

phonons on the other hand are low energy propagating waves. Once energy is in the 

form of an acoustic phonon, it cannot be recovered to re-heat carriers and thus will not 

contribute to electrical power generation. Phonon engineering may be used to block the 

Klemens mechanism and to keep the high energy photo-exited carriers hot longer. 
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Hot carrier collection is achieved by using energy selective contacts (ESC). 

These contacts are required to be very thin so that carriers are collected before they 

interact with the lattice. The device design should allow collection of carriers at an 

optimal energy range. Carriers having energies outside this range will be rejected to 

prevent scattering loss. Carriers in the ambient temperature device contacts at energies 

below the ESC energy are prevented to flow into the hot absorber and reflect from the 

lower band edge of the contact. Carriers at energies above the ESC energy are 

reflected back into the absorber by the upper energy structure of the contact. 

Many III-V material systems have been used to demonstrate hot carrier solar cell 

technology. A major breakthrough was achieved by Martin Green’s group at the 

University of South Wales, where modeling and simulation of phononic bandgaps for 

blocking the Klemens transistion in GaN, indium nitride(InN), and indium phosphide(InP) 

were performed[7]. The simulations were done for superlattices and quantum dots with 

high phonon confinement using a semi-empirical force constant model and a rigid ion 

approximation. The quantum dots of a scale of only a few atoms result in a degeneracy 

that successfully blocks the Klemens mechanism. The experimental values for the mini-

gaps and carrier cooling rates were later measured using Raman spectroscopy and 

time resolved photoluminescence[7] using indium arsenide(InAs) quantum dots 

fabricated by the University of Tokyo[8]. The dots were embedded in a gallium 

arsenide(GaAs) strain-reduction layer, which makes a superlattice. 

The hot carriers are collected from the phonon engineered absorber by use of 

the ESCs. Tunneling current peak positions of the hot carriers from the III-V solar cell 

with the ESCs were extracted from the I-V measurement [9]. The maximum calculated 



 

17 

efficiency of a hot carrier solar cell is limited to 37.1% when the realistic transport 

properties of energy selective contacts are used [10].  

However, an argument made in[11] states that a carrier temperature high enough 

to make a difference in cell performance can only be achieved by realizing extremely 

long phonon lifetimes, that are not realizable with current semiconductor technology. In 

a study on GaAs/AlGaAs quantum wells the photogeneration energy balance model is 

used to extract the carrier temperature reaching the contacts. The energy balance 

model states that the photogeneration energy loss rate equals the sum of the phonon 

energy loss rate and carrier recombination loss rate[11]. The carrier temperature versus 

time behavior was given by an Ensemble Monte Carlo simulation based on the energy 

balance model with an assumption of a 5 ps phonon life time. The temperature-time 

behavior shows that the additional current from a hot carrier population resulting from 

the phonon bottle neck effect is not enough to improve the overall collection current. 

However, this conclusion is reached from Monte Carlo simulation only, where the many 

assumptions may not accurately reflect the physics. 

Another approach to hot carrier solar cell study is a variation in the thickness of 

the ESCs[12]. The study is based on InAs, which is a potential hot carrier solar cell 

absorber material. The key of a hot carrier absorber (HCA) selection is a high 

absorption coefficient, a low electron effective mass and a high hole effective mass so 

that the energy from photons is mostly distributed to the electrons. Furthermore, a 

material with a low ratio of electron effective mass to hole effective mass in a 

superlattice absorber layer results in a high quantum confinement, which is 

advantageous for several reasons. The absorption layer can be thick for better 
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absorption. Also the diffusion of hot carriers is suppressed, resulting in localized hot 

carriers that slow down the cooling[12]. The contact material was selected for 

compatibility with the hot carrier absorber. A Monte Carlo simulation was used to 

analyze how the thickness variation and hot electron carrier scattering angle to the 

interface of the contact and the absorber would interfere with the energy selection and 

contact conductivity. 

Another recent approach for improving the efficiency of hot carrier solar cells is 

the use of an optimally thin absorber layer, as demonstrated in a recent theoretical 

report on a gallium antimonide(GaSb) absorber[13]. In hot carrier solar cells a thinner 

absorber layer has more potential for reduction of thermalization loss and a fast 

extraction of carriers before cooling. However, ultrathin absorber layers do not absorb 

much light. So the thickness must be optimized between these two variables. Also, the 

light is engineered to scatter in a complex way so absorption is possible. An algorithm 

was used to compute the hot carrier collection[13]. The conclusion was that an absorber 

layer of 25 to 50 nm is theoretically capable of absorbing between 67 and 71% of the 

power. The paper doesn’t contain a statement about the carriers being hot, but it is 

assumed that the carriers would be quite hot if measured. 

Quantum dots(QD) are another technique applied to hot carrier solar cells. At the 

University of Texas in Austin, the transfer of hot carriers from lead selenide(PbSe) 

nanoparticles to titanium dioxide(TiO2) was observed in real-time using time resolved 

optical second harmonic generation[14]. The process occurred in the sub-50 femto-

second range. In a separate study of PbSe nanoparticles, a well-ordered array of 

particles was created and tested for the property of preventing newly generated bi-



 

19 

excitons from recombining via the Auger mechanism[15]. In a well-ordered array, 

quantum dots have the tendency to couple. In doing so, a bi-exciton pair in one QD will 

distribute one of the pairs to the other QD before the Auger recombination occurs. The 

multiple carrier collection demonstrated solar cells based on these arrays could yield 

quantum collection efficiencies in excess of 100%. 

The object of this research is to develop a practical hot carrier solar cell design 

that improves the efficiency of CIGS solar cells. In Chapter 2, the key parameters of a 

traditional CIGS solar cell are introduced for cell performance evaluation. Simulation 

results of a standard CIGS device structure are shown for studying the device physics 

and planning experiments to reveal hot carrier effects. In Chapter3, the HC principle is 

applied to the CIGS absorber. First, the phonon dispersion relationship of CIS is used to 

explain the phonon loss mechanism. Second, A CIS/CGS superlattice structure 

demonstrates the “bottleneck effect” by blocking phonon decay in the dispersion curve. 

Third, a quantum well structure of AlN/GaN is found to be the compatible contact for the 

CIGS absorber. The tunneling possibilities with varying contact thickness for selecting 

different energies are simulated using the principle of resonant tunneling. In Chapter 4, 

experiments are set up to study the hot carrier effects in CIGS thin film solar cells. 

Different mechanisms are used to extract the phonon loss information in the CIGS solar 

cell, including a space charge limited current model, the electric field guiding model, the 

Zener tunneling model and the impact ionization model. Chapter 5discuss the 

modification on the conventional CIGS solar cell to use the hot carrier effect for 

efficiency improvement. First, the energy selective contact is constructed by calculating 

the energies reaching the contact with the obtained phonon mean free path relationship. 
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Second, a barrier inserted in the absorber is proposed to help hot carrier collection by 

blocking cold carriers flowing in.  
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Figure 1-1.  Schematic presentation of a hot carrier solar cell 
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CHAPTER 2  
TRADITIONAL THIN FILM COPPER INDIUM GALLIUM DISELENIDE SOLAR CELL 

MODELING AND SIMULATION 

Overview of Solar Cell Device Physics 

To understand how hot carriers are able to improve the efficiency, it is very 

important to study the basic device physics and equations of the traditional solar cells. 

In its basic form, the solar cell is just a simple PN junction diode when there is no light. 

The current density versus voltage characteristic of a solar cell in the dark is given by 

 d    e
q 

nkT-            (2-1) 

where J0 is the reverse bias saturation current density. It is a function of the minority 

carriers’ diffusion coefficient, diffusion length, intrinsic carrier density, and defect 

structure. The factor n equals 1 when there is no recombination and equals to 2 when 

there is a lot of recombination inside the junction space charge region of width W. 

With light, the solar cell generates a current density JL 

   qG  n    p          (2-2) 

where G is the photo generation rate, and Ln and Lp are the minority carrier diffusion 

lengths of electron and holes, respectively. The solar cell current density versus voltage 

characteristic under illumination becomes then 

   d-     (e
q 

nkT- ) -          (2-3)  

Short-circuit current density Jsc, open-circuit voltage Voc, fill factor FF and energy 

conversion efficiency ηc are the key parameters for solar cell performance 

characterization. 
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The short-circuit current density Jsc is defined as the current density of the solar 

cell when V=0. The open-circuit voltage is the output voltage of the solar cell when J=0. 

The fill factor FF is defined as  

   
 m m

 sc oc
           (2-4) 

where Jm and Vm are the solar cell current density and voltage, respectively, for 

delivering maximum electric power per unit of cell area. The conversion efficiency ηc is 

described as 

η
c
 
 m m

 in
 
 sc oc  

 in
         (2-5) 

where Pin is the incident light power density. 

Device modeling and simulation are used in the following to study the device 

characteristics for planning experiments on CIGS devices with an eye on hot carrier cell 

design. 

Thin Film Copper Indium Gallium Diselenide Solar Cell Simulation Using Medici 

A typical and often used [16] CIGS solar cell structure model is shown in Figure 

2-1. The first layer is a 50 nm n-type zinc oxide (ZnO) with an electron band gap energy 

of 3.3eV, the second layer is a 30 nm n-type cadmium sulfide (CdS) with a band gap 

energy of 2.4eV, followed by a 30 nm inverted CIGS layer before the final CIGS 

absorber layer. This inversion layer is due to the diffusion of Cd+ ions from the bath 

solution into the CIGS films and substituting Cu2+ ions during the deposition process 

[17][18]. Cadmium is oxidized in the +2 state and Cu is oxidized in the +1 state. For this 

reason Cd acts as an electron donor and inverts the CIGS interface region from p-type 

to n-type. Also, an indium rich n-type layer is observed on the surface of CIGS, further 

adding to the effect of inversion [19]. The inverted layer reduces the hole population at 
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the defect rich interface and hence reduces the surface recombination rate. The next 

layer is a 2µm p-type CIGS absorber layer. The p-type CIGS absorber with the n-type 

ZnO and CdS layers form a PN junction so that photo-generated carriers can be 

separated by the build-in electric field. Recombination centers are present in these 

devices. For modeling purposes defect centers and deep traps are placed at mid-gap 

energies of the ZnO, CdS and CIGS; and in the interface of the inverted CIGS surface, 

respectively. The top contact is a commonly used transparent conductive oxide (TCO): 

ZnO:Al. The Al doped ZnO contact provides a planar pathway for electrons at the top of 

the CIGS structure to laterally transfer to the metalized grid. Spacing in the grid can be 

up to 2.5mm [20] to minimize blocked light, requiring the TCO to be highly conductive. It 

must also be transparent over the absorbed spectrum so that the photons are not 

prevented going to the CIGS absorber. The back contact usually is a molybdenum (Mo) 

layer. Mo is one of a few metals which stay stable under the high temperature CIGS 

layer process [21]. In Medici 1D simulations the ZnO:Al and Mo are not specifically 

applied because the front and back contacts are treated as ideal electrodes. All 

parameters used in our simulations are listed in Table 2-1[16]. 

Simulations are carried out by using the Medici program. The band diagrams in 

equilibrium and under illumination are shown in Figure 2-2 A and B respectively. In 

equilibrium, the Fermi level is aligned for all the layers. Under illumination, the quasi 

Fermi levels separate for the n-side and the p-side of the PN junction because the 

photon-generated electron hole pairs change the carrier populations. The photon-

generation rate is plotted as a function of distance in Figure 2-2 C. Most electron-hole 

pairs are generated in the absorber layer surface. ZnO and CdS absorb a low 
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percentage of the solar spectrum, where most of the energy is below 3.2eV. The high 

band gap of ZnO allows this energy to pass through, and CdS is a thin layer with only a 

moderate coefficient of absorption for photons of energies above its band gap of 2.4 eV.  

On the other hand, CIGS is a direct band gap material with an extremely high 

absorption coefficient of 105/cm [22] and rapidly absorbs the bulk of the solar spectrum. 

Therefore, most absorption occurs on the CIGS surface. This makes thin film 

technology possible. The electric field formed in the space charge region (SCR) is 

shown in Figure 2-2 D. The slope of the electric field plot relative to the depth of the 

device is proportional to the charge density. The electric field increases in the n-region 

since n-type materials lose electrons across the junction and are charged positively. It 

decreases in the p-region since the p-type material accepts electrons and contains 

negatively ionized acceptors and thus becomes charged negatively. The charge density 

is discontinuous at the band edge, and creates spikes at depths of 50nm and 80nm. 

The photon-generated carriers are swept out by the build-in electric field in the SCR and 

are collected at the top and bottom contacts of the solar cell. Electron-hole pairs 

generated outside the SCR traverse towards the SCR by the diffusion process and are 

separated by the electric field before they recombine. The current density is plotted as a 

function of the depth of the device in logarithm scale at zero bias, as shown in Figure 2-

2 E. According to the solar cell current density versus voltage characteristic expressed  

in equation 2-3, the photo-generated current is obtained when the bias is zero. The 

electron and hole current densities are 3×10-2 A/cm2 and 6×10-6 A/cm2, respectively at 

the ZnO contact. The electron current starts to fall at a depth of 0.08µm, which is the 

interface of the CdS and CIGS layers. At a depth of 0.15 µm, the hole current density 
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becomes greater than electron current density. A large dip in the electron current 

density appears at a depth of 0.8µm and is due to the combined effects of vertical, 

lateral and horizontal currents in the 3D structure. The current density versus the 

voltage is shown in Figure 2-2 F. The short circuit current is 27mA/cm2 and the open 

circuit voltage is 0.74V. The fill factor is 83% and the efficiency is 17%. 
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Table 2-1. Simulation parameters of CIGS cell[16] 
Layer parameters ZnO CdS Inverted surface CIGS absorber 

Thickness(nm) 50 30 30 2000 

Band gap Eg (eV) 3.3 2.4 1.24 1.24 

Electron affinity χ  e   4.0 3.75 3.83 3.83 

Electron mobility µn 

(cm2/Vs) 

50 6 300 300 

Hole mobility µp (cm2/Vs)  5 3 30 30 

Type N N N P 

Carrier density (cm-3) 5×1017 6×1016 8×1016 8×1016 

Dielectric constant 9 10 13.6 13.6 

Effective density Nc (cm-3) 1019 1019 3×1018 3×1018 

Effective density Nv (cm-3) 1019 1019 1.5×1019 1.5×1019 

Recombination center (s)  τn=10-6 

τp=10-6 

τn=10-6 

τp=10-6 

τn=10-9 τp=10-10 τn=10-6 τp=10-6 

Interface trap (s)   τn=4×10-9 

τp=4×10-10 
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Figure 2-1.  CIGS solar cell device model 
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A B 

C D 

E F 
Figure 2-2.  Simulation results for the CIGS solar cell. A) Band diagram at dark. B) Band 

diagram at illumination. C) Photogeneration rate. D) Electrical field. E) Current 
density. F) CIGS solar cell JV characteristic. 
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CHAPTER 3 
COPPER INDIUM GALLIUM DISELENIDE BASED HOT CARRIER SOLAR CELL 

Phonon Engineering in the Absorber Layer 

The traditional solar cell models do not consider hot carrier effects, as hot 

carriers are thought to be too short lived to play any significant role in the 

energycollection. The mechanics of phonon scattering are very efficient for dispersing 

the excess energy of hot carriers. However, phonon engineering in the absorber shows 

it is possible to block most of the phonon scattering loss mechanisms and increase the 

life time of the hot carriers. The approach of phonon engineering starts from the basics 

of phonon physics. 

A crystalline lattice is composed of tightly aligned atoms. Chemical bonds from 

the lattice exert forces on the atoms, which keep each atom in an equilibrium position. If 

the lattice is impacted by an external force, atoms move away from their equilibrium 

positions. The electronic bonds in a spring-like action will resist the displacement. All 

connecting bonds of the lattice behave in a spring-like manner. Therefore the 

displacement of one atom transfers force to its neighboring atom, transferring force to 

the next to neighboring atom and so on. The displacements of many atoms from their 

respective equilibrium positions result in the formation of a lattice vibration wave. The 

energy of a wave can vary greatly depending on what the wave mode is. If a wave 

mode causes two neighboring atoms to stretch in opposite directions, the energy 

involved is very high. It is called an optic mode because the vibration wave contains the 

energy of a visible, near-UV or near-IR light wave depending on how energetic of an 

impact the atoms received. If the displacements of neighboring atoms change gradually, 

there is less energy involved. This type of wave is classified as the acoustic mode. To 
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describe a wave, the wave vector q is used. It is defined to be 2π/λ, where λ is the 

wavelength of the vibrational wave. The wave formed from atoms perturbed in this 

mode has a discretized energy that is expressed as  

E=(n+1/2) ħω          (3-1) 

where ħ is the reduced Planck constant, ħω is the phonon energy and n is the phonon 

number. The phonon is introduced to describe the quantization of lattice vibration 

energy. The coupling of wave energy and the wave vector depends on media properties 

such as the force constants between atoms. This relationship can be expressed in a 

phonon dispersion curve. It has the wave vector 2π/λ as x axis, giving the wave 

information and the corresponding phonon energy as y axis as shown on Figure 3-1. 

The phonon energy is proportional to the frequency ω, where the proportionality 

constant is simply the reduced  lanck’s constant ħ. For this reason the angular 

frequency ω is often the y-axis. The wave group velocity vg is defined as 
 ω

 q
. This is the 

slope of the phonon dispersion curve. An acoustic phonon branch typically has a group 

velocity on the order of the sound velocity, which means that the wave propagates 

approximately at the speed of sound. The “acoustic” of acoustic phonon originates from 

this fact. An optic phonon branch usually has a very low group velocity, and therefore is 

effectively a stationary wave. Sometimes the y-axis of the dispersion curve is also 

expressed in terms of a wave-number, which is the inverse wavelength of an energy-

equivalent optical light wave. The unit is cm-1. The reason for using wave numbers is 

that we then can map the phonon energy to the optical spectrum in spectroscopic 

studies.  
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Phonon Disperion Modeling 

A phonon dispersion relation is obtained by expressing the wave motion in terms 

of the displacement. A simple model called the linear chain model is used to establish 

this relationship. It is a simple “ball and spring” model for the atomic chain. In the 

simplified model based on Hooke’s law, the force on an atom depends linearly on the 

displacement of its nearest-neighbors only. Effects from distant atoms are considered 

negligible. This links the force and the wave function. Under Newton’s law, the force can 

also be expressed as the displacement acceleration—the second derivative of the wave 

displacement with respect to time. The force is therefore associated with the wave 

angular frequency. Thus, the relationship between the wave angular frequency and the 

wave vector is established.  

CIGS is a hybrid compound of the two ternary compounds CIS and CGS. For 

simplicity the two pure compounds are modeled to show their phonon dispersion 

curves. The linear chain model [23] of a CIS lattice is shown in the Figure 3-2. The 

atomic mass of copper, indium and selenium are M1, M2 and M3, respectively. The 

copper-selenium atomic force constant and the atomic spacing are KCu-Se and “a”, 

respectively, and the indium-selenium constant and spacing are KIn-Se and “c”, 

respectively. The displacement of an atom is noted as U. Different atoms usually have 

different amplitudes: 

U r  e
i  r(

a c

2
)q-ωt 

  

U r    e
i[  r   (

a c

2
)q-ωt]

  

U r 2  e
i   r 2 (

a c

2
)q-ωt 

  

U r    e
i   r   (

a c

2
)q-ωt 

         (3-2) 



 

33 

The repeating structure gives that  

U r   U re
i2q a c           (3-3) 

Forces impacting on atoms can be expressed by using Hooke’s law and 

Newton’s law: 
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Solving  equations 3-2and 3-4 gives the relationship of the angular frequency ω 

and wave vector q as: 
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The atomic mass of copper, indium and selenium, the atomic spacing between 

atoms and the atomic force constants between copper-selenium and indium-selenium 

are listed in the Table 3-1. The bulk phonon dispersion curve of CIS is simulated in 

Matlab using a three atom unit (Cu, I and Se) linear chain model, plotted in the Figure 3-

2. The wave vector q is plotted on the x-axis and the phonon energy is plotted on the y-

axis. The CIS bulk phonon dispersion curve contains one acoustic branch, which curves 

and goes through the origin, and three optic branches, which are above the acoustic 

curve and do not go through the origin. For a crystal lattice containing a base of N 
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atoms, there will be N-1 longitudinal optic modes and one longitudinal acoustic mode 

[24]. CIS contains a base of four atoms resulting in three optic branches plus one 

acoustic branch as shown in the Figure 3-1. The highest energy optic mode is at 

0.032eV and flat, and the others are in the range of 0.024 to 0.28 eV and 0.15 to 

0.023eV, respectively. The acoustic mode has energies ranging from 0 to 0.011eV. The 

phononic gap between the highest acoustic phonon energy and the lowest optic phonon 

energy is 0.004eV. For a real wave vector q, the left side of the Equation 3-5 is a cosine 

function, always within the range of plus and minus one. Frequencies that make the 

absolute value of the right side of the equation exceed one are not solutions. These 

frequencies form a forbidden band. Any wave introduced at a forbidden frequency in 

this band will be strongly damped. 

In a hot carrier solar cell, materials with high phononic band gaps are favorable 

due to the “phonon bottleneck effect"[7][25][26]. The “bottleneck” effect is a 

phenomenon where optic phonons are reabsorbed by electrons. The emission of hot 

optic phonons generates a hot non-equilibrium distribution. The high optic phonon 

concentration reheats the carriers, thus slowing cooling. However, optic phonons can 

rapidly decay to acoustic phonons. Unlike stationary optic phonons, acoustic phonons 

will propagate energy away at the speed of sound. Moreover, acoustic phonons have 

low energies and are not likely to reheat the carriers. For significant energy to transfer 

back to the carriers, hundreds of acoustic phonons must transfer their energies at the 

same time. Statistically this is highly improbable. To utilize the bottleneck effect for hot 

carrier population, the decay process must be blocked. The probability of an optic 

phonon decaying into two equal energy longitude acoustic phonons is much greater 
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than decay into one transverse optic phonon and one longitude acoustic phonon, known 

as the “Ridley mechanism”[3][4] [27], or other decay mechanisms. If a material has a 

phononic band gap that is as large as the maximum acoustic phonon energy, the split of 

an optic phonon into two equal energy acoustic phonons is blocked. The energy of the 

resulting two acoustic phonons falls in the forbidden gap, which means there is not an 

available acoustic energy level. Ideal solar materials having both big phononic gaps 

blocking the optic phonon decaying and solar-matched optical band gaps are 

unfortunately extremely rare. For example, the phononic band gap of InN is 0.0135eV, 

which is 1.8 times greater than its maximal acoustic phonon energy[4][28]. However, the 

optical band gap of InN is only in a range of 0.7eV to 0.95eV[29], which is too low to 

efficiently collect from the solar spectrum. The phononic band gap of GaN is 1.2 times 

greater than its maximal acoustic phonon energy[4]. But its optical band gap is 3.4eV, 

which is too high to efficiently collect from the solar spectrum.  

CIGS is known to be a good material for thin film solar cell absorbers. The direct 

band-gap gives a very high absorption coefficient. The band gap is tunable by the ratio 

of gallium to indium, from 1.0 eV for pure CIS to 1.7 eV for pure CGS (30% Ga at 1.3 eV 

is an excellent match for AM1.5 radiation). It holds the record efficiency for thin film 

solar cells, 21% [30]. However the phononic gap is not big enough to block the Klemens 

decay. Thus phonon engineering should be used to modify the bulk properties of this 

material. 

Phonon engineering can build up more mini forbidden gaps in the acoustic mode 

by acoustic folding and discretizing the optic mode by confinement. Mini gaps in the 

acoustic branch are observed in low dimensional material structures [6][31]. Those mini 
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gaps create extra forbidden gaps for the optical decay process, thus lowering the decay 

probability. Also, as the dimension decreases optic modes become discrete. The 

likelihood of a decay transition is reduced since the available optic phonons are 

reduced. A carefully engineered device structure will have a desirable phonon 

dispersion relationship. Hot carrier solar cell researchers have used a superlattice (SL) 

structure to create a low-dimensional confinement[4]. SL structures are nano-scale 

repeating material layer patterns. Tuning the material combinations and layer 

thicknesses gives an optimal phonon dispersion relation that maximally limits the 

transitions from optic phonons to acoustic phonons. The UNSW research group uses a 

silicon based SL structure in the hot carrier solar cell[14]. 

Superlattice Phonon Dispersion Realization 

Phonon engineering in the absorber includes engineering in both the acoustic 

mode and the optic mode. First, mini-gaps in the acoustic branch of the SL structure are 

analyzed. Two models are used. One is called the linear chain model[6] as shown on 

Figure 3-3. The monolayer spacing is noted asϵ. The length and wave vector of the CIS 

layer are d1 and q1, respectively. For CGS, the respective parameters are d2 and q2. 

The wave vector of the overall SL is q. The period of the SL is d:  d=d1+d2. The wave 

propagates in the z-direction. 

Within the CIS layer, the displacements of each atom are: 
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Defining  
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 2 ,     and     can be expressed as functions of q1 and ω by solving the wave 

equation 3-8 simultaneously:  
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Similarly, within the CGS layer, displacements are as follows:  
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  are functions of q2 and ω by solving the wave equation 

3-9 with CGS parameters. 

At the interface of the CIS and CGS, the impact forces must match.  

The wave must be allowed to behave as if it is in a uniform medium with displacement 

and stress continuity at the boundaries. Therefore, the displacement continuity is kept 

at z=0:  
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and at z=d2:  
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and at z=d2: 
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Solving the equations 3-6 to 3-14, the SL phonon dispersion relationship 

becomes:  
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Another model that predicts mini gaps in the acoustic phonon branch of the SL 

structure is called the Elastic Continuum model [6]. For acoustic modes having 

wavelengths significantly longer than the lattice spacing, the atomic displacements are 

effectively a continuum so that the propagation of elastic waves across the SL layers 

gives a phonon dispersion relation as follows:  
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By using equation 3-16, an acoustic phonon dispersion curve of the CIGS based 

SL structure of one atomic layer of CIS over two atomic layer of CGS is plotted as 

shown in Figure 3-4. The densities and sound velocities of CIS and CGS are listed in 

Table 3-1. The mini gaps in the acoustic mode of the SL structure are due to the fact 

that two slightly different materials have different force constants and lattice constants at 

the boundary.  

Next, the optic phonon confinement is utilized. A bulk optic phonon wave vector 

is in the range of    to  π /a where “a” is the lattice period. The minimal wave vector 

increment is Δq 
  

 
  where L is the material thickness. Therefore the wave vector of a 

bulk material can be considered continuous within the above range since the bulk 

material is very thick. However, in a SL structure, the wave vector becomes clearly 

discrete as illuminated in Figure 3-5. The increment of the wave vector is Δq 
  

  
 where 

d1 is the thickness of the material in a unit of the SL structure. Therefore, the 

corresponding phonon energies are limited to few possibilities. This phenomenon is also 

due to the mismatch between the materials of the SL so that some waves in the bulk 

material cannot propagate in the SL structure. Hence, phonons are spatially confined. 

The optic phonon branches of the SL become discrete further reducing the likelihood of 

Klemens transitions. 

A complete picture of the acoustic and optic modes of the CIGS SL structure is 

shown in Figure 3-6, with 1 nm of CIS alternating with 2 nm layers of CGS. Mini gaps in 

the acoustic phonon branch of the SL structure are simulated by using the elastic 
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continuum model. Optic branches become discrete due to optical confinement in the 

superlattic structure. The simulation results show that the phononic gap increases to 

0.006eV and the decay of an optic phonon with energy of 0.015eV is blocked because 

the two resulting acoustic phonons having energies of 0.0075eV via the Klemens 

mechanism are in the forbidden mini gap. The available optic phonon energies are 

discrete, which makes the engineering less complicated.  

Electrical Engineering Aspects of the Contacts and the Absorber Layer 

Energy Selective Contacts 

The next stage of the hot carrier solar cell design is to collect the hot carriers 

without energy loss using energy selective contacts (ESCs). Firstly, the contacts need 

to be very thin so that phonon interactions are limited and the high energy is confined in 

the carrier system. Secondly, the contacts are to collect only carriers of a very narrow 

energy range so that no energy loss occurs inside the system. The carriers of lower 

energy are rejected to prevent cooling the other hot carriers already collected. The 

carriers of higher energy are also rejected so their energies are not wasted. Thirdly, the 

energy range is optimized to match the most likely energy of the hot carriers so that 

more carriers are available for efficient collection. Therefore, the quasi-Fermi level of the 

electron contact is above the conduction band and the quasi-Fermi level of the hole 

contact is below the valence band. The output voltage of the hot carrier solar cell, which 

equals the difference between the quasi-Fermi levels, is enhanced. The ESCs 

structures are proposed to be an inter-band degenerate tunneling structure or a 

resonant tunneling structure [32].  
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Esaki tunneling 

An Esaki diode is an interband degenerate tunneling structure. It provides an 

energy select feature since only carriers with a certain energy can tunnel through the 

diode. The band diagram of a cadmium sulfide (CdS) Esaki diode is shown in Figure 3-

7. A p-type CdS layer is heavily doped so that the quasi-Fermi level (Efp) is a few KT 

below its valence band and the quasi-Fermi level (Efn) of the heavily doped N-type CdS 

layer is a few KT above its conduction band. An important assumption is that all states 

above the quasi-Fermi level are empty and that all states below the quasi-Fermi level 

are filled. At equilibrium the voltage bias V is zero. A positive voltage value is defined as 

introducing a positive bias at the p-side and a negative voltage is defined as having a 

negative bias at the p-side. The Efp and Efn are aligned in equilibrium, as shown in 

Figure 3-7 A. When the diode is under forward bias, where V>0, electrons accumulate 

on the n-side. The quasi-Fermi levels Efn and Efp are separated by qV electron volts, as 

shown in the Figure 3-7 B. Electrons in the filled states on the n-side below the Efn now 

can tunnel to the p-side above the Efp and below the valence band, where empty states 

are available. A small amount of tunneling current is generated, as shown in the Figure 

3-7 D. The maximum is given when the Efn is aligned to the valence band of the p-side 

and the Efp is aligned to the conduction band of the n-side. The diode thus provides a 

selective range between the valence band of the p-side and the conduction band of the 

n-side via the tunneling channel. The narrow tunneling path prevents scattering loss. As 

the applied bias increases, this property is lost. The Efn will be above the p-side valence 

band and Efp below the n-side conduction band. The tunneling current decreases since 

the filled states under the Efn are cut off by the p-side forbidden gap. If the applied bias 

further increases, the difference between the n-side and the p-side conduction band 
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decreases so that the electrons of the n-side may overcome the reduced band potential, 

resulting in a current increase, as shown in the Figure 3-7 D. 

A proposed device structure is shown in Figure 3-8 [32]. Two Esaki diode 

contacts are used to selectively collect carriers of specified energies. However, a few 

shortcomings of the structure need to be explained. Conventional solar cells work in the 

forward bias domain, where the p-side of the junction collects holes and n-side of the 

junction collects electrons. But current in the Esaki diode contact of the proposed device 

structure flows backwards, where holes are collected in the n-side and electrons in the 

p-side. This creates problems. Firstly, holes entering an electron-rich n-region will 

rapidly recombine, causing an internal leakage current. Secondly, the n-side always has 

a lower voltage, where external currents prefer to flow in and not out. Also, restrictions 

on the tunneling energy band width limit the collection of high-energy carriers. The 

tunneling energy band is limited by the degeneracy level, which allows a quasi-Fermi 

level just a few KT above the conduction band or below the valence band (1 KT = 25.9 

meV at room temperature). However, in order to let high-energy carriers tunnel through, 

the optimal selective energy band needs to be a few electron volts high. High energy 

tunneling bands are thus hard to realize by Esaki diode contacts. Also, large amounts of 

electrons generated by light will raise the Efn to be higher than the p-side valence band, 

and the tunneling channel is lost. A double barrier quantum well structure as presented 

in the next section alleviates many of these drawbacks. 

Double barrier quantum well structure 

A double barrier quantum well (DBQW) structure is a resonant tunneling 

structure where the transmission probability goes towards one within the resonant 

energy band and falls towards zero outside the band. The simplest DBQW structure is 
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made of a low potential energy well confined by two high potential energy barriers. In 

classical mechanics, the probability of transmission across the barrier is zero if the 

particle energy is less than the barrier potential energy and one if the particle energy is 

greater. In quantum mechanics, however, the probability of a particle crossing the 

barrier is rarely zero or one, but a number in between this range. The transmission 

probability is obtained by first solving the Schrodinger equation in the barrier and well 

regions independently and applying the boundary conditions of a continuous wave 

function and wave function derivative to the solutions. The square DBQW tunneling 

probability depends on the barrier potential energies, the incident energy of the particle 

and the well width [33]:  
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The barrier width is “a” and the well width is “ ”. The sine function causes the tunneling 

probability to oscillate. The incident energies with high transmission probabilities form 

resonant bands at the maximum of the oscillation, which provide the energy selections. 

The calculation of transmission tunneling probabilities across arbitrary potential 

energy barriers is given in [34]. Assume the arbitrary potential energy profile can be 

represented as a sequence of N small step-potentials Ul. Transmission between each 

segment is described by the matrix Ml, defined as  
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E is the electron incident energy and m* is the effective mass. The overall transmission 

is:  

M [
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The transmission amplitude is:  

 N   
mN  
 

m 
 

k 

kN  

 

M22
          (3-20) 

The transmission probability is  
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The CIGS absorber has a composition-dependent electron affinity in the range of 

4.1eV for CGS to 4.48eV for CIS and respective band gaps ranging from 1.68 eV to 

1.04 eV. Electron affinity measures how strongly an atom binds its outermost electron. 

The band diagram shows this to be the energy between the conduction band and the 

vacuum level, as indicated in the Anderson model[35], Figure 3-9. The DBQW structure 

contact requires a potential barrier to form between the absorber and the contact itself. 

Therefore, the contact barrier material needs to have a lower electron affinity and a 

greater band gap relative to CIGS based on the Anderson model. Cold cathode 

materials are known to have low electron affinities [36]. Some material candidates 

include diamond films with a surface electron affinity in the range of -0.38eV to 1.27eV 

depending on the hydrogen coverage of the surface[37] and a band gap of 5.47eV, 

boron carbon nitride(BCN) films with an electron affinity from negative to 1.2eV[38] and 

a bandgap range from 5.3eV to 3.4eV[39] depending on the carbon composition ratio of 

the films, and AlN films reported to have a positive electron affinity of 2.1eV[40] and a 

band gap of 6.3eV. An AlN film is a good candidate for adapting to the CIGS absorber, 
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as nitride compounds can be deposited on many materials. The well material is chosen 

to be GaN, which is compatible with the absorber and also has a high electron affinity to 

form a suitable well between two AlN cladding films. Also, GaN has a wide band gap of 

3.4eV and thus is transparent for the sunlight to be absorbed. 

The electron transmission probability of an AlN/GaN/AlN DBQW contact is shown 

in the Figure 3-10 A and B. Calculations performed with a varied barrier and well 

thickness result in different resonant band locations. In Figure 3-10 A, the thickness of 

the AlN barrier is 4nm and the thickness of GaN well is 2nm. Seven resonant bands 

appear for electrons with energies ranging from 0eV to 3.5eV. In Figure 3-10 B, the 

thickness of the AlN and GaN layers are 2nm and 4nm, respectively. There are still 

seven resonant bands for incident energies ranging from 0eV to 3.5eV. However, more 

resonant bands are located below 2eV. The resonant bands located above 2eV are 

broadened. Therefore, optimization of the DBQW structure results in desirable energy 

selections for the hot carrier solar cell domain of operation. 

The hole transmission probability of the respective AlN DBQW contact is shown 

in the Figure 3-10 C and D. The hole contact is not important since there are not many 

hot holes. 

Superlattice Absorber 

The CIGS SL absorber was studied previously; mainly from the phonon 

engineering point of view. Here, the electrical properties are investigated. A SL structure 

is also a resonant tunneling structure. Only carriers within the resonant bands can 

tunnel through the whole absorber and arrive at the contacts. Careful tuning of the 

structure not only gives the benefit of slowing the rate of hot carrier cooling, but also 

provides carriers with selective energies for the ESCs. An absorber structure consisting 
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of alternating stack of five 2-nm-thick CGS layers with four 1-nm-thick CIS layers was 

simulated, and the results are shown in Figure 3-11. The band diagram is shown in 

Figure 3-11 A. The resonant bands for electrons are located in the range of 0.22eV to 

0.4eV, and above 0.8eV as shown in the Figure 3-11 B. For holes, the first resonant 

band located at -1.15eV and the second one located at -1.35eV, as shown in Figure 3-

11 C. The resonant bands reduce the probability of recombination. Electrons and holes 

will only recombine by the mechanism of electrons in the first electron resonant band 

recombining with holes in the first hole resonant band, or the second with the second 

and the third with the third and so-on. The optical band gap of the absorber is no longer 

the band gap of CIS or CGS, but the difference of the first resonant bands. Tuning the 

structure can give different band gaps for the absorption. Therefore, the optimization 

can be done with a large amount of freedom. 
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Table 3-1. CIS and CGS lattice parameters 
I-III-VI2 CIS CGS 

Atomic mass of I(kg) 1.0553×10-25 1.0553×10-25 

Atomic mass of III(kg) 1.9067×10-25 1.158×10-25 

Atomic mass of VI(kg) 1.3112×10-25 1.3112×10-25 

Atomic spacing of I-VI(m) 2.46×10-10 2.46×10-10 

Atomic spacing of III-VI(m) 2.56×10-10 2.56×10-10 

Atomic force constant of I-

VI(N/m) [41] 

54.8 59.8 

Atomic force constant of III-

VI(N/m) [41] 

120.7 129.3 

Density(g/cm3) [42] 5.77 5.57 

Sound velocity(m/s) [42] 2.2×103 3.02×103 
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Figure 3-1.  Phonon dispersion curve of CIS 

  

0 2 4 6 8 10 12 14

x 10
9

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

q(cm
-1

)

E
ne

rg
y(

eV
)



 

49 

 
Figure 3-2.  Linear chain model for CIS 

 
 

 
Figure 3-3.  SL structure of CIS/CGS 
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Figure 3-4.  Phonon dispersion curve of CIS/CGS 
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Figure 3-5.  Confined optic-phonon dispersion curves( solid line) within a SL reduced 

Brillouin zone 0<Q< π/d, compared with the bulk dispersion curve( dashed 
curve). In the example the layer thickness is 3 lattice units[43] 
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Figure 3-6.  Phonon dispersion curve of CIGS bulk and SL structure. Black Solid lines 

represent the CGS bulk phonon dispersion curve; blue solid lines represent 
the CIS bulk phonon dispersion curve; green, purple, and red lines are the 
phonon dispersion curves for the SL structure of 1nm CIS with 2 nm CGS  
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A B 

C D 
Figure 3-7.  Esaki tunneling band diagram. A) At zero bias. B) at 0.1 Volts. C) at 1 Volts. 

D) JV characteristic.  
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Figure 3-8.  Proposed hot carrier solar cell with Esaki diode contacts 

 
 

 
Figure 3-9.  Anderson Model for the DBQW contact 
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A B 

C D 
Figure 3-10.  Transmission probability of an AlN DBQW contact. A) Electron contact 

with 4nm barrier and 2nm well. B) Electron contact with 2nm barrier and 4nm 
well. C) Hole contact with 4nm barrier and 2nm well. D) Hole contact with 
2nm barrier and 4nm Well. 
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A 

B C  
Figure 3-11.  SL absorber tunneling. A) Potential. B) Resonant bands for electrons. C) 

Resonant bands for holes.
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CHAPTER 4 
EXPERIMENTS ON COPPER INDIUM GALLIUM DISELENIDE THIN FILM SOLAR 

CELL FOCUS ON HOT CARRIER EFFECTS 

Introduction 

The theoretical analysis shows nano-scale structures would ultimately achieve 

the goal of improving the hot carrier lifetime and collection. But the fabrication of a 

nanostructure CIGS device is a very advanced process. The traditional device is 

relatively much simpler, yet has evolved from years of efforts from NREL and other 

research groups. The optimization of layer thicknesses and processing conditions have 

been done to achieve the best performance. The more advanced nanostructure device 

would be a much greater undertaking. The previous modeling work established the 

proof of concept for more advanced work to follow. First experimental research is 

necessary to investigate the possible presence and characteristics hot carrier effects in 

a conventional device. 

Photo current measurements as a function of applied bias were carried out on 

the device SC1 fabricated by NREL to search for the presence of hot carrier effects 

already present in bulk CIGS. The device SC1 consisting a semiconductor material 

stack from the top starting with 450nm ZnO, 30nm CdS layer, 30nm inverted CIGS layer 

and 2µm CIGS absorber layer and ending with Mo. In the reverse bias region, the photo 

current density was observed to increase with voltage, whereas the standard curve is 

relatively flat. The observed nonlinearity with wavelength dependency is proposed to be 

a hot carrier related effect. First, some other possible mechanisms need to be 

discussed and possibly eliminated.  

One possible mechanism for the nonlinearity is the potential barrier between the 

CdS and CIGS layers varying in height depending on the wavelength of light entering 
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the device. A red light distortion is observed in[44], where the barrier blocks current 

generated in forward bias resulting from a higher barrier under red light, resulting in the 

distortion. The CdS layer has acceptor-like defects trapping donor electrons, raising the 

conduction band of the CdS layer relative to the Fermi level. Under short wavelength 

illumination the photon energy is high enough to generate EH pairs in the CdS layer, 

which gives extra electrons to the conduction band in an amount that is possibly greater 

than what the traps are able to trap and recombine. This lowers the conduction band of 

CdS layer and the barrier height. Thus current flow is not inhibited by the barrier, and 

does not appear to have a distortion at short wavelengths. However the nonlinearity 

trend in the device SC1 is observed in both the red and blue light experiments. 

Therefore the CdS deep-level trap theory cannot explain the nonlinearity.  

A model that explains both the red light and the blue light distortions is that for a 

material with a small absorption coefficient in the depletion region, the absorption 

coefficient will be affected by the applied bias significantly, causing the rate of current 

increase to deviate from the normal exponential trend[45]. The increased electric field 

under increased reverse bias may result in an increased absorption coefficient which is 

called the Franz-Keldysh effect[46]. If the absorption coefficient of the absorber is low 

the photocurrent will significantly increase under this effect. But CIGS has a large 

absorption coefficient in the junction, and the effect should be minimal below our 

detection limit. Therefore the Franz-Keldysh model does not seem to explain the current 

nonlinearity observed in CIGS.  

Another potential explanation of the nonlinearity is that the photocurrent may 

increase at a greater rate under certain biases due to the bias extending the length of 
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the space charge region, which results in an increased collection volume of 

photogenerated carriers[47]. The SCR does not extend far into the n-side due to the 

heavy doping, but on the p-side it extends far due to the light doping. Under blue light 

exposure the CIGS absorption region is smaller than the SCR. Under red light exposure 

the absorption region is comparable to the length of the SCR. The theory suggests that 

a red light current increase would be seen due to the SCR being extended to better 

cover the absorption region under red light. However the current increase is not 

observed just under red illumination. In fact the red light photo current increases less 

than the blue light photo current. Also, the current increase due to the SCR widening is 

only a square root law, whereas the observed trend is greater. Therefore the theory of 

the SCR widening collection volume does not seem to match the observed data. 

Next, several models are discussed that potentially could explain the wavelength 

dependent IV measurements. A space charge limited current model and the Zener 

tunneling model are used to determine if the nonlinear effect in reverse bias is due to 

traditional carrier injection and tunneling or to a hot carrier effect. The electric field 

guiding model, the modified impact ionization model, and the modified Shockley lucky 

electron model are used to interpret the current voltage characteristics of the bulk CIGS 

solar cell under different wavelength illuminations to possibly identify and quantify hot 

carrier effects. Finally, the modified Shockley lucky electron model is used to extract the 

mean free path of hot carriers between successive phonon collisions. 

Space Charge Limited Current Model 

The dark current density of a diode is commonly modeled as  

 dark   [e
q  -IRs 

nk T - ]          (4-1) 
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where J0=J01+J02 is the diode saturation current density.  

    q 
 nnp 

 n
 
 ppn 

 p
           (4-2) 

is the diffusion related component and  

  2 q
ni

2
 vthNt           (4-3) 

is the trap assisted generation-recombination related component. J02 dominates via 

generation in the depletion width the reverse dark current density for a non-ideal device. 

The depletion width   √ bi  , therefore J02 follows a square root dependency on 

reverse bias. However, the experimental dark current density in CIGS solar cells 

reported in the literature is observed having a linear characteristic at low reverse bias 

and becomes superlinear at high reverse bias [48]. Mechanical scratches were 

proposed to explain the linear behavior since the reverse current increases dramatically 

with the increase of the load of scratches and the reverse current varies linearly over 

1/T1/4 [48]. 

In the experiment on the device SC1, the reverse dark current (Figure 4-1) shows 

neither the expected square root nor linear bias dependence. The generation related 

component and “scratch effect” are not able to explain the characteristic. Space charge 

limited current (SCLC) via pinholes in the ZnO and CdS layers consisting of a metal-

CIGS-molybdenum structure was proposed as contributing to the reverse bias leakage 

current [49][50]. 

Space Charge Limited Current Model Basic Physics 

 The current density has a linear dependence on voltage when the mobile charge 

is a constant, as:  

  q n 
 

 
           (4-4) 
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In this case, the surface potential and the electron and hole concentrations are fixed. 

But if the electrode injects carriers resulting in the total carriers exceeding the number of 

carriers generated from the dopants, the linear relation of the current and voltage no 

longer holds. The resulting SCLC is proportional to the square of the voltage[51][52]. 

Assuming the capacitance between the two parallel electrodes is a constant  

C 
 

 
            (4-5) 

where   is the applied voltage and   is the excess charge injected from the electrodes. 

The density of injected free electrons is written as:  
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 where   is the cross section area of the parallel electrodes and   is the distance 

between the electrodes. The resulting SCLC is therefore expressed as  

  q ns
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         (4-7) 

A numerical coefficient of 
 

 
 was obtained by Mott and Gurney from detailed calculations, 

and is added to the equation for a more accurate predictions.  

Ohm’s Law equation 4-4 dominates at low applied voltage, where n  is the 

electron density from thermal generation. In semiconductors, it equals the donor density 

Nd in n-type materials. As the applied voltage increases, the excess carrier density ns 

from the electrode increases linearly with voltage. There is a crossover voltage, VT, 

where the current transitions from Ohm’s law to the square law dependence.  t this 

point, the injected carrier density is high enough to offset the thermal equilibrium 

density. Also at this crossover voltage the transit time of the excess carriers ttransit equals 

the carrier relaxation time,tohmic. Beyond VT, the excess carriers do not relax quickly 
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enough and reach the surface of the opposing parallel plate contact. VT can be 

calculated as follows:  

ttransit 
 

vd
 

 

 
 T
 

 tohmic 
ϵ ϵr

q n 
,  T 

 
2
qn 

ϵ ϵr
        (4-8) 

A Medici simulation is carried out to check if the software can handle SCLC 

phenomena where specifically the contact boundary conditions play an important role. 

The parameters used in the simulation are listed in Table 4-1. The heavily doped n-type 

CIGS, modeling a metallic pinhole shorting the contact to the absorber layer, provides 

excess electrons for injecting into the lightly doped p-type CIGS. The dark current 

density versus voltage is shown in Figure 4-2. The current density follows ohm’s law at 

low bias and the square law in the high bias regime, as shown by the trend lines with 

log slopes of 1 and 2, respectively. The doping density of the p-type CIGS used in the 

simulation is 6×1011/cm3. At V=10-3 volts, Ohm’s law current density is calculated:  

  q 
p
p
 

 
 q Na

 

 
  .     

- 
 /cm2       (4-9) 

The plot in Figure 4-2 reads a current density of 5×10-2 A/cm2 at the same voltage. The 

increased current density comes from the fact that the carrier density of the lightly 

doped p-region is converted to n-type by the adjacent heavily doped n+ regions. The 

electron density is plotted in Figure 4-3. The heavily doped n+ contacts make that the 

effective carrier density between the contacts becomes 1014/cm3 due to diffusion and 

the effective distance between contacts reduces to 1µm. The current density is then 

calculated as  

q 
n
n
 

 
     

-2
 /cm2         (4-10) 
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The crossover voltage    equals 1.2V as calculated from Equation 4-8. In Figure 4-2, 

the point at where the extrapolated lines cross agrees with this value. At the crossover 

voltage, the total current density is twice the corresponding ohmic current density, since 

it is where the SCLC from the excess carriers equals the ohmic current from the thermal 

carriers. The total current density is the sum of these two components.  

The SCLC of the simulated n+-p-n+ CIGS cell under illumination is shown in 

Figure 4-4. Currents at two different illumination intensities are plotted. In the ohmic 

region, the more intense illumination results in a greater current. However, as the 

voltage reaches the crossover point, the currents are the same regardless of 

illumination intensity. As seen in the space-charge equation for current calculation 

equation 4-7, it is not a function of the carrier concentration. This is because the current 

is limited by the injection of carriers from the parallel electrodes, which is a function of 

voltage only. However, at the higher illumination intensity the crossover point  T occurs 

at a higher voltage. The crossover voltage is determined by not only thermally ionized 

dopants but also illumination-generated carriers. At the higher illumination intensity, this 

sum is greater and increases the VT. 

Space Charge Limited Current in a Copper Indium Gallium Diselenide Solar Cell 

The dark current-voltage characteristic of the device SC1 has a log scale slope 

between 1 and 2 (Figure 4-1) under reverse bias and is symmetric with respect to the 

origin in the voltage range of ±0.2 volts (Figure 4-5). However, in a normal diode we 

would expect to see the reverse bias current relatively flat and the forward bias current 

exponential. Therefore, SCLC is proposed to explain the data [50][53] since the SCLC 

has a square law dependence on the voltage and a symmetric structure through the 

origin.  
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In a CIGS solar cell, the contact metal may penetrate the thin layers of ZnO and 

Cd  causing “pinholes” that are essentially extensions of the metal electrode contacting 

the CIGS directly. In addition the CIGS layer may have regions with low densities of 

acceptor sites. If the pinholes contact an area of low-carrier density in the CIGS they 

form a SCLC structure. The low-carrier density causes the crossover voltage to occur at 

relatively low voltage values and the metal electrodes are abundant electron carrier 

sources. Pinhole current causes a parasitic loss in a CIGS device. The total current is 

expressed as a sum of current through the pinholes and current through the rest of the 

device contact area:  

Itotal=JSCLC×ASCLC+Jsolar×Asolar       (4-11) 

where ASCLC and Asolar are the overall effective pinhole area and the solar cell area, 

respectively. Under reverse bias, the total current is dominated by the SCLC giving a 

weak voltage dependence.  

The SCLC matching with the device SC1 dark current versus reverse bias 

voltage is shown in Figure 4-6, where the measured reverse bias dark current is 

compared to the simulated dark current using the pin-hole model. The pinhole area is 

calculated by ASCLC=Itotal/JSCLC in the reverse bias section. Itotal is the experiment dark 

current and JSCLC is obtained by the Medici program with the parameters listed in Table 

4-1. The resulting calculated effective pinhole area is 0.147µm2, which makes up only 

1/107 of the solar cell contact area. The modeled dark current for device SC1 is the sum 

of the simulated dark SCLC current plus the simulated dark solar cell current. The dark 

SCLC current is caculated by multiplying the simulated pinhole current density, JSCLC, 

with the pin hole area, ASCLC . The solar cell current is simulated by the Medici program 
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with the parameters listed in Table 4-2. Figure 4-6 shows that there is a good match 

between the experiment and the model IV curves. 

In the next few paragraphs the dark SCLC current, obtained above, is applied to 

a method of extracting the photo generated current from measured CIGS data, which is 

more rigorous than the basic solar cell performance characterization: photo current, IL, 

is extracted by subtracting dark current density Id from the measured total current 

density Itot under illumination, as shown in Figure 4-7. IL is theoretically flat because the 

rate of photo generation is a constant and the cell is a thin-film, so that the active photo 

absorption region is limited by the film thickness. However the IL obtained by the 

traditional method is not flat. The likely reason is the model does not consider the 

effects of SCLC.  

The model taking the SCLC into consideration for photo current density is 

extracted as follows: The measured current under illumination, Iopt_tot, is written as  

Iopt_tot=IL+Idiode+Isclc_opt        (4-12) 

where IL, Idiode and Isclc_opt are the photo generated current, the diode current and the 

optical SCLC current, respectively. The measured dark current is written as  

Idark_tot= Idiode+Isclc_dark        (4-13) 

where Isclc_dark is the dark SCLC current. Therefore, the photo generated current IL 

equals the difference between the measured illumination current and the dark current 

plus the difference between the dark SCLC current and the optical SCLC current. 

Hence: 

IL=Iopt-tot-Idark_tot+Isclc_dark-Isclc_opt        (4-14) 
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However, the experiments are not designed to extract the effects of the fourth 

term, which is linear in the region of the IV curve measured in experiments. The number 

of photo generated carriers pushes the crossover voltage beyond the range measured, 

as previously discussed. Therefore Isclc_opt is believed to not contribute to the photo 

current in a non-linear manner. To study the nonlinear contribution of the SCLC, 

equation 4-14 is modified as: 

I 
 
=Iopt_tot-Idark_tot+Isclc_dark        (4-15) 

I 
 
 is not an exact photo current, but is the nonlinear part of the photo current, which is 

useful for the following experimental analysis. 

The device SC1 is exposed to LED sources of wavelengths 365nm, 455nm, 

630nm and 740nm, respectively. The LED light intensity at each wavelength is different 

as controlled by the supply current. Although a best effort was made to have an 

approximately consistent distance of LED to solar device and LED power (photons/s), 

the equipment used was not accurate enough to guarantee that the current was 100% 

consistent. However the information from the IV curve that characterizes the hot carrier 

collection lies in the relative rate of increase of the current with voltage. Therefore the 

calculated photo generated photo current, I 
 
, is normalized to its value at a voltage of 

V=0 to eliminate the the difference due to the light intensity variation as shown in Figure 

4-8 in logarithm scale. For 630nm and 740nm wavelengths illumination, the current 

increases gradually with the bias. For 395nm and 455nm wavelengths illumination, the 

current rapidly increases at high bias.  

The IV curve analysis at different wavelengths is used to determine if 

nonlinearities observed in the data are due to SCLC effects. In the log-log plot, two 
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different types of curves are expected to be seen depending on the type of dominant 

current. If photogeneration current is dominant, the curve is expected to be flat. If SCLC 

current is dominant, the slope of the curve is expected to be between 1 and 2 at lower 

voltages. As the bias increases, curves will all merge to slope 2 independent of 

wavelengths and intensities. In Figure 4-8 the slopes of the plot are less than 1 in the 

region where V<0.1 volt, indicating the current is not SCLC dominated, as ISCLC has a 

slope of at least 1 in all cases. This is expected, as small voltages result in small SCLC 

currents that cannot compete with the photo current. When V>0.1 volt, the slopes of the 

plots are in the range of 1 to 2, which is possibly a transition from Ohmic to SCLC 

dominated current. For an Ohmic device, the IV has a wavelength dependency because 

the conductivities change with carrier densities for different photogeneration rates at 

different wavelengths. But the observed wavelength dependent IVs are nonlinear, 

where as an Ohmic effect sustains a linear trend. Therefore the data is not ohmic, 

possibly SCLC dominated. However, the currents measured at the four different 

wavelengths should merge together, as the SCLC slope 2 region is only a function of 

voltage regardless of wavelength or photon intensity. But the observed currents at 

different wavelengths are diverging. Therefore, the nonlinearity observed above V=1 is 

not from the SCLC slope 2 component. 

Electric Field Guiding Model 

Description of the Model 

The following model, where the bias dependent electric field in the space charge 

region of the solar cells affects the collection of high-energy carriers differently than low 

energy carriers, explains how the photo current can be nonlinear and wavelength 

dependent. For a given field strength, low energy, thermally generated or thermalized 
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carriers will be directed to their collecting contacts, but the hot carriers with initially 

randomly directed velocities may overcome the field effect and scatter into opposing 

contacts reducing the photo current in this way. Hence via a simple device physical 

model, a relationship between initial hot carrier energy, electric field in the space charge 

absorber region, and photocurrent has been established from which the relative density 

of hot electrons, if present, can be determined from measured current voltage data.  

Hot Carrier Effects in the Current-Voltage Characteristic under Reverse Bias 

The hot carrier effect in a current-voltage characteristic is illustrated in Figure 4-9. 

Light comes from the left. Photo generated carriers are separated in the space charge 

region by the build-in and applied electric field. Typically electrons are collected in the n-

type region contact and holes are collected in the p-type region contact. However, the 

high energy photo generated electrons have excess energy to overcome electric field 

deceleration reaching possibly the p-type region. These electrons reduce the overall 

current. In the model hot carriers generated within the region x1 will bounce from the 

conduction band Ec and will be subsequently be collected in the n region contributing to 

the photo current; hot carriers generated within the region of W-x1have a 50% chance of 

going to the p region therefore only 50% are contributing to the photo current. W is the 

width of the depletion region. X1 is the thickness of the region where the potential barrier 

is higher than the electron energy. W-X1 is the region where the electron energy is high 

enough for hot electrons to enter the p-type region. The resulting electron photo current 

is written as  

 opt q gop x  
 

 
 q g

op
 ( -x ) 

 

 
 q g

op
 (  x      (4-16) 

where the photon generation rate gop is assumed constant in the depletion region.  
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A 450nm n-doped ZnO and a 2µm p-doped CIGS diode with 455nm incident 

photons based on this model is simulated using Matlab. All parameters used in the 

simulation are listed in Table 4-3. Photo current density versus reverse bias voltage is 

plotted in the Figure 4-10. At low bias, hot carriers can overcome the barrier scattering 

and reach both contacts. Only half of them are collected on the electron contact. 

Therefore the current density considering this hot carrier effect is half of the one without 

a hot carrier effect. As bias increases, more of the hot carriers bounce back from the EC 

potential energy barrier and are collected via the n-side contact. Therefore the current 

density increases rapidly, as shown in the Figure 4-10 for reverse bias voltages larger 

than 0.6 V.  

Experiments on the device SC1 are carried out to study the hot carrier effect. The 

device is illuminated with 455nm and 740nm wavelengths under reverse bias, 

respectively. In a parallel theoretical study, the n-ZnO/p-CIGS diode is simulated under 

the same condition. The photo current density is normalized to the current density value 

at a voltage of V=0 to obtain the relative rate of increase due to the hot carrier effect and 

eliminate other effects such as light intensity variation. Figure 4-11 shows the photo 

current density versus voltage relationship of the experimental and simulation results. 

The photon energy of 455nm wavelength is 2.7 eV, which is about 1.4 eV higher than 

the CIGS optical band gap and is able to generate high energy, hot electron-hole pairs. 

The photon energy of 740nm wavelength is only 1.8eV. The generated electron-hole 

pairs are closed to the conduction band edge and are more likely to relax as cold 

carriers. As shown, the experiment with 455nm wavelength illumination reveals a rapidly 

increasing current density at high bias while the experiment with 740nm wavelength 
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illumination shows an weaker effect. The trend of the experimental data matches with 

the model prediction. 

At 0.6 volts in the simulation the current increases suddenly at a much steeper 

slope, creating a cusp in the plot. The 455nm wavelength experiment data does not 

show the predicted sharp cusp. Also the overall slope is more extreme than predicted 

by the electric field guiding model. Therefore the lacking of electric field guidance on low 

bias for hot carriers is not the only theoretical phenomena governing the current 

changing nonlinearity. 

The Zener Tunneling Model 

The observed photo current increases with bias may be a type of Zener effect, 

which is a type of electrical breakdown that can occur under reverse bias conditions. As 

the bias increases, the p-side valence band moves above the n-side conduction band. 

When this happens the p-side valance band electrons could tunnel to the n-side 

conduction band empty states, if there are available valence band electrons, available 

conduction band states and the space charge region is narrow enough for the electrons 

to tunnel through the depletion region. The current density is proportional to both the 

number of p-side valence band electrons and the number of empty n-side conduction 

band states. A small change in the bias near the breakdown voltage can cause an 

exponential increase in the current density. However, the large size of a typical CIGS 

solar cell space charge region is unlikely to allow tunneling of p-side valence band 

electrons. The typical depletion region width that Zener tunneling is known to occur in is 

smaller than 10-6 cm[54], whereas the space charge region of  the device SC1 is on the 

order of 20×10-6 cm. In addition to a thick barrier to tunneling, when CIGS is under 

illumination the photo-generation reduces the number of valence band electrons on the 
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p-side and increases the number of conduction band electrons on the n-side. As a 

result, the probability of Zener tunneling is reduced.  

The Impact Ionization Model  

Impact ionization is another phenomenon that could be a factor in the observed 

photo current increase in the reverse bias region. The increased electric field and 

widened SCR allows some carriers to accelerate to the ionization threshold energy 

within a scattering mean free path. The hot carrier may transfer the extra energy to 

ionize a valence band electron, leaving a hole behind and thus creating an extra EH 

pair. The process of extra EH pair generation results in the impact ionization current.  

A Medici simulation was performed to extract the impact ionization current by 

comparing the difference in reverse bias currents when the impact ionization is 

considered and not considered. The Medici simulation uses the parameters listed in 

Table 4-2 under 455nm and 633nmwavelengths, respectively. The impact ionization 

current density is shown in Figure 4-12. It varies with bias and wavelength in a rapidly 

increasing manner. However the impact ionization current density is only 0.1% of the 

total photo current density when impact ionization model is not considered in the 

simulation, whereas the increase of the photo current density in the previous device 

SC1 experiment shown in Figure 4-7 gives a larger value. Furthermore, the Medici 

simulation result gives a more rapid increase for long wavelength than for short 

wavelength, whereas the trend shown in Figure 4-7 indicates a more rapid increase for 

short wavelengths than for long wavelengths. 

One shortcoming of the Medici impact ionization simulation is that it does not 

consider the possibility of photo generated hot carriers. The shortcoming is a result of 

the Medici assumption that all the photo generated carriers are relaxed to the band gap 
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edge independent of the stimulating photon energy. The only source of energy gain for 

hot carriers is acceleration in the electric field: ∫ q dx
 

 
, where W is the effective 

acceleration distance. W is equal to the lesser of two: the length of the SCR or the 

photon penetration depth. As the bias increases, the electric field increases and the 

SCR is widened in the direction of the lightly doped CIGS layer. Under 455nm 

wavelength illumination, the SCR is longer than the penetration depth. Therefore the W 

is limited by the penetration depth. The energy gain increasing is due to the increasing 

electric field only. It does not benefit from the SCR becoming wider.  Under 633nm 

wavelength illumination, the SCR changes from less than the penetration depth to larger 

than penetration depth with increasing reverse bias. The energy gain increasing 

benefits both from the increasing field and widening of the SCR. Therefore the red 

illumination is more responsive to the increased SCR width and gives higher impact 

ionization current. The impact ionization model needs to be modified for hot carrier solar 

cells. 

Basics of the Impact Ionization Model 

The threshold energy Eth can be calculated as follows:  

Eth,e Eg 
2  

   
 , Eth,h Eg 

  2 

   
         (4-17) 

where   
mv
 

mc
  is the ratio of the hole effective mass, mv

 , and the electron effective mass, 

  
     . For CIGS with an optimal band gap of 1.24eV, the impact ionization threshold 

energy for electrons and holes is then 1.43eV and 2.36eV, respectively. The higher 

threshold of the hole is due to its larger effective mass relative to the electron, resulting 

in a lower probability of impact ionization. 
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The multiplication factor M is a convenient way to eliminate the difference due to 

the illumination intensity variations. It is defined as the ratio of the electron (or hole) 

current coming out of the impact ionization region to the electron (or hole) current going 

into the region. Under a low breakdown voltage M can be written as [56] 

M 
I   

I     
           (4-18) 

The multiplication factor for the device SC1 is shown in Figure 4-13. 

The ionization rate α is defined as the electron-hole pairs generated per carrier 

per unit distance travelled[56]. The relationship between α and M is given as follows:  

 -
 

M
 ∫ αdx

 

 
           (4-19) 

where W is the SCR width[57].  When the electron ionization rate is a lot larger than the 

hole ionization rate, the total ionization rate is written as [47] 

α 
2

  
2

dln 
Mn
Mp

 

dEm
          (4-20) 

For CIGS the hole multiplication factor, Mp, is equal to 1 under the assumption that the 

hole impact ionization is negligible for the following reasons. First the hole effective 

mass is 10 time larger than the electron effective mass. Second, the acceleration is not 

big enough to have hole impact ionization. The hole does not reach the threshold 

energy in the SCR, as the energy gained from the 100nm SCR is not enough, and it 

does not reach the threshold in the 2m p-type region either, as any additional energy 

gain is small due to the low electric field.  

Equation 4-18 gives the multiplication factor based on the total current. However, 

since hole multiplication is negligible, all of the multiplication comes from electrons, 

hence:  
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Mn=
I   

I     
          (4-21) 

The parameter W1 in equation 4-20 is a fitting constant that defines the 

relationship of the bias across the junction, V, and the SCR region width, W by the way 

of:  

    √            (4-22) 

The unit is cm/V0.5. Another relationship is given in terms of the bias, maximum electric 

field    and the SCR width as:  

  
 

2
Em            (4-23) 

Equations 4-22 and 4-23 are combined and re-arranged as follows:  

2√    Em          (4-24) 

The maximum field and voltage from Medici simulations with parameters listed in Table 

4-2 are plotted in Figure 4-14 to extract parameter W1, where the x-axis is Em, and the 

y-axis is 2√ . The plot is linear, and W1 is the obtained slope.  

The ionization rate  is obtained by plugging W1, 
  

  
 and Em into Equation 4-20. 

W1 , Mp and Em are obtained from previous discussion and Mn is obtained from I-V 

measurements on the device SC1. The experimentally obtained ionization rates are 

shown in Figure 4-15. When 1/Em is below 5.5×10-6cm/V, the ionization rate drops down 

for 395nm. The reason is unknown, as the ionization rate is expected to continue to go 

up. For wavelengths of 395nm and 455nm, both impact ionization rates are independent 

of the electric field when 1/Em ranges from [5.5 - 6.2 ]×10-6cm/V. The ionization rate is 

also observed to be independent of the electric field over [6 - 8.5] ×103 V/cm [47] when 

an indium antimonide(InSb) photo diode is exposed to 1100K blackbody radiation. The 
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reason for the flat trend is not explained in the paper. The impact ionization rates for 

wavelengths of 633nm and 740nm in the device SC1 go up as 1/Em increase from [8 - 

10] ×10-6cm/V. The trend is contrary to the expectation of a continued decrease with the 

decreasing bias. An explanation is possibly an inaccurate multiplication factor that 

shows up in low bias. 

The ionization rates for short wavelengths are in the order of 105/cm, which 

indicates a minimum acceleration distance of 100 nm for impact ionization to occur. 

Considering that the SCR is 100 to 200 nm long, most short wavelength 

photogenerated carriers in the SCR are expected to initiate impact ionization. The 

ionization rates for long wavelengths are in the range of 2 to 8×104/cm, resulting in an 

acceleration distance of 125 to 500 nm. Impact ionization is not expected to take place 

at low bias due to the long acceleration distance required, but at high reverse bias the 

electric field increases and the SCR expands, thus impact ionization is expected to 

occur. The observed ionization rate difference for short and long wavelengths is due to 

the respective differences in carrier temperatures. The higher the initial energy, the 

lower the acceleration distance that is needed, corresponding to a higher α.  

The design of experiments for observing impact ionization should maximize the 

carrier acceleration distance. Electron impact ionization tests are usually done by 

illuminating the p side so that electrons have a long acceleration distance, and hole 

tests by illumination from the n-side. But in the above CIGS experiment, illumination is 

only possible from the n-side. As a result, electrons do not have a long acceleration 

distance and are therefore not expected to have impact ionization due to the field. The 

observed impact ionization is a result of the high energy—the initiating energy electrons 
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received from the short wavelength photons, which is helpful for revealing phonon loss 

information since reaching the ionization threshold electron energy is determined by 

phonon energy loss and field gain. 

The Modified Impact Ionization Model 

The traditional source of the impact ionization energy is the electric field, but the 

proposed additional source is the photon energy. Under illumination an electron can 

reach the threshold energy under an relatively small electric field in comparison to dark 

current conditions due to the help of the photon energy. In this model, the difference in 

electric field energy needed for the onset of impact ionization at two different 

wavelengths is simply the difference in photon energy at the two different wavelengths, 

as seen in a voltage fall off in the illustration shown in Figure 4-16. The point of 

electrical breakdown due to the field alone is shown under the dark condition, where the 

black line starts to fall at the dark threshold voltage V3, which provides an acceleration 

energy E3(V3). For red light and blue light the breakdown voltages V2 and V1, are 

respectively decreasing in magnitude. The threshold energy for electrical breakdown, 

Eth, is the same with or without illumination because it is a material property. The Eth not 

only comes from the field acceleration energy, but it also considers the photon energy 

and the phonon loss. If higher photon energies contribute to reaching the threshold 

energy then less energy is needed from the field acceleration. For the dark current with 

phonon loss, the threshold energy is:  

Eth=E3–Eph          (4-25) 

and the required field acceleration energy is  

E3(V3)=Eth+Eph         (4-26) 



 

77 

For the current under red illumination, there is an extra term, Eopt_red, considering the 

extra energy from the red light contributing to the calculation of the threshold:  

Eth=Eopt_red-Eg-Eph+E2        (4-27) 

The required field acceleration is,  

E2(V2)=Eth-Eopt_red+Eg+Eph        (4-28) 

For blue light the required field energy is:  

E1(V1)=Eth-Eopt_blue+Eg+Eph        (4-29) 

There are some differences between the predictions and the experiment results 

from Figure 4-7. The first difference is the absence of a hard breakdown. The data 

appears to be a soft trend. The second difference is the lines are not set apart by 

differences in voltage that directly correspond to the differences in the photon energies. 

Besides the differences, the data trend shows that blue light current onset impact 

ionization ahead of the red light current. The trend is due to how much the added 

photon energy and phonon loss affect the carrier acceleration towards breakdown. 

Information about electron energy loss to phonons is contained in the impact 

ionization data. Below a theory is presented for revealing the phonon loss information 

from the data. The illustration in Figure 4-17 shows for different photon energies the 

electron energies at the peak generation point are relative to the impact ionization 

threshold energy. Electrons with low photon energies cannot get enough energy for 

ionization even without phonon scattering loss, as shownFigure 4-17 A). In the case of 

high photon energy the electron has energy above the impact ionization threshold 

energy even without the help from the electric field, shown in Figure 4-17 C). The 

impact ionization occurs even at zero reverse bias. With moderate photon energy, the 
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case in Figure 4-17 B), the energy gain from the photon and electric field electron minus 

phonon scattering loss results in an energy value just above the impact ionization 

threshold energy at the edge of SCR. Impact ionization may or may not occur 

depending on the amount of energy loss due to phonon scattering, which is determined 

by the phonon scattering mean free path. Information about the phonon scattering loss 

is contained in the onset conditions when M is larger than 1. 

An analysis for revealing the phonon mean free path is performed where the 

highest density of photo generated electrons is expected. The electron distribution 

around the peak generation point is narrow due to the high absorption coefficient of 

CIGS. Therefore the location of the photo generation can be accurately estimated. The 

initial energy is known based on the photon wavelength and the energy gained from the 

field based on the location within the SCR. The initial energy above the onset, ΔE, in 

Figure 4-17 B), represents the maximum amount of phonon scattering loss that can 

occur and still have impact ionization. The minimal phonon scattering mean free path 

can be calculated from the maximum phonon scatterings within distance x, the distance 

between the peak generation and the edge of the field. The mean free phonon 

scattering path can be directly calculated as follows:  

λmin 
x

nph,max
 

x
ΔE

ħω

         (4-30) 

This analysis only works for the case B in Figure 4-17. 

A CIGS solar cell is a more complicated heterojunction device than the simple 

diode illustration in Figure 4-17. In Figure 4-18 the CIGS solar cell band diagram, 

electric field and photon generation rate are shown as a function of distance to the top 

contact, predicted by Medici using the device SC1 structure and the parameters listed in 
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Table 4-2. The first observation is that the peak carrier generation occurs at the 

interface of CIGS and CdS. The second observation is that the interface is 50 nm from 

the edge of the SCR. Therefore the peak photo generated carriers will not get much 

acceleration help from the field. In Figure 4-19, the impact ionization threshold energy is 

plotted in the CIGS solar cell band diagram with the photon generation rate in the CdS 

layer and the CIGS layer. Impact ionization is unlikely to happen over the CdS buffer 

layer due to its high threshold energy. Therefore the electrons are only expected to 

have impact ionization while they are still in the short section of CIGS before the 

interface. The possibility of impact ionization is low. The initial kinetic energy of the 

electrons gained from 395nm and 455nm wavelengths are plotted as green dash lines 

in the band diagrams in Figure 4-19. For high-level photons, the carrier already is above 

the threshold energy and the impact ionization is expected to already occur at zero bias. 

The experimental data shows onset at zero bias, but in this case, the phonon scattering 

mean free path cannot be calculated by the modified impact ionization model. 

The Modified Shockley Lucky Electron Model  

To extract the value of the mean free scattering path λ from impact ionization 

data an initial model developed by Shockley is used to study the probability of an 

occasional “lucky electron” building up kinetic energy to the impact ionization level. The 

lucky electron does this by means of not scattering while accelerating in the field, so 

that it retains all the kinetic energy until the threshold level is obtained. The percentage 

of electrons that participate in impact ionization is related to the probability of an 

electron being “lucky”. To calculate the “lucky” probability, first the probability of an 

electron scattering within a distance dx is considered. This probability is proportional to 

dx and inversely proportional to λ: hence  
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dx

λ
           (4-31) 

The probability of an electron not scattering over the distance l, the impact ionization 

mean free distance, is calculated by sectioning l into lengths of dx, calculating the 

probability of not scattering over each length and calculating the overall probability by 

the product  

   ∏ ( -
dx

λ
)n

i           (4-32) 

For a given λ choose dx<< λ ,  

ln   ∑ ln  -
dx

λ
 n

i   ∑ -
dx

λ
 -

 

λ
∑ dx -

 

λ

n
i  

n
i        (4-33) 

The kinetic energy gained from the field by accelerating over distance l to reach the 

threshold energy is given by 

q   Eth          (4-34) 

which allows the impact ionization rate  to be written in terms of the field:  

α 
  

 
 

q 

Eth
e

-Eth
q λ           (4-35) 

If the equation 4-35 is re-arranged as  

ln
Ethα

q 
 -

Eth

qλ 
          (4-36) 

it is noticed that the right hand side of equation 4-36 is negative, since the terms Eth, q, 

λ and Ɛ are positive physical constants. Therefore ln
Ethα

q 
  , which indicates  < 

q 

Eth
. 

Because  is always less than 
  

   
, the impact ionization rate is limited by the electric 

field. However, the ionization rate shown in Figure 4-15 is much higher than allowed by 

the field. Therefore electrons are believed to have an initial energy higher than room 

temperature to compensate for lacking energy from the electric field for ionization.  
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A new, modified lucky electron model includes a term for the initial energy of 

electrons as a result of generation by a high energy photon. The impact ionization 

threshold comes from the field acceleration and the initial kinetic energy Eav:  

Eth q   Eav           (4-37) 

where Eav is the electron kinetic energy from high energy photons after a rapid initial 

loss:  

Eav=Ephoton-Eg-Eraploss        (4-38) 

For the modification to include the Eav, it is convenient to have a new term for the 

energy derived from the field, Eth
 

, that distinguishes from the real threshold energy, Eth. 

Eqn 4-37 becomes as follows:  

Eth
 
 q   Eth-Eav          (4-39) 

The ionization rate equation 4-35 is modified as:  

α 
  

 
 

q 

Eth 
e

-Eth 

q λ           (4-40) 

The terms  and Eth  are used as fitting parameters for the ionization rates at different 

wavelengths in the device SC1, which is shown in Figure 4-20. For wavelengths of 

395nm and 455nm in the 1/Em range of 5.5 to 6.2 ×10-6cm/V, the fitting curves and the 

data diverge. It is unknown why the ionization rate data is independent of the field in this 

range, but the independent trend is also observed and not explained for in [47]. For 

wavelengths of 633nm and 740nm, the fitting curves are below the data when 1/Em is 

above 8.5 ×10-6cm/V. It might be that the ionization rate data is inaccurate due to a 

distorted multiplication factor when the bias is close to zero. 
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The initial electron energy, Eav, is extracted from the data by the difference of Eth 

in CIGS layer and Eth
 

, as shown in equation 4-39. The ionization in the ZnO and CdS 

layers are not considered as: first, the ionization threshold energies of ZnO and CdS are 

too high to allow impact ionization; second, the photo generation rates in the ZnO and 

the CdS layers are low; third, the high doping density in ZnO layer makes that Wn<<Wp, 

hence acceleration for impact ionization occurs in the p region. In Figure 4-21,  is 

plotted against Eav, which reveals a linear relationship. As a general trend, the hotter an 

electron is, the more frequently it scatters (smaller ). Based on the data analysis, the 

mean free path seems to decrease inversely proportional with increasing Eav. To 

confirm that the fitting result is reasonable, the obtained  is compared with published 

data. The relaxation time of hot carriers is on the order of 0.1ps [58]. The mean free 

path of phonon scattering is then 0.1ps×107cm/s=10-6cm. This number agrees well with 

the device SC1 results. Once the phonon mean free path is obtained, it can be used to 

calculate the energy of hot carriers reaching the cell contacts. 
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Table 4-1. Simulation parameters of n+-p-n+ CIGS cell 
Layer parameters n+-CIGS p-CIGS n+-CIGS 

Thickness(nm) 50nm 2µm 50nm 

Band gap Eg (eV) 1.24 1.24 1.24 

Electron affinity χ  e   3.83 3.83 3.83 

Electron mobility µn (cm2/Vs) 300 300 300 

Hole mobility µp (cm2/Vs)  30 30 30 

Type n p n 

Carrier density (cm-3) 5×1017 6×1011 5×1017 

Dielectric constant 13.6 13.6 13.6 

Effective density Nc (cm-3) 3×1018 3×1018 3×1018 

Effective density Nv (cm-3) 1.5×1019 1.5×1019 1.5×1019 
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Table 4-2. Simulation parameters of the device SC1 

Layer parameters ZnO CdS 
Inverted 

surface 

CIGS 

absorber 

Thickness(nm) 450 30 30 2000 

Band gap Eg (eV) 3.3 2.4 1.24 1.24 

Electron affinity χ  e   4.0 3.75 3.83 3.83 

Electron mobility µn 

(cm2/Vs) 

50 6 300 300 

Hole mobility µp (cm2/Vs)  5 3 30 30 

Type N N N P 

Carrier density (cm-3) 5×1017 6×1016 8×1016 8×1016 

Dielectric constant 9 10 13.6 13.6 

Effective density Nc (cm-3) 1019 1019 3×1018 3×1018 

Effective density Nv (cm-3) 1019 1019 1.5×1019 1.5×1019 

Recombination center (s)  τn=10-6 

τp=10-6 

τn=10-6 

τp=10-6 

τn=10-9 τp=10-10 τn=10-6 

τp=10-6 

Interface trap (s)   τn=4×10-9 

τp=4×10-9 
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Table 4-3. Simulation parameters of n-ZnO/p-CIGS cell 
Layer parameters ZnO CIGS 

Thickness(nm) 450 2000 

Band gap Eg (eV) 3.3 1.24 

Electron affinity χ  e   4.0 3.87 

Electron mobility µn (cm2/Vs) 50 300 

Hole mobility µp (cm2/Vs)  5 30 

Type N P 

Carrier density (cm-3) 5×1017 8×1016 

Dielectric constant 9 13.6 

Effective density Nc (cm-3) 1019 3×1018 

Effective density Nv (cm-3) 1019 1.5×1019 

Recombination center (s)  τn=6×10-9 τp=6×10-9 τn=6×10-9 τp=6×10-9 
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Figure 4-1.  Experimental reverse dark current-voltage characteristic of the device SC1 
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Figure 4-2.  Space charge limited current density-voltage characteristic of a n+-p-n+ 

CIGS cell with parameters in Table 4-1 
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Figure 4-3.  Electron density versus distance in a n+-p-n+ CIGS cell with parameters in 

Table 4-1 
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Figure 4-4.  Space Charge limited current density-voltage characteristic of the n+-p-n+ 

CIGS cell with parameters in Table 4-1 under 455nm illumination with 
different intensity. The red line and black line are for intensities of 
0.0125mW/cm2 and 0.5688mW/cm2 respectively. 
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Figure 4-5.  Dark current-voltage characteristic of the device SC1 
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Figure 4-6.  Space charge limited current compared with the measured CIGS reverse 

biased dark current. The black line is the measured data and the red dashed 
line is the Medici simulation data based on pin-hole model. 
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Figure 4-7.  Photo current voltage characteristics of the device SC1 
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Figure 4-8.  Normalized I-V characteristics for nonlinearity analysis with different 

wavelengths. The purple, blue, orange and red lines are used to indicate 
illumination under 395nm, 455nm, 633nm and 740nm wavelengths, 
respectively. 

  



 

93 

 
Figure 4-9.  Band diagram illustrating the hot carrier effect in the electric field guiding 

model 
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Figure 4-10.  Simulation of hot carrier J-V characteristics using the electric field guiding 

model 
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Figure 4-11.  Reversed bias J-V characteristics under different wavelength illuminzation. 

A) 455nm wavelength illumination and B) 740nm wavelength illumination. The 
current density on the y-axis is normalized to the current density value at V=0. 
The blue line on A) and the red line on B) are the experimental data. They 
refer to the blue axis and the red axis respectively. The black solid line and 
black dash line are simulation results assuming photo generated carriers 
staying hot 100% and 0% respectively. Both refer to the black axis on the left. 
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Figure 4-12.  Medici simulated impact ionization current density. The blue and red lines 

represent for 455nm and 633nm illumination, respectively. 
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Figure 4-13.  Multiplication factor of the device SC1 under 395nm, 455nm, 633nm and 

740nm illumination, respectively, as a function of applied reverse bias. 
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Figure 4-14.  Voltage-Electric Field relationship for parameter W1 extraction. 
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Figure 4-15.  Impact ionization rates versus maximum electric field inverse for the  

device SC1 
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Figure 4-16.  Illustration for the modified impact ionization model 

 

 
Figure 4-17.  Phonon mean free path extraction model for electrons with different 

energies. A) Low energy. B) Moderate energy. C) High energy. 
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Figure 4-18.  CIGS solar cell band diagram, electric field and photo generation rates as 

a function of distance to the top contact. A) CIGS solar cell band 
diagram(dashed lines) and electric field(red solid lines). B) CIGS solar cell 
band diagram(dashed lines) and photo generation rate for 395nm(blue solid 
line) and 740nm(red solid line) respectively. Band energies refer to the black 
axis and the photogeneration rates refer to the red axis. 
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Figure 4-19.  CIGS solar cell band diagram(dashed  lines) and photogeneration 

rate(solid lines) as a function of distance to the top contact for different 
wavelengths. A) 395nm. B) 455nm. 
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Figure 4-20.  The ionization rates of different wavelengths of the device SC1 with the 

fitting function of  and Eav. A) 395nm. B) 455nm. C) 633nm. D) 740nm. 
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Figure 4-21.  Phonon mean free path plotted versus the kinetic energy Eav after a initial 

rapid loss before phonon scatterings.  
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CHAPTER 5 
 MODIFICATION OF A CONVENTION COPPER INDIUM GALLIUM DISELENIDE 

SOLAR CELL WITH HOT CARRIER EFFECTS 

Introduction 

Carrier cooling and other loss mechanisms result in the conventional CIGS 

device collecting only 25% of energy in the absorbable range of the spectrum. The 

absorbable spectrum has an upper limit of about 375 nm, limited by the ZnO and CdS 

layers, and a lower limit of about 1100 nm due to the absorber bandgap cutoff. This 

range contains 70% of the energy of the solar spectrum, as shown in Figure 5-1[59]. 

Although most of the energy will not be collected by the single junction structure, hot 

carriers may carry excess energies in a conventional CIGS device that can allow some 

improvement that is not thought possible traditionally. 

The wavelength dependent ionization rates suggest that the photo generated 

carriers do not lose all the energy above the bandgap. Hot carriers may reach the top 

contact under operating forward bias under the assumption that carriers travel in a 

direct path towards the contact. In addition to the excess initial energy, hot carriers have 

a net energy gain due to the accelerating electric field and a net loss due to phonon 

scattering and impact ionization. For each phonon scattering with a mean free path of λ, 

a carrier loses energy, creating a phonon; for each impact ionization with a mean free 

path of  , a carrier loses energy to create an addition electron and hole. The Shockley 

lucky electron model gives the initial energies of photo generated carriers and the 

phonon scattering mean free path, which are used to predict the photo generated 

electron energy at any location between the point of generation and the contact. The 

calculated energy allows a traditional solar cell to utilize the hot carrier effect for a more 

efficient collection by modifying the contacts or buffer layer. 
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Adding the Energy Selective Contact to the Device SC1 

One way to collect the existing hot carriers in a conventional cell is an ESC. The 

quantum well structure design can be tuned to any energy window for electrons to pass 

through. The window is determined by the energies of photo generated carriers 

reaching the top contact from the region between the CIGS surface and the back edge 

of the SCR, where most of the photons are absorbed. Most carriers reach the contact 

with the energy of Epeak, corresponding to the peak generation point at the CIGS 

surface. Moving away from the CIGS surface at first the added field energy is less than 

the energy loss in scattering and ionization and a minimum energy, Emin, is reached. 

Towards the back of the SCR, the field acceleration energy gain outweighs the overall 

scattering and ionization loss due to the longer acceleration distance. Carriers from the 

back reach the top contact with a maximum energy, Emax. 

The analysis under forward bias, where solar cells generate power, can be 

translated directly to practical designs that improve efficiency. Photo generated carriers 

from 455nm and 633nm wavelengths are analyzed at a bias of 0.5883V, where the 

maximal electric field is half of the one in the dark without bias, to estimate the energy 

with which the carriers arrive at the contacts. The carriers experience electric field 

acceleration and different type losses. One simplicity of the analysis is that ionization 

loss is not a factor under the bias of 0.5883 V. The predicted ionization rates under the 

bias are below 5×104/cm and 2×104/cm for 455nm and 633nm, respectively, as shown 

in Figure 4-15, which translate to impact ionization mean free paths on the order of 

200nm and 500nm, respectively. Both mean free paths are larger than the SCR region, 

which is on the order of 100 nm under 0.5883V. Therefore the carriers are unlikely 

ionize within the SCR. Also, impact ionization loss is not considered outside of the SCR. 
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First, the electric field drops greatly and second, in the ZnO and CdS layers the 

threshold energies are too high due to the higher bandgaps. The only loss mechanism 

is phonon loss over every , which is the phonon loss mean free path. 

The carrier energy reaching the contact is determined by calculating the phonon 

scattering loss and the field acceleration at each scattering point, as shown in Figure 5-

2. The mean free scattering path used to predict the scattering points is obtained from 

Figure 4-21 based on the initial kinetic energy of the photo generated carriers. The 

electric field energy gain is integrated over the distance between scattering points by 

the following formula:∫   , where is the electric field profile. The electric field profile for 

calculating the energy gain under 0.5883V is obtained from the Medici simulation with 

the parameters listed in table 4-2. The phonon loss is assumed to be 35meV, which is 

the average optic phonon energy of CIS and CGS from Figure 3-6. The energy at the 

top contact is obtained by repeating the calculation between scattering points from the 

origin of the electron to the contact. 

For photo generation under 455nm wavelength, the model predicts electrons 

generated at the CIGS surface to reach the n-side contact with an energy of 0.8658 eV, 

Epeak. The upper and the lower bound limits, which are previously termed as Emax and 

Emin, are 1.1064 eV and 0.8658 eV, respectively, for the 455nm wavelength. The values 

of Epeak, Emax and Emin for 633nm wavelength are 0.5108 eV, 0.7360 eV and 0.4762 eV 

respectively. However, the top transparent n-type ZnO layer is not completely depleted 

in the solar cell operation quadrant. The cold majority electrons in the n-type ZnO layer 

cool down the hot electrons that make it to the top contact. Therefore a conventional 
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CIGS solar cell needs to be modified to utilize the hot electrons for efficiency 

improvement. 

Barrier Model 

The solar cell design should maximize the photo current and minimize the 

diffusion current. Under forward bias the output current is the sum of the two opposing 

current components: the diffusion and drift current. The photo generated current is drift 

current and is canceled by the diffusion current. The diffusion current consists of 

thermal electrons from the n-type ZnO region that overcome the weakened electric field 

and diffuse to the p-type CIGS, resulting in an electrical current directed from the p side 

to the n side under forward bias. This current component goes up exponentially with the 

bias. Under dark conditions the forward bias I-V characteristic is dominated by the 

diffusion current. Under illuminated conditions, the photo generated carriers are 

separated by the electric field, which creates an electrical drift current from the n side to 

the p side. The photo current, determined by the photo generation rate and absorption 

volume, is independent of the bias. Since the thermal current component is the diffusion 

current, which subtracts from the photo current in calculating the total current, the lower 

the value of the thermal current the more the optical output survives. The solar cell 

efficiency can be greatly improved by suppressing the thermal carrier diffusion current. 

A barrier layer design is proposed for suppressing the thermal carrier current 

while not affecting the photo current. The barrier is inserted between the CIGS layer and 

the n-ZnO layer to prevent thermal carriers in the ZnO layer from diffusing to cancel 

photo current. The barrier could be placed either in front of or behind the CdS layer as 

modeling results presented in the next section will demonstrate. 
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Barrier Location 

Two Medici models are constructed to simulate the way the forward bias dark 

current is affected by a 30nm barrier: one with the barrier between the ZnO and the CdS, 

and the other between the CdS and the CIGS. For simplicity, the barrier material is 

assumed to have the same material properties as CdS, except for the higher conduction 

band offset and a change in bandgap that keeps the valence band of the barrier and the 

CdS lined up. There are several conduction band offsets selected for the barrier relative 

to CdS, which are expressed in terms of kT as 8kT, 10kT and 20kT. Other layer 

parameters are listed in Table 4-2. The resulting dark IV characteristics are shown in 

Figures 5-3 and 5-4 for the barriers on the ZnO side and the CIGS side, respectively. 

Since the dark current under forward bias goes up exponentially, the currents are 

plotted in the nature logarithm scale to reveal linear trends. The results for barriers on 

the ZnO side and the CIGS side, each with the three different barrier heights, are 

compared to the result without a barrier. At a given barrier height, the CIGS-side causes 

a current reduction that is both larger and covering a greater range of the voltage than 

the ZnO-side barrier. Also the CIGS-side barrier reduction factor is a constant for a 

given barrier height, and changes with the height proportionally. Overall, for a given 

barrier height, the CIGS-side barrier appears to be more effective than the ZnO-side 

barrier. There is not yet an explanation as to why CIGS-side location of the barrier 

makes a difference over the ZnO-side barrier in the range of voltage over which the 

barrier is effective. 

Barrier Height Influence on the Performance 

With the material design selected, the height of the CIGS-side barrier should be 

optimized for blocking sufficient thermal diffusion current while not reducing too much 
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hot photo current. A barrier height of 20kT, as shown in Figure 5-4, results in a 

reduction of diffusion current by a factor of    , or about 3.3 million, at 0.5V. The next 

step is to determine the reduction factor of the photo current with different barrier 

heights, so that the barrier height may be optimized. But the photo current reduction is 

complicated by the broad range of the solar spectrum: hot electrons from different 

photons may or may not cross the barrier, depending on the height. 

The effect of the barrier height on photo current is studied at four different 

wavelengths spanning the visible solar spectrum, which is about 70% of the energy in 

the entire spectrum, as shown in Figure 5-1. If the energy of the electrons reaching the 

barrier for these illumination wavelengths is greater than the barrier, the electron will 

cross the barrier and contribute to the photo current. The energy is calculated by the 

initial energy, the acceleration from the electric field and the phonon scattering. 

In the case of the 20kT barrier previously mentioned, if the photo current is not 

reduced by the barrier, the open circuit voltage is increased by 15kT, or about 0.38 volts. 

The photo currents at wavelengths of 395nm, 455nm and 633nm are expected to not be 

reduced since the barrier is lower than the resulting hot electron energy. However, the 

photo current at 740nm is expected to be reduced by the barrier. Only the portion of 

electrons generated where the acceleration from the field compensates the lack energy 

of the optical carrier relative to the barrier is contributed to the photo current. Since the 

barrier causes a dependence on the electric field profile, the 740nm photo current is 

now a function of the bias.  

A MATLAB program is used to calculate the portion of electrons generated by 

740 nm wavelength that are able to pass through the barrier. Without the barrier, the 
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photo current density is the integration of the photo generation over the absorption 

region. With the barrier, the photo current density is the integration of the photo 

generation over the region where electrons reach the barrier with energies higher than 

the barrier considering energy changes due to electric field acceleration and phonon 

scattering. The electric field profile and photo generation rate for 740nm wavelength are 

obtained from the previous Medici simulations, as shown in Figure 4-18. The scattering 

points are predicted by the initial kinetic energy versus phonon scattering mean free 

path relationship shown in Figure 4-21. The energies of carriers reaching the barrier 

from any point in the absorption region are obtained by repeating the calculation of the 

energy change between the scattering points. The region of electrons reaching the 

barrier with energies higher than the barrier contributes to the photo current. When the 

bias is zero, 70% of the photo current is able to pass the barrier. When the bias is 0.5V, 

where the maximum electric field is 50% weaker than the maximum electric field at zero 

bias, only 0.008% of the photo current gets through. As the bias increases, the electric 

field decreases. Hence, a longer acceleration is needed. However, the longer distance 

also gives a higher possibility of phonon scattering. The energy loss is larger than the 

field gain, which makes it impossible to overcome the barrier. The large loss of 

photocurrent limits the open circuit voltage to less than 0.5 volts at 740nm in spite of the 

reduction of diffusion current. To eliminate the bias dependency of the photo current at 

740nm wavelength, the barrier height should be lower than the optical carrier energy of 

0.35eV or 14kT. 

The JV characteristics show an added barrier between the CIGS and CdS layers 

improves the efficiency for different wavelengths and barrier heights. The total current 
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density under illumination is obtained by simulating the dark and photo current densities 

separately, with and without a barrier, and subtracting the photo current density from the 

dark current density. The dark current density is simulated by Medici, whereas the photo 

current density is an analytical result of integrating the photo generation rate over 

thewhole absorption region, as the designed barriers are low enough to not block any 

photo generated carriers. The photo generation rates are simulated in Medici using the 

given intensity at each wavelength in AM1.5[59] for solar cells with and without the 

barrier. The J-V characteristics with illuminations  at wavelengths of 395nm, 455nm, 

633nm and 740nm for barrier heights of 8kT, 10kT and 14kT, respectively, and the 

curve without a barrier are shown in Figure 5-5. As the barrier height increases, the 

open circuit voltage increases. The 14kT barrier is best for increasing the open circuit 

voltage while not reducing the photo current in the wavelength range of 395nm to 

740nm. 

Although the wavelength range studied is not the complete CIGS absorption 

spectrum, the range does cover enough of the spectrum to be considered as 

representative for the full spectrum. For instance, the energy between 740nm and the 

bandgap cutoff is only about 10% of all the energy that CIGS absorbs, as shown in 

Figure 5-1. The current from this portion does not affect the total short circuit current 

greatly. The barrier height of 14kT is suitable for a large open circuit voltage while not 

cutting off too much of the short circuit current. 

The barrier material should have a conduction band offset of 0.35 eV and not 

much valence band offset relative to the CdS layer. A suitable material is most likely to 

be found in the II-VI system, as the compounds often have adjustable bandgaps and 
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offsets by tuning the mole fractions of one or both of the II or VI column elements. Also, 

the layer needs to be stable in the CIGS solar cell. An analytical band diagram of most 

known II-VI compounds, many of which are potential alternative buffer layers for the 

CIGS absorber, is shown in Figure 5-6[60]. Zinc sulfide(ZnS) has a higher conduction 

band than CdS and a valence band value that is similar to CdS. The desirable band 

offset can be obtained by changing the Zn and Cd mole fraction in a ZnxCd1-xS 

compound. Papers[61][62] show that the compound electron affinity and the conduction 

band value change linearly from CdS to ZnS  with x changing from 0 to 1. The 

numerical number of the conduction band difference of CdS and ZnS is 1.14 eV, 

predicted in figure 5-6. Therefore, with x=(0.35 eV)/(1.14 eV/mole fraction zinc) = 0.3 

mole fraction zinc for the desired conduction band offset,  Zn0.3Cd0.7S provides the 

required barrier for maximal blocking the thermal carriers from the undepleted ZnO layer 

while not limiting the hot photogeneration carriers from the CIGS layer.  

ZnxCd1-xS can be used in addition to the 30nm CdS layer in the device SC1 as a 

barrier for selectively blocking cold carriers. The modification is based on the phonon 

loss information of the device SC1. ZnxCd1-xS has been studied by other groups as an 

alternative to CdS in CIGS with the primary motivations being to widen the bandgap of 

CdS [63] and to reduce or entirely eliminate (x=1) Cd [64]. Efforts have been made with 

band-gap adjustable buffer layers such as MgZnO[65] to show the effects of varying the 

band offset of the buffer layer in CIGS. To the best of our knowledge the band-gap 

offset variation of ZnxCd1-xS has not been studied for use with the hot carrier effect. 

Future work can be performed on the CIGS device by depositing the ZnxCd1-xS barrier 

layer in between the CIGS and the existing CdS buffer layer, while making the ZnO 
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layer thinner, to limit the thermal carriers from counteracting the hot carriers photo 

current. 
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Figure 5-1.  AM1.5 spectrum[59] 
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Figure 5-2.   The energies of photo generated carriers reaching the top contact from the 

region between the CIGS surface and the back edge of the SCR determining 
by the field acceleration and phonon scatterings.  
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Figure 5-3.  Medici simulated dark I-V characteristics of the device SC1structure 

(parameters in Table 4-2) with a barrier between the ZnO and CdS layers 
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Figure 5-4.  Medici simulated dark I-V characteristics of the device SC1 structure 

(parameters in Table 4-2) with a barrier between the CdS and CIGS layers. 



 

115 

 

A

0.0 0.2 0.4 0.6 0.8 1.0

-1.4x10
-5

-1.2x10
-5

-1.0x10
-5

-8.0x10
-6

-6.0x10
-6

-4.0x10
-6

-2.0x10
-6

0.0

J
(A

/c
m

2
)

V(Volt)

 395nm no barrier

 395nm 8kT barrier

 395nm 10kT barrier

 395nm 14kT barrier

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-3.5x10
-5

-3.0x10
-5

-2.5x10
-5

-2.0x10
-5

-1.5x10
-5

-1.0x10
-5

-5.0x10
-6

0.0

J
(A

/c
m

2
)

V(Volt)

 455nm no barrier

 455nm 8kT barrier

 455nm 10kT barrier

 455nm 14kT barrier

B 

C

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-4.5x10
-5

-4.0x10
-5

-3.5x10
-5

-3.0x10
-5

-2.5x10
-5

-2.0x10
-5

-1.5x10
-5

-1.0x10
-5

-5.0x10
-6

0.0

J
(A

/c
m

2
)

V(Volt)

 633nm no barrier

 633nm 8kT barrier

 633nm 10kT barrier

 633nm 14kT barrier

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-4.0x10
-5

-3.5x10
-5

-3.0x10
-5

-2.5x10
-5

-2.0x10
-5

-1.5x10
-5

-1.0x10
-5

-5.0x10
-6

0.0

J
(A

/c
m

2
)

V(Volt)

 740nm no barrier

 740nm 8kT barrier

 740nm 10kT barrier

 740nm 14kT barrier

D 
Figure 5-5.  Medici simulated JV characteristic of the device SC1 (parameters in Table 

4-2) without barrier and with barrier between the CdS and CIGS layers for 
barrier heights of 8kT, 10kT and 14kT at different wavelengths. A) 395nm. B) 
455nm. C) 633nm. D) 740nm.  
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Figure 5-6.  Band diagram for II–VI and I–III–VI2 compounds. Numerical values indicate 

the positions of the valence band maximum(VBM) and conduction band 
minimum(CBM) in eV [60] 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

The preliminary study of the CIGS absorber phonon engineering shows that mini 

phononic gaps appear in acoustic and optic phonon branches of a CIS/CGS superlattice 

structure. The mini gaps reduce the possibilities of optic phonons decaying to acoustic 

phonons, which propagate energy away as heat loss. The localized optic phonons 

transfer energy back to reheat the photo generated carriers. Therefore, the CIS/CGS 

superlattice structure provides a way to slow down the carrier cooling rate.  

When hot carriers last long enough to be collected, one way of collecting the 

excess energy is believed to be an ESC. A quantum well structure of AlN/GaN is 

chosen to be the ESC for a CIS/CGS superlattice absorber. First, nitride materials are 

stable with the CIGS absorber. Second, the wide band gaps of AlN and GaN allow the 

layer to be transparent and not interfere with photons coming into the device. Third, the 

low affinity and high band gap of AlN create a barrier between the contact and the 

absorber so that cold carriers are confined while carriers with the selected energy can 

tunnel through. Simulations show the selected energy can be tuned by varying the AlN 

and GaN thicknesses. Hence, the AlN/GaN quantum well is suitable to be the ESC of a 

CIGS based hot carrier solar cell that collects carriers with desirable energies 

preventing energy loss to cold carriers.  

The CIS/CGS superlattice absorber and AlN/GaN ESC are studied on the 

modeling level, as the fabrication of a nano-structured CIGS device is beyond the scope 

of our current research facilities. While the modeling serves as a starting point for a 

nanostructured CIGS device to be fabricated in the future there is a lot of information to 
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be gained about hot carriers in the traditional device. Current voltage characteristics of 

the conventional CIGS solar cell under four different wavelength illuminations are 

measured at reverse bias, where a rapid increase of current with increasing reverse 

bias is observed which can be attributed to the impact ionization of the hot carriers. The 

wavelength-dependent impact ionization rates are extracted from the current voltage 

measurements to reveal the existence of hot carriers in a conventional solar cell. A 

modified Shockley lucky electron model is developed to extract the ionization data. This 

process is then used to obtain the initial energies and the phonon mean free paths of 

the photo generated carriers under different wavelength illuminations. 

The hot carrier effect is used to improve the solar cell efficiency by embedding a 

barrier in a traditional solar cell. The barrier locations and compositions were analyzed 

by simulating the corresponding open circuit voltage and short circuit current under four 

wavelength illuminations in Medici. A barrier consisting of Zn0.3Cd0.7S embedded 

between the CdS and the CIGS layers is proposed for maximally blocking the cold 

diffusion carriers while allowing most of the CIGS absorption layer hot carriers to pass 

through.  

Future Work 

The modeling shows the potential of nanostructures to utilize hot carrier energy. 

The start of developing a hot carrier solar cell is to first realize hot carrier-related 

improvements in a conventional cell. Hot carriers effects were in fact observed in 

wavelength-dependent IV measurements. The information can be used to modify 

traditional solar cells in the short term. In the long term, cell improvements can be 

achieved by fabricating a superlattice CIS/CGS absorber and incorporating AlN/GaN 

quantum well contacts for efficient hot carrier collection.  
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In this work the superlattice absorber is termed as CIS/CGS because the 

analysis of the phonon bottleneck effect was done on alternating layers of CIS and 

CGS. But for future work, more flexibility can be obtained by using a CuInxGa1-xSe2 

superlattice structure where the alternating layers have two different mole fraction 

numbers. The composition and thickness for each layer can be tuned to optimally 

minimize the hot carrier cooling rate. The fabrication of a CuInxGa1-xSe2 superlattice 

structure has not yet been reported. Techniques need to be developed for interface 

abruptness and layer thickness controll in the CIGS superlattice. Once a real 

superlattice structure can be produced, a well-tuned design can be developed 

theoretically and experimentally by comparing the model predictions to the experimental 

results and refining the structure in an iterative process. Also, the AlN/GaN quantum 

well contact feature size and growth on the superlattice absorber can be further 

investigated.  

In the future, fabricating the complete device, including the nanostructure 

absorber and contacts, and characterizing the phononic and electrical properties of the 

real device by time resolved photoluminescence, Raman spectroscopy and IV 

measurements may lead to an unprecedented efficiency of a single junction solar cell.  
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