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Abstract
Photovoltaic Conversion in the Multiple Quantum Well InGaAsP 

Semiconductor Heterostructures
by

O leg Y urievich R aisky  

A dviser Robert R. Alfano, Distinguished Professor of Science and Engineering

The topic of this thesis is the physics of carrier transport and  photovoltaic conversion 

in InP-based m ultiple quantum  well (MQW) and bulk heterostructures. A new concept 

of enhancing MQW solar cell conversion efficiency using sequential resonant tunneling 

(SRT) transfer w as introduced. MQW InG aA sP/InP solar cells were designed, grown and 

investigated. Sample characterization was conducted using a w ide set of techniques: pho­

toluminescence (PL) and photocurrent (PC) measurements, current-voltage (TV) measure­

ments, electroreflectance and secondary ion mass spectrometry. PL, I-V and PC data were 

studied for their tem perature and bias dependence. Enhancement of the photocurrent and 

reduction of the radiative recombination losses in an  InG aA sP/InP MQW heterostructure 

due to built-in SRT have been observed for the first time. Photovoltaic efficiency m easure­

ments showed that the MQW solar cells outperform ed the control non-MQW cells by 13% 

(relative efficiency of the control sample taken as a 100%). The effect of the SRT on the 

performance w as relatively small because of (1) the small m agnitude of the SRT peak and 

(2) the location of the peak out of the cell operational range. Based on the obtained results 

the criteria for successful implementation of the SRT in MQW structures for the purpose 

of enhancem ent of photovoltaic efficiency have been established.
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Chapter 1

Introduction

1.1 Historical Background On Multiple Quantum Well Structures 

And Solar Cells

In 1969, Esaki and  Tsu [1] were first to propose an artificially m ade semiconductor su­

perlattice (SL) w ith a one-dimensional periodic potential. Two kinds of superlattice struc­

tures were suggested: one based on the periodic changing in doping concentration, and an­

other one based on a periodic changes in composition. A t that time superlattice structures 

presented a real challenge for existing semiconductor growth m ethods. The observation 

of the quantum  effects in the superlattice is only possible if the characteristic param eter of 

the SL (SL period) is less than the phase-coherent length, and the latter is directly related 

to the quality of the crystal and the quality of the heterostructure interfaces. However the 

dem and for high quality semiconductor thin films has initiated rapid developm ent of var­

ious growth techniques. In 1974, five years later, Chung, Esaki and Tsu [2] reported on the 

first observation of negative differential resistance (NDR) in the current-voltage characteristic 

of the superlattice diode. That w as a pure quantum  effect predicted for this kind of mi­

crostructure. Thus, the possibility of creating a low-dimensional structure had had  been 

experimentally proved.
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M ultiple quantum  well (MQW) semiconductor heterostructures have attracted a con­

siderable theoretical and experimental research interest. A proliferation of MQW devices 

has been m ade possible w ith invention and developm ent of advanced growth techniques 

such as molecular beam  epitaxy (MBE) and  metalorganic chemical vapor deposition (MOVPE). 

These techniques allow to grow structures w ith atomically abrupt interfaces and  precisely 

controlled compositional and doping param eters on the scale of a few angstrom s (A). For 

the last tw o decades MQW-based structures have created a foundation for new  generations 

of infrared (IR) photodetectors, semiconductor lasers, electro-optical m odulators and, re­

cently, quantum  well solar cells (QWSC).

A  large num ber of available compatible materials has led to w hat J. M. Woodall [3,4] 

called "Band-Gap Engineering", a new  concept in  building opto-electronic devices. By 

changing compositional and doping param eters during  growth, engineers can artificially 

"tailor" the fundam ental param eters of the devices (i.e. mobility, bandgap, effective mass) 

to suit their specific needs.

Ever since the manufacturing of the first Si p-n junction diodes, semiconductor based 

solar cells were in constant development. Continuous improvements in semiconductor 

technology, in particular, Si technology, has led to considerable increases in solar cell pho­

tovoltaic conversion efficiency, a figure of m erit used to characterize solar cell performance.

The current best-performing solar cell efficiency (24%) has almost reached the theoretical 

limit for Si-based solar cells. Further advancements in efficiency required new ideas and 

new materials.

In  order to  make a better solar cell one has to consider w hat limits solar cell efficiency.

The factors affecting SC performance can be divided into tw o som ewhat overlapping cate­

gories. The first group is related to the sample quality and  depends on  a particular grow th 

technique/process and on control over such param eters as layer thickness, doping concen­

tration and  distribution, and contact quality. The second group describes factors inherent 

to any photovoltaic device. This group relates to the fundam ental physical processes af-
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fecting the photovoltaic conversion: carrier recombination, transport, and  photon absorp­

tion.

Both groups are equally im portant in terms of their effect on the device's performance. 

Let us briefly outline the m ost im portant factors.

•  The first and  m ost im portant fundamental limitation im posed by a single-band so­

lar cell device is that all photons w ith energy hui below energy gap E gap are not 

absorbed.

•  The second loss happens because of the very rapid relaxation of carriers towards 

their respective band edges. Thus all energy in excess of E gap is lost to the heat.

• Radiative recombination of the photogenerated carriers is responsible for the third 

kind of loss as it reduces the number of electron-hole pairs. Radiative current sub­

tracts from the total current delivered to the load by the cell.

•  For a non ideal device, one m ust consider various non-radiative recombination losses 

due to contact resistance, impurities, interface roughness and  so on.

High conversion efficiency requires both high current and  high voltage. However, the 

reduction of the energy gap produces not only the increase in photocurrent but also a 

reduction in voltage, due to decreasing of the potential energy of collected carriers. In­

creasing the bandgap produces a gain in the voltage bu t a loss in the photocurrent. This 

situation can be resolved if one can build a  solar cell which perform s well not only in one 

particular point of the solar spectrum but in m any points. In this way, the absorption spec­

trum  of the cell w ill be a closer match to the solar spectrum. Thus, the concept of a multiple 

bandgap solar cell was bom  [5].

The idea was to create a vertical stack of several solar cells w ith different bandgaps, 

which made it possible for better utilization of the solar spectrum . This had  required: (a) 

an epitaxial grow th o f semiconductor thin films of very different composition, (b) means
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to  efficiently (without electric losses) connect the constituent subcells, and  (c) to  achieve 

optim um  efficiency, the constituent subcells m ust be current m atched to each other. This 

was a difficult task, and earlier m ultiband solar cells d id  not perform  as well as it was 

expected from them.

Initial difficulties w ith fabricating high efficiency m ultiband solar cells has resulted in 

the emergence of a new  approach to the problem. In 1990, Bamham and Duggan [6] have 

proposed to use MQW structures in h igh efficiency m ulti bandgap solar cells, to overcome 

difficulties associated w ith m aking lossless interconnections between subcells. Shortly af­

ter their proposal, this group experimentally dem onstrated [7] that the photovoltaic con­

version efficiency of p-i-n A lG aA s/GaA s photodiodes can be enhanced as m uch as 100% 

by inserting quantum  wells in the intrinsic region. The insertion of quantum  wells has 

extended the lower part of the cell's absorption spectrum  resulting in an additional carrier 

generation and increase in  a photocurrent.

Thus it has been established experimentally that quantum  wells can increase the pho­

tovoltaic conversion efficiency for w ide bandgap materials (AlGaAs/GaAs), how ever for 

materials w ith a bandgap closer to the optim um  the results were rather disappointing. 

For instance, for InP/InG aA s cells several authors reported [8,9] a decrease in  the efficiency 

compared to a control (non-MQW) sample. Anderson and  Wojtczuk [9] explained the ob­

served decrease by increased recombination on impurities, which effectively eliminated 

all advantage of MQW inclusion. To this date the best efficiency reported for QWSCs is an 

AlGaAs/GaAs 50 quantum  w ell device w ith  a 14% efficiency [10].

The choice of w ell/barrier combination seems to be a significant factor too. In  1994, 

M ohaidat et al. [11] theoretically investigated the dependence of the MQW solar cell effi­

ciency on the barrier potential (band offset) under resonant tunneling conditions. It was 

found that the small bandgap (InA s/In i_xGaxAs) MQW structure has a pronounced max­

im um at about 450 meV, while the efficiency declines linearly w ith the barrier potential 

increase for the larger bandgap (G aA s/A lxGa!_xAs) structures.
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The m ain positive effect of the MQW region is the extension of the cell's absorption 

spectrum . However, it is not enough to produce an enhancem ent of efficiency. Prompt 

collection of the photoexcited carriers is another key ingredient of the high efficiency. This 

is a  w eak poin t of the MQW solar cells. It is well know n that the radiative recombination 

rate in quantum  well structures is significantly larger than that in similar non-QW struc­

tures due to spatial localization of the carriers. A lthough it is beneficial for light-emitting 

devices such as lasers and LEDs, it is a disadvantage for solar cells due to reduction of the 

photogenerated current. Characteristic feature of the QW is that it acts as a carrier trap and 

so to guarantee an efficient operation one m ust provide means for efficient carrier escape 

and  collection. Nelson et al. [12] have concluded that in  a m oderate quality quantum  well 

w ith  non-radiative recombination time rnr > 1 ns, m ost photogenerated carriers will es­

cape the wells via thermionic emission a t room tem perature. The issue of efficient escape, 

becomes critical in the deep-well systems (InP/InGaAs(P)), where second escape channel 

-  tunneling -  is more important.

A nother positive aspect of the QWSC - better tem perature dependence (less susceptible 

to tem perature changes) than conventional cell w as reported by Ballard et al [13]. It can be 

im portant for cells operating in a harsh environment.

Theoretical analysis [5] shows that to produce a sizeable increase of the photovoltaic 

efficiency in the two-gap or MQW solar cell over single bandgap devices, the difference 

in the bandgaps of constituent materials m ust be > 0.5 eV. In this case an ideal two gap 

cell can reach 50% of efficiency against 37% for the single gap cell. This analysis suggested 

that so-called "deep-well" systems such as InGaAs(P)/InP, where the aforementioned dif­

ference is about 0.6 eV, may have an advantage over the AlGaA s/GaA s material system, 

w here this difference is less than 0.4 eV. Besides an advantage of larger bandgap difference 

the InGaAs(P)/InP-based solar cells exhibit higher radiation resistance com pared to the 

GaAs-based cells which is im portant for extraterrestrial applications.

These developments presented several problems that need to  be answered:
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1. W hat physical factors influence performance of MQW-based solar cells most?

2. Is it possible to make an  MQW InP-based solar cell which will outperform  a conven­

tional (non-MQW) solar cell?

3. Can the recombination losses specific to MQW devices be reduced?

My thesis will attem pt to answ er these questions.

This requires an  understanding of physical mechanisms responsible for generating 

photocurrent in solar cells, and, in particular, mechanisms, specific to  the MQW devices. 

An efficient escape and  transport of the photoexcited carriers across the MQW region will 

largely determ ine the performance of an MQW device. The carrier escape mechanisms fall 

into several categories: thermionic emission of carriers above the barrier, a process which 

depends primarily on barrier height and temperature; tunneling ou t of the well, which 

exponentially depends on barrier w idth; escape via an  absorption of optical phonons, a 

process which is affected by tem perature, and the combination of the last two (phonon- 

assisted tunneling) [14].

Escape processes are com peting against radiative and non-radiative recombination 

which tends to dim inish the photocurrent. Fig. 1.1 shows a schematic diagram  of these pro­

cesses in a quantum  well. All these mechanisms depend on structural and  compositional 

parameters of the MQW structures. External factors, such as voltage bias and  tem perature 

variations, are other im portant param eters which can influence escape process.

As was m entioned before, in order to extend solar cell's absorption range, the differ­

ence between barrier and well bandgaps should be made large (>  0.5 eV). However, it 

contradicts w ith a requirem ent of having high escape rates, because, the deeper the well 

the harder for carriers to escape. To enhance carrier collection rate and  reduce recombi­

nation losses one can im plem ent resonant tunneling transfer inside the MQW structure. In 

resonantly coupled wells, the electron transfer time between adjacent wells is reduced by 

several orders of m agnitude, which can produce a large amplification of the photocur-
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cap

cap

Figure 1.1: Free carrier escape and transfer processes in the MQW structure. The r 's  are 
different characteristic times associated w ith these processes: rt is the tunneling 
escape time, rth is the thermionic escape time, r cap is the capture time, r^r is 
the drift time, and t p i is radiative recombination time; indices e and h  refer to 
electrons and holes, respectively.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



8

rent [15]. In 1990, Bam ham and Duggan (B&D) [6] suggested a resonant tunneling struc­

ture for efficient carrier collection in MQW solar cells as shown in Fig. 1.2a. Resonantly 

enhanced photocurrent in the MQW structures w as observed by several groups [16,17] 

in G aA s/A lA s MQW samples. Summers et al. [18] have reported on the observation of 

negative differential resistance in resonantly aligned three well AlGaAs/GaAs structure, 

in w hat they called "variably spaced superlattice energy filter". To the best of our knowl­

edge, this was the only experimental w ork w here the resonant MQW structure w ith vari­

able well w idth  and  num ber of wells more than tw o w as investigated.

The major problem  w ith this kind of structure is that the total num ber of QWs, which 

can be simultaneously aligned in resonance w ith each other, is limited to 5-6. That corre­

sponds to the ~ 0.1 jum thickness of the intrinsic layer and it is not acceptable for photo­

voltaic devices due to the low absorption. To compensate for low absorption B&D sug­

gested to add  several not-in-resomnce wells to the end of the MQW stack. In m y opinion, 

it defeats the w hole purpose of having resonant tunneling transfer in the first place. After 

passing through the first "resonant" region carrier w ill tend to accumulate in the region 

with slow transfer capabilities. One could overcome insufficient thickness by putting to­

gether several lattice-matched materials, e.g., II-VI and IH-V group semiconductors. How ­

ever a t the current state of semiconductor growth, it is difficult to  combine more than three 

lattice-matched materials.

To overcome this deficiency we have proposed an MQW solar cell w ith a sequential 

resonant tunneling.

Sequential resonant alignment shown in Fig. 1.2b appears to be free of thickness limi­

tations. The sequential resonant tunneling happens if the following condition is satisfied: 

Ee2 — Eei = \qEd\, w here Eel and E e2 are the ground and  first excited subband energies 

of the quantum  well, q -  the electron charge, F  -  the internal electric field, and  d -  the 

MQW spatial period. In  this thesis w e propose to utilize sequential resonant tunneling (SRT) 

in MQW solar cells.
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(c) Phonon-assisted tunneling
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Figure 1.2: M ultiple quantum  well structures w ith the different tunneling alignments: (a) 
-  non-sequential process, (b) -  sequential process, (c) -  phonon-assisted tunnel­
ing.

Electron-phonon interaction can be responsible for so-called phonon-assisted tunneling 

shown in Fig. 1.2c. W hen the difference between the final and  initial state are comparable 

to an optical phonon energy hu^o  ( A E ^ f  = E f — Ei k, Tuolo), and if the phonon-assisted 

tunneling rate is larger than other escape processes, then an  increase in tunneling rate can 

be observed when the A E ^ f  exceeds huio> i.e. phonon absorption becomes allowed.

Investigation of the MQW solar cells w ith a built-in SRT requires reliable experimen­

tal methods which can provide information about device structure, carrier escape and 

transport, recombination losses. Steady-state photoluminescence (PL) and photocurrent 

(or photoconductivity) (PC) measurements are widely acceptable m ethods and they can 

provide required information. Each technique is complementary to  another in  a sense that 

the photoluminescence and  photoconductivity are essentially com peting processes — cer­

tain gain in the PL intensity may produce corresponding loss in the PC am plitude and vice 

versa. Along with the standard PL and  PC measurements where intensity is measured as 

a function of exciting or em itted wavelength, w e have extended these m ethods to make it 

possible to m easure the intensities as a function of applied bias. This allow us to control
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the internal electric field and  study  the effects of the field variation on the PC and PL in­

tensities. Information obtained w ith the help of additional techniques (Electroreflectance 

and Secondary Ion Mass Spectrometry) w as used to get dopant concentration profiles and 

the value of electric field inside the sample.

Steady-state measurements can provide only very indirect information on the dynam ­

ics of the transport. Time-resolved techniques are required for the direct study  of the trans­

port process. Progress in the ultrafast spectroscopy for the last decade has offered "the 

possibility of studying and  discovering key processes unresolved in  the pass" [191. Ultra­

fast laser spectroscopy was particularly successful in investigating tunneling phenom ena 

in MQW heterostructures by m easuring photoluminescence decay times. Throughout this 

w ork w e have relied on the experimental results obtained by several groups [20-23].

1.2 Thesis Organization

The thesis is divided into seven chapters.

The first chapter, "Introduction", contains a brief historical introduction into the subject 

of quantum  well solar cells. It gives major accomplishments and the current developments 

in this field. The rest of the chapter presents thesis outline and thesis statement.

The second chapter, "Theoretical background", provides a theoretical description of 

semiconductor MQW heterostructures. It starts w ith a description of the envelope func­

tion approximation (EFA). Using this approxim ation optical properties of quantum  well het­

erostructures are then outlined. The effect of the strain and electric field (Q uantum  Con­

fined Stark Effect) on these properties is also presented. A separate section gives physical 

principles of photovoltaic conversion and the m ain factors which limit the efficiency of 

common solar cells. The section on MQW solar cells presents a  m odel of an  ideal QW so­

lar cell. The chapter ends w ith a description of a  numerical solution of Poisson's equation 

in semiconductor heterostructures.
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The third chapter, "Experimental setup", describes photoluminescence and  photocur­

rent m easurem ent systems, their major com ponents and  specifications. Separate section 

presents "Ke236" -  a software developed to conduct data  acquisition and to control various 

instrum ent functions. The rest of the chapter describes sam ple grow th and preparation.

The next three chapters contain m y original research w ork conducted on various In- 

G aA sP/InP  semiconductor heterostructures.

In fourth  chapter, "Investigation of photoluminescence and photocurrent in 

Ina;G ai_I ASj/Pi_y strained MQW heterostructures", w e present our studies on the photo- 

lum inescent and photoconductive properties of the MQW InG aA sP/InP p-i-n heterostmc- 

tures. Two samples w ith the same well thickness and  different barrier w idth were investi­

gated using photoluminescence, photocurrent and  dark  current measurements. The focus 

of the study  is the basic properties of the MQW structures: quantum  well energy states, 

the effect of the strain, tem perature and electric field on these states, and the escape pro­

cesses in quantum  wells. The origin of recombination losses is analyzed. The relation of 

the quantum  well electronic properties w ith  structural and  compositional param eters of 

heterostructures is also a subject of investigation as it is im portant for understanding of 

basic physics of MQW devices.

The fifth chapter, "Investigation of the In^Gai-ajAsyPi-y multiple quantum  well solar 

cell structures", presents a study of InG aA sP/InP MQW solar cell structures. Two sam ­

ples, w ith MQW layer and  w ithout it, were designed, grown and investigated. The design 

of the MQW cell facilitated transport and increased the collection rates of the photogen­

erated carriers in the MQW region, in w hich the well and  barrier w idths were chosen to 

perm it a sequential resonant tunneling between adjacent wells [15]. An increase of 13% in 

photovoltaic efficiency for the MQW device w as observed over the control sample. Pho­

tocurrent and  photoluminescence spectra m easured at the different bias and  excitation 

wavelengths were used to investigate carrier escape and recombination processes. The 

chapter concludes w ith a discussion of possible ways to further improve the photovoltaic
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efficiency.

The sixth chapter, "Resonant enhancement of the photocurrent in MQW photovoltaic 

devices", deals w ith an investigation of resonant enhancem ent of photocurrent in the In- 

G aA sP/InP MQW samples. The evidence of the resonant transfer w as observed in pho­

toluminescence, photocurrent and dark current measurements. Full characterization of 

samples including identification of quantum  well states w as conducted using photolum i­

nescence and  photocurrent spectroscopies. Besides photoluminescence and photocurrent 

measurements, additional experimental techniques w ere used to investigate dopant pro­

files and electric field distribution in the /-region in the samples: electroreflectance spec­

troscopy (ER) and secondary ion mass spectrometry (SIMS). The criteria for successful imple­

m entation of SRT in the MQW photovoltaic devices are given.

The last chapter gives a  thesis sum m ary and discusses future developments in this 

field.

1.3 Thesis Statement

This thesis focuses on the physics of photovoltaic conversion in InP-based MQW semi­

conductor heterostructures. A new idea of improving collection of the photo-induced car­

riers and to enhance photovoltaic conversion efficiency of the MQW solar cell devices by 

using sequential resonant tunneling transfer (SRT) is investigated. Based on this new con­

cept InG aAsP/InP MQW samples were designed, grow n and investigated. Enhancement 

of the photocurrent in the InG aAsP/InP MQW heterostructure due to a built-in SRT has 

been observed for the first time.

The following major objectives were focused on in this thesis:

•  Several InGaAsP/InP MQW and bulk InP samples were designed and investigated. 

Q uantum  well subbands were identified and m atched w ith calculated results. The ef­

fect of the temperature and voltage bias was used to identify dom inant escape mech-
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anism in these structures.

•  A  new InGaAsP/InP MQW solar cell design w as investigated. M easurements of the 

photovoltaic efficiency in InG aA sP/InP clearly dem onstrated that the MQW sample 

outperform ed the control InP (bulk) sample by an 13%.

•  Investigation of the SRT transfer in InG aA sP/InP MQW sample has shown that the 

SRT does reduce radiative recombination losses and can increase a collection rate of 

photogenerated carriers.

•  The criteria for successful im plementation of the SRT in MQW structures for the pur­

pose of enhancement of photovoltaic efficiency have been established. The main 

requirements are low residual dopant concentration in the z-layer (less than 1 x 

1015 cm-3) and careful choice of "resonant" value of the bias, w hich m ust be within 

the operational range of the designed cell.

•  It has been shown for several samples that voltage dependence of photolum ines­

cence in p-i-n diodes can be used to identify the origin of PL in multilayer structures.

•  The semiconductor characterization system incorporating an 0.3 m  Triax Spectrom­

eter, Stanford Research Lock-in Amplifier and Keithley Source-Measure Unit was 

built. Software utilizing GPIB interface was developed to perform data acquisition 

and control various instrum entation functions. The system allows to conduct pho­

toluminescence, photocurrent, current-voltage and photovoltaic efficiency measure­

ments in 20-300 K tem perature range.
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Chapter 2

Theoretical background

2.1 Introduction

This chapter describes the physics involved in semiconductor heterostructures and 

quantum  well devices based on these structures. The envelope function approximation 

(EFA) is presented as a method to describe properties of the heterostructures. Based on 

the EFA optical properties of the MQW structures are described. The effect of the electric 

field and strain on the properties of the MQW is also discussed. Separate sections outline 

main characteristics of carrier escape and  transport in the MQW, and special consideration 

is given to various scattering mechanisms affecting the transport. The principles of photo­

voltaic conversion are given. Brief introduction into theory of semiconductor p-n junction 

is followed by a discussion of the efficiency limitations of photovoltaic conversion. Multi­

band solar cell as a w ay to improve the efficiency of photovoltaic devices is considered in 

this chapter. MQW solar cell is presented as a  particular realization of the m ultiband solar 

cell. The chapter concludes with the description of the model of ideal solar cell.
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2.2 Quantum Well Semiconductor Heterostructures

Advances in the semiconductor growth techniques such as molecular beam  epitaxy 

(MBE) and  metal-organic chemical vapor deposition (MOVPE) helped to create a basis for 

the developm ent of devices with characteristic sizes of a few nanom eters and less, so called 

nanostructures. An interest to these structures comes from the fact their electronic and vi­

brational properties are modified as a result of quantum  confinement. These changes can 

be relatively easy controlled by changing device param eters such as layer thickness and 

stoichiometry. Combining layers of two different m aterials requires m atching of their lat­

tice constants. W hen these constants are identical or very close, it is easier to align A  atoms 

w ith B  atoms and produce sharp A /B  interface. There are only few semiconductor materi­

als which can be grown lattice-matched. Fig. 2.1 shows a plot of the bandgaps of different 

semiconductors versus their lattice constants. The solid lines are joining semiconductors 

which can form stable alloys.

A typical example of the nanostructure is a quantum well device shown in Fig. 2.2a. 

This kind of configuration is achieved by grow ing a th in  layer (order of nanometers) of 

semiconductor B  between tw o layers of semiconductor A. The bandgap of B  is less than 

the bandgap of A: E£ap < Egap. Stacking together m any QWs and barriers one can build 

so-called superlattice show n in Fig. 2.2b. The quantum  well and superlattice are examples 

of two-dimensional nanostructures. O ther structures w ith lower dimensionality were suc­

cessfully grown and investigated -  one-dim ensional quantum wires and zero-dimensional 

quantum dots.

The next several sections are outlining analytical models used to describe MQW semi­

conductor heterostructures.
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Figure 2.1: Room tem perature energy bandgaps of several ni-V and  II-VI group semicon­
ductors versus their lattice constants. The solid lines connect the semiconduc­
tors which can form stable alloys.

A B A A B A B A B A B A

(a) (b)

Figure 2.2: Examples of the nanostructures: (a) -  a single quantum  well, (b) -  a superlattice.
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2.2.1 T he k - p M ethod  o f  the Band Structure D escription

The Schroedinger equation describing the motion of one electron in the crystal can be 

w ritten as:

Ue&n(r) = [ ; f - +  Vave{r) I * n(r) =  E ^ n{r) (2.1)

1 f.2 N*t Z e 2
W r ) = j E i +  (2 .2)

where ~Hei, $ n(r) and En denote, respectively, the one-electron Hamiltonian, the wave- 

function and energy of an electron in an  eigenstate n, p  is the m om entum  operator of the 

electron and — e is its charge. The r  is the position of the electron in the crystal. It is as­

sum ed that every electron experiences the same average potential Vave(r), w here Vave(r) 

is: __________________________

?  \r -  r i | +  ?  \r -  f l i0 |

where Rjo is the position of the y-th nucleus frozen in its equilibrium position, Z j is the 

atomic num ber of the nucleus, and  N at and N ei are the numbers of nuclei and electrons, 

respectively.

According to quantum  mechanics, the wavefunction of the particle moving in the pe­

riodic potential V (r) = V (r  + R j ) ,  j  = 1 . . .N ,  can be expressed in the form of Bloch 

functions:

^nfc(p) =  exp(ifc • r)unk{r) (2.3)

where uk{r) is a periodic function w ith the same periodicity as V (r), n  is the index and  k 

is the wave vector of the plane w ave forming Bloch function. A plot of the electron energies 

in Eq. 2.1 versus k  is referred as the electronic band structure of the crystal. After &nk is

substituted into Eq. 2.1 w e can obtain an equation for unk-

(  p2 h k  - p  h2k2 \  ..
( 2^ + + 2 ^ + ave) Unk ~  nkUnk ( )
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At ko =  (0,0,0), Eq. 2.4 reduces to:

(  p2 \
\  2mo ^ a V B  J  — ^ n k Q u n k Q  (2*5)

Once E nko and  unko are found, hk  * p/2m o and  h2k2/2rrio can be treated as perturbations 

using either degenerate or non-degenerate perturbation theory. This m ethod of calculating 

the band structure is known as the k  • p  m ethod.

In m any cases the complete knowledge of crystal band structure is not required, since 

the electronic properties of semiconductors are governed by  the electronic states that are 

in  the close vicinity of the conduction band m inim um  and valence band maximum. Let 

us assum e that at E (k  =  ko) =  E no the band structure is non-degenerate, and  it has an 

extremum at this point. Then, using standard perturbation theory, the eigenfunctions unk 

and eigenvalues E nk near ko can be expressed in the term s of unperturbed uno and £ no 

as [24]:

_  .. i ^ V* (u no|fc ’ PWn'o). ,,,nk — unk0 +  2 s  TP TP un'0 (2.6a)mo EnO — En’ 0

E l - E l  I ^  Y' I<u"o|fc-PK'0>|2Enk -  E„,o +  -t—  +  —2 2s   w-------5 ---------un’0 (2 .6b)2mo ttiq nt_£n E no E nio

It is conventional to express the energy E nf. as:

h2k2
Enk = En 0 +  ^ T  W

where m* is know n as the effective m ass of the band:

1  ,  ̂ V ’  K^wojfe 'P |^ n 'o )|2 .. Q\
771* m 0 m l k 2 E n „ -  E n ,Q n ' °
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Kane Model o f Dispersion Relations

Kane [25] took a  different approach from the perturbative expansion of Enk in terms 

of k. H e noticed that in III-V semiconductors the topm ost valence band and  the lowest 

conduction band  are close to  each other and  well separated from the bands. Thus Kane 

solved Eq. 2.4 exactly for a limited num ber of bands, and later introduced the coupling 

w ith other bands using second-order perturbation analysis.

From the group theory analysis of the band structure it is know n that the conduction 

and valence band functions are s- and p-like, respectively, and can be denoted by 15) and 

\X), |Y) and |Z). The electron spin is 1 /2  and will be noted by  f  (spin-up state) and I 

(spin-down state). From atomic physics, it is known that electron spin s can be coupled 

to the orbital angular m om entum  I via spin-orbit interaction. The spin-orbit interaction can 

expressed as:

U so =  A a l (2.9)

where the constant A is referred to as the spin-orbit coupling. The eigenfunctions of Eq. 2.9 

are the eigenfunctions of the total angular momentum j  =  I +  s  and its z  co m p o n en t^ . For 

1 — 0 (conduction band) there are two eigenstates (j = s — symmetry), and  for 1 = 1 

(valence band) there are six eigenstates: four for the j 3/2 = I + s =  § (r8 symmetry) and 

two for the j i / 2 — I — s = 5 (F7 symmetry). In m -V  group semiconductors the quadruplet 

j'3/2 is always higher in energy than the doublet j \ / 2. Calculating the matrix elements of 

E nk between these 8  Bloch functions and solving the secular equation the eigenvalues of 

the Eq. 2.4 can be found.

Table 2.1 lists the eigenfunctions and  eigenenergies of the Kane Hamiltonian. The en­

ergy origin is chosen a t the F 6 edge. The eigenenergies depend on three param eters: the 

fundamental bandgap eo, the spin-orbit coupling gap A, and the interband m atrix element
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Ul 13,3z) V'j j , E i(k  - 0]

Ui | i  ±) 12’ 2 / i | 5 t > 0

U2 I I  _ I \  
>2’ 2 / i |S | ) 0

U3 | 3  I \  
12 ’ 2 / - y i l z t J  +  ^ K ^  +  t r )  | ) —Co

U4 | 3  _ l \  
12 ’ 2 / +  t ) —eo

u5 | 3  3 \ 
1 2 ’ 2 / A = | ( * ± i y )  t ) -eo

u6 13 3 \  
1 2 ’ 2 / ^ I ( X - Z F )  4) -eo

u7 | i  1 )  1 2’ 2 / ^ l z t >  +  ^ l ( - X '  +  *>r ) 4 )

<110\L>1

us II _ 1 \  12’ 2 /

<1101

Table 2.1: The eigenfunctions and eigenvalues of the Kane Hamiltonian 

of the m om entum  operator:

P  = ~ ( S \ p s \X ) = - ^ ~ { S \p y\Y) = - ± ( S \ p g\Z) (2.10)
mo mo mo

All the other p  matrix elements vanish by symmetry.

Band Edge Effective Masses

If fe || j  || z  and fc =  (0,0, kz), the dispersion relations can simply be obtained, and 

j z =  ±1 /2  and j z =  ±3/2  bands remains decoupled. For the band  edges (A: ->0) the 

effective masses can be expressed in  term s of band structure param eters eo, A and  P :

j z =  ± 1 /2  : these states are usually associated w ith light particles.

(2 .11a) 

(2 .11b) 

(2 .11c)
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j z =  ± 3 /2  : these states are usually associated with heavy hole particles. To get a  disper­

sion for the heavy holes, one has to include coupling w ith the remote bands besides 

r6, r7 and r8:

2.2.2 E nvelope Function A pproxim ation

The common approach to the description of electron states in a quantum  well is based 

on an envelope function approximation (EFA) [26]. The key assum ptions of this approach are:

• The band offsets are usually a small fraction of the host bandwidths.

• The band structures of the host layers are usually very similar.

The first assumption means that the conduction band edge of semiconductor A  w ill line up  

with the conduction band edge of semiconductor B  w ithin «1  eV range or, m ore generally, 

AE g £  < Egap, where =  E*ap — E fap. The second assum ption means that these two

edges are of the same symmetry (e.g. T6). Then the electronic states in both layers can be 

described in terms o t k - p  expansion around the T6 point.

Inside each layer the total wavefunction can be expanded in terms of the periodic parts 

of the Bloch functions ui*0of the edges under consideration:

(2.12)

<]>(r) =  <

£ f= i ufk(J(r) [a/(A:/4) ex.p(ikf • r) + bi(kf)  exp{ - i k f  ■ r ) ] ,

for (- L / 2 ) < z <  (L/2) 

£?=i “ itoW  [ai(kF) exP(ikiB ■ r) + bi(kP) e x p ( - i k f  ■ r ) ] ,
(2.13)

for z  >  {L/2) or z  < {—L/2)

Similarity of the A  and B  band structures implies that are the same:

u lko =  «|fco (2.14)
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Let the grow th axis to be the z  axis and the plane z  =  zq to be the interface separating the 

A  and  B  layers. Using translational invariance in the layer plane and assum ing the same 

lattice constant in both semiconductors, 'i '(r)  can be factorized:

8
W(r) =  exp(zfcx • rj_) Y l u lko{ r ) f f ’B{z) (2.15)

z=i

w here k±_ and rj_ are in-plane projections of k  and r  vectors, respectively, and 

an envelope junction that is slowly varying on the scale of the host periodicity. The f i (z)  are 

solutions of the coupled differential system:

t 2 iL2  * 2  q 2
e f Y ( z  g A) + t? Y { z  G B ) + Vext(z) + ---- ± fi(z)

171= 1

hk±
m ■ (ulko I PX I Umko ) + ZT ' (ulko IPz I > J  4 ;  . mo mo * oz

2mo 2mo dz2

f m { z )  = efi(z)

w here the uiko, by definition, solutions of:

(2.16)

2mo
+  V A(r )Y(z  g A) + V B{r)Y{z G B) Ulko

= [e fY (z  GA) + eBY {z  G JB)] ulko

(2.17)

and Y  (z) is a step function:

Y (z  G A) — <
1, for z inside A  layer

0, for z  outside A  layer
(2.18)

In Eq. 2.16 all explicit information about hosts periodic structure is disappeared, and it con­

tains in  the implicit form through effective param eters such as bandgaps and  the Kane 

matrix elements.
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The Ben D aniel-D uke M odel

This m odel is the simplest form of the EFA and works for the lowest conduction band of 

several heterostructures. It takes into consideration only one parabolic band. The Eq. 2.16 

simplifies to:
r ft2 &  a2*-2

/(* ) =  ef ( z )
d2 h2k \

+  » +eo + V(z)2m* (z) dz2 2m* (z)

where m* and  V z

m*(z) =

V*(z)  =

m

m B

for z  € A  layer 

for z  £ B  layer

0 , for z  € A layer

V0, for z  6  B  layer

(2.19)

(2 .20)

(2.21)

The boundary conditions on the A / B  interface require continuity of the function f ( z )  and 

ni-{z) % a t z — ±{L/2).  The second condition ensures that the particle flux is continu­

ous across the interface. It can be seen that the problem was practically reduced to the 

quantum-mechanical problem  of finding energy states of the particle in a quantum  well. 

The bound state solutions are sought in the following form:

feven(z ) — '

Acos(k^z) ,

Be~K z,

CekBz,

/even (z ) — /even ( z )

for \z\ < j  

i o r  Z >  j

for z < —~
(2.22)

for even states, and

fodd(z) = <

Asin(A:^^),

Be~KBz,

CeK°z,

fodd(z ) — foddi z )

for \z\ < |r 

for z > ^  

for z < —§
(2.23)
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for odd states. In general, there are no analytical expression for the eigenvalues except for 

the special case of infinite Vo. In this special case both f { z )  and df(z) / dz are zero inside B  

layers and corresponding energies are

To distinguish them from the energy bands of the host crystal, these energy band  are called 

subbands.

Appendix A  contains a  description of a transfer matrix method -  a  technique commonly 

used to calculate quantum  well energy states.

Quasi-2D Density of States

The density of states p(e) associated w ith the subbands:

where S is the delta function. Summation over kx, ky can be converted to integration over 

k ±-space using:

n  =  1 ,2 ,3 ,... (2.24)

(2.25)

(2.26)

then p(e):

P (e )  =  ' * T p n { e ) ,  p n ( e )  =  T̂ - Y ( e - E n ) (2.27)

Fig. 2.3 illustrates main properties of the quantum  well.
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(a) (C)(b)

Figure 2.3: Main properties of the quantum  well bound states: (a) -  conduction band pro­
file, energy levels and  their envelope functions, (b) -  in-plane dispersion rela­
tions of the subbands, (c) -  density of states as a  function of energy.

2.2.3 O ptical Properties o f  M Q W  H eterostructures

In the presence of the vector potential A ^ ,  describing the electro-magnetic wave, the 

electron mom entum p  should be replaced by  p  +  eA em/c  [24] in the Hamiltonian of the 

Eq. 2.4.

scFAem(r, t) =  -  q • r)] -  exp[-i(wf -  q • r)]} (2.28)

w here u>, q and e are, respectively, an angular frequency, a propagation vector, and  a po­

larization vector of the wave, F  is the electric field.

To the first order in A em and using the electric dipole approxim ation (exponential term 

in  the Eq. 2.28 is replaced w ith 1) the transition probability per unit time (Fermi Golden 

Rule) that an  electron, under the influence of A ^ ,  makes a transition from the initial state 

| i )  to  the final state |/):

P i ^ f  = F U //(e i) [  1 -  /(e ,) ]  (2.29)
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where V  and Pi-yf

w 2 ‘7T
I U f  =  T l(/i |V |//> |atf [€ ,- e i - M  (2.30)

ip F
v  =  5 5 = * - '  <2-31>

and /(e/) describes the  m ean occupancy of the level |Z):

f ^ i )  =  :--------- r̂iT—IT (232)
1 +  exP [iferj

where T  the tem perature and fi the chemical potential of the electrons.

Selection  R u les

Using envelope function approximation (see Eq. 2.15) the matrix elem ent {fc |e • p \ f f )  

can be w ritten as:

(file ■ P\ f f )  »  e • <«i(r)|p|u/(r)> f  f * f j d 3r  + 5i f e ■ f  f i P f / d 3r  (2.33)
J el.cell Jel.cell

where the %  is Kronecker symbol:

1 if i =  /
6if — < (2.34) 

0 if i ^  /

It can be seen that the allowed optical transitions can be d ivided into tw o categories (see 

Fig. 2.4): interband transitions (the first term in Eq. 2.33), which occur betw een subbands 

originating from the different band extrema (i.e. between conduction band subbands and 

valence band subbands), and intraband transitions, which happen w ithin the same semi­

conductor band and  involve the dipole matrix elements between envelope functions (the 

second term  in Eq. 2.33).
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Intraband
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Figure 2.4: Optical transitions in the quantum  well bound states. .£1,2,3 are the conduction 
band Tg subbands, L H i ^  and  H H \t2,3 are the valence band Tg light and heavy 
hole subbands, respectively.
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P o la r iza tio n  ex ey ez

q || x  impossible forbidden allowed
q || y  forbidden impossible allowed
q || z  forbidden forbidden impossible

Table 2.2: Selection rules for intraband transitions in a semiconductor quantum  well, q is 
the propagation vector, z  is the growth axis.

Intraband Transitions

We assume 2 to  be the growth axis (perpendicular to the wells). Using EFA the second 

term  of the Eq. 2.33 can be re-written as:

e • f  f i  p f f d 3r = h(exkx + eyky)Si fSk± fc< +  6k k. e z  f  f*(z)pzf f (z)dz (2.35)
Jel.cell J

w here k± = (kx , k y).

The polarizations ex and ey induce optical transitions only if the initial and final states 

coincide. It means that for a perfect heterostructure, the free carrier absorption is forbid­

den in quantum  well quasi-2D electron gas, bu t it is allowed if the scattering by lattice 

imperfections is taken into account to satisfy m om entum  and energy conservation laws.

The polarizations ez corresponds to the light propagating in the layer plane (in-plane) 

w ith an electric field vector parallel to the growth axis. It gives the rise to the optical 

transitions between subbands providing that k± is conserved. The occurrence of intraband 

transition w ithout the participation of defects originates from the existence of a z-dependent 

potential in the Hamiltonian. If the heterostructure Hamiltonian and its eigenfunctions have 

a definite parity, then the the matrix element /  f*{z)pz f f ( z )d z  is non-zero only if initial and 

the final states are of the opposite parities, or n  — m  =  oddnumber.

Selection rules for intraband transitions are sum m arized in the Table. 2.2 and illustrated 

in Fig. 2.5a.
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P o la r i z a t io n  ex ey ez

H H n —>• Em transitions

q  || x impossible n/V2 forbidden
Q II y U/y/2 impossible forbidden
Q II * n/v/2 n/y/2 impossible

LH n —>• E m transitions

q || £ impossible n/VE 211/y/6
Q II y II/n /6 impossible 2U/V6
Q II * n /V e U/y/6 impossible

Table 2.3: Selection rules for interband transitions in a semiconductor quantum  well. II =  
S j< 5 |p x | j r )  =  ^ < S '|p y |y )  =  =±(S\pz \Z), q  is the propagation vector, z is the 
grow th axis.

Interband Transitions

The selection rules for the interband transitions have tw o origins:

•  the overlap integral between envelope functions selects the quantum  numbers of the 

initial and final subbands. It means that for symmetrical well the initial and the final 

states m ust be of the same parities.

•  e • (ui(r)\p\uf{r)) of the Eq. 2.33 sets the selection rules on the polarization e of the 

electro-magnetic wave.

Here it is assum ed that valence band states rrij — ± 3/2  and rrij =  ± 1 /2  a t fcj_ =  0 are 

decoupled. However, any forbidden transition at k ±  — 0 m ight become allowed due to 

valence band mixing between rrij = ± 3 /2  and m j  =  ± 1 /2  states a t fcj_ ^  0.

Selection Rules on the Light Wave Polarization Examination of the periodic parts of the 

Bloch functions of the T6, IV and T8 bands [26] leads to the selection rules for the light wave 

propagation. For interband transitions the dipole matrix element (uj(r)|p|u/(r)) gives:
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ez only all polarizations
posssible

(b)(a)

Figure 2.5: Diagram showing allowed polarization for (a) intraband and (b) interband 
quantum  well transitions

•  The heavy hole —¥ electron transitions (HHn —> Em) are three times more intense 

than  the light hole -» electron transitions (LHn —>• E m). The T7 ->• E m transitions 

have an intermediate strength (2/3 of H H n —> E m)

•  For the propagation along z  axis all three types of transitions are allowed. W hen the 

propagation happens in-plane, the polarization ez is forbidden for the {HHn —> E m) 

transitions.

Selection Rules on the Envelope Functions The envelope function overlap integral for 

the type I symmetrical quantum  well ( /n (r) | / ro(r)) (both conduction and valence electrons 

are confined in the same semiconductor layer) is non-zero if n  -f m  is even. Moreover, if the 

well is rectangular and infinitely deep, the n = m  rule is imposed. In practical cases, 

w hen the wells have finite depth and not strictly rectangular, it results in that the n =  m  

transitions are much stronger than n ^ m  transitions.

Selection rules for interband transitions are sum m arized in the Table. 2.3 and illustrated 

in Fig. 2.5b.
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Effect of Interband Coupling on the Selection Rules: Eight-Band Model Inclusion of 

the interband coupling into consideration has a profound effect on the optical transitions in 

quantum  wells. It has been show n by several groups both experimentally and  theoretically 

that in a valence band QW in-plane (e ±  z) polarized optical transitions are possible due to 

the coupling between valence bands. A t the same time conduction band based structures 

often offer higher sensitivity and  speed due to smaller electron mass than comparable 

valence band devices. This and  the common belief in the absence of the in-plane polarized 

optical transitions in  a conduction band QW has led to complicated designs to allow for 

coupling incident light w ith  a MQW structure. Accurate calculations, however, showed 

that this strict polarization rule does not hold in the expanded band model, the model 

including interband coupling.

Yang et al. [27] have evaluated the impact of interband coupling upon the intraband 

transitions in a conduction band quantum  well. Their analysis showed that (1) intraband 

transitions of both polarizations (in-plane and normal) are possible and  (2) they are criti­

cally dependent on the coupling between the conduction and  valence bands. Intraband 

transitions can be grouped into two categories according to  w hether the subband index 

difference A n =  n' — n  is an odd or even number.

When the A n  is odd, then the ratio of the matrix elements for two possible polarizations

is
M|| ^  ;t (Eni — E n)A_____  . .

°dd M ±  ~  3 (En + Eg +  A ){En, +  E g) l '

where Mj| and M x  are the m atrix elements for in-plane and normal polarizations, respec­

tively, A is the split-off energy gap. This ratio is very small in  m ost semiconductors. Thus 

in-plane polarized transitions between adjacent subbands in quantum  wells are normally 

too w eak to be observed, which agrees w ith previous results obtained w ithout interband 

coupling.
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N ot so w hen the An is even. Then the ratio of matrix elements is reversed

~  J 2 (En + E g + A ) (E n. + E g) 
even M± ~  3 {En, -  E n) A ( )

therefore, between the second adjacent subbands the in-plane polarized optical transition is 

dominant.

Excitons

Attraction between the electron and  the hole results in the creation of coupled electron- 

hole pair known as an exciton. In m ost semiconductors, the Coulomb interaction is strongly 

screened by the valence electrons, and  electrons and holes are only weakly bound in  the 

excitons. The energy spectrum of the exciton can be obtained by finding eigenstates of the 

Hamiltonian:
h 2 n 2 h 2n 2 p2

He*c(re, Vh) = -  - 6 —  T (2.38)
2me 2771̂  £o|^e ^h\

Using the following substitutions

m* +  m h fj. m e mh

the Eq. 2.38 can be decoupled and reduced to  tw o one-particle equations: one for the mo­

tion of the exciton as a whole and another for the relative motion of electron and hole. 

These equations are similar to equations describing hydrogen atom. Then total energy of 

the exciton associated with 1-th electron subband and m -th hole subband:

h 2 A-2 /?*
E[kxnc = E gap + E El + E HHm +  —  {m*e + m*h) +  (2.40)

w here B ^d ^  the 2D Rydberg constant:

( 2 ' 4 1 )
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where Eq is semiconductor static dielectric constant.

2.2.4 Strained H eterostructures

Parameters D escribing Strained H eterostructures

For som e heterostructures compressive or tensile strain can be intentionally introduced. 

Then, it is possible to force one epitaxial layer (epilayer A) to have the same lattice constant 

as the epilayer B  even if these layers have different constants when they are grown sepa­

rately. This results in the strained epilayer, a situation, characterized by a pseudomorphic or 

coherent interface, and an excess of energy equal to the elastic energy stored in the A  and 

B  epilayers. The thickness of the strained epilayer, however, limited by the strain energy, 

which increases w ith the thickness. A t some particular thickness, known as a critical layer 

thickness, the epilayer can lower its total energy by relieving the strain via the creation of 

misfit dislocations. This is the relaxed-layer regime, characterized by a  2D density of dangling 

atomic bonds equal to the 2D density of atoms on each side of the interface.

Let us consider A /B  superlattice (SL) in the strained-layer regime. The layers of the SL 

exert biaxial tensile and compressive strain on each other to conform w ith the same lattice 

constant. The elastic properties of cubic materials are described by the following matrix 

equation:
/  \  

cyxx

vyy

CFzz

& xy

CTyz

\

/

/

Cn C n

C\2 Cn

C 12 

Cl 2

C12 C12 C, i 

0 

0 

0

0

0

0

0 

0 

0

0 0 ,4

cyy

€zz

0

0

2e

2e

(2.42)
x y

0 

0 

0 

0 

0

0  C44 j

where cry are the com ponents of the stress tensor, ey- =  8ui/Sxj  +  Suj/dxi)  are the com­

ponents of the strain tensor, and the Cy are the elastic constants

0  

0  

0  

0

0 C44

\  /  \
^11

0 \

y*

2 Cxz
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For the systems grown along the (001) axis the strain tensor reduces to three compo­

nents: exx = eyy and  ezz. Since there is no external stress along (001) surface (azz = 0)

- A  „ B

exx ~  exx = C° Ba° (2.43a)
°o

(2.43b)
°44

Effect of the Strain on the Band Structure

Lattice mismatch on (001) oriented substrates changes energy bands by tw o strain com­

ponents: a shift due to hydrostatic compression and splitting of the valence bands due to 

tetragonal distortion or shear deformation of the cubic lattice. The hydrostatic part AE g is 

described by a deformation potential ag which is known from the pressure dependence of 

the gap dEg/dP, the elastic constants and the strain components exx and ezz perpendicular 

and  parallel to the growth direction (001):

AE hg =  ag(2exx + ezz) =  - + * ° U {2exx +  e „ )  (2.44)

The change in the bandgap from the change in the conduction band related to the strain 

through the deformation potential ac of the conduction band:

A E c = ac(2exx +  ezz) (2.45)

Important consequence of the strain is the lowering of the symmetry of the semiconductor 

[28]. The tetragonal distortion removes the degeneracy of the J  — 3/2 valence states which 

split by an energy 2£:

2C =  2b(ezz -  exx) = -26(1 +  2 ^ ) e XI (2.46)
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Param eter GaAs InAs InP

a (A) 5.6532 6.0583 5.8687
C n  (GPa) 120.9 83.29 102.2
Ci2 (GPa) 54.7 45.3 57.6
dEg/d P  (meV/GPa) 113 103 91
ac (eV) -7.1 -5.4 -5.9
b (eV) -2.0 -1.8 -1.9
ag (eV) -8.64 -5.967 6.595

Table 2.4: Material param eters related to elastic properties of InAs, InP and GaAs.

Coupling of the light hole and  split-off bands results in an extra term  77, which depends 

on strain-induced splitting £ and  spin-orbit splitting A of the j  = 3/2 and j  =  1/2 valence 

bands:

t? =  | ( 1  + £ - V/ l  +  2 i + 9 ^ ) ,  £ =  |  (2.47)

Eq. 2.48 summarize the effect of the strain of semiconductor bands:

Ehh{e) =  Ehh{e =  0) +  (AE* -  AEC) -  £ (2.48a)

E M  = Eih(e =  0) +  (AEg — A E C) +  £ +  77 (2.48b)

Eso(e) =  Eso(e =  0) +  (AJEJg — A E C) +  (2.48c)

Ee(e) =  Ec(e = 0) +  A E c (2.48d)

Table 2.2.4 lists elastic param eters of several semiconductors.

Strained Superlattices

The m ain effect of strain on an MQW structures is the change in bandgap offsets. In 

particular, the built-in strain can lead to re-ordering of the valence-band states. Let us 

consider three possible configurations (see Fig. 2.6):
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1. No Strain 2. Compression 3. Tension

----------  Conduction
................... Light Hole
---------- Heavy Hole

Figure 2.6: Strained quantum  well configurations: (1) -  no  strain, (2) -  biaxial compression, 
(3) -  biaxial tension.

1. Unstrained structure (Fig. 2.6(1)). Heavy and light holes are confined in the same 

potential. Because of the difference in effective mass the first (lowest) energy level is 

always H H \.

2. Biaxial compression (Fig. 2.6(2)). The strain-induced splitting of the bulk valence 

band increases the energy separation between a H H  and £  i f  bands such that "heavy" 

holes are confined in a deeper potential well than "light" holes. The first energy level 

\s H H x.

3. Biaxial tension (Fig. 2.6(3)). The strain-induced splitting is of opposite signs for H H  

and L H  bands. Depending on the m agnitude of the strain the LH i level can become 

the first energy level.
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2.2.5 Q u a n tu m  W ells  i n  a  P resen ce  o f  E lectric F ie ld

If a constant longitudinal electric field (F  || z)  is applied to the quan tum  well, the V(z)  

in the Hamiltonian of Eq. 2.19 is equal to eFz. There are no longer bound  states and all 

electrons will eventually escape the well. In practice, however, over a considerable field 

range (F  < lOOkV/cm), the quantum  well structures continue to behave as if they have 

truly bound states, so called metastable states. In a small-field lim it one can use a second 

order perturbation approach to estimate the effect of F(z)  on the energy state E n:

En (F) =  jE (̂O) +  e2F 2 £  (2.49)
mjtn •fcn

From this equation we can see that only the ground state (n =  1) experiences a red shift. 

The application of an  electric field can effectively tune the absorption edge of a  quantum  

well. This tunability of absorption onset is used in electro-optical modulators.

Applied electric field polarizes the conduction and valence band states along opposite 

direction (see Fig. 2.7). This has two pronounced effects on the electronic properties:

1. Weakening of excitonic bonding. Large fields can induce complete dissociation of 

excitons.

2. The Hamiltonian no  longer has a distinctive parity and strict optical selection rules 

are relaxed.

2.2.6 C a rrie r E scape a n d  T ran sp o rt in  M Q W  S tru c tu res

In the MQW system the vertical carrier transport (in ^-direction) can be very complex. 

Fig. 2.8 schematically shows the processes associated w ith carrier transport. A character­

istic lifetime constant can be ascribed to each of these processes.

l / r th thermionic emission rate. According to Schneider and von Klitzing [29] this rate for 

the applied field F  and  a quantum  well of w idth L w is:
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Effec t  o f  th e  
e le c tr ic  fie ld
1. Reduction of the 
barrier height

2. Spatial displacem ent 
of the wave function

3. Changing positions of 
energy levels

Figure 2.7: The effect of the electric field on quantum  well states.
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cap

cap

Figure 2.8: Free carrier escape and transfer processes in the MQW structure, r 's  are dif­
ferent characteristic times associated w ith these processes: Tt is the tunneling 
escape time, rth is the thermionic escape time, rcap is the capture time, r *  is 
the drift time, and rvi is radiative recombination time; indices e and h refer to 
electrons and holes, respectively
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(  kbT  \  
\ 2 -irm*e>h) (2.50)

w here e and h indices refer to electrons and holes, respectively. The emission rate 

depends exponentially on the barrier height H(F)  and  the absolute tem perature T.  

For the simple rectangular well H(F)  can be w ritten  as:

w here A E C>V is the conduction or valence band offset, and E%h is the energy of the 

n-th electron (hole) subband.

Ttu n  tunneling from a quantum  well bound state into the continuum or the adjacent well. 

The main characteristic of this process is its exponential dependence on the carrier 

mass, field intensity and the shape of the barrier potential. For an arbitrary potential 

V  (z ) this rate can be expressed as a product of the oscillation frequency and tunnel­

ing probability [30]:

The im portant case of the tunneling process is resonant tunneling, when the initial 

and  final subband energies are aligned by the applied field. This alignment results 

in a great enhancement of the tunneling rate.

t d r i f t  drift time. Once escaped the free carriers are m oving under the influence of the 

electric field. This field dependent constant can be estimated using expression for 

the saturation drift velocity

(2.51)

rtun L I  2m*w 6XP
1 1 n-wh

J- \  £  ^2 m t(q V (z)  -  En -  qFz)dz (2.52)

(2.53)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



41

w here ne,h is electron (hole) mobility. The mobility is a complex function of various 

scattering processes occurring in a  semiconductor. In general, the carrier mobility 

in the ^-direction of heterostructure is smaller than mobilities in any of constituent 

materials due to additional interface scattering.

Tcap capture time. The free carries can be re-captured into bound states of quantum  wells.

2.2.7 R ecom bination  o f  Carriers in  M Q W  Structures

Escape process directly com pete w ith recombination processes. W henever the thermal 

equilibrium is disturbed by the generation of electron-hole pairs, recombination processes 

exist to restore the system equilibrium. The therm al equilibrium is characterized by a sit­

uation when the rate of therm ally stimulated transitions betw een any two energy states is 

equal to the rate of the recombination process. Recombination processes can be divided 

into two classes: band-to-band recombination and recombination through the participa­

tion of various crystal defects. Generally, all recombination processes occur simultane­

ously and  the total recombination rate is the sum  of all individual processes.

—  =  2  i -  (2.54)
Tree Tj

The shortest rate thus dom inates the total recombination in the crystal. The lifetime for 

a particular recombination process can be calculated by considering the generation and 

recombination rates between two levels.

Band-to-Band Recom bination

The direct recombination of an electron-hole pair w hen the electron goes from the con­

duction to the valence band is a process that can not be suppressed in  a crystal, and  thus 

the corresponding lifetime gives an upper limit for the total carrier lifetime in the semi­

conductor. Several processes can be distinguished depending on how  the excess energy is
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dissipated. The energy can be released by  the emission of a  photon (radiative recombination) 

or by the excitation of a  second free electron or hole (.Auger recombination). In the A uger 

recombination, the excited particle finally transfers its energy to the lattice through the in­

teraction w ith phonons. The general expression for the transition rate o f the band-to-band 

recombination r^b  is given by:

—  =  f P ( E ,  E ' ) N v { E ) f { E ) N c { E ' ) { \  -  f { E ' ) ) d E d E '  (2.55)
Tb2b J

where P ( E ,  E ' )  is the probability per un it time for the transition betw een the energy levels 

E  and E ' ,  and f ( E )  is the occupation probability.

In general, one assum es that the transition probability for radiative recombination ( P r r ) 

is a constant, while for the A uger process (Par) is proportional to the carrier concentration 

(it is a second order process). For low doping concentration, the probability of the Auger 

recombination is usually small com pared to the radiative recombination, but it increases 

rapidly w ith the majority carrier concentration. In fact it becomes the dom inant recom­

bination mechanism in heavily doped indirect semiconductors like silicon. The radiative 

recombination lifetimes are m uch larger in indirect than in direct semiconductors. The 

band-to-band recombination, however is not the only possible recombination process, and 

in semiconductor w ith  a  relatively large bandgap the lifetime is usually dom inated by re­

combination on im purities and other lattice defects.

Recom bination on Lattice Defects

D eep Level Im purities Lattice defects introduce energy (trap) levels in the forbidden 

energy gap. This reduces the lifetime of the minority (photoexcited) carriers and thus has 

a  severe effect on the perform ance of photovoltaic devices.

Point defects are characterized by a single energy level E t -  In this case, N c ( E )  in 

Eq. 2.55 can be described by a delta function N ( E )  =  N t 5 ( E  — E r )  where N t  is the
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total concentration of traps. The occupation of the trap is determ ined by  the following 

four processes: the capture of electrons in the trap  level and therm al generation into the 

conduction band, and the capture of the holes and  therm al generation into the valence 

band. The total recombination rate on the trap level is given by  Shockley-Read-Hall (SRH) 

statistics:

R  =  --------- r (2.56)Tp(n +  n tT )  + Tn ( p  +  P t r )  

where r„ iP are the electron and hole recombination lifetimes, and  ntr and ptr are:

n t r  =  N c ^ P ( - E - ~ ^ t r ) P t r  = N v e x p  ( — ^ )  (2-57)

where E tT is the trap energy level. The analysis of the SRH expression shows that the 

lifetime is mostly affected by deep trap centers in  the m iddle of the bandgap. The lifetime 

decreases w ith increasing doping concentration first and remains constant for the higher 

doping level.

Surface and Interface Recom bination Similar to  im purity atoms, surfaces and interfaces 

introduce electronic states in the energy bandgap. Because a surface is not a  point defect, it 

creates a continuous density of states as shown in Fig. 2.9. The trapped charge on the sur­

face states creates so-called band bending. For a  clean surface, the position and  distribution 

of the surface states is directly related to the underlying atomic structure. However, due to 

the exposure to oxygen and other chemically active elements in the air, the surface is usu­

ally covered with an oxide layer or w ith  adsorbed foreign atoms. The surface properties 

therefore can be significantly m odified by surface preparation techniques like polishing 

and etching. The surface recombination rates [31] for p- and n-type semiconductor are:

Sp = <j v t N so exp( Sn = <jn u r N su  exp( - ^ )  (2.58)
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N(E)

Figure 2.9: Semiconductor surface states. N s  is the density of the surface states, E j  is the 
Fermi energy.

where <7„jP are the electron and hole capture cross sections, v r  = (8 kbT/irmo ) 1^2 is the 

therm al velocity of electrons, and V3 is the surface potential associated w ith surface charge 

Qs- Vs =  Q ?/8eeoN<i- As in case w ith the im purity atoms, the m ost effective surfaces are 

those w ith a quasi-Fermi level E so near the m iddle of the bandgap.

2.2.8 R esonant T unneling Transport in  M Q W  Structures

Tunneling of the particle through a barrier is one of the m ost studied phenom ena in 

quantum  mechanics [32]. We can distinguish tw o im portant cases of tunneling in QW 

heterostructures: nonresonant and resonant tunne ling . The following is a brief description 

of each case.

N onresonant Tunneling When there is no coupling between wells and energy states 

are w ell separated, the wavefunctions are localized and the transfer to another well can 

only occur through scattering process which can be either an elastic or inelastic collision.
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Phonon-electron interaction can play an  im portant role here. W hen the difference between 

the final and initial state are comparable to an optical phonon energy Hojlo =

E f — Ei «  hu>Lo), and if the phonon-assisted tunneling rate is larger than other escape pro­

cesses, then an  increase in  tunneling rate can be observed w hen the AJSj_>/ exceeds Tuolo, 

i.e. phonon absorption becomes allowed. Muller et al. [33] have observed resonances due 

to elastic (resonant) tunneling out of the ground state as w ell as the respective satellite 

peaks due to LO phonon-assisted tunneling.

Resonant Tunneling W hen there is a  strong coupling between wells and energy states 

are aligned in resonance, these states are split into tw o (crossing and  anti-crossing states). 

Unlike nonresonant case, the transfer between the wells does no t require the change in 

the energy or m om entum . The wavefunctions of these two states are delocalized and have 

an equal am plitude in each well (with no electric field present). If initially electrons were 

localized in one well, the electron density will oscillate between tw o wells w ith the period 

Tcoh — h /  A E, where the AE  is the difference between crossing and  anticrossing states. 

However, inhomogeneities in the well w idths and electric field, as well as various scatter­

ing processes, cause the observed tunneling time to be sometimes the order of m agnitude 

larger than the calculated coherent time [21,23].

Tunneling in  DBQW

Tunneling plays an im portant role in m any semiconductor devices. An im portant char­

acteristic of the tunneling diode is the negative differential resistance (NDR), which makes it 

possible to use these devices in high frequency generators. The NDR has been observed 

in single QW and  MQW devices. Let us consider the sim plest case of the QW tunneling 

diode - double barrier quantum well heterostructure diode (DBQW).

Typical DBQW consists of a quantum  well sandw iched betw een two barriers. Fig. 2.10 

shows the current-voltage characteristic of the A lG aAs/GaA s diode w ith the correspond-
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AIGaAs AIGaAs

GaAs

GaAs GaAs

v2 v3

Figure 2.10: Current- voltage characteristic of a  double-barrier resonant tunneling Al- 
GaAs/GaAs diode. The right side of the figure shows schematic band dia­
gram  at different points of the I-V curve.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



4 7

mg band diagram s a t selected points of the I-V curve. The carriers are injected from the 

left side of the diode, the emitter. U nder the applied bias, electrons can tunnel from the 

GaAs em itter on the left through the barriers and  QW to  the right side, the collector. The 

resonance occurs w hen the quasi Fermi energy of the electron in the emitter coincides with 

the energy of quantum  well subband.

The current is small initially (Vbias ■ V\ —> Vf) and increases w ith the applied voltage. 

As soon as the voltage reaches the resonant value of bias {Vbias ~  Vf) the current will show 

a peak in the I-V curve. Once bias passes V3, the current shows a  decrease up  to some bias. 

This is the NDR region. The ratio of the current at resonant tunneling voltage to that of 

the m inim um  before the current starts to increase is called peak-to-valley current ratio. The 

m agnitude of the ratio strongly depends on the scattering of the tunneling electrons by the 

various defects and phonons. The phonon scattering has a  very pronounced tem perature 

dependence and  results in degradation of the peak-to-valley ratio a t high temperatures.

The tunneling current density can be calculated if the tunneling probability T(E)  is 

known:

Jtun —
r  00 roo  /  ft]? \

JQ dkxdky Jo dkz [ — J  T {E z)( f (E' )  -  f (E) )  (2.59)47r3h .

where the f ( E )  and  f (E ' )  are the occupation probabilities of the initial and final states, 

respectively. In an assum ption of no scattering this form ula can be w ritten as [34]:

_  q m f k s T  f ° °
JtUTl -- 27T2/i3

[ ° ° T ( F  FM-nf  1 +  exP(C£* - E f ) / k BT) \  k  r < £ *"F )h ' ( i + e « p ( ( ^ - ^ - e V ) / t e r ) j  iE‘ (Z60)

The m ost commonly used m ethod to calculate the transmission probability T ( E Z, F)  through 

an MQW structure is based on the transfer matrix method. The outline of this m ethod is 

given in the A ppendix A.
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Figure 2.11: Sequential resonant tunneling in m ultiple quantum  w ell structure

Tunneling in  M QW  Structures

Tunneling phenom enon in MQW structures has basically the same characteristics as 

that in the DBQW structures: resonant peaks in the I-V  curve and  degradation w ith tem­

perature. Historically, tunneling in the MQW w as first predicted theoretically and then 

observed experimentally.

Sequential resonant tunneling  The term  sequential is used here to denote the peculiarity 

of the resonant tunneling in the m ultiple quantum  well structures. In m ost situations there 

is no coherent state which extends over the whole MQW region. Which m eans that tunnel­

ing occurs in many steps or sequentially as it is shown in Fig. 2.11. Each tunneling process is 

followed by a non-radiative or radiative relaxation from the E2 state to  the E \ state. Then 

the process repeats itself. It is said that the superlattice is of the tight-binding type: the 

coupling between the wells is w eak and their minibands can be satisfactorily described in 

terms of discrete energy states of a single quantum  well.

In 1971 Kazarinov and Suris [35] theoretically studied the current-voltage characteristic 

of the MQW structures and predicted the existence of peaks corresponding to resonant
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V

Figure 2.12: Voltage oscillations in the current-voltage characteristic of an MQW resonant 
tunneling structure. The period of the oscillations, A V, is equal to  the quan­
tum  well subband separation,

tunneling between the ground and  excited states of adjacent wells. In 1974, Esaki and 

Chang [36] observed discontinuities (shown in Fig. 2.12) in the I-V  characteristics w ith an 

average separation equal to  the subband spacing in each quantum  well: A V =  (i%—E {)/e. 

This w as explained through the formation of high and low electric field dom ains in the 

MQW region: the resonant condition did not extend to the whole region (see the inset in 

Fig. 2.12) bu t existed only in some areas (domains). Sweeping the bias results that some 

areas get in  the resonance while the others get off. The resulting I-V curve has a saw-like 

look as show n in Fig. 2.12.

In 1989, Capasso, M ohammed and  Cho (CMC) [15] reported on sequential resonant 

tunneling which existed in the w hole MQW region. To prevent formation of the field 

dom ains and ensure uniform field, the superlattice was placed inside the i region of a 

reverse-biased p+—i —n + junction. As a  result of these precautions instead of an  oscillatory 

conductance w ith a voltage period equal to A as in Fig. 2.12, the I-V characteristic showed 

just two peaks at voltages nA /e  and  n A \ /e , w here n  is the num ber of superlattice periods.
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Figure 2.13: Non-Sequential resonant tunneling in multiple quantum  well structure 

These peaks corresponded to resonant transitions E?  —> E %+1 and  FJf —> E£+l.

N on-Sequential resonant tunneling  Non-sequential resonant tunneling refers to the sit­

uation w hen the coherent state does extend over the whole M QW  region. Summers and 

Brennan were first to propose and  actually m ade a device w ith resonant tunneling w hich 

occurred simultaneously across three quantum  wells [18,37]. These is achieved by m aking 

devices where the quantum  well w idths are progressively decreased through the super­

lattice such that under the appropriate bias, the confined quantum  levels in adjacent wells 

become aligned [18] as shown in Fig. 2.13. Unlike in sequential tunneling devices, in non­

sequential ones the num ber of QW which can be p u t together in resonance is limited to 

5-6.

Resonant Tunneling Times in  Q uantum  Well: Time-Resolved Experiments Steady- 

state measurements can provide only very indirect inform ation on the dynamics of the 

transport. Time-resolved techniques are required for the direct s tudy  of the transport pro­

cess. Progress in the ultrafast spectroscopy for the last decade has offered "the possibility 

of studying and discovering key processes unresolved in the pass" [19]. Ultrafast laser 

spectroscopy w as particularly successful in investigating tunneling phenom ena in MQW
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heterostructures by measuring photoluminescence decay times.

Oberli et al. have reported [21 ] on the direct m easurem ent of resonant and nonresonant 

tunneling times in double asymmetric coupled quantum  wells using subpicosecond PL 

spectroscopy. They have investigated several asymmetric double quantum  w ell samples 

w ith different barrier thicknesses. The samples were placed under different bias and tun­

neling from narrow  to w ide well w as studied. PL decay time from the narrow  well was 

directly associated w ith tunneling time from that well. This study  revealed a nonmono­

tonic behavior of the tunneling time (tunneling time vs. bias has showed a minimum at 

certain voltage) w ith the increasing electric field, which was a direct evidence of resonant 

transfer occurred between narrow  and  wide wells. The authors found that the resonance 

field value was off the calculated value by several per cent, w hich they explained by space- 

charge build-up: in the PL experiment the photoinduced carrier density is sufficiently high 

to change the internal field, consequently, an additional bias needs to be applied to com­

pensate for this extra field. The m easured tunneling time for 55 A AlGaAs barrier was 

7.6ps which was considerably larger than the calculated value of 0.67ps. The authors ex­

plained this increase by dum ping of coherent oscillations betw een wells through various 

scattering mechanisms.

Resonant tunneling can greatly reduce the time it takes carriers to reach device ter­

minals. Livescu et al. [22] have conducted measurements of tunneling escape time in 75 

well GaAs/AlGaAs MQW structure using pum p-and-probe electroabsorption technique. 

The experiment has a pulse-width limited resolution of «  lOps. Fig. 2.14 shows measured 

differential absorption rise time r  as a function of applied field; the rise time r  is a direct 

measure of carrier escape time. The authors found that r  is independent of temperature, 

which means that tunneling is most likely the dom inant escape mechanism in this sample. 

It is clearly seen that the curve has a pronounced minimum at 130 kV /cm  which corre­

sponds to the resonance between the n  =  1 electron level in the one quantum  well, and the 

n  =  2 electron level in the adjacent one. The resonant tunneling has reduced the rise time
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Figure 2.14: Differential absorption rise time vs. applied field in MQW GaAs/AlGaAs 
(from [22]).

almost tenfold.

2.3 Principles of Photovoltaic Conversion

The following section describes physical aspects of the photovoltaic conversion. Effi­

cient photovoltaic conversion is based on the three major factors:

• Strong optical absorption over the whole solar spectrum.

• A  physical mechanism of separating photogenerated carriers.

• Lossless transport of photogenerated carriers tow ards devices terminals.

Resonance

5 10 15 20 25
F (10 KV/cm)
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2.3.1 A bsorption  and E m ission  o f  Light in  Sem iconductors  

A bsorption of ligh t

The photogenerated current Iph is determined by the absorption behavior of the semi­

conductor in question. The fraction of incident light A  =  1 — R  that penetrates inside the 

absorbing material can be calculated from the complex refraction index n c = n  — in, where 

k is the extinction coefficient and the reflectivity R  is given by:

» ( " - D2 +  « 2 Q 61*
(n +  l )2 +  k2 ( }

where both n{i>) and  k {v ) are functions of the photon frequency v. The light passing 

through the m aterial generates electron-hole pairs whose num ber depends on the num ­

ber of incident photons per unit area, unit time, and  unit energy So(v). Inside the material 

the photon flux S(x,  v)  decreases exponentially:

S(x,  v) =  S q ( v ) exp-aa:, where ot(v) - (2.62)
c

Then the num ber of electron-hole pairs G(x,v)  generated per unit time in the volume 

between x  and x  +  A x  is:

G{x, v) = /3{v)a{v)S0 {v){l -  R)  exp" ^ 1 (2.63)

The quantum  efficiency takes into account that only a fraction of absorbed photons 

generate electron-hole pairs. For Ge, Si and some III-V com pound direct semiconductors 

values of (3{u) m 1 are m easured even near the absorption edge.

For photons w ith energy higher than the bandgap energy hv  >  E g, the generated 

electrons carry an excess kinetic energy which is rapidly dissipated to the lattice through 

the electron-phonon interactions. If the kinetic energy is h igh  enough, m ore electrons can 

be created through im pact ionization so that values (5{v) »  1 can be observed.
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The absorption coefficient a ( v) depends on the band structure of the semiconductor. 

For direct (no change in wave vector k) transitions this coefficient (ay) is:

0h u - E G) l>2a d{u) =  a 0-------------------- —  (2.64)

where ao is a  constant obtained either from calculations, or from fitting to experimental 

data.

In indirect semiconductors like Si and Ge, optical transitions between states close to 

the band edges require a change in the m om entum  of the electrons p  =  hk  and  therefore 

only possible with phonon participation. The absorption coefficient a l̂n{u) associated with 

allowed indirect transitions:

ij  =  ~  ^ 9 *  ^ P f r .3 ') 2 i ~  ̂ 9i  ~  hVphj)2 / j  £C \
m exp(hvphj / k BT)  -  1 1 -  exp{-huph. j / k BT )

The a lin (v) is the sum  of the absorption processes involving emission and  absorption of 

phonons.

Emission of light

Closely related to the absorption process is an emission or radiation process. In order 

to em it radiation electron-hole pairs first m ust be created. Depending on the type of the 

excitation source there are several kinds of luminescence: photoluminescence, where the 

electron-hole pairs are created by the light source, electroluminescence, w here carriers are 

injected by driving electrical current through the sample, thermoluminescence, where the 

pairs are created by heating the sample, and sonoluminescence, w here the emission is due 

to the propagation of the acoustic waves through the sample.

Emission is the inverse of absorption, and the relation between these two processes is 

know n as the van Roosbruck-Schokley relation. The emission rate for the transition from the
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conduction band to the valence band R cv is given by:

c2e*«T — 1

where a ( v) is the semiconductor absorption coefficient, nrf  is the refraction index and  u 

the light frequency. In heavily doped semiconductors the emission spectra are modified by 

additional effects such as bandgap shrinkage, radiative recombination centers, band  filling 

and others.

The luminescence is produced by fully or partially thermalized carriers and thus, the 

emitted photons have no correlation w ith the excitation process. However, in time-resolved 

experiments one can observe so-called hot luminescence, the emission from the incompletely 

thermalized carriers.

Optical transitions can be classified into several major categories

band-to-band transitions This type of transitions involves the recombination of free elec­

trons and free holes. In high quality direct bandgap semiconductors such as GaAs 

and InP, band-to-band (B2B) transitions are a  dom inant recombination mechanism. 

In indirect bandgap semiconductors such as Si and Ge, electron-hole recombination 

requires participation of phonons. B2B transitions can characterized by a radiative 

recombination time, rTad. In general, recombination time is a function of the em itted 

wavelength. Typically, for pure semiconductors, rTad ranges from a few fis for di­

rect semiconductors to seconds and hours for indirect semiconductors. In a doped 

semiconductor the carrier radiative lifetime is reduced and strongly depends on the 

doping concentration.

free-to-bound transitions B2B transitions are dom inant at high tem perature w hen all the 

shallow impurities are ionized. A t lower temperatures, carriers become trapped a t 

im purity atoms. A new type of transition, involving a free carrier and a charge bound 

to an impurity, become possible -  free-to-bound transition. If the semiconductor is
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p-type then the em itted photon energy is equal to Eg — E a , w here the E a is the 

shallow acceptor binding energy. The PL intensity of this transition is proportional 

to (1 — exp[—EA/iksT)]) .  Then the acceptor ionization energy E a can be deduced 

from the slope of so-called Arrhenius plot of log[l — ( I (T) / I (T0))] vs. l / ( k ^ T ) ,  where 

To =  0 and I (T)  is the PL intensity.

donorwacceptor transitions In m any situations a semiconductor can contain both donors 

and acceptors. Such semiconductors are called compensated, because some of the elec­

trons from the donors will be  captured on ionized acceptors (A - ) as well as some 

holes from the acceptors can be captured on ionized donors (£>+), thus compensat­

ing the effect of doping. Optical excitation creates electrons and  holes which can be 

trapped on ionized im purities and  neutralize them. Some of the trapped carriers can 

later recombine via radiative recombination via reaction [32]:

D° +  A 0 -»• hu  +  D + + A~  (2.67)

w ith the photon energy:
e2

hu) — Eg — E a E d +  (2.68)

where the term e2 / (eR)  takes into account lowering of the energy due to Coulomb 

attraction, R  is the distance between the D + and A ~ , and  Ea  and E d  are the acceptor 

and donor activation energies, respectively.

free-exciton and bound-exciton em ission At low tem peratures in high quality semicon­

ductors electrons and  holes can be attracted to each other by Coulomb interaction 

and form free excitons. The radiative recombination of the exciton pair is the dom i­

nant feature of the semiconductor emission spectra at low temperatures. W hen the 

semiconductor contains a num ber of neutralized im purities the excitons can be at­

tracted to these im purities by van der Waals interaction and  form so-called bound ex-
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citons. Because of the binding, the bound-exciton peak appears below the energy of 

the free-exciton peak.

2.3.2 Carrier Transport

To describe the motion a charged particle in  periodic lattice, w e will use a quasi-classical 

approach, where all effects of local atomic field are contained in  the effective mass. Then, 

an equation of motion can written as:

„ d2r  m* dr
m d ? + - d i  =  - ' F  (i69 )

where r  is the position of the particle, r  is a phenomenological scattering time introduced 

to  account for lattice imperfections, and F  is an external electric field applied to the parti­

cle.

U nder the influence of F  a charged carrier will accelerate, until the retardation term  

in Eq. 2.69 cancels out the field term  eF . The particle velocity a t this steady state 

situation is referred as a drift velocity:

Vdr =  qF r/m *  = fiF  (2.70)

where fi is the carrier mobility:

H = qr/m *  (2.71)

The current density J  at steady state is related to u*. and  Tk by

J  — nqvdr = nq2 FT/m *  (2.72)
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Relaxation Time A pproxim ation

We will generalize the current density expression for the system  of particles distributed 

in a band according Boltzmann or Fermi-Dirac statistics. This implies the solution of Boltz­

mann equation:

this equation includes the effect of field (I term), the carrier diffusion (II term), the scatter­

ing of carriers by phonons, im purities etc. (Ill term), and k  refers to the wave vector of the 

electron. Neglecting the diffusion term  and in assum ption that the field is small enough to 

perm it the expansion of the f k  in terms of F : f k =  f k  -f V k f k  - F  =  /j? 4- gk(F)  and the field 

term:

Within the relaxation time approximation and at steady state (dfk/dt  =  0) it is assum ed that 

the net result of all scattering events is to cause gk to relax w ith a time constant rk. Then

All effects of the scattering are contained in rk.

Next w e consider different scattering mechanisms existing in a semiconductor. Carriers 

in a semiconductor can be scattered via interaction w ith the following:

• acoustic and optical phonons

(2.73)

(2.74)

Tkqvk • F (2.75)

and the current density:

J  = J  qgkVkdk v kTkq(vk ■ F)dk (2.76)
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•  ionized and neutral im purity atoms

•  surface and interfaces

•  other carriers interaction

We will give a short characteristic of each scattering process.

Scattering by Acoustic Phonons In electron-phonon interaction, the conservation of m o­

m entum  and energy is presum ed in  every scattering event:

E 'k~  Ek — Eph k ' — k  = q (2.77)

where prime denotes final state (after scattering). Acoustic phonon energy for a small q  is:

Eph = TiVphq (2.78)

The maximum energy lost by an electron can be estimated from Eq. 2.77 and Eq. 2.78 as:

Eh Ef. — hVp^Qmax = 2flVphk 277IVpfr (2.79)

This estimate shows that in em itting an acoustic phonon w ith wave vector qmax the elec­

tron reverses its direction while loosing only 13% of its original energy. Thus the scattering 

between electrons and acoustic phonon is quasi-elastic and  the main effect is the relaxation 

of electron momentum.

Scattering by Polar Optical Phonons Typical energy of the optical phonon in  a semicon­

ductor is 30 meV. So at low tem perature m ost electrons do not have enough energy to emit 

optical phonons. In addition, the occupation num ber of optical phonons is also low and 

the scattering events involving phonon absorption are very rare. Thus, optical phonon- 

electron interaction at low temperature can be safely ignored. A t room tem perature, these
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interaction tend to dominate over acoustic phonon scattering. While scattering by acoustic 

phonons relaxes mainly the electron m om entum , scattering by optical phonons changes 

both m om entum  and  energy of electron.

Intervalley scattering The role of intervalley scattering is very different in indirect and 

direct semiconductors. In direct semiconductors (InP and GaAs) this process is only im­

portan t for the electrons w ith high enough energy to scatter into the higher conduction 

bands, so-called hot electrons. In indirect semiconductors (Si and  Ge) the electrons are lo­

cated in  conduction band minima which are no t a t the zone center and are degenerate. It 

tu rned  out that in Si and Ge the intervalley processes are more im portant than the intra­

band processes in relaxing the m om entum  and energy of the electrons.

Scattering by Im purity  Atoms These processes are caused by a Coulomb interaction of 

electrons w ith the ionized atoms. Because of the huge difference between masses of par­

ticipating particles the scattering process are elastic.

Scattering by Interaction w ith  O ther Carriers: Electron-Electron Scattering Of all scat­

tering processes considered above this type of scattering has usually a lesser role. The 

main effect of the EES are a reduction of mobility in semiconductors [38] and thermaliza- 

tion process.

Scattering in  MQW structures It is common practice to consider intraband scattering 

(scattering between two subbands in quantum  well) as a special case. It is not caused, how ­

ever, by  any new physical mechanism besides that considered above. If the density of the 

carriers inside the quantum  well is relatively low, electron-electron scattering events are 

rare, and  the dom inant scattering mechanism is electron-phonon interaction. For narrow  

wells, a  proximity to the heterostructure interface can result in additional phonon modes 

involved in this process, so called "interface" modes or 2D phonons. Diir, Goodnick and
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Figure 2.15: Experimental dependence of mobility (squares) in n —type GaAs determ ined 
by Hall measurements. The dotted curves are the corresponding contributions 
from the various scattering mechanisms [32].

Lugli [39] conducted an  extensive M onte Carlo simulation of intersubband relaxation in 

G aA s/A lxGai _xAs quantum  wells. Their conclusion w as that the decay of electron from 

the first excited subband into the ground subband is limited by ionized im purity scatter­

ing. Polar optical phonon emission also gives a considerable contribution to the electron 

decay when it is allowed. Intersubband scattering by electron-electron interaction plays a 

lesser role for the electron decay.

In the general case the scattering time r  depends on carrier energy and temperature. 

For a non-degenerate electron gas (Boltzmann statistics) in a  parabolic band the average 

scattering time rave can be w ritten as:
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_  2 f T ( E ) E 3/ 2e - E/kBTdE
Tave ~  3kb T  ' f  E l/2e~E/kBTdE

where t ( E )  is a stun of contributions from various scattering processes:

(2.80)

t (E)
1

(2.81)

Fig. 2.15 illustrates the effect of different scattering processes on the mobility of GaAs [32].

2.3.3 O peration o f  a Solar C ell

This section deals w ith a semiconductor solar cell based on the p-n junction photodiode. 

The basic equations describing the photodiode operation are given.

The most w idely used photovoltaic device is based on the semiconductor diode. Solar 

cells require a shallow p-n junction (a junction, positioned close to the surface), a front 

ohmic contact usually covering less than 5 % of the surface and the back contact which 

covers the whole back surface. Layer diagram of the p-n junction based solar cell is shown 

in Fig. 2.16.

For an abrupt junction w ith  uniform doping the standard approximation (so called 

depletion approximation) is that w ithin a certain distance from the junction (denoted by xn 

and xp in Fig. 2.16), the semiconductor is completely depleted of free charges. The total 

depletion w idth W  = x n +  xp is given by:

where Vb is the built-in internal potential determ ined by the doping concentrations N q 

and  N a :

W  =  x 2ee0Vb
N DN A (2.82)

Vb - k BT  log N DN A
(2.83)
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Figure 2.16: Layer diagram  of a p-n junction solar cell.

and the n* is the intrinsic carrier concentration:

rii = y/N v N c e 2kB* (2.84)

w here N y  and N c  are the density of states (DOS) for valence and conduction bands, re­

spectively.

The principle of operation of the diode is illustrated in Fig. 2.17. The absorbed photons 

generate electron-hole pairs inside the charge-depleted region denoted by tw o vertical dot­

ted lines. The electric field, which w as created as a result of the doping gradient, acts as 

a physical mechanism, which separates carriers and sweeps them  across the depleted re­

gion. If the device is connected to  an  external load, a current is flowing. The voltage drop 

V  is determ ined by the resistance of the external load. The illumination thus produces an 

output voltage V  and a photocurrent Iph = Iei + I  hole-

The am plitude of the photocurrent depends on the incident radiation as w ell as on the
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E c
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Figure 2.17: Schematic representation of the semiconductor p-n junction under illumina­
tion. Ec and Ev are conduction and  valence band edges, Fn and  Fv are the 
quasi-Fermi levels.

spectral response of the solar cell S R (E ). If one defines SR (E )  as a num ber of carrier pairs 

registered at the device's terminals per incident photon  of energy E , then the photocurrent 

Iph can be written:

where q is an electron charge and <&(E) is a photon flux. Generation of the photocurrent 

thus requires a matching of the spectral response w ith the solar spectrum.
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The basic equations that describe the flux of carriers in a  semiconductor under illumi­

nation are the current density equations:

In = -q {o npnE  -  DnV o n)

Ip ~  Cp)

(2 .86a)

(2 .86b)

and continuity equations:

do ,t 
d tn
do,v _
dtn

+ - V  • I n + G -  ^ 2 .  q rn
- - v - / p +  G - ^  

q tp

(2.87a)

(2.87b)

where on, op are the carrier densities, pn, pp are the carrier mobilities, D n, Dv is the diffu­

sion coefficient, G is the carrier generation rate, rn, rp is the relaxation time and E  is the 

effective electric field, n  and p indices stand for the negative and positive charges, respec­

tively.

U nder steady-state condition and using the depletion approximation one can obtain 

current-voltage characteristics for an ideal p-n junction solar cell:

= h  {exp [ ii]  - l} ~ r»
(2 .88)

where the reverse saturation current Ia is related to  the device energy bandgap Egap through:

co n st • ex p
E,'gap
kT

(2.89)

For non-ideal device w ith recombination losses one has to take these losses into account 

by adding a recombination current:

fXp
I,ec — qA I R^X^dx

J - X „
(2.90)
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where R{x) is the recombination rate and  A is die device area.

The m axim um  of the recombination rate (Eq. 2.56) occurs w hen p =  n, then for the 

recombination current near Etr =  E gap/ 2 :

The I-V characteristic of the p-n junction is further m odified because of parasitic se­

ries, R3er, and  shunt, R shunt> resistances, the latter is associated w ith  the surface leakage 

current around the edges of solar cell device. The origin of the series resistance is a bulk 

resistance of semiconductor plus a contribution from the finite resistance of metal contacts 

and interconnections. The total expression for the current becomes:

w here the second term  and the third term  of the RHS of the equation describe a contribu­

tion from the recombination current and parasitic resistances, respectively. Fig. 2.18 shows 

the equivalent circuit of the solar cell based on the Eq. 2.92.

performance are discussed in the Section 2.3.5.

2.3.4 Fundam ental Solar C ell Parameters

Before w e discuss the efficiency limitations of the solar cells, we have to introduce 

several param eters used to describe solar cell performance. Based on the current-voltage 

characteristics, there are three param eters which fully characterize solar cell:

qAWrii
(2.91)

I co n st  i • J;

c o n s t2 • I ST i  exp V - I R s e r
Rsh ph

(2.92)

The efficiency limitations of the typical solar cell and the w ays to improve the cell
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Figure 2.18: Equivalent circuit of the p-n junction solar cell.

1. Open circuit voltage, Voc, w hich is m easured at I  =  0. For the ideal case, w hen 

Rshunt =  oo and  Rser = 0, the analytical expression for the Voc can be derived:

2. Short circuit current, J sc, which is m easured at zero bias V  =  0. For the ideal case of 

Rser = 0 , this param eter is equal to the photocurrent I sc =  Iph-

3. In general, a solar cell should  operate under conditions which produce maximum 

pow er output. To characterize how far the maximum possible pow er Pmax =  Jmax • 

Vmax for a given I-V characteristic deviates from the idealistic cell w ith the sam e Isc 

and  Voc hut "square" I-V curve the third param eter -  fill factor F F  -  is introduced, 

which describes the "squareness" of I-V  curve. The fill factor is in m any ways related 

to the total quality of the cell - series resistance, surface leakage current and so on:

Foe T +  1Q Isg is (2.93)

max1 max (2.94)
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These three param eters completely define the photovoltaic conversion efficiency o f the 

solar cell 77:

where Pinc is an incident solar pow er per un it area.

It can be seen that the im provem ent in  77 may be achieved by increasing any of these 

three param eters. In practice, as it will be discussed in the next section, the increase in one 

param eter tend  to decrease the value of other param eters and vice versa.

2.3.5 E fficiency Lim itations o f A n  Id ea l S in g le  Band Solar Cell.

Several factors severely restrict the m axim um  efficiency achievable in any photovoltaic 

device. To help us to describe these factors w e have adopted a graphical technique used 

by C. H. H enry [5] for analysis of the ideal solar cell. We will consider the case of Egap =  

1.32 eV (InP energy bandgap). This m ethod is graphically illustrated in Fig. 2.19. The top 

curve is the photon flux Nph(Egap) absorbed by a semiconductor w ith an energy gap E gap:

The total area under this curve is equal to the total solar power per unit area. One can 

identify the following pow er losses associated w ith the operation of solar cell device:

• The first and m ost im portant fundam ental limitation imposed by a single-band solar 

cell device is that all photons w ith energy hu  below energy gap Egap (hui < E gap 

area) are not absorbed.

• The second loss happens because of the very rapid relaxation of carriers tow ards 

their respective band edges. Thus all energy in excess of Egap is lost to the heat 

(hu > E gap area).

77 =  F F VocL (2.95)

f  00

Nph(Egap) = /  *(E )d E
J Eqclv

(2.96)
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Figure 2.19: Graphical analysis of the photovoltaic efficiency of solar cell. The top curve 
is cell's energy bandgap Egap versus absorbed photon flux <&(E). The lower 
curve is a w ork done per absorbed photon. The area under top curve is the 
solar pow er per unit area. The shaded areas are different losses.
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•  Radiative recombination of the photogenerated carriers is responsible for the third 

kind of loss as it reduces the num ber of electron-hole pairs. Radiative current sub­

tracts from the total current delivered to the load by the cell.

• For not ideal case of solar cell, one m ust consider various non-radiative recombina­

tion losses d ue  to contact resistance, impurities, interface roughness and  so on.

High conversion efficiency requires both high current and high voltage, however re­

duction of the energy gap produces not only the increase in photocurrentbut also a reduc­

tion in the voltage, due to  decreasing of the potential energy of collected carriers. Increas­

ing the bandgap produces a gain in the voltage bu t a  loss in the photocurrent. It suggests 

the existence of an optim um  energy bandgap. Fig. 2.20 [40] shows that for a 1 sun  illu­

mination intensity the optimal band gap is «  1.3eV. This implies that GaAs and InP are a 

better material choice for solar cells than Si.

2.4 Multiple Quantum Well Solar Cells

2.4.1 M u ltigap  Solar C ells

The efficiency of ideal single band solar cell is lim ited to 31% (at one sun concentra­

tion). This results m ainly from the mismatch between the broad solar spectrum and the 

narrow absorption spectrum  of a semiconductor. Better photovoltaic efficiencies can be 

achieved using m ultiple bandgap solar cells as it is illustrated in Fig. 2.21. Fig. 2.21 shows 

the advantages of using multi-gap solar cells over single bandgap devices: the efficiency of 

a tandem  cell (two bandgap) is 50% versus 37% (at 1000 sun concentration) for the single 

bandgap cell. The idea is to stack together several solar cells w ith different bandgaps in 

such a w ay that the cell w ith  the w idest gap comes topmost. The underlying cells with 

lower bandgaps absorb the photons which have come through the previous cells. To max­

imize output, all cells m ust be current-matched and connected in  a series. In an optimally
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Figure 2.20: Solar cell efficiency versus device energy gap for the solar concentration of 1 
and 1000 suns [5].
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Figure 2.21: Two-band gap versus single bandgap solar cell efficiency.

designed device, all the subcells should be operated at maximum pow er point. In practice, 

it is difficult to produce good perform ing multi-band solar cell even in the sim plest two 

bandgap case because of high interconnection losses.

2.4.2 M Q W  Solar C ells

The quantum  well solar cell (QWSC) was initially proposed as an alternative m ultiband 

solar cell w ithout disadvantages of m aking lossy intercell electrical connections. Typical 

quantum  well solar cells consist of an MQW structure em bedded in an undoped region 

(z'-layer) of a p-i-n diode. Introduction of the QWs into the host p-i-n d iode is essentially 

analogous to the tw o bandgap solar cell. The QWs extend the lower limit o f the absorption 

spectrum which results in the additional carrier generation and higher output current. However, 

this current increase is usually accompanied by a drop in output voltage. The net result 

of adding QWs m ay or m ay no t show an increase of performance over conventional (no
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QWs) p-i-n structures. This condition for efficiency increase can be expressed as [41]:

^  ^  (2.97)
Voc ■*sc

I t  has been established experimentally [7] that quantum  wells can increase the photo­

voltaic conversion efficiency for w ide bandgap materials (AlGaAs); however for materials 

w ith a bandgap closer to the optim um  (GaAs and InP) the results were rather disappoint­

ing. For instance, for the InP/InG aA s combination several authors reported [8,9] a decrease 

in the efficiency com pared to a control sample. The best efficiency reported for QWSCs is 

an A lG aA s/G aA s 50 quantum  well device w ith a 14% efficiency [10].

The main positive effect of the MQW region is the extension of the cell's absorption 

spectrum. As it was m entioned before, it is not enough. The prom pt collection of the 

photoexcited carriers is another key ingredient of high efficiency. This is the w eakest point 

of MQW solar cells. A  characteristic feature of the QW is that it acts as a carrier trap 

and so to  guarantee efficient operation one m ust provide means for efficient carrier escape 

and collection. The issue of efficient escape becomes very critical in the deep-well system  

(InP/InGaAs(P)).

D ark C urrent Reduction in  the QWSC

Bam ham  et al. [42] have done a systematic study of the dark current in QWSCs and  in 

homogeneous, control samples w ithout wells formed from either the well or barrier m ate­

rial alone. They have measured the dependence of dark  current on the band gap. Fig. 2.22 

shows the dark currents of AlGaAs/GaAs SQW, MQW and control AlGaAs and GaAs 

samples at a fixed reference voltage (+0.6 V) plotted vs. the effective band gap for absorp­

tion E a. Ea is taken to be an absorption onset. It is seen that the dark current of quantum  

well devices lie below the line joining the dark  currents of the control cells. Comparisons 

with other material combinations (InG aAs/InP and  GalnP/GaAs) have shown the same
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Figure 2.22: Dark current of AlGaAs/GaAs SQW, MQW and control samples a t fixed bias 
0.6 V plotted as a function of the effective bandgap for absorption (Ea) (from 
[42]).

results. The control and  QW cells have dem onstrated a  similar exponential dependence 

of the dark current on the Ea, however the QW devices have a dark current more than 

an order of m agnitude lower than the control samples. It means that the dark currents of 

the MQW solar cells are significantly reduced compared to the homogeneous cells w ith the 

same effective band  gap.

The reduction of the dark current in the MQW solar cells have been related to the fact 

that open-circuit voltage of these cells does not fall linearly w ith Ea. Fig. 2.23 shows open- 

circuit voltages for the same samples as in Fig. 2.22. Voc of the QWSCs lie above the line 

joining the Voc of the control cells. Also, the increase in the Voc of the QWSC is greater than 

increase in the E a, i.e. AVoc > A Ea.

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



<1)Q.
O 0 .9 5 -

0 .9 0 -

50 Wells □

30 Wells Q**'

GaAs

1.3
” T “

1.4

O  Single QW 
□  MQW 
■  Controls

“I—
1.81.5 1.6 1.7

Effecitve absorption threshold E (eV)
1.9

Figure 2.23: Open circuit voltage of A lGaAs/GaAs SQW, MQW and control samples vs.
the effective bandgap for absorption (Ea) m easured in a 3200K black body 
spectrum. The dotted line indicates the enhancement, above that of the control 
cell constructed from the well material, expected if Voc is proportional to the 
£ a(from [42]).
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2.4.3 A n Id ea l M od el o f a Q uantum  W ell Solar C ell

Accurate modeling of MQW solar cells requires a comprehensive numerical m odel 

which, to the  best of our knowledge, does not exist. A lthough there are some reliable so­

lar cell simulators none of them can handle MQW heterostructures. This is not a surprise 

considering the complexity of the task and its relative novelty. In our w ork w e have used 

an analytical model of an  ideal quantum  well solar cell proposed by N. G. Anderson [43] 

in  1995. This model was applied to study I-V characteristics of the QWSC and compared 

them to a bulk baseline cell, a solar cell w ithout QWs.

In this model, the following simplifying assum ptions are made:

1. Both cells are treated as in the ideal diode m odel based on the depletion approxim a­

tion (see Section 2.3.3).

2. Only radiative recombination is considered. Recombination rates in the baseline and 

QW solar cells are described by constant radiative coefficients Bb and B w, respec­

tively.

3. Carrier distribution throughout the structure is described by non-degenerate Maxwell- 

Boltzmann statistics and quasi-Fermi levels.

4. Ohmic losses are assum ed to be negligible - infinite mobility approximation.

5. The doping of n- and  p-type region is the same and the valence band structure is a 

mirror image of the conduction band structure (the sam e effective masses for holes 

and electrons).

Within the approximations made in this model, the term inal characteristics of the quan­

tum  well solar cells are relatively insensitive to exact values of material param eters except 

for band gaps.
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Baseline Cell M odel

The current-voltage characteristic of the baseline cell is given by:

J ( V )  =  J0( e ^ k-T -  1) -  Jgen +  Jrec (2.98)

where Jo is the reverse saturation current density, and Jrec and Jgen are current densities 

corresponding to  carrier recombination and generation in  the intrinsic region, respectively. 

The generation current can be w ritten as

Jgen =  q W { G f  +  G g )  (2.99)

where W is the intrinsic region w idth and G 0̂ 1 and G% 316 the average optical and thermal 

generation rates in the intrinsic region. The recombination current can be written as

Jrec =  q W B Bn BPB =  q W B Bn 2iBegV/kBT (2.100)

where n B and p B are the net electron and hole concentrations in the intrinsic region of the 

baseline cell. A t V  = 0 and no optical excitation there is an equilibrium between thermal 

generation and recombination rates

G% =  B Bn 2iB (2.101)

The current-voltage relation for the ideal baseline cell (J B(V )) then

J g ( V )  =  J 0( l  +  / 3 ) ( e ^ kBT -  1) -  q W G ' f  (2.102)

where

/3 =  q W B B n iB (2.103)
Jo
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Without optical generation, Eq. 2.102 is identical to the ideal diode equation Eq. 2.88 except 

for the effective increase in the reverse saturation current Jo  by a factor (1 +  f3) due to 

the presence of additional intrinsic layer. Then the short-circuit current and open-circuit 

voltage for the baseline cell are

Q uantum  Well Cell M odel

A quantum  well cell is considered to be identical to the baseline except that a fraction 

f w  of the intrinsic region is replaced by a quantum  well material w ith a bandgap E w  

(Ea < E b ). The Eq. 2.98 is modified to  include recombination and generation currents in 

the QWs

Defining generation and recombination rates G w  and E w  for the quantum  wells, get

J q w ( V ) =  J o ( e (,v / kb T  -  1) + q W [ f w ( R w  -  G w ) +  (1 -  f w ) ( R B -  G B)] (2 .107)

This equation can be rewritten introducing the following ratios: 7 b =  B w /B b  "oscillator 

enhancement factor" and  7 b o s  =  9w / q b  "density-of-states enhancement factor", where 

gw  and gB are the volume densities of states for the wells and barriers, respectively. The 

intrinsic carrier concentration in the quantum  well material is

J .C .B  =  - q W G t f (2.104)

(2.105)

J q w ( V ) =  Jo (eqV/ kbT -  1) — Jgen,B +  Jrec,B ~  Jgen,W + Jrec.W  (2 .106)

nfw  =  riiB7r>oseAE/kBT where AE  = E B -  E w (2 .108)
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The Eq. 2.107

J q w ( V )  =  J0[ l +  r Rp](e«v ' k»T  -  1) -  qW \Jw G $ )  +  (1 -  fw )G T )]  (2-109)

where r R is the "radiative enhancement ratio"

TR =  1 +  f w [ l B l l o s ^ ElkBT -  1] (2.110)

This factor represents the relative increase in the net intrinsic region recombination at equi­

librium due to the presence of the quantum  wells. The r R  is significant even for the small 

bandgap differences due to its exponential dependence on the AE. It is this parameter that 

reduces Voc in this model and, consequently, the efficiency, as it is seen from the Eq. 2.112.

The short-circuit current and open-circuit voltage for the ideal quantum  well solar cell

Jsc,QW =  - q W [ f w G $  +  (1 -  f w ) G t ]  (2-111)

I J sc,q w \ +  «/p(l +  r u f f ) '
J o (I  +  r Rff)

v  *b T  iVoc,Q W  =   m (2 .112)

U nity Q uantum  Efficiency Limit

It is assum ed that all incident photons w ith energies above the absorption edge of the 

cell are absorbed. In this unity quantum  efficiency limit

Jg c ,B  =  — Q ® b  and  J 3c,w =  —q ^ w  (2.113)

where <&/? and  are the total flux of incident photons w ith energies greater or equal to 

E b and E a , respectively. Defining the "generation enhancement ratio" as

tg — Qw / ^ b (2.114)
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the Eqs. 2.102,2.105 and 2.105 become

JB(V) = J 0(l +  P)(e9V/kbT ~  1) -  Q®B

J s c ,B

Voc,B

-  ~q$B  

=
q$B + M  1 + P)'

J 0(l +  P)
k BT In q®B

Ml +P) +  1

and for the quantum  well cell

(2.115a)

(2.115b)

(2.115c)

Jqw (V ) = J0 [ l+ r Rp](e«v / k<>T - l ) - q r G* B

J s c ,Q W

V o c ,Q W

=  — q & w  =  — q r G ® B

k BT
In qro$B + Jo(l + fRP)

Jo(l+riiP)
k BT In qrg&B 

M l  + trP) +  1

(2.116a)

(2.116b)

(2.116c)

Comparison of Eq. 2.115 and Eq. 2.116 reveals that MQW solar cell will outperform  only 

if the increase in the current described by the param eter tg (absorption enhancement) will 

not be shadow ed by the decrease in the output voltage due to the introduction of rR, a 

radiation rate increase.

2.5 Numerical Solution of the Poisson's Equation in Semiconduc­

tor Heterostructures

Knowledge of the charge and field distribution inside a p-n-junction is essential in semi­

conductor device modeling. We felt it was necessary to develop a software capable of 

calculating these functions. The m odel described here is based on the Lundstrom  and 

Schueike w ork [44]. Carrier transport is described in term s of drift and diffusion. High- 

field transport and all quantum  mechanical effects (quantum  confinement and  transport) 

are not included. Despite these limitations the m odel proved to be very useful in interpre­

tation of experimental data.
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In a compositionally nonuniform  semiconductor, a  nonlinear one-dimensional Poisson 

equation for the electrostatic potential V  (f) can be w ritten as

V[e(ar) W (* )]  =  -p (V (x ))  = e (-n (V (x ))  + p{V(x)) + N + (V {x)) -  iVj(K(a;))) (2.117)

w here e(x) is the position-dependent dielectric constant, p is the total charge density, n  and 

p electron and  hole concentrations, and and ionized donor and acceptor concen­

trations.

In addition to forces from the macroscopic electric field, forces associated w ith structure 

non-uniformity are accounted for by tw o band parameters, Vn and Vv

QVp = -(x(a;) -  Xr) -  (Eg(x) -  E gr) + kBT log 

+ k sT  log

N v(x) |

exp {Vv)

qVn = X&) ~ X t + k BT  log
N e(x) k BT  log

Nv,

^ \ / 2  (V c)  

exp (rjc)

(2.118a)

(2.118b)

where

Vc -  (Fn — E c) /k BT  (2.119a)

r,v =  (Ev — Fp) /k BT  (2.119b)

and F \ /2  is the Fermi-Dirac integral of order 1/2. The last terms in Eq. 2.118 are due 

to the influence of Fermi-Dirac statistics and are zero when Boltzmann (non-degenerate 

semiconductor) statistics is assumed. The subscript r  refers to the values of the various 

param eters a t the reference location within the heterostructure. The position-dependent 

param eter x  is the difference betw een the conduction band edge and an internal reference 

energy level.
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Figure 2.24: Flowchart of the Poisson solver.
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It is useful to relate the carrier densities to the quasi-Fermi levels

<f>p — {E f Ep)/q  

(fan — {E f — Fn)/q (2.120b)

(2.120a)

where E f  is the equilibrium Fermi level and Fp and Fn are the quasi-Fermi levels for holes 

and  electrons. Substituting Eq. 2.120 in expressions for p and  n

<pp = = Q describes heterostructure in equilibrium.

Boundary conditions are obtained from the requirement of the space-charge neutrality 

and  assuming equilibrium a t the contact. Then both sides of Eq. 2.122 are zero, and V

where D = (N^ — )/riiT is the ne t normalized doping density.

The Eq. 2.122 is discretized by the finite difference technique and solved using Newton- 

Raphson iteration m ethod [45]. The flow chart of the program  code w ritten in Mathematica® 

language is shown in Fig. 2.24. The code of the program  is on the accompanying floppy 

disk.

=  niTe -^ v - v”- ^ / kBT (2.121a)

n n ire ^ v+Vn- ^ y kBT (2.121b)

Poisson's equation becomes

V2F  +  -V q  ■ VV =  — S -(nire-<i(V-VP-<t>P)lkBT _  n .req(V+vn-<t>n)/kBT + N + _  N -^  (2.122) 
T) 77770

q{yv+Vn )/2 k BT 'jQ2g—q(Vp‘j-Vn ) /2 k B T  ^+  sign(D)

(2.123)
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2.6 Conclusions

•  Optoelectronic devices based on quantum  well structures offer flexibility and tun- 

ability not easily available in conventional (non-QW) devices.

•  M ultiband solar cells prom ise to deliver significantly higher photoconversion effi­

ciencies.

•  MQW-based solar cells have a  potential of m ultiband solar cells w ithout difficulties 

associated w ith conventional non-QW  m ultiband solar cells.

•  The m ain obstacle to achieve h igh  efficiency in  MQW solar cells - increased radiative 

and non-radiative losses com pared to non-QW  devices.

•  New designs and  approaches are needed to  overcome these shortcomings.
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Chapter 3

Experimental Setup

3.1 Introduction

In our study  w e have employed several experimental techniques to conduct our inves­

tigations. Photoluminescence (PL) measurements were used to determ ine fundamental 

energy gaps E gap of the samples. Temperature dependence of the PL w as studied to inves­

tigate carrier escape and radiative recombination processes. For multilayer samples, bias 

dependence of PL has helped to identify the origin of various bands in the PL spectra.

Photocurrent (PC) measurements were crucial in investigating spectral response (pho­

togenerated current as a function of exciting wavelength) of the samples. Rich PC MQW 

spectra w ere used to  identify various energy states in the quantum  well. Temperature and 

bias dependence of PC were m easured to investigate carrier escape processes in the MQW 

samples and to investigate resonant transfer alignment. Information extracted from PC 

spectra w ere used to  estimate the effect of the strain and electric field (Quantum Confined 

Stark Effect) on quantum  well states.

I-V or dark  current measurements has been used to characterize the properties of semi­

conductor p  — n junction, as well as to provide an estimate of the quality of contact wiring. 

Temperature dependence of I-V curves was m easured to  study  resonant transfer in MQW
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samples.

Solar cell efficiency m easurements, which are essentially I-V m easurements conducted 

under illumination by standard w hite light source, were perform ed to determ ine photo­

voltaic param eters such as Voc, I sc, F F  and 77 of all samples.

3.2 Photoluminescence Measurements

PL measurements were conducted for the following purposes:

•  To m easure the fundam ental energy gap E gap of semiconductor samples

• To estimate a relative strength of radiative recombination

• To study tem perature dependence of Egap of InGaAsP MQW samples

•  To investigate resonant tunneling transfer in MQW samples

The experimental setup for m easuring photoluminescence spectra is show n in Fig. 3.1. 

The photoluminescence emission excited by a Laser beam is collected and focused on the 

entrance slit of the spectrometer by two lenses, LI and L2. Since the QW PL spectra can 

easily span a wavelength range of 1 n  and more, achromatic lenses have been used to re­

duce spectral chromatic abberation. The pum p laser emission is blocked by an  appropriate 

longpass filter F placed in front of the entrance slit. Sample emission, passed through the 

entrance slit, is dispersed on the spectrometer grating G and detected on the  exit slit by a 

Photodetector. The signal from the Photodetector is processed by a Lock-In amplifier and 

stored in a com puter (PC). A  Source-Measure Unit (I-V) is used to control voltage bias 

applied to the Sample. For low tem perature measurements, the Sample has been placed 

in a Cryostat. A neutral density w heel (ND Filter Wheel) w as used to control incident 

light intensity.
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3.2.1 D escrip tion  o f the M ajor C om ponents  

TRIAX-320 spectrometer

TRIAX-320 [46] is a 0.32 m  Czem y-Tum er scanning imaging spectrometer equipped 

w ith an  autom ated on-axis triple grating turret and  a direct grating drive mechanism. Ta­

ble 3.1 contains a  complete list of the TRIAX specifications. The front exit po rt can be fitted 

w ith an optional detector array or a  charge-coupled device (CCD) camera to  provide m ul­

tichannel detection capability. The slit w id th  can be varied in the range of 0 ... 2 m m  in 

steps of 12.5 nm.

All functions of the spectrometer (wavelength positioning, slit width, choice of grating, 

exit swing away mirror) are controlled via an IEEE-488 interface. Three different gratings 

were installed on the turret:

1. 250 nm  blazed (1200 grooves/m m )

2. 500 nm  blazed (1200 grooves/m m )

3. 1000 nm  blazed (600 grooves/m m )

This allows us to cover 200-2800 nm  range of wavelengths.

Parameter Nom inal value

Focal Length 
Entrance Aperture Ratio 
Image Magnification on Exit 
Scanning Range 
Focal Plane

0.32 meter 
f/4.1 
1.00
0-1400 nm  
30 m m  x 12 m m

Spectral Dispersion w ith 1200 g /m m  grating 2.64 n m /m m
Wavelength Positioning Accuracy 
Wavelength Repeatability

±0.3 nm 
±0.06 nm

Table 3.1: Specifications of the TRIAX 320 spectrometer
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Keithley 236 Source-M easure U nit

The Keithley 236 Source-Measure Unit [47] (SMU) has been used to m easure the dc cur­

rent through the samples in all I-V and solar cell efficiency measurements. In photocurrent 

measurements, it has served as the dc voltage source. The Keithley 236 SMU is really four 

sensitive instrum ents in one: electrometer, digital m ultim eter (DMM), current source, and  

voltage source. The 236 SMU is fully program m able instrum ent, capable of sourcing and  

m easuring voltage and  current simultaneously. The SMU can source voltage from 100 /j,V 

to 110 V, and current from 100 fA to 100 mA. It can also m easure voltage from 10 //V to 

110 V and current from 10 fA to 100 mA.

The m easurem ents can be taken and recorded in  an  internal memory along with cor­

responding values of the source voltage or current and  time. U p to 1000 values of each 

variable correlated in time can be stored in the internal buffer and  later obtained over the 

IEEE-488 bus. The SMU can be program m ed to perform  source-measurement as a function 

of a stepped voltage o r current (sweep m easurem ents). Voltage and current can be swept 

linearly, logarithmically, or pulsed.

Stanford Research Lock-In Amplifier SR830

The SR830 lock-in amplifier was used to detect PL and PC signals coming either from 

the photodetector (PL measurements) o r directly from the sample (PC measurements). 

Lock-in amplifiers use a technique known as phase-sensitive detection to single out the 

component of the signal a t a specific reference frequency and phase. The sam ple is excited 

at a fixed frequency u>ref  (provided by a C hopper in  our case) and a lock-in detects the 

response from the experim ent at the reference frequency. VSig(t) is the true signal am pli­

tude and Vsig(t) sin(u>re/ t  +  8 Sig) is the total signal seen on the lock-in input. The lock-in 

generates its ow n reference signal Vi,(i) sin(uirJ + 0ref)- The SR830 [48] amplifies the in­

p u t signal and  multiplies it by the lock-in reference using a phase-sensitive detector (PSD) 

and  integrates over integration time, Tfnt- The ou tpu t of the PSD is the product of two sine
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waves, which can be w ritten as a sum  of tw o cosines:

Vsig VL cos[(wre/ +  UL)t + @sig "F @refl (3.1)

If u ref  = u>i, the difference frequency term  (a>ref  — ojl) in Eq. 3.1 will be a DC signal which 

can be extracted using a low-pass filter. The SR830 is equipped w ith two PSDs. The second 

PSD multiplies the signal w ith the reference oscillator shifted by 90°, so its low pass filtered 

output will be

By computing the square root of the sum  of Vpsci and Vpsd2 the original signal can be re­

stored:

and lock-in reference.

The PSD and low pass filter only detect signals whose frequencies are very close to 

the lock-in reference frequency. Noise signals at frequencies other than the reference are 

rejected and do not affect the measurement. SR830 implements digital signal processing 

(DSP), which allows us to eliminate the drift, offset and  nonlinearities inherent in analog 

lock-ins.

Laser

Two laser sources w ere used in the experiment:

• Spectra Physics N d3+:YAG mode-locked laser (A =  1064 nm , Pmax — 8 W) w ith a 

second harmonic generation system (A =  532 nm, Pmax =  1.5 W).

Vpad2 — 2 ̂ sigVL Sin(0sjg 6ref) (3.2)

(3-3)

R  measures the signal am plitude and does not depend on the phase between the signal
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Figure 3.1: Experimental setup for photoluminescence measurements. F is the long pass 
filter, LI and L2 -  the achromatic lenses, G -  the grating turret.
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•  SDL AlGaAs/GaAs diode laser (A — 681 nm, Pmax =  0.5 W).

Due to high divergence of the diode laser beam, a short focused lens (F =  4mm) w as used 

to collimate the beam.

Fhotodetector

For PL measurements ranging from 800 nm  and above, thermoelectrically cooled In- 

GaAs photodetector was used. The working range of this detector is 800-1800 nm. In  the 

visible range (400-800 nm), Si detector was used.

Optical Cryostat

In low tem perature experiments w e have used a Janis Research ST-4 cryostat equipped 

w ith a Lake Shore Cryotronics 805 tem perature controller. For I-V m easurements the cryo­

stat cooling finger w as fitted w ith additional necessary wires and contacts.

PC w ith  the GPIB controller card

M ost experiments were controlled by a personal com puter PC (Micron® M illennia Xru 

w ith Intel® Pentium II 266MHz). The PC was equipped w ith National Instruments® EEEE- 

488 General Purpose Interface Bus (GPIB) controller card, which allowed one to control 

simultaneously up to 15 GPIB instruments.

All major components of the experimental setup w ere equipped w ith a  GPIB inter­

face which greatly facilitated the task of data acquisition. GPIB devices communicate 

w ith other GPIB devices by sending device-dependent messages and interface messages 

through the interface system. The GPIB controller placed inside the PC manages all com­

munication exchange.

To control the experiment we have w ritten software {Ke236) using National Instruments® 

LabW indows/CVI IDE [49] (Integrated Development Environment). Full C code of the 

program  Ke236 (see A ppendix B) is provided on the accompanying floppy disk due to  its
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S e l e c t  t y p e  of th e
l |V)

E x p e r i m e n t
^  ^ ----------.

T i m e  C o n s t a n t s

Sens it iv i t

Set Param eters  
of 1he instruments

Filtering 

Sl i t  width

R a n g e

Set Scan 
Param ete rs

R e p e a t  t h e  run 
it n e c e s s a r y

N u m b e r  o t  s t e p s  

D e l a y  T im e  » 

N u m b e r  of S c a n s  '

'

S t a r t  th e  S c a n

Stop the 
Scan

Plo t t h e  Resu l t
S a v e  t h e  D a ta

C a l c u l a t e  t h e  
Ef fic iency

^ 3 u i t  the p ro g ra m ^

Figure 3.2: Flowchart of the Ke236 program  - the program  to control a data acquisition 
using the Keithley 236 SMU, SR830 Lock-In and Triax-320.
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large prin ted  size (about 120 pages). Fig. 3.2 shows a flowchart of the program. The pro­

gram  provides remote control over m ost of the functions of the spectrometer, the lock-in 

amplifier and  the SMU unit.

Using this program  the following types of measurements can be made:

•  Current-voltage measurements

• Photoluminescence intensity as a function of wavelength

•  Photoluminescence intensity as a function of bias

•  Photocurrent intensity as a function of w avelength

•  Photocurrent intensity as a function of bias

•  Solar cell performance measurements

3.3 Photocurrent Measurements

Photocurrent measurements were conducted for the following purposes:

•  To get information about spectral response of the sample.

•  In MQW samples, PC spectra were used to identify various optical transitions occur­

ring inside quantum  well. This information w as later used  to completely characterize 

quantum  well energy states and to investigate the effect of strain, temperature and 

electric field on these states.

•  PC spectra were also used to investigate resonant enhancement of PC occurred in 

MQW samples w ith built-in sequential resonant tunneling.

Information learned from the PC measurements led to an  improved MQW solar cell 

design. PC m easurements have employed the setup shown in Fig. 3.3. The light from a 

quartz halogen tungsten lamp (QHT lamp) is collected and focused by condenser optics
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(Condenser) on the entrance slit of the spectrometer. To avoid the interference from the 

second order detection, a longpass filter F was placed in front of the slit. The light from 

the QHT lamp was then  dispersed in the monochromator and  focused on the sample. The 

generated photocurrent was detected using lock-in technique described earlier.

QHT lampTriax 320 F Condencer

Step
motor

Chopper

Cryostat

PC

P ow er
supply

Lock-In

I-V

Figure 3.3: Experimental setup for the photocurrent measurements. F  is the longpass filter, 
G  -  the grating turret

The scheme of the sample electrical connections is shown in Fig. 3.4. The Sample was 

connected in a series w ith a 100 ft load resistor Rfoat/. The lock-in amplifier m easured the 

voltage difference between Rioad terminals. The advantage of the differential amplifier is 

that a noise pick-up on the shields does not translate into signal noise since the shields are 

ignored. Both signal connections were shielded from spurious pick-up. The voltage signal 

has been later converted to the current values.
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meter

Differential
Amplifier

Samplemetersource
Feedback

Keithley 236 SMU SR830 Lock-In

Figure 3.4: Electrical circuitry of I-V measurements.

To control voltage bias on the sample, a four-wire source-measurement m ethod (Kelvin 

measurements) was employed. It allow ed us to bypass the voltage drop across the source 

w ire leads (1 and 2 in Fig. 3.4) by bringing two high impedance voltage m easurem ent 

w ire leads out to the sample. Since there is very little current in the measurem ent circuit, 

there is effectively no I-R drop in the m easurem ent leads, and the voltage seen by the 

m easurem ent terminals is the same as the voltage developed across the sample.

3.3.1 D escrip tion  o f the M ajor C om ponents

Aside from the quartz halogen tungsten (QHT) lamp all components shown in Fig. 3.3 

were the same as described in the Sec. 3.2.
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QHT lam p

Q uartz halogen tungsten lam ps are popular visible and  near-IR light sources because 

of their sm ooth spectral curve and stable output. The spectrum  em itted by the QHT lamps 

resembles that o f the ideal black body. The spectral o u tp u t of the QHT lamp is charac­

terized by its color temperature Tcotor. This is the tem perature in K of a black body object 

which emits light of similar color balance as the tungsten halogen lamp. The typical color 

tem perature of the QHT lamp is 2800-3000 K.

The light source used in our experiments was a 100 W Instrum ents S.A. LSH-T100 

Tungsten Source. The lamp w as m ounted in the air-cooled housing, and  the housing itself 

was designed to be//#-m atched  to the spectrometer.

3.4 Current-Voltage and Photovoltaic Efficiency Measurements

Current-voltage (I-V) measurements are im portant in investigation of the properties of 

p —n  junction and the overall quality of the sample wiring. Temperature dependence of the 

I-V curves has helped to identify the origin of non-radiative recombination in some sam­

ples. Photovoltaic efficiency measurements is a variation of I-V measurements perform ed 

under illumination by a  standard white light source w ith a  know n spectral distribution.

Fig. 3.5 shows the experimental setup used to perform  I-V measurements. The sample 

is illum inated by the high-power lkW  QHT lamp. To achieve high illumination unifor­

mity a scattering plate (Scatterer) was introduced in the optical path between the light 

source and the sample. The current-voltage characteristic is then recorded on the SMU us­

ing the Ke236 program  described before. Before the actual measurements were done, the 

sample was replaced w ith a N ew port Optical M eter Detector [50] and  the whole system 

was tuned to the required light intensity -  typically, 100 m W /cm 2, which corresponds to 

approximately AM1.0 condition. The intensity of the light can be adjusted using an ND 

filter wheel. After measurements are taken, the solar cell param eters are automatically

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



97

calculated by the Ke236 program.

The following describes steps taken to calculate the efficiency:

1. The area of the sam ple is measured.

2. The intensity of the w hite light is set to the required level using ND filter set and a 

N ew port Optical Meter.

3. The sample is placed in the holder, illuminated and the I-V characteristic is taken 

using the setup show n in Fig. 3.5 and the Ke236 program.

4. Ke236 finds I sc, Voc on the I-V curve, finds the maximum pow er point on the I-V curve 

and corresponding Vm and Im. The maximum power point is found by searching for 

the maximum of the I  x V  product. The search routines are the standard functions 

of the LabWindozos analysis library.

5. After calculating Vm and Jm, the user m ust enter the sample area, S , and illumination 

intensity, Pine, into the program  which then calculates the efficiency 77 and fill factor 

F F  according the formula:

Tj = x 100 F F  =  x 100 (3.4)
&*inc Voc*sc

3.5 Sample Growth and Preparation

3.5.1 G row th and Processing

Both sample growth and metallization were done by Dr. C. L. Reynolds's group of 

Lucent Technologies in  Breinigsville, PA. All samples were grow n in a low-pressure met- 

alorganic chemical vapor deposition (MOVPE) reactor. MOVPE is a common m ethod of 

growing epitaxial structures. To ensure high quality of the grow n thin layer, the crystal
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ND Filter 
Wheel

QHT lampScatterer
Sample Condencer

Power
supply

PC
Keithley 236 SMU 

(I-V)

Figure 3.5: Experimental setup for current-voltage and photovoltaic efficiency measure­
ments.

structure of this layer should be similar to the underlying bulk substrate. In such cases 

the atoms forming the thin layer will arrange themselves to form a  single crystal w ith the 

sam e crystal orientation as the substrate. The resulting layer is said to be deposited epitax­

ially on the substrate. The deposition of a layer on a bulk substrate of the sam e chemical 

composition is known as a homoepitaxy (e.g. GaAs on GaAs), while the deposition of the 

layer of similar structure bu t different chemical composition is known as a heteroepitaxy 

(e.g. InGaAs on InP).

Epitaxial layers or epilayers can be grow n from solid, liquid or gas phases. In  gas phase 

epitaxy the growth rate is controlled by the am ount of gas flow. The m ethod of growing 

epitaxial layers from metalorganic gases is known as metalorganic chemical vapor deposition 

or MOVPE for short.

To make a grid m etal contact on the top of the cell a process know n as photolithography 

was used. The process is very similar to conventional photo film processing. Photolithog-

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



99

raphy involves the photographic transfer of a pattern  to the semiconductor wafer that will 

later be removed. The process consists of the prim ary steps shown below:

1. Deposition of a SiC>2 layer on the wafer.

2. Creation of a pattern mask. In our case it was a grid  pattern.

3. Special polym er photoresist is applied to the surface of the wafer to form a thin film.

4. The film is exposed to a light source, typically UV, that shines through the pattern 

mask.

5. The film is developed. The exposed areas of the photoresist (where m etal w ill be 

deposited) are removed.

6 . The SiC>2 is etched off.

7. The metal is deposited.

8 . Lift-off of the mask.

9. The m etal is annealed to form an alloy.

Consequent sample preparation included cutting the wafer into manageable pieces, 

and w iring and placing samples into the standard holder.

3.5.2 C utting

Fig. 3.6 shows pictures (top side) of tw o InG aA sP/InP wafers. The diam eter of the 

wafer is 2  inch. The wafer has to be cut into smaller pieces («  10 x 5 mm) for the following 

reasons:

• The upper measurable current limit for the Keithley 236 SMU is 100 mA. Typical cur­

rent density in the solar cell can easily reach 200 m A /cm 2. This makes it impossible 

to handle samples w ith the area more than 0.5 cm2.
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Figure 3.6: Top view of the MQW InG aAsP/InP sample #OE2188 (left) and InP control 
sam ple #OE2126 (right)

• Convenience. All samples were cut to fit into the standard DIP plug.

• Difficulty to produce a uniform illumination on the w ide area w hile measuring pho­

tovoltaic conversion efficiency.

3.5.3 W iring

All sam ples w ere wired using 0.127mm diam eter gold w ire (Aldrich® catalog #32,652- 

6) and placed into standard DIP gold-plated 14-pin header p lug  (JAMECO® catalog #37129) 

Fig. 3.7 shows one of the samples in the DIP plug. Wires were attached using either sol­

dering iron or conductive silver paint.

Soldering w as done using In 0.5mm wire on the XY-TRONICS temperature controlled 

soldering station XY9-60D w ith temperature set to 450 F (just above In melting point). Due 

to fragile nature of the epitaxial layers extreme caution m ust be taken to prevent samples 

from damage. Soldering m ust be done as quickly as possible using the smallest available 

soldering tip. Overexposing a sample to heat will cause In diffusion inside the sample and 

partial shorting of the p-n junction. The sense of the "right" am ount of time and heat can 

only be acquired by making several test samples. Fig. 3.8 shows the effect of heating on
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Figure 3.7: View of the InG aA sP/InP sample wired and placed in the DIP header plug.

the current voltage characteristics. "Bad" wiring resulted in significant (almost 2 order) 

increase of the current m agnitude in the bias range of -1.5... +0.7V.

The alternative to the soldering is gluing the wires using high-conductive silver paint 

(GS Thorsen, Inc. catalog #22-202). Since this does not involve any heating the results 

are more consistent. A t the same time I-V characteristics of the samples w ired w ith the 

silver paint can be used as a reference for the samples w ired w ith soldering. However, the 

experiment showed that silver paint contacts does not w ithstand low tem perature and all 

low temperature experiments were m ade with "soldered" samples.

Fig. 3.9 shows a DIP plug w ith the solar cell placed in the sample holder. The holder 

was built around Aries® Universal ZIF (Zero Insertion Socket) w hich allowed safe, reliable 

and convenient sample holding and  exchanging.
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Figure 3.8: Effect of the heat on the I-V characteristics of the samples.
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Figure 3.9: View of the InG aAsP/InP sample inserted in the ZIF socket.
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Chapter 4

Investigation of Photoluminescence 

and Photocurrent in  

InxGa] j-ASyPi Strained MQW 

Heterostructures

4.1 Introduction

In this chapter we present our studies on the photoluminescent and photoconductive 

properties of MQW InG aAsP/InP p-i-n heterostructures. Two samples w ith  different bar­

rier w idth  were investigated using photoluminescence, photocurrent and  dark  current 

measurements [51]. The focus of the study is the basic properties of the MQW structures: 

quantum  well energy states, the effect of the strain, tem perature and  electric field on these 

states, and  the escape processes in quantum  wells. The origin of recombination losses is 

analyzed. The relation of these properties w ith structural and compositional param eters 

of heterostructures is also a subject of investigation as it is im portant for an understanding 

of the basic physics of MQW devices.
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I p -  type InGaAsP cap, 600 A j

p+ -type InP emitter, 0.6 /im |

undoped InGaAsP confinement layer, 500 A

undoped MQW InGaAsP/InGaAsP layer

undoped InGaAsP confinement layer, 500 A

n+-type InP buffer, 0.75 fx m  S

n+-type InP substrate

Metal contact

Figure 4.1: Layer diagram  of the InGaAsP/InP MQW heterostructures (samples #381 and 
#382).

4.2 Samples

InxGai _I AsyPi quaternary alloy is a material of choice for manufacturing semicon­

ductor lasers em itting in the 1.3-1.7 pm, infrared detectors, light emitting diodes (LEDs) 

and high-speed heterojunction devices.

Two MQW samples with an identical well w idth and different barrier thickness (see 

Fig. 4.1) were grown on n +-type InP substrates in a low pressure (60 Torr) metalorganic 

chemical vapor deposition (MOVPE) reactor [52]. The unintentionally doped (light p-type) 

active MQW region consisted of 9x70 A compressively strained wells of InGaAsP (A =  

1.35 pm) and 8x80(8x150) A lattice-matched barriers of InGaAsP (A -  1.12 pm), samples 

#382 and #381, respectively.

The MQW region w as confined by 500 A undoped InGaAsP (A =  1.12 pm) separate 

confinement layers and  embedded between n- and p-InP (1.5 • 1018 cm-3) cladding layers. 

To create an ohmic contact, the p-type top InP layer was covered w ith a 600 A thick In­

GaAsP (A =  1.12 pm). For current-voltage measurements contacts on both MQW samples
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were formed by evaporating gold at 10 6 Torr. Top contact was O-shaped (inner radius 

=  2 mm) to let the light penetrate inside the structure.

4.3 Experiment

An experimental setup used here was similar to the one described in  Section 3.2. A 

mode-locked N d3+:YAG laser (82 M Hz repetition rate, 8 W m axim um  output, A =  1064 

run) w ith a second harmonic generation system (1.5 W  maximum output, A =  532 nm) 

was used as an excitation source in all PL measurements. The PL spectra were m easured 

using lock-in technique. The current-voltage and spectral response were m easured using 

Keithley 236 SMU w ith a combination of the quartz tungsten halogen lam p and  0.25 m  

SPEX spectrometer.

4.4 Results

4.4.1 P hotolum inescence M easurem ents

Photoluminescence spectra for both InGaAsP MQW samples at 77 K and  zero voltage 

bias are shown in Fig. 4.2. Peaks at 1.23-1.24 fim  are assigned to the radiative recombina­

tion of photocarriers in the quantum  wells (a transition between electron and heavy hole 

ground states). A peak at ~  1.07//m (later referred as "barrier") is attributed to  the cum ula­

tive emission from the InGaAsP cap, barriers and confinement layers. The relative strength 

of the QW PL peak is higher for the 150 A sample than that for the 80 A barrier sample. 

This observation is based on a  stronger carrier confinement and  lower escape rate for the 

first sample (150 A). For both samples the observed full w idth  at half m axim um  (FWHM) 

of the QW peaks is within 10-12 meV, which indicates good structural and  optical quality 

of the quantum  wells.

Temperature dependence of the PL spectra for the 150 A sample a t zero voltage bias is
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Figure 4.2: Photoluminescence spectra of the InG aA sP/InP MQW heterostructures at T  = 
77 K. Thick line -  the 80 A barrier sample; thin line -  the 150 A barrier sample
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shown in Fig. 4.4. As the tem perature increases, the following changes are observed in the 

PL spectra. First, the PL peak positions shift to the longer w avelength side, consistent with 

changes in the energy bandgap; second, the PL line intensities significantly decrease; and 

third, the PL peak w idths broaden. Closer to room tem perature, the therm al spreading of 

the carrier population contributes to an increased radiation from the excited QW states as 

well as to a general broadening of the PL lines.

Fig. 4.4 presents the tem perature dependence of the QW PL peak position for both 

samples, w here the symbols represent experimental data and the solid lines are the values 

of the energy bandgap for the corresponding bulk InGaAsP (with the same E gap) alloy 

calculated using the phenomenological Varshni equation [53]

fp TG A P  (rp \    rpTGAP    C*T
Egap (T ) — Egap /3 - \-T

where T  is the tem perature in K, a  =  6.9 x 10- '1 eV /K 2 and /3 =  327 K. The experimental 

data show essentially the same temperature behavior as the bandgap of the bulk InGaAsP 

alloy, which allows us to conclude that the QW energy subbands remain unaffected by 

the temperature changes. This behavior is similar to the results reported for InG aA s/InP 

MQW structures [54].

The ratio of well-to-barrier PL peak intensities I w/Ib  shown in Fig. 4.5 provides in­

formation about interrelationship between carrier capture and  escape times, rcap and resc, 

respectively. This ratio can be written as a function of the (nwpw)/ (ribPb) [55]

l y j  T tw p w  '^ e s c ^ e s c  / aj oc oc p (4 .2)
b n bPb Tca p Tca P

where nw,pw, rib and  pb are electron and hole densities in the quantum  well and barrier, 

respectively, and n  and  p  indices stand for electron and hole. Taking the ratio of the inten­

sities instead of just I w or /<, alone also reduces the effect of the tem perature dependence of 

radiative recombination rate on the analysis as well as eliminates errors due  to the pum p
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Figure 4.3: Evolution of the PL spectra w ith temperature (sample #381, InG aA sP/InP 
MQW heterostructure)
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Figure 4.4: QW PL peak position versus temperature. Circles -  the 80 A barrier sample;
triangles -  the 150 A barrier sample; solid lines -  calculated values for the 
bandgap of InGaAsP bulk alloy.
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Figure 4.5: Plot of the ratio of the well-to-barrier PL intensities versus tem perature. Circles 
-  the 150 A barrier sample; triangles -  the 80 A  barrier sample.

pow er fluctuations. As it is seen in Fig. 4.5, this ratio predictably low ers w ith rising tem­

perature as m ore and more carriers are thermally excited out of the quantum  well, thus 

effectively decreasing n wpw and  Iw. This can be also interpreted as a reduction of the car­

rier escape time over capture time.

The voltage bias has a very pronounced effect on the PL spectra. Fig. 4.6 shows pho­

toluminescence spectra of the 150 A MQW sample taken at zero bias (dotted line) and -1 

V bias (solid line). The change in the bias significantly reduced the m agnitude of the QW 

peak and had relatively no effect on the barrier peak. More detailed view of the bias effect 

is show n in Fig. 4.7 which shows a plot of the intensities of barrier and  QW PL peaks ver­

sus bias. In a negative bias region, the separation of electron-hole pairs generated inside 

the undoped MQW region increases, such that the excited carriers can escape before they
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Figure 4.6: LnGaAsP/InP MQW Photoluminescence a t 0 V bias (dotted) and -1.0 V bias 
(solid, x25 magnified).

recombine in the quantum  well. The high-doped layers remain relatively unaffected by 

the bias and  should not exhibit any significant changes in  the photoluminescence. From 

the Fig. 4.7 it can be seen that the QW emission is very sensitive to bias, whereas the barrier 

PL intensity is almost unaffected. This suggests that m ost of the barrier PL emission comes 

from the topm ost InGaAsP cap and confinement layers rather than barriers.

For high excitation intensities the photogenerated carriers in the MQW region can ef­

fectively screen the built-in field and thus, cause changes in the measured spectra. To 

account for this effect, a series of PL spectra a t different excitation intensity was measured. 

Over 2.5 decades of the excitation pow er (0.3-45 W /cm 2), no noticeable line shape or po­

sition changes were observed, indicating that the excited carrier densities were relatively 

low and d id  not affect the internal potential distribution.
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Figure 4.7: QW and barrier PL peak intensities versus applied voltage bias.
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Figure 4.8: A plot of the photocurrent density versus excitation energy for InGaAsP MQW 
samples. The "80 A" curve is shifted dow n for better view.

4.4.2 P h o to c u rre n t M e a su re m e n ts

The photocurrent density versus an irradiative wavelength Jph(A) m easured at 77 K 

and zero voltage bias is plotted in Fig. 4.8. The curves were normalized to the maximum, 

the "80 A" curve is shifted dow n for better view. It can be seen that, compared to the 

InP part, the QW and barrier regions make a significantly more contribution to the total 

current, which has been observed throughout the entire investigated tem perature range. 

The differences between the 150 A and 80 A samples are easily identifiable: the 150 A 

sample produces sharper E \ -> H H i and E\ —> LHy QW peaks and m ore pronounced 

barrier line, which is consistent w ith thicker barriers in this sample.

Fig. 4.9 shows plots of norm alized QW photocurrent density versus temperature
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Figure 4.9: A plot of the normalized QW PC intensity versus tem perature, 

for both samples. The Jqw is an integral

J qpH(T) =  / ! r  Jph(E, T)dE  (4.3)

where the integral limits are quantum  well and barrier energy bandgaps, E%%p and E bgap. 

Both curves shows similar behavior: an  initial rise to a m axim um  near «  220 K, and a 

decline tow ards room tem perature. The rise portion can be attributed to the therm al ac­

tivation of photoexcited carriers out of the well; the decline portion is m ost likely due to 

some thermally-activated non-radiative process.
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4.4.3 D ark Current M easurem ents

Fig. 4.10 shows plots of the dark  (uniHuminated) current-voltage characteristics of both 

samples m easured at room temperature. The differences betw een samples are m ost notice­

able in  the reverse bias portion of the I-V curves. For the given negative voltage, a larger 

dark current is observed for the sample w ith more narrow  barriers.

In the forw ard bias domain, three components can be distinguished, denoted by I, II 

and  HI in Fig. 4.10, which are common to both samples. The relative strength of each com­

ponent depends differently on the tem perature as it is seen in Fig. 4.11, which shows the 

tem perature evolution of dark I-V characteristic of the 80 A  sample. The second compo­

nent (II) begins to appear for T  >  200 K and  completely vanishes below this temperature. 

Similar behavior w as observed for the other sample. This fact is com pared w ith the ob­

served PC decrease for T  >  200 K in Fig. 4.9, and, it is concluded that these trends in 

PC and dark current are related to each other and probably caused by the sam e thermally 

activated process. The value of the diode ideality factor for the second com ponent is esti­

m ated to be «  2, which indicates that this com ponent is due to the contribution from the 

recombination-generation current.

4.5 Discussion

Effect o f the Electric F ield  on O ptical Properties

An im portant issue in the analysis of device properties is the adequate assessment of 

internal build-in field. Different thickness of the z-layer and background doping of the 

MQW region results in a variation of the built-in electric field, and thus the calculation 

of energy states and escape rates in a p-i-n structure requires some knowledge about the 

distribution of this field. Fig. 4.12 presents the calculated field distribution and  conduction 

band profile in the MQW region of two samples using the m ethod described by Lundstrom 

and  Schuelke [44](see Sec.2.5). It can be seen that the difference in the barrier thickness has
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Figure 4.10: Dark current density for the InGaAsP MQW samples at room temperature. 
Thick line -  the 150 A  barrier sample; thin line -  the 80 A  barrier sample.
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Figure 4.11: Temperature dependence of the dark current density for the InGaAsP MQW 
sample with a barrier thickness of 80 A.
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Figure 4.12: Calculated conduction band diagram and internal electric field distribution 
for InG aA sP/InP MQW samples. Dotted line -  #381 sam ple (150 A), solid line 
-  #382 sample (80 A). E c is the conduction band edge, F  is the internal field.

resulted in a difference of field magnitude: the average internal field for the sam ple #381 is 

«  36 kV /cm , w hile for the sample #382 it is «  46 kV /cm . Higher field in  the latter sample 

has produced a stronger red shift for the E i —> H H \ transition as it is seen in Fig. 4.8. The 

estimated red shifts due to the quantum  confined Stark effect w ere 20 meV and 26 meV for 

#381 and #382 samples, respectively.

The effect of varying voltage bias on the total recombination rate is show n in  Fig. 4.13.1 

Changing bias from 0 V to -0.5 V the recombination rate inside the MQW layer was re­

duced by a factor of 5, and a t the same time the rate had remained unchanged inside n,p- 

InP layers. That is exactly the same behavior observed in Fig. 4.7, w here QW PL intensity

was decreasing w ith  the bias, while "barrier" PL remained essentially unaffected.
'The data were calculated using David Winstone's SimWindows32.
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Figure 4.13: Calculated effect of the bias on the total recombination rate in the In- 
G aA sP/InP MQW sample.
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e =  0 -0.0015

A Ec
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Figure 4.14: Effect of the strain on the band edges of InGaAsP. AE c is the conduction band 
offset in unstrained InGaAsP, 8 EC is the shift of the InGaAsP conduction band 
edge due to  the strain, SE^h and Eih are the shifts of heavy and light hole 
valence band  edges, respectively.

The Effect o f  the Strain on  the O ptical Properties

To calculate the effect of the strain on the band  structure w e have em ployed the ap­

proach described in Sec.2.2.4. For compressive strain of e =  —0.0015 we have obtained 

the following figures: total bandgap reduction A E gap =  0.020 eV, shift of the conduction 

band edge 5EC = —0.017 eV, and shifts of the heavy hole band and light hole band edges 

5Ehh =  0.010 eV and 8 E ih = 0.010 eV, respectively. Fig. 4.14 illustrates the strain effect on 

the band edges of the sample under investigation.
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4.6 Calculations of the Energy States and Escape Rates

To calculate QW energy states we have used the transfer matrix technique described in 

Appendix A. In the transfer m atrix calculations the inhomogeneous field inside the MQW 

region is replaced with some constant field obtained by averaging over the MQW region. 

The resulting error in energy subbands w as estimated to be less than 5%. Using results of 

the previous section, the conduction, heavy hole and light hole valence band offsets were 

found to be 0.092, 0.123 and 0.097 eV, respectively. The next section describes in detail an 

interpolation procedure used to determ ine material param eters of InGaAsP alloys.

M aterial Parameters

The material param eters o f the quaternary alloys, such as effective mass and  bandgap, 

are a function of their composition (x  and y parameters). Since it is cumbersome to measure 

the material param eters for every possible combination of x  and y, the usual approach is to 

interpolate these param eters from  the known constants of binaries and  ternaries. We have 

used an interpolation scheme described by D. Gershoni, C. H. H enry and G. A. Baraff [56]. 

They have treated the InGaAsP alloy as if it were composed of the lattice-matched to InP 

ternary Ino.532Gao.468As and InP, which properties have been well documented:

I n i - xGaxA syP i-y  — (7no.532Gao.468-4s)z(/rcP )i_2 (4.4)

The single composition param eter z is used, since for a lattice-matched composition x  and 

y are not independent and are related through y = 2.137x

Table. 4.1 lists the m aterial parameters of several com pound semiconductors used in 

our calculations.

Any material param eter for the quaternary A ig ap  alloy is linearly interpolated be-
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Figure 4.15: Diagram of the InGaAsP quaternary alloy showing lattice-matched composi­
tion and the composition of compressive and tensile strain [56].

Param eter GaAs GaP InAs InP Ino.532Gao.486As

Egap>

m

1.424 2.74 0.354 1.351 0.75
0.067 0.17 0.023 0.079 0.041
0.62 0.79 0.60 0.85 0.46
0.074 0.14 0.027 0.089 0.079
5.6532 5.4512 6.0583 5.8587 5.8687

hh
m lh 
a, A

Table 4.1: M aterial param eters of GaAs, GaP, InAs, InP and  Ino.532Gao.486 As. m*, rri*h and 
m*hh are effective masses (given in free electron mass mo units) for electrons, light 
holes and heavy holes, respectively.
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Alloy z  A  E c A  E hh A>Elh m e m hh m tfl

InGaAsP (1.3 mm) 0.668 0.189 0.269 0.242 0.055 0.46 0.072
InGaAsP (1.1 mm) 0.353 0.0976 0.146 0.146 0.067 0.46 0.072

Table 4.2: InGaAsP alloy (1.3 fjtm -  strained, 1.1 fim  -  unstrained)param eters used in calcu­
lations. z  is the composition parameter, AE c, AEhh andA Eih are the conduction, 
heavy hole and light hole band offsets, respectively, m e, mth and mhh their cor­
responding effective masses.

tween at of InP A rp and that of InGaAs A iga

For the quaternary bandgap, the interpolation is parabolic, to account for the bow ing of 

the bandgap

w here B  =  0.012 eV.

The procedure for determining of zbarT is very straightforward: the value of bandgap 

obtained from the PL or PC spectra is substituted in the LHS of Eq. 4.6 and the equation is 

solved for z. For zweu the procedure gives an effective z, because Eq. 4.6 doesn't take into 

account strain, quantum  confinement and Stark effects. To get a correct value of zwM the 

following procedure was adopted: after finding first z q ,  all these corrections are added to 

E IGAP and a  new value of z\ is calculated. z\ is then used to calculate updated material 

param eters and  band offsets. The procedure was repeated until required self consistency 

is achieved (usually 2-3 iterations is enough). Table 4.2 shows the results for 2 and  other 

material param eters of both 1.1 /i and 1.3 // InGaAsP alloys.

To calculate the carrier escape rates, the confined energy states for electrons and  holes 

were first found using the same transfer matrix technique. In our calculations it is assum ed

A tgap{z) =  (1 -  z)A IP +  zA iga (4.5)

E IGpAP = (1 -  z )E Ipp + z E IGA -  z( 1 -  z)B (4-6)

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



125

#381 #382
Transition Experim ent Calculation Experim ent Calculation

E E i  - t  H H i  1.006 1.006 1.000 1.000
E E i  L H \  1.052 1.060 1.049 1.047
E E i  - t  H H 3 1.089 1.079 1.083 1.083

Table 4.3: Calculated and  experimentally m easured energies of the optical interband tran­
sitions in InG aA sP/InP MQW samples

that AEv =  0.6lA£Jgap/ where AE v  is a valence band offset for InG aA sP/InP systems and 

AEgap the total band gap discontinuity. The calculations showed that the effect of dif­

ferent barrier thickness on peak positions w as considerably small (less than 1 meV shift) 

compared to the uncertainties in material parameters. Table 4.3 lists calculated and experi­

mentally m easured energies of the interband optical transitions. There is a good agreement 

between the experiment and calculations.

We assume that the photoexcited carriers successfully escaping from the quantum  

wells contribute to the QW part of the photocurrent. The photocurrent density Jvh can 

then be written as Jph ~  [12], where q is the electron charge, n^D is the 2D den­

sity of the photogenerated carriers and ^  is the escape rate. The n-io is assumed to be 

a relatively weak function of the tem perature and  electric field. It is clear that, for given 

excitation intensity, to increase the outpu t current one should increase carrier escape rate.

The calculated tem perature dependence of the carrier escape rate 1 /rtot{T) has been 

compared with the measured QW photocurrent density Jph(T) in Fig. 4.16. It is found that 

the change of the m easured photocurrent with tem perature m ostly follows the changes of 

the electron escape rate. This is expected, since in InG aA sP/InP QWs, electrons are the 

carriers w ith the lowest escape time. The activation energy obtained from single exponen­

tial fitting to the Jph oc f ( l / T )  p lo t gives a value of 33±2 meV for the effective barrier 

height, which tends to be som ewhat more than our calculated value of 25 meV. Since the
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effective barrier height is directly proportional to the electric field, this discrepancy m ay 

be a result of the averaging procedure w e attem pted earlier. In order to explain the re­

duction of Jph(T) for T  > 200 K, our m odel should be considerably expanded and take 

into account various non-radiative recombination processes, which is out of scope of this 

work. As mentioned earlier, this reduction of JPh(T) may occur w hen the photogenerated 

carriers get trapped or recombine on  im purity levels located inside the energy band gap, 

which effectively diminishes or eliminates their contribution to the total PC.

From this investigation of InG aA sP/InP based MQW heterostructures, information 

was learned which can be im portant for designing efficient MQW devices, such as pho­

todiodes and solar cells. This s tudy  showed tha t lowering tem perature below  200 K had  

an overall degrading effect on the photocurrent in InG aAsP/InP based MQW; however, 

in the range of 200-250 K small rise of PC m agnitude was observed which w as attributed 

to the reduction of losses due to the carrier recombination on im purity levels. The differ­

ence in barrier thickness -  80 A versus 150 A -  has the most profound effect on am plitude 

of PL and PC. The sample w ith 150 A barriers had  «1.8 more intense QW  PL and twice 

as less PC compared to the 80 A barrier sample under the same experimental conditions. 

Because barrier thickness mostly affects tunneling, this means tha t tunneling through the 

barriers is a crucial element in carrier escape for this particular range of thickness 80-150 

A. The electrons appeared to play a m ore significant role in defining the photoconductive 

properties in these InG aAsP/InP heterostructures than their hole counterpart, as it was 

discussed above for the case of escape rates. The transfer matrix m ethod and  interpolation 

scheme used to calculate energy subbands in the InGaAsP QW show  good agreem ent w ith 

the experiment.
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Figure 4.16: Calculated escape rates 1 /r  (solid lines) and experimental photocurrent (cir­
cles). All curves were norm alized to their respective values at room tem pera­
ture. (a) sample 381 (150 A barrier), (b) sample 382 (80 A  barrier).
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4.7 Conclusion

In conclusion, MQW InG aAsP/InP p-i-n heterostructures w ith different barrier thick­

ness have been investigated by m easuring PL, PC and  DC. The observed PL and  spectral 

line positions were found to be in good agreement w ith those obtained from transfer ma­

trix calculations. Comparing the m easured QW PC w ith calculated carrier escape rates, 

the photocurrent changes were found to be governed by the tem perature dependence of 

the electron escape time. A n activation energy obtained from the PC data seems to support 

this conclusion.
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Chapter 5

Investigation of the ln xGa.i-xA s y P i - y 

MQW Solar Cell Structures

5.1 Introduction

This chapter's focus is on InG aA sP/InP MQW-based solar cells. We describe our m ea­

surements of the photovoltaic efficiency of the InG aAsP/InP (well -  InGaAsP, barrier -  

InP) MQW device structures and compare its efficiency w ith that of the InP-based control 

samples as shown in Fig. 5.1.

The MQW cell was designed to facilitate transport and increase collection rates of 

the photogenerated carriers in the MQW region, in which the well and  barrier w idths 

were chosen to perm it a sequential resonant tunneling (see Chapter 2.2.8) between adjacent 

wells [15]. An increase of 13% in efficiency for the MQW device was observed over the con­

trol sample [57]. Photocurrent and  photoluminescence spectra m easured at the different 

bias and  excitation wavelengths were used to investigate carrier escape and  recombination 

processes.

The prospect of using m ultiple quantum  well (MQW) structures in solar cells has been 

a subject of active research interest. It has been shown that MQW solar cells can improve
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InG aA sP  
(0.924 eV)

InP ^
(1.34 eV)

Figure 5.1: Conduction band edge diagram  of the In^^G axA si-yPy/InP  MQW solar cell 
sample. Shown is a part of the MQW layer.

the photovoltaic efficiency over comparable non-MQW cells by a factor of two [41]. The 

main effect of the inclusion of quantum  wells (QWs) into the structure is the extension 

of the solar cell absorption spectrum, which results in a higher short circuit current (Iac). 

W hen there is no significant reduction in the open circuit voltage (Voc), the net result is an 

enhancem ent of the photovoltaic conversion efficiency (tj).

A n efficiency increase was reported for A lGaAs/GaAs-based cells [7]. InP-based solar 

cells have a potential advantage over GaAs and Si-based cells, due to its possible higher 

efficiency and proven higher radiation resistance [58]. The latter is m ostly im portant for ex­

traterrestrial space applications. Several groups have investigated MQW solar cells based 

on the InG aA s/InP system [8,9,59]. Anderson and Wojtczuk [9] reported a drop in the effi­

ciency com pared to the control InP samples, which w as attributed to the large w ell/barrier 

bandgap differences and a possible unintentional increase in the background doping. It 

has been pointed ou t by Anderson [9] that high recombination rates in the MQW cells 

(compared to the non-MQW devices) m ay preclude possible efficiency enhancements. For
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the InP-based QW solar cell it has been suggested to use shallow-well systems, which im­

plies that the Ino.53Gao.47A s/InP  combination is not a  very good choice for the efficient 

InP-based MQW solar cell. In more recent w ork on this combination Zachariou and co­

workers [59] found an increase of the efficiency for samples w ith  an  unconventional diffu­

sion doping of the top InP layer.

An efficient escape and transport of the photoexcited carriers across the MQW region 

determ ine the performance of the QW solar cell. The carrier escape mechanisms fall into 

several categories: thermionic emission of carriers above the barrier, tunneling out of the 

well, absorption of optical phonons, and the combination of the last tw o (thermally as­

sisted tunneling) [14]. These processes are competing against radiative and non-radiative 

recombination, which tends to diminish the photocurrent.

To enhance the carrier collection rate and reduce recombination losses one can imple­

m ent resonant tunneling transfer inside the MQW structure. In resonantly coupled wells, 

the electron transfer time between adjacent wells is reduced by several orders of magni­

tude compared w ith a  non-resonant transfer, which can produce a large amplification of 

the photocurrent [15].

In 1990, Bamham and Duggan (B&D) [6] suggested resonant tunneling for efficient car­

rier collection in MQW solar cells as shown in Fig. 1.2a. Resonantly enhanced photocurrent 

in the MQW structures was observed by several groups [16,17] in  G aA s/A lA s MQW sam­

ples. However, the num ber of QWs, which can be simultaneously aligned in a  resonance 

with each other, is limited to 5-6. That corresponds to the ~0.1 fxm  thickness of the intrinsic 

layer and  it is not acceptable for photovoltaic devices due to the low absorption. To com­

pensate for low absorption B&D suggested to add  several not-in-resonance wells to the end 

of the MQW stack. However, in our opinion, it defeats the w hole purpose of having reso­

nant tunneling transfer in the first place. After passing through the  first "resonant" region, 

carriers will tend to accumulate in the region w ith slow  transfer capabilities. One w ould 

overcome insufficient thickness by putting together several lattice-matched materials, e.g.,
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n-VI and in-V  group semiconductors. However at the current state of semiconductor 

growth, it is difficult to combine m ore than three lattice-matched materials. To overcome 

this deficiency we have proposed am MQW solar cell w ith sequential resonant tunneling.

The choice of w ell/barrier combination can be a significant factor. In 1994, M ohaidat et 

al. [11] theoretically investigated the dependence of the MQW solar cell efficiency operated 

under resonant tunneling condition on the barrier potential Vj. Based on the calculation 

of the tim e-dependent short-circuit current density at the collector side of an MQW solar­

cell structure using the tim e-dependent Schroedinger equation and  the relation between 

the ou tpu t voltage at m axim um  pow er and  the barrier potential, the role of electron res­

onant tunneling and barrier potential in the solar-cell efficiency was determ ined. It was 

show n that for solar-cell MQW structures m ade w ith a small quantum -well band gap, 

such as that of InAs in InAs/Ini_j,Gaj,As structures, the efficiency will peak a t a specific 

value of y  or equivalently at a specific barrier potential. Fig. 5.2 shows the results of these 

calculations. This barrier potential value for InA s/Ini-yG a^A s MQWs was found to  be 

about 450 meV. For structures w ith large quantum -well band gap, such as that of GaAs in 

G aA s/A lxGai _xAs, the efficiency declines linearly as the value of x  or the barrier poten­

tial is increased.

Incorporating resonant tunneling in the MQW structure imposes m any limitations on 

w hat well and barrier w idths, and  band offsets that can be used. Using ternary lattice- 

m atched InGaP and InGaAs alloys only, one can change the band offset by varying well 

w idths, which is not always acceptable, because it changes the thickness of the /-layer, 

and, consequently, the built-in electric field. Ini_xGaxA si_!/Py quaternary alloy used in 

our MQW sample appears to be a better choice, as it perm its us to choose the appropriate 

bandgap value and maintain the lattice m atching condition at the same time by varying its 

stoichiometry.
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Figure 5.2: The photovoltaic energy conversion efficiency of InA s/Int _yGayAs and 
GaAs/AlxGai-ajAs MQW solar cell (from [11]).
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5.2 Theoretical Background

Efficiency o f  an Ideal Q uantum  W ell Solar C ell

In order to better understand advantages and  disadvantages of quantum  well solar 

cells (QWSC) w e have m odeled the photovoltaic characteristics of an ideal InP-based QWSC, 

This was done in the framework of A nderson's w ork described earlier (see Sec.2.4.3). The 

key param eter of the m odel is the difference between bandgaps of the base (barrier) and 

quantum  well materials A Egap = E b°3e — E ^ p.

We have assum ed tha t incident radiation is that of an ideal black body at T=5800 K. 

The num ber of photons em itted per un it area and unit time N ph is

Nph{E , T) =  2tr--------^ --------  (5.1)
c 2h 3( e kBT — 1)

The total incident pow er P in e  is

rO O  O —.  rOO
P in e  = /  Nph(E, T )E d E  =  _  /  =  140 m W /cm 2 (5.2)

Jo c £h a Jo e k p r  _  i

w hich is close to air-mass zero (AMO) conditions (135 m W /cm 2).

The following param eters were calculated: r fw =  -  the photovoltaic efficiency

of the ideal QWSC, w here P m a x  =  {I{V )V )max-, t)r = rpw -  rjba3e = _ the‘ tnc

relative increase in the QWSC efficiency over the base (control) solar cell, and  V§™ and 7 |“

-  the open-circuit voltage and short-circuit current, respectively. In these calculations w e 

have used the following parameters: T  =  300 K, E b£pe = 1.34 eV, radiative recombination 

coefficient B rec =  5 • 1010 cm3 /s ,  doping density Ndop = 1 • 1018 cm-3, carrier mobility 

fj. =  1000 cm ?/ V  s, intrinsic layer w idth  Wi = 0.5 fi, ratio of well-to-barrier m aterial inside 

the intrinsic layer fw  = 2/1, "density-of-states" enhancem ent factor 7 0 0 s  =  9 w / 9 b = 0.5, 

w here gw  and gu are the effective volume densities of states for the wells and  barriers, and 

"oscillator" enhancement factor 7 b = 1, the ratio of recombination coefficients B w /B r  in
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the well and barrier.

Fig. 5.3 presents the calculated results for 77(a), Jsc(b) and Voc(c). The following trends 

are easily identified:

• Voc exponentially decreases w ith  A E  (oc —jMf)

• I 3C rises almost linearly following the downshift of the QW absorption edge.

• rj(AE) shows a very well defined m axim um  a t «  0.3 eV.

The maximum relative increase of 77 achieved w ith these param eters is about 4-5%. The 

increase is purely due to expanding of the absorption band. The gain in the  efficiency is 

certainly too small to justify the expenses of making MQW solar cells.

The questions are

1. Can w e improve the relative efficiency increase over 4-5%?

2. W hat param eters can we adjust to achieve the desirable effect?

It is obvious that if w e can find a w ay to slow dow n the rapid decrease of V0C(AE)  w e 

w ould get much better efficiency. In A nderson's model the param eter w hich affects Voc 

most is the exponential term  in the "radiative enhancement ratio" t r

rR =  1 +  fw\lBnfDOSeAE/kBT -  !] (5-3)

(Eq. 2.112). By changing the m agnitude of this term w e can effectively control radiative 

recombination losses. We will keep all param eters in this equation fixed except for 7 0 , 

radiative enhancement ratio. The curves in Fig. 5.4 shows the effect of varying 7 0  on the 

relative efficiency increase. Clearly the effect is very significant. Besides the increase in the 

am plitude of the maximum, w e can observe a shift of the maximum position towards a 

deeper well combination. The 7 0  =  0 curve is a highly unrealistic case w hen Voc does not 

depend on AE  a t all.
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Figtire 5.3: Calculated photovoltaic param eters of the ideal InP-based quantum  well solar 
cell p lo tted  vs QW-base bandgap difference: (a) -  rj the photovoltaic conversion 
efficiency, (b) -  J sc short-circuit current density, (c) -  Voc open circuit voltage.
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Figure 5.4: Calculated relative increase in photovoltaic efficiency t)r  = rP w  — r)base vs QW- 
base bandgap difference for different values of 7 b -

These results m ean that in the framework of this idealistic m odel a  reduction of the 

radiative recombination rate can significantly im prove characteristics of the MQW solar 

cell.

H aving identified these trends w e have to find a w ay to change the radiative recom­

bination rate in real devices. One way is to increase carrier escape/collection rates over 

the recombination rate. The next section describes how it can be done using accelerated 

collection rate via resonant tunneling transfer.

R esonant T unneling Transfer

U nder a steady-state situation, the carrier generation rate G inside a  quantum  well is 

balanced by the three possible carrier escape/recom bination channels:
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G  — Vesc "H vrad "F unonrad (5-4)

where ve3C, vrad and vnonrad are carrier escape, radiative and non-radiative recombination 

rates, respectively. The photocurrent and photoluminescence intensities, to a  reasonable 

degree of accuracy, can be regarded as a m easure of carrier escape and radiative recombi­

nation efficiency, respectively. Given that the non-radiative rate remains unchanged, for 

any increase in  PL intensity one should expect to find a corresponding decrease in the PC 

m agnitude and vice versa.

To achieve better performance, all recombination losses in solar cell should be mini­

mized. Solar cells operate under the condition that there is an internal electric field, which 

separates carriers and produces the photocurrent. To generate power, solar cells should 

be operated in a forward bias range. This m ay result in a reduction of this field, and, 

consequently, of the photocurrent, com pared to a  zero or negative bias situation.

In the MQW devices, unlike the single quantum  well, carriers, once escaped from  the 

quantum  well, can be recaptured again in the neighboring wells, which m ay have a nega­

tive effect on the carrier collection efficiency. The effects of the field reduction and  transfer 

losses can be partially compensated by aligning wells in a resonance, as proposed by  Bam- 

ham  and Duggan [6 ] (Fig. 5.5a). Resonantly enhanced photocurrent in the MQW structures 

was observed by several groups [16,17] in G aA s/A lA s MQW samples. Increase in the col­

lection rate is effectively equivalent to  the reduction of the total recombination rate. In 

terms of the MQW solar cell model described earlier it means a decrease in 7 0 . The num ­

ber of QWs, which can be aligned in resonance with each other, is limited to 5-6. This 

corresponds to ~ 0.1 ^m  thickness of the  intrinsic layer and it is no t enough for sufficient 

absorption.

Sequential resonant alignment appears to be free of thickness limitations (see Fig. 5.5b). 

Sequential resonant tunneling happens if the following condition is satisfied: E e2 — E e\ = 

\qFd\, where E ei>e2 are the ground and first excited subband energy of the quantum  well,
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(a) N on-sequential tunneling (b) Sequential tunneling

Figure 5.5: M ultiple quantum  w ell structures w ith the resonant tunneling alignment: (a) -  
non-sequential, (b) -  sequential

q -  the electron charge, F  -  the internal electric field, and  d -  the MQW spatial period. It 

is assum ed that |F | =  (Vapp — Vbi)/L , where Vapp is the applied voltage, Vbi is the built- 

in voltage and L  is the total thickness of the undoped layer. The field value used by us 

for calculating "resonant" barrier and well w idths was chosen to be |F | =  0.8V u/L . This 

result corresponds to a situation w hen a InG aAsP/InP solar cell operates approximately 

at a maximum pow er point under AM1.5 conditions [9].

5.3 Samples

Two samples were used in our experiments: one w ith  the InG aA sP/InP MQW struc­

ture em bedded inside an  undoped  z'-layer of n-i-p diode and  the other, the control InP 

sample, w ithout MQWs. The layer diagrams of both samples are shown in Fig. 5.6. Both 

samples were grown by low-pressure m etal organic chemical vapor deposition (MOVPE) 

on p-type (100) InP substrates. The MQW structure (Fig. 5.6a) contains 16 periods of 140 A 
InGaAsP wells (Egap =  0.95 eV), separated by 60 A InP barriers w ith a total thickness of 

0.31 pm . The MQW region is confined by undoped InP 500 A buffer layers to prevent un­

wanted Zn diffusion [60] and to  preserve uniformity of the internal electric field. The total
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thickness of the undoped layer w as 0.41 fx. The emitter was form ed from 0.25 fxm  thick 

M-type InP layer, which also served as the contact layer.

l l l P  n-type InP (5.0 x 1018 cm-3 ), 0.25 fim \

undoped InP layer, 500 A

undoped MQW InGaAsP/InP layer, 0.31 nm

undoped InP layer, 500 A
.............................................................
p-type InP layer (1.0 x 1018 cm-3 ), 0.5 pm

xxxmxxxxxxx1
p-type InP substrate

vmwiYifiwwmniiiiiiiiiv

Metal contact

n-type InP (5.0 x  10 8 cm- 3 ), 0.25 fan

undoped InP layer, 0.41 fim

p-type InP layer (1.0 x 1018 cm-3 ), 0.5 pm
immmmnuumn

&\ftxxxxxxxxxxxxxxxxxxxxxxxxxxxx»
p-type InP substrate | | |

Metal contact

(a) InG aA sP /InP  sam ple (b) InP sam ple

Figure 5.6: Layer diagram s of (a) the In1_I GaI Asi_j,Pj,/InPM QW  and  (b) InP control solar 
cell samples.

The control InP bulk sam ple (Fig. 5.6b) has a similar structure w ith 0.41 pm  thickness 

of /-layer. The wafers w ere metallized to form a contact grid w ith a «  10 x 4.5 m m  cell size 

w ith «5  % shaded area. Each w afer was cut into several cells of different sizes (multiples 

of the grid cell), and each cell was w ired and investigated.

5.4 The Top Grid Contact

The design of the top grid  contact is an im portant area of any solar cell device. The con­

tact shape has to be optimized to provide: (1) minimal shading of the top cell surface and 

(2) minimal losses due to contact resistivity. The following section describes the procedure 

used for designing an optim al grid [31]. A schematic diagram  showing the rectangular 

metal grid adopted for our samples is shown in Fig. 5.7. It is m ade of relatively wide 

sparsely placed busbars and  narrow  frequently draw n fingers. The size of the grid  cell is
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Busbar

Fingers

/  \
2S

3

BHHI. 2 S

"V lateral curran t

Y iL

(a) <b)

Figure 5.7: Design of the top grid contact for InGaAsP MQW solar cells: (a) top  view of 
rectangular grid, 2S is the distance between the fingers, D  is the distance be­
tween the busbars, and W /  is the finger w idth; (b) side view of the cell w ith the 
current flow.

25 x D. Ignoring the resistivity losses in busbars, the total relative pow er loss (normalized 

to the pow er at the maximum point Pmax = SDJmaxVmax) in a single grid cell consists of 

the resistive pow er losses in the fingers p /  and the em itter (top n-type InP layer) region ps, 

the contact resistance loss pc, and the loss due to shadow ing of the fingers psh- 

The pow er loss in the metal fingers:

Pf
_  i la x R f  _  Jrnax S 2 D 2 R f  _  P fP 2S J n

WfVma,SDJmaxVrmax v max SDJmaxVr (5-5)
max v max

w here R f — p / D / W f  is the finger resistance. The loss due to the contact resistance pc is 

given by
pcSJmax ,c

P c  =  r i r  t  t  (5-6)WfVmax

and  the resistivity loss due the lateral flow of the current in the em itter is

J0S I 2d R  J laxD ps /(f X2d x  PsSPjmax
Ps = s d j ;max vmax SDJ,max v max

(5.7)
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w here I  = J D x  is the lateral current, R  = psx /D  the lateral sheet resistance and pa —

{qp.nN o W n)~ l is the sheet resistivity of the top n-type layer, Wn its thickness. The shad­

ow ing losses are

Psh = W f / S  (5.8)

The total loss p =  pc +  psh + p /  + p s in a single S  x D  cell can be minimized w ith respect 

to  the finger distance 25. Neglecting busbar and  contact resistivities, the m inim um  pow er 

loss is
a l S P s J m a x W r

Pmin -  V/ 4 y  (5 -9 )
V y  mn.T.

which occurs for

5  =  (5.10)
V * J m a x P s

The optimal value of S  w as calculated to be 2.5 mm. In these calculations p  = 800 cm2/{Vs),  

Nd =  5 x 10“ 18 cm-3, W f  = 0.02 m m , Wn =  0.25 pm , Vmax =  0.4 V  ,Jmax =  0.02 A/cm ?  

and  D =  10 mm . Thus the grid cell is 10 x 5 m m  w ith a total shadow ed area of 9%.

5.5 Experimental Methods

The dark and  photo I-V characteristics of the samples w ere m easured using a Keith- 

ley 236 Source-Measure Unit and a 1 kW quartz halogen tungsten (QHT) lamp as a light 

source, both w ere described in Sec. 3.3. The m onochrom ator and detection system con­

sisted of the ISA 0.32 m  spectrograph and a cooled InGaAs photodetector. The spectral 

throughput of the monochromator was calibrated using a  N ew port NIST traceable power 

meter. The standard phase lock-in technique w as used to register photoluminescence (PL) 

and  photocurrent (PC) spectra. For PL measurem ents, a  0.5 W diode laser w ith X =  681 run 

was used as an  excitation source. A set of PL spectra for the different voltage bias and ex­

citation intensity w as measured. The PC spectra w ere m easured as a function of bias and 

excitation wavelength. Power dependence of the photovoltaic efficiency w as m easured us-
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Sample Voct V J ac, mA/cm2 Fill Factor, % Abs. EfF., % Rel. EfF., %

MQW 0.44 12.03 53 3.02 113
control 0.62 6.78 61 2.68 100

Table 5.1: Parameters of the InG aAsP/InP MQW and control InP solar cell samples as mea­
sured under 100 m W /cm 2 illumination of the QHT lamp (T^/ ~  3000° K).

ing the QHT lamp and a  set of neutral density filters. All m easurem ents were performed 

at room temperature.

5.6 Results

5.6.1 Efficiency M easurem ents

Table 5.1 shows the m easured (Voc, open-circuit voltage, and  Jsc, short circuit current 

density) and  calculated (F F  and 77) param eters of the MQW and control samples under 

100 m W /cm 2 illumination of the QHT lamp (color tem perature Tcoi ~  3000° K).

The MQW sam ple showed, an average, ~13% increase in the photovoltaic efficiency 

(rjinc) over the control sample. This was calculated using

M Q W  - c tr l

Vine =  v . ctrT X 100 (S’11)
E i v r ^  ~ E j  Vj 

E j V f

It can be seen that this enhancement comes from the two-fold increase in the Jsc. It 

should be noted that these samples were not optimized in term s of the efficiency. They 

would certainly benefit from optimization of the top em itter layer, i-layer and an anti­

reflection coating. Based on the model of an ideal QWSC described in Sec. 2.4.3, w e have 

calculated the V*£QW of the MQW sample and com pared it w ith the experimental results. 

We found that the m easured value of Voc = 0.44 V is in a good agreement with the pre­

dicted value of 0.43 V, and, as found by other groups, the drop in the open circuit voltage
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AV^C =  V ^ ° l — V ^ w  is less than  thebandgap difference A Egap = E £ £  — E Tg^ aAsP.

From the m easured I-V curves w e have calculated the photovoltaic efficiency 77 versus 

the QHT lamp light intensity w hich is plotted in Fig. 5.8.

V m a x  { E in c )  J m a x  (P in e )

where Vmax and Jmax are m easured at the maximum pow er point, and Pinc is an  incident 

power per unit area. Both samples dem onstrate an identical behavior: initial rise of the 

efficiency for 0-50 m W /cm 2 range, which becomes saturated at higher light intensities 

(200-250 m W /cm 2). Because of this similarity, we believe that this behavior is caused by 

the same mechanism as is discussed later. The MQW sample showed the higher efficiency 

than the control sample throughout all investigated range of intensities. The inset shows 

relative increase 7?;nc as a function of incident power. Note that rnnc becomes less at higher 

power.

5.6.2 Transm ission and R eflection  M easurem ents

Fig. 5.9 and Fig. 5.10 show transmission (T) and reflection (1Z) curves for both samples, 

respectively. For clarity, the insets show  the difference of corresponding curves. Transmis­

sion of the control sample in the 970-1300 nm  range is 2-3% higher than the transmission 

of the MQW sample. This is consistent w ith the band structure of the samples. Slow decay 

of the T  above 1100 nm  is caused by free carrier absorption process, which intensity is 

proportional to A4.

At the same time the reflection difference in that region reveals an interesting fact -  

the reflection of the MQW sample is higher. It means that compared to the control sample 

fewer photons are penetrating inside the MQW sample. The absolute values of reflectivity 

are in between 28 and 40 per cent w hich means that roughly one third of the incident light 

is reflected back w ithout producing photocurrent. Both samples w ould certainly benefit
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Figure 5.8: Photovoltaic efficiency of the InG aA sP/InP MQW and InP solar cell samples 
vs. the white light illumination intensity.
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Figure 5.9: Transmission of the MQW and control samples. The inset shows difference. 
Solid line -  MQW; dotted line -  control.

from anti-reflection coating.

5.6.3 Effect o f  the Top Layer on  C ell Perform ance

Resistivity To estimate the effect of the top layer resistivity on sample performance we 

have conducted the following measurements. A  schematic of the experiment is show n 

in the inset of Fig. 5.11. A piece of the sample wafer w ith  a single strip of gold contact 

was irradiated by a tightly focused laser beam (diameter of the beam  spot is less than 0.05 

mm). The position of the sample in relation to the spot w as changed in steps of 0.5 mm  

and at each step the photocurrent was measured. The resulting curves for both samples 

are shown in Fig. 5.11. The sharp drop in the PC denotes the position where the beam 

crosses the gold contact. We have found that at the distance 7 m m  from the contact the PC
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Figure 5.10: Reflectivity of the MQW and control samples. The inset shows difference. 
Solid line -  MQW; dotted line -  control.
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Figure 5.11: Photocurrent versus distance from the metal contact. The inset shows a exper­
iment schematics.

drops by 9% from its maximum value. However, this appears to be not a  very im portant 

factor because the longest distance the photocarriers have to travel to reach grid contacts is 

less then 2.5 mm  (from the center of 10 x 5 m m  grid cell), and a t this point the photocurrent 

is still at its peak value (see Fig. 5.11).

Thickness To estimate the effect of the top layer thickness on the cell performance we 

have etched off this layer in several steps. A t each step the photoresponse w as measured. 

The etching was done in H 2 0 2 :HBr:H2 0  (1:1:25) solution. Prior to etching all parts of the 

sample not subject to removal were covered w ith wax. Etching was done for both samples. 

Fig. 5.12 shows the photoresponse curves taken consequently a t the beginning, and after 2 

min and 10 m in exposure to the etching solution.

The effect of etching is clearly observable in both samples. The control sample shows an
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~ Etching in H20 2:HBr:H20  (1:1:25)
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Figure 5.12: Photoresponse curves of the InP (a) and  MQW LnGaAsP/InP (b) solar cell 
samples exposed to F^C^HBnHfeO (1:1:25) etching solution. Dotted lines are 
the start (no etching done), dashed lines are after 2  m in etching, solid lines are 
after 10 min etching.
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im proved spectral response in "blue" p art of the spectrum , and  the MQW sam ple demon­

strates an im provem ent in all parts of the spectrum. This behavior can be explained by 

relative ineffectiveness of the top layer in terms of photovoltaic conversion efficiency. Al­

though this layer is essential in creating a p  — n  junction, due to  the lack of electric field 

inside this layer the only possible transport mechanism is carrier diffusion, which is, in 

turn, severely affected by the high dopant concentration. Etching off a part of this layer 

has allowed more photons (especially w ith the energy hu> >  Eg%p , InP bandgap) to get 

inside the high-field region and thus, im prove collection efficiency.

Increase of the efficiency as a result of reducing of the em itter thickness w as also con­

firmed by detailed solar cell device simulations1. Fig. 5.13 shows the efficiency of the InP 

solar cell similar to the control sample plotted against the thickness of the top layer. It 

is seen that the reduction of the thickness has indeed a very dramatic effect on the cell 

performance.

5.6.4 Photocurrent and P hotolum inescence M easurem ents

Fig. 5.14 shows the spectral photoluminescence and  photoresponse (photocurrent as 

a function o f excitation wavelength) for the MQW and control samples m easured at zero 

bias. We have identified the peaks in the PC and PL spectra and  found them in good 

agreement w ith the calculated values of the optical transitions inside the InGaAsP/InP 

quantum  well. Detailed study of the quantum  well states is contained in the next section.

It can be seen that the addition of the quantum  wells extended the PC spectral response 

beyond 920 nm  (E ^ p )  up  to 1300 nm  (E rg2paAsP). A t the sam e time, the MQW sample 

show ed a  slight decrease in the PC m agnitude com pared to the control sample for the 

wavelengths below 920 nm.

Fig. 5.15 shows the PC and PL intensities of the MQW and control samples as a function

of the applied bias voltage, m easured at the wavelengths corresponding to the PL peaks
1The data were calculated using David Winstone's SimWindows32 -  optoelectronics device simulator de­

veloped at University of Colorado, Boulder.
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Figure 5.13: Solar cell efficiency vs emitter (top layer) thickness.
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Figure 5.14: Photoresponse (photocurrent vs. excitation wavelength) and photolum ines­
cence intensities of the InG aA sP/InP MQW and InP solar cell samples at zero 
bias. InP PL peaks are 15 times magnified.
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(920 nm  for the control sample, 920 nm  and 1300 nm  for the MQW  sample).

The PL intensity Ip"p of the InP control sample displays the  following behavior: when 

V^aa < 0-25 V, the lp "p does not change with the bias and  has a non-zero value, when 

Vbiaa > 0-25 V, Jp"p rises w ith the bias. It should be noted tha t all changes happen in the 

positive bias region. The drop in the PL has a corresponding increase in the PC intensity.

The MQW sample exhibits different behavior from the control sample. The PL intensity 

of the first peak (920 nm) does not depend on the voltage bias. The intensity of the second 

PL peak (1300 run) slowly decreases w ith decreasing bias and  approaches nearly zero value. 

The peak continues to  exist in the negative voltage bias region.

The photocurrent of the control sample at 920 n m  shows an increase in the intensity 

towards decreasing values of bias, and the intensity saturates a t negative bias. After an 

initial rise, the photocurrent of the MQW sample a t the 1300 n m  excitation wavelength 

reaches a  m aximum located around zero bias and  begins to  fall d u e  to the Stark effect. The 

920 nm  MQW PC behaves m ore like the analogous peak of the control sample. Both MQW 

PC plots show  an increasing noise level in the negative bias range. We attribute this to 

the rising influence of the dark  current shown in  the insert. It is w orth to m ention that 

the slopes of the PC increase in both samples are approxim ately the same and they are 

different from the corresponding slopes of the PL decrease.

5.7 Discussion

Based on the bias and excitation wavelength dependence, w e were able to distinguish 

the contribution to the  PL and PC from the different layers of the samples. To explain 

PL voltage dependence we assum e that the 920 nm  peak of the PL spectra arises from 

the contribution of the top n-InP layer and  the InP part of the i-layer. Due to the high 

resistance of the undoped  layer, m ost of the voltage drop and, consequently, changes in 

the electric field experienced by  the photocarriers occurs in this region. Since the MQW
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Figure 5.15: Photoluminescence (a) and photocurrent (b) intensities of InG aA sP/InP and 
InP solar cell samples vs. voltage bias m easured a t the fixed wavelengths: 
A — 920 nm  for the control sample, and A =  1300 and 920 nm  for the MQW 
sample. 920 nm  PL is 20 times magnified. 1300 nm  PL is 5 times magnified. 
The insert shows the dark current of the MQW sample. V\ and V2 are cutoff 
voltages (see text for the explanation).
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PL peak at 920 run is completely independent of the bias, w e can conclude that there is no 

steady-state photoluminescence from the InP barriers of the MQW sample, which means 

tha t the photocarriers generated inside the barriers get captured in the wells on a time 

scale significantly faster than the radiative recombination lifetime. This process remains 

unaffected by the changes in the field produced in  our experiments.

The control sample, on the other hand, displays strong PL at 920 nm  (Fig. 5.15a) from 

the undoped region, which constitutes approxim ately 80 % of the total 920 nm  emission 

m easured a t V^as =  +1-0 V (when the PC signal is equal to zero). Starting from Vbias = 

+0.25 V and below, the radiative recombination inside the undoped layer is effectively 

suppressed. The shape and the intensity of the 920 nm  PL peak at zero bias (see Fig. 5.14a) 

is almost identical in both samples, which supports the assum ption that it has the same 

origin - top InP layer.

The PL emission a t 1300 nm  of the MQW sample originates in the quantum  wells. It 

continues to be present even a t negative bias, which means that the carriers remain trapped 

inside the wells, and the field of 50 kV /cm  and higher is required to quench radiative 

emission.

The cutoff voltage Vcut, the voltage bias w hen the photocurrent practically disappears, 

corresponds to the situation w hen the internal field is no  longer strong enough to separate 

the carriers and produce the photocurrent. The values of the Vcut are different for the 

MQW and control samples: for the control sample Vcut =  0.91 V in Fig. 5.15b) an d  for 

the MQW sample V ^t = 0.62 V (Vi in Fig. 5.15b). The equation describing the current- 

voltage dependence of the p-n junction under monochromatic illumination is given by:

Ip-n(V, A) =  IdarkiV) -  Ipc(V, A) (5.13)

w here Idark and  Ipc are the dark current and  photocurrent, respectively. The Vcut can be 

regarded as an  upper limit of Voc for the given sample, that is the value Voc w ould have 

reached if there were no dark current present. The difference A V ^t = Vz — V\ is equal to
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0.29 V and  falls between AV0C and  A Egap. The fact that A Voc ^  A Vcut is explained by the 

differences in the Idark(V) o f the samples.

The MQW sam ple was designed to have the built-in resonant tunneling alignment, 

which m eans that if there is any possible photocurrent enhancement, then it should be 

found a t «  +0.3-0.5 V voltage range. It can be seen that the PC of the MQW sample at 

1300 nm  excitation w avelength does display a broad peak w ith  a m axim um  located near 

the aforementioned region. A lthough it can not serve as conclusive evidence of resonant 

alignment (for instance, one w ould expect the PL intensity at 1300 nm  to have a matching 

minimum, which w as not observed), w e consider it to be supportive that resonant tun­

neling occurred in the MQW sample. The next chapter will discuss this issue in greater 

details.

The presence of significant non-radiative recombination in the MQW sample can be 

deduced from the fact that despite the decline of the 1300 nm  PL emission in the negative 

bias region, the 1300 nm  PC does no t experience any rise there. According to the balance 

equation, the difference is absorbed by increase in the non-radiative recombination rate.

The similarity of the MQW and control samples in the pow er dependence of efficiency 

(Fig. 5.8) can be  explained in terms of the saturation of carrier traps centers. A t low pow er 

intensities and low excited carrier densities, these traps are active and limit the current and 

efficiency; as the pow er increases, fewer traps remain available and the efficiency saturates.

5.8 Conclusion

We have investigated InGaAsP/InP MQW solar cell samples, which were designed 

and fabricated to have a sequential resonant tunneling alignm ent between adjacent wells. 

The photovoltaic efficiency of the MQW cell show ed an average 13% increase compared 

to the control InP (non-MQW) sample. The voltage bias and  excitation w avelength depen­

dence of photoluminescence and photocurrent for the MQW and control samples were
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m easured, and the contributions from the different layers of the samples to the PC and 

PL w ere identified. Reflection m easurements and etching off the top layer have suggested 

tha t the photovoltaic efficiency of the both samples can be im proved by: (1) pu tting  on an 

antireflection coating, and (2) reducing the thickness of the top layer. The latter has to be 

done in conjunction w ith grid contact optimization.
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Chapter 6

Resonant Enhancement of the 

Photocurrent in MQW Photovoltaic 

Devices

6.1 Introduction

This chapter is focused on the investigation of sequential resonant tunneling (SRT) inside 

the InG aA sP/InP MQW solar cell structure and  its effect on im proving the photovoltaic 

efficiency. Two samples, an MQW InG aAsP/InP heterostructure w ith built-in sequential 

resonant tunneling (SRT) transfer and a control InP sample, were designed, grown and  in­

vestigated. The samples were fully characterized using photoluminescence and photocur­

rent spectroscopies [61]. Electroreflectance spectroscopy (ER) and  secondary ion mass spectrom­

etry (SIMS) were used to investigate dopant profiles and electric field distribution in the 

f-region o f the samples. ER measurements w ere conducted by Dr. A. Jaeger in Brooklyn 

College of CUNY and SIMS profiles were obtained by Dr. M. Geva of Lucent Technologies.

Solar cells based on the m ultiple quantum  well structures have been actively studied 

for the last decade. It has been shown that the insertion of quantum  wells (QW) inside a
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p-i-n structure extends the cell absorption spectrum  and increases the short circuit current 

Vsc)-

A n efficient escape and transport of the photoexcited carriers across the MQW re­

gion strongly determ ine the performance of the QW solar cell. The carrier escape mech­

anisms fall into several categories: thermionic emission of carriers above the barrier, a 

process which depends prim arily on barrier height and  temperature; tunneling out of the 

well, which exponentially depends on barrier w idth; escape via an  absorption of optical 

phonons, a process w hich is affected by temperature, and the combination of the last two 

(phonon-assisted tunneling) [14]. These processes are com peting against radiative and 

non-radiative recombination, which tends to diminish the photocurrent.

It is known that the radiative recombination rate in quantum  well structures is sig­

nificantly larger than  that in similar non-QW structures due to spatial localization of the 

carriers. Although it is beneficial for light-emitting devices such as lasers and LEDs, it is a 

disadvantage for solar cells due to reduction of the photogenerated current. However, in 

resonantly coupled wells, the electron transfer time between adjacent wells is reduced by 

several orders of m agnitude compared to non-resonant cases, which overcomes large ra­

diative losses and produces a significant amplification of the photocurrent as was observed 

by Capasso et al. [15,16].

Barnham and Duggan (B&D) [6] suggested to build an MQW structure shown in Fig. 6.1 

w here several QW were chosen in such a w ay that their ground states were aligned in 

resonance. This particular design, which we will call non-SRT to distinguish it from our 

proposal has a major drawback: for a sensible range of well w idths (30-200 A) there are 

only 5 or 6  wells w hich can be simultaneously p u t in resonance w ith each other. It gives a 

thickness of MQW layer of «  O.lp, which is certainly not sufficient to absorb all solar ra­

diation. To compensate for low absorption B&D suggested to add  several not-in-resonance 

wells to the end of the MQW stack. However, in our opinion, it defeats the whole pur­

pose of having resonant tunneling transfer in the first place. After passing through the
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Figure 6.1: Non-sequential resonant tunneling arrangem ent in MQW heterostructure.

first "resonant" region, carriers will tend to accumulate in the region w ith slow transfer 

capabilities. To overcome this deficiency w e have proposed a SRT MQW solar cell (see 

Fig. 6.2).

6.2 SRT in MQW Structures

An MQW structure w ith SRT is shown in Fig. 6.2a. Electrons tunnel from the ground 

state of the j- th  well (J =  1 , 2 , . . . ,  N )  into an excited state of the (j  + l)-th  well. The 

tunneling process is then followed by intraband energy relaxation from the excited state to 

the ground state. This two-step scheme can be repeated as m any times as needed to build 

the required thickness of the MQW layer for optim um  solar absorption. Resonance occurs 

if the following condition is satisfied: E 2 — E \ =  \qFd\ where E \, E 2 are, respectively, the 

ground and first excited subband energy of the quantum  well, q the electron charge, F  the 

total electric field in the MQW region, and d the MQW spatial period. For comparison the 

same structure w ith non-resonant value of the internal field is shown in Fig. 6.2b.

To obtain possible combinations of barrier and well w idths which satisfy the sequential 

tunneling condition we have graphically solved the aforementioned equation as shown in 

Fig. 6.3, where the squares represent the calculated difference A E  = E 2 — E \ as a func­

tion of well width, and the solid lines are qFd for several values of barrier w idth. The
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Figure 6.2: Sequential resonant tunneling transfer in an MQW structure. E \ and E 2 are the 
energies of the ground and first excited states in the quantum  well, respectively, 
d the superlattice period, and  F  the internal field, (a) -  the structure is in a 
resonance, F  = FTes; (b) -  the structure is out of resonance, F  =£ FTea.
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actual electric field experienced by the earners inside the intrinsic layer is reduced from its 

nominal value because of the  photovoltaic effect and:

\F\ = (Vu -  V ^ / L  (6 .1)

where Vpv is the photogenerated voltage, Vu the built-in potential and  L  the thickness of 

the intrinsic layer. The field value w e used for calculating "resonant" barrier and well 

w idths w as |.F| =  0.8Vbi/L = 25 kV/cm . This corresponds to a situation w hen a In- 

G aA sP/InP solar cell with L  = 0.4 /im operates approxim ately at a  maximum pow er point 

where Vmax =  0.3 — 0.4 V [62]. The difference betw een the ground and first excited sub­

band energies, A E, was calculated using the transfer matrix m ethod w ith the following 

material param eters: 0.925 eV for the bulk  InGaAsP bandgap, 0.170 eV for the conduction 

band offset, and  0.079mo and  0.056mo for the InP and  InGaAsP electron effective masses, 

respectively. For a given band offset, the lower limit on the w idth  is imposed by the re­

quirem ent of having at least two subbands inside the well (60 A in our case). The upper 

limit was set based on  the following arguments.

From Fig. 6.3 it can be seen that the intersubband transition E 2 —>■ E\ plays a major 

part in the SRT. It is generally accepted that the intersubband relaxation in narrow  wells, 

where the subband separation is larger than the polar optical phonon energy is controlled 

primarily by polar optical phonon emission. M easured values for the electron lifetime in 

the upper subband are very short, of the order of half of a picosecond [63], which is in 

good agreement w ith theoretical estimates of the electron-phonon scattering rate [64].

In w ide wells, where the subband separation is smaller than the polar optical phonon 

energy, electrons at the bottom  of the first excited subband are forbidden from the emitting 

a optical phonon, and  thus the intersubband relaxation becomes rather slow, which was 

indeed observed, on the order of several hundred picoseconds. A t the same time, much 

shorter time constants, between 15 and 40 ps, have been also reported [65]. Diir, Good-
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nick and Lugli (DGL) have conducted a thorough ensemble M onte Carlo simulation of 

interband relaxation in w ide G aA s/A liG ai.jjA s quantum  wells. They have studied quan­

tum  wells w ith a  subband separation smaller than Hcjlo- Intra- and  intersubband scat­

tering through polar optical phonons, acoustic phonons, ionized impurities, and electron- 

electron scattering are included in the simulation. DGL results show ed that the intersub­

band decay of electrons from the first excited subband into the ground subband is limited 

by ionized im purity scattering. Optical phonons emission also contributes considerably to 

the electron decay and occurs from the thermal tail of the heated distribution function in 

both subbands. The heating o f the distribution functions is due to  ionized im purity inter­

subband scattering and electron-electron intrasubband scattering, which convert potential 

energy of an electron to  kinetic energy. The phonon induced transition rate of a single 

transition between two states |n, k) and |n', k ')  is given by Fermi's golden rule:

2tt
w n>n.(k ,k ')  = — \(n 'k ',N g ±  l\H e_ph\n k ,N q)\25{En. + E k. ± h c o - E n -  E k) (6.2)

where En and En> are the band-edge energies of the n-th and n '-th subbands, k  and k '  are 

the in-plane wave vectors of the initial and the final states, respectively, Ek = ti2k 2 /2m  

is the in-plane energy, oj is the frequency of a given phonon mode, and  N q is the phonon 

population, ±  refers to phonon emission (+) and absorption (-) processes. The ratio of the 

emission and absorption rates is equal to exp[Tiu JksT],  For a typical phonon energy of 35 

meV and kj jT «  26meV, this ratio is equal 4. For the sequential resonant tunneling process 

it is desirable that emission rate w as much higher than absorption rate. This can achieved 

by choosing E 2 — E\ > so that absorption process is not energetically allowed.

Then the upper limit can be  set by dem anding that A E  >  h u io ,  w here hu^o  ~  35 meV 

is the optical phonon energy [20]. This sets an upper limit at about ~  200  A. The thickness 

of the barriers should not be very large (<  100 A) because thick barriers will result in a low
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Figure 6.3: Graphical solution of the equation E 2 — = \qFd\. Squares show  the cal­
culated difference E 2 — E \,  w here Ey and E 2 are the energies of the ground 
and first excited states in the quantum  well (the dashed line is the interpolating 
polynomial); the solid straight lines are qF(w 4- b) for different values of bar­
rier width; the horizontal line is draw n to m ark the AE  =  35 meV boundary. 
The open circle m arks the intersection 140A well and 60 A barrier chosen as 
"resonant" values for our sample.

tunneling rate, nor it should be too small (>  10 A), as it has been reported that MQW solar 

cells w ith narrow barriers do not perform  very well in the short wavelength range. This 

choice of barriers reduces the useful range of the wells to 120-150 A. For our sample we 

have chosen 140 A for the well and 60 A for the barrier w idths (it's m arked w ith  an open 

circle in Fig. 6.3.
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6.3 Samples and Experimental Setup

U nder these considerations w e have designed and  investigated an InG aA sP/InP MQW 

heterostructure solar cell. The MQW  layer of the cell consisted of 16 periods of 140 A 
InGaAsP wells (E gap — 0.95 eV), separated by 60 A InP barriers w ith  a  total thickness of 

0.31 /im. The MQW region was confined by undoped InP 500 A buffer layers, which m ade 

the total thickness of the i-layer equal to 0.41 /um. The m easured characteristics of this cell 

were reported in the previous section.

The I-V (dark current) characteristics of the samples were m easured using a  Keithley 

236 Source-Measure Unit. Photoluminescence and photocurrent spectra w ere m easured 

using a  standard phase lock-in technique. The m onochrom ator and  detection system con­

sisted o f an ISA 0.32 m  spectrograph, 100 W quartz halogen tungsten lamp, and a cooled 

InGaAs photodetector.

K nowledge of the internal electric field and charge distribution is an essential element 

of solar cell investigation and so the additional m ethods capable of providing this informa­

tion have been used to characterize the samples: electroreflectance (ER) and secondary ion 

mass spectrom etry (SIMS). ER m easurements were conducted by Dr. A. Jaeger in Brooklyn 

College of CUNY and SIMS profiles were obtained b y  Dr. M. Geva of Lucent Technologies.

The following briefly describes each technique.

6.3.1 M od u la tion  Spectroscopy: Electroreflectance

M odulation spectroscopy is a very im portant tool in studying optical properties of 

semiconductors. It is particularly useful in investigation of semiconductor dielectric func­

tion e(uj) = er (u>) +  i£i{u>), where £, and  er are the im aginary and real parts of the dielectric 

function, respectively. Instead of measuring the dielectric function itself various m odula­

tion techniques measure one of its derivatives. This eliminates the background and reveals 

the interband critical points as the sharp peaks in  the m odulation spectrum.
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Electroreflectance spectroscopy (ER) is one of the various m odulation techniques where 

the m odulation is produced by an applied ac electric field. The ER signal A7Z is detected by 

a  lock-in amplifier and  norm alized to the average intensity of the transm itted or reflected 

beam 1Z and  to the am plitude of the m odulating agent. In this m anner the logarithmic 

derivative of the reflectance w ith respect to the m odulation signal is obtained while the 

dependence on the intensity of the incident light is eliminated.

One of the im portant applications of the ER spectroscopy is its capability to determine 

the value of the electric field inside semiconductors based on the Franz-Keldysh oscillations 

(FKO). The following paragraph is a brief description of the Franz-Keldysh effect and its 

relation w ith oscillations in ER spectra.

Franz-Keldysh effect and  ER spectroscopy The effect of the electric field on the absorp­

tion edge is know n as the Franz-Keldysh effect. In the presence of an electric field F, e* is 

no longer zero below the band gap E gap bu t decreases exponentially. The oscillations of 

ei(uj) above the band gap are known as Franz-Keldysh oscillations (FKO). These changes in 

behavior of e can be explained by spatial band tilting. As a result, the bandgap vanishes, 

and an electron can m ake a transition from the valence band to the conduction band by 

tunneling. It can be show n that around the critical point E 0 the ER spectra should exhibit a 

sharp peak at the energy E 0, decay rapidly below Eq, and  oscillate rapidly above Eq. The 

ER spectra can be approxim ated as

1 A E - E q ) 1/ 2 r ,  r2 , E - E o ^ , n
U  “  E 2 ( E - E 0) GXpt (M2)3/2 ] cos(3 ( h n  ) + 9) <6-3)

where E  is the photon energy of the probe beam, E 0 is the energy of the critical point 

responsible for the FKO, T is the broadening parameter, 0  is an arbitrary phase factor, and

4 (ftfi)3 =  ( M ® ! )  (6 .4)
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Given the mobility fi the electric field F  can be deduced from the curve fitting.

In our work the ER results were used for the following purposes: (1) to test contact 

quality (ohmic or rectifying) and  (2 ) to  evaluate average field inside the intrinsic layer.

6.3.2 SIM S

Secondary ion mass spectrometry (SIMS) is a very pow erful technique for the analysis 

of impurities in solids. This technique relies on removal of material from the sample by 

sputtering and subsequent analysis of the sputtered ionized atoms. It allows simultaneous 

detection of different elements and has a depth resolution of 50 to 100 A. Unlike pho­

toluminescence, electroreflectance or photocurrent spectroscopies, SIMS is a destructive 

method.

A SIMS doping concentration profile is produced by sputtering the sam ple w ith  an ion 

gun (Ar+ or Ce+) and  monitoring the SIMS signal of a  given element as a function of time. 

The time axis is later converted to a  depth axis by m easuring the depth  of the crater at the 

end of the measurement. The SIMS signal is converted to impurity concentration through 

standards of known dopant profile. The proportionality betw een ion signal and  doping 

concentration is strictly observed if the matrix in which the im purity atom is contained 

is uniform. The im portant characteristic of SIMS is that it determines the total im purity 

concentration, not the electrically active im purity concentration. SIMS can not be used if the 

dopant is not a foreign im purity bu t it is due to a  stoichiometric defect (e.g. a vacancy).

6.4 Results

6.4.1 P hotolum inescence and  Photocurrent M easurem ents

Identification of Q uantum  Well States We begin with identification of energy states in 

the quantum  well. Fig. 6.4 shows photoresponse Ipc(E) of the MQW sample m easured at 

different voltage bias Vbias. The effect of the changing bias is clearly observable: as volt-
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Figure 6.4: Photoresponse of the InG aA sP/InP MQW sample at 77 K measured at different 
bias voltage.
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Figure 6.5: Evolution of the PC features with the bias: second derivative of the In- 
G aA sP/InP MQW sample a t 77 K measured at different voltage bias. Dotted 
lines are draw n to show changes in PC peak positions due to the QCSE (Stark 
Effect). +0.7 and +0.9 V curves are in the "resonant" range

age goes from -1.0 V to +0.7 V the am plitude of the various spectral features changes. To 

get peak  positions m ore accurately the second derivative of the Ipc (—d?Ipc/d E 2) was cal­

culated. Table 6.1 lists some prom inent experimental peaks and calculated quantum  well 

energy states. There is a very good agreement between experiments and  calculations. In 

the calculation the following InGaAsP material param eters [62] were used: m e = 0.056mo, 

rriih =  0.079mo, muh =  0.46mo, and  conduction band offset A Ec =  0.168 eV.

Fig. 6.5 shows several plots of (—dPlpc/d E 2) taken at selected Vbias. One can observe 

interesting behavior -  there are some features which are present a t all VWas ( £ L —H H i  and 

Ei  — LHi) ,  and, at the same time, there are peaks which only exist in limited bias range 

{E-2 — HH i ,  Ei  — HHz).  This is better illustrated in Fig. 6 .6 , w here the positions of these
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N um ber Experiment ID  Calculation

1 1.018 E i  -  H H \ 1.018
2 1.034 E x -  L H \ 1.034
3 1.059 Ex  -  H H 3 1.050
4 1.077 E 2 - H H 1 1.075
5 1.090 E 2 - H H 2 1.091
6 1.146 E 2  — L H .2 1.146
7 1.164 E x  -  L H Z 1.171

Table 6.1: A  list of energy values of prom inent features in PC spectra together with calcu­
lated values of quantum  well states. T  — 77 K ,  Vbias = 0.3 V .

peaks are draw n against Vbias . One can see tha t the lowest plot ( E i  — H H \  transition) is 

the most sensitive to bias, its total shift is 0.03 eV compared to «  0.01 eV for others curves. 

This agrees w ith the fact known from EFA calculations that ground states of the quantum  

well experience the largest red shift.

Observation of the SRT

The most interesting feature of the MQW sample is its SRT capability. We have found 

multiple evidence of resonant alignment occurring in the MQW sample.

Dark C urrent Fig. 6.7 shows the measured dark  current versus applied bias at different 

temperatures in steps of «  20 K. All curves clearly indicate the presence of a resonance 

peak located at 0.9 V (77 K). To estimate the position and w idth of the resonance peak 

more accurately, we assum ed that the I-V characteristic is described by an ideal diode 

model and subtracted a single exponential fitted to the p a rt of the I-V curve before the 

peak and then extended it to the whole curve. The inset shows the result of this subtraction. 

Due to unintentional Z n  diffusion [66] during the growth, which was not included in the 

initial design, the thickness of the intrinsic layer was reduced by 0.1 /nm. This changed the 

internal field and  m oved the position of the expected resonance peak to 0.6-0.7 V (at room
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Figure 6 .6 : Photocurrent peak positions vs voltage bias for the InG aA sP/InP MQW sample 
at 77K.
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Figure 6.7: Temperature dependence of the dark  current in  the Ini_xGaxAsi_j,Py/In P  
MQW sample. The plots w ere taken a t AT «  20 K intervals. The inset shows 
the 77 K curve after subtracting a fitted exponential background.

temperature).

Fig. 6.7 also shows that as tem perature increases the position of the resonance peak 

shifts towards lower biases. This behavior can be understood if w e replace Vpv in Eq. 6.1 

with [Vpv +  (Vbias — F*)]/ w here V^as is the total bias applied to the sample and Vx is the 

part of bias applied to the doped InP. An increase in tem perature reduces both the device 

bandgap (and V^) and the resistance of the doped layers which causes Vx to decrease. The 

net result is a reduction of Vjnas required to achieve a resonant condition, and  consequently, 

a shift of the resonance peak towards lower bias. A t room tem perature the resonance peak 

becomes broader and weaker because of increased electron-phonon scattering and  rising 

probability of thermionic emission.
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Figure 6 .8 : Bias dependence of the photocurrent a t 77 K. The detection wavelengths were 
fixed at the E \ —> H H\ ,  E\ —>■ LH \, and E 2 -> H H 2 transitions. The inset 
shows E i —> H H \ curve after eliminating a linear background.
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Figure 6.9: Temperature dependence of PL intensity vs. bias. For each PL(V) curve, the 
detection system was fixed at the PL maximum. The plots were taken a t A T  ss 
20 K intervals.
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Photocurrent Figure 6.8  shows the photocurrent at 77 K versus bias m easured at wave­

lengths corresponding to E x -» H H X, E i -»• L H U and E 2 -> HH% transitions. All curves 

dem onstrate similar behavior: relatively flat to «  0.6 V, and  a rap id  fall afterwards. The 

rising portion of the E i —» H H\  curve is caused by the Stark effect, as the ground state is 

the m ost sensitive to field changes (see Fig. 6 .6). The salient feature of all curves is a  peak 

located a t 0.9 V. The inset shows the E\ -> H H \  curve after removing a linear background, 

assum ed for this region. We w ere not able to observe the photocurrent resonance peak 

at room tem perature due to the high m agnitude of the dark current a t 0.7-0.9 V at this 

temperature.

Photolum inescence One of the m ost interesting experimental results for this sample was 

found in photoluminescence measurements. To determine if resonance tunneling had  any 

effect on the radiative recombination rate we have m easured the photoluminescence inten­

sity as a function of applied bias as shown in Fig. 6.9. It can be seen that the PL intensity 

dips in  the vicinity of the resonance peak «  0.9 V, and that the am plitude of this dip di­

minishes w ith increasing tem perature. Room tem perature PL curve was cut short due to 

the same problem with rising dark current am plitude as it was w ith the photocurrent.

Tem perature D ependence of Photocurrent As we saw in Chapter 5, the QW photocur­

rent (IQW = IpC(E)dE)  dependence on the tem perature can be used  to identify the 

dom inant escape mechanism. Fig. 6.10 shows the integrated quantum  well PC as a func­

tion of temperature m easured a t several bias voltages. All curves present essentially the 

same behavior: slow decline towards high temperatures. This behavior is very different 

from w hat we have observed in InGaAsP strained MQW samples in Chapter 4 (Fig. 4.9), 

where the PC vs. T curves showed well defined maxima. The observed differences can be 

traced back to the differences in the structures. In Chapter 4 w e w ere dealing w ith a shal­

low w ell system (0.9 eV well bandgap and 1.1 eV barrier bandgap), w here the thermionic 

emission was a strong contributor to the whole escape process, and thus the photocurrent
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Figure 6.10: Integrated QW PC versus tem perature measured a t different biases.

intensity. Here w e have a deeper well system  w ith 0.9/1.35 eV well-to-barrier bandgap 

ratio, and  the role of the thermionic emission is dim inished. It is w orth to note the effect 

of the bias on the curves. The negative and  zero bias curves affected the least by the tem ­

perature, while the positive bias curve show ed steeper decline. The possible explanation 

of the bias effect will be given in the Discussion section.

6.4.2 Electroreflectance R esults

As w e mentioned before, the electroreflectance spectroscopy allows us to extract a m ax­

im um  value of the internal electric field F  in the i-layer of p-i-ti diode from the FKO os­

cillations. Fig. 6.11 shows F  as a function of V&ias for both samples [67]. Both curves 

dem onstrate linear field dependence w hich indicates ohmic contacts (F = aV  +  6), where 

c l m q w  — —25 103/cm , actri =  —30 103/cm , b ^ Q W  =  —45 kV /cm , bc tr i — —40 kV /cm .
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It should be noted tha t because of the nature of FKO (it depends on free carriers), no os­

cillations can be observed inside the MQW region. The FKO signal for the MQW sample 

originates in the undoped  500 A  InP buffer. As a result the field value is not the same as 

that for the control sample, where the signal comes from the whole undoped InP layer. 

A self-consistent Poisson's-diffusion calculation shows that due to the narrow  i-InP layer 

of 500 A there is a transfer of electrons from the n-InP into the nearest InGaAsP quantum  

well (QW), i.e., m odulation doping. This results in an  additional m odulation doping field 

(Fmod ~  12 kV /cm ) in the z-InP layer between the n-InP and  the MQW stack. This field 

is similar to those that occur in the spacer layers of m odulation-doped QWs due to the 

transfer of charge from the doping layers into the wells. The total field in this region is 

now Ftot — 32 kV /cm  +  12 kV /cm  — 44 kV/cm , in good agreement w ith the experimental 

value.

6.4.3 SIM S R esults

Figs. 6.12(a,b) and  6.13(a,b) are the SIMS data for both samples taken before ("a" curves) 

and after ("b" curves) metalization, respectively. The thick solid lines in Fig. 6.13 indi­

cate the As distribution to denote placement of the MQW region while the thin solid and 

dashed lines in Fig. 6.13 denote the Zn and Si dopant profiles, respectively. Note that while 

there is some Zn in the intrinsic region for the MQW sample, both samples have approxi­

mately the same am ount of unintentional Zn diffusion during  growth. O n the other hand, 

there is a  pronounced difference in the Zn profiles for the control sample, such that the 

postmetallization sample having a smaller z-InP region.

6.5 Discussion

All our dark  current, photocurrent and photoluminescence m easurements confirm that 

sequential resonant tunneling does occur in our sample. Sequential resonant tunneling
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Figure 6.11: InP-related electric fields (from FKO) as a function of dc bias for control 
(squares) and MQW (circles) samples. Lines are fits to a linear function. Elec­
tric field is found to vary linearly w ith a slope coefficient of 30.
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Figure 6.12: SIMS profiles of the InP control sample.
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Figure 6.14: Calculated concentration of ionized im purity atoms (Zn) in InP as a function 
of temperature. Activation energy E ^  =  46 meV

enhances the photocarrier collection and reduces radiative recombination losses.

However several factors have led to the situation where the SRT effect was present 

only at low temperatures, and the resonance itself occurred at Vbias which w as outside the 

operational range of the cell (The operational range of the solar cell is from 0 to Voc).

To explain the temperature dependence of the SRT we have to recall that z-region is 

lightly p-doped. A num ber of ionized acceptor atoms depends on the tem perature as

N°7VT— _  _____________________ QCC_____________________ / r  C \

QCC l  +  5  exp[(£QC -  Ef ) / k BT] ^

where is the total concentration of acceptor atoms, g the degree of degeneracy of 

acceptor level, and E ac is the so-called activation energy, which in the case of Z n in InP it is 

«0.046 eV.
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Fig. 6.14 shows calculated concentration of ionized acceptor atoms as a function of 

temperature. Room temperature concentration w as chosen to be 1 x 1016 cm ~ 3 as it was 

m easured by Dr. C.L. Reynolds' group. It can be seen that at 77 K the concentration is 

reduced by factor of 10 compared to the concentration at room  temperature. The effect of 

reduced concentration of ionized im purities on the band edges and  the field distribution of 

the MQW structures is shown in Figs. 6.15 and  6.16. Band diagram s and field distribution 

were calculated using the Poisson solver program  described in Sec. 2.5.

Fig. 6.15 shows that at 1 x 1016 cm -3  all wells inside MQW  layer can not be aligned 

perfectly. That means the condition for resonant transfer exists only in selected areas of this 

layer, which reduces the effect of the SRT on carrier collection. The fact that "resonance" 

bias is different for different areas broadens the SRT peak in current-voltage characteristic 

and reduces its amplitude. Fig. 6.16 shows that at 1 x 1015 cm -3  (dotted curve) the variation 

in the field value does not exceed 20% of the average field 30 kV /cm . For a superlattice 

w ith a 200A period this means the deviation of 1 m eV  =  (200A) x (0.2  • 30 kV/cm ) from 

a resonance value. This is acceptable because typical FWHM for quantum  well levels is of 

the order several meV.

6.6 Conclusion

All our dark current, photocurrent and photoluminescence measurements confirmed 

that sequential resonant tunneling did occur in our MQW sample. Sequential resonant 

tunneling transfer enhanced the photocarrier collection and reduced radiative recombina­

tion losses. That is the m ost significant result of the this investigation.

From these results we have also draw n conclusions which can lead to an improved 

design of MQW devices with SRT. The SRT increases both photocurrent Iph and dark cur­

rent Idc- The total current of a photovoltaic device is the difference of these two currents 

(Jtot =  Ip h  — Id c )t and thus, to take advantage of the SRT, the MQW solar cell should be
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Figure 6.15: Calculated band diagram  of the MQW InG aA sP/InP sam ple at different con­
centration of ionized im purity atoms inside the intrinsic layer.
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designed to have th e  resonance in the region where I Ph »  Idc-

Our experiments w ith different MQW samples showed that built-in resonant align­

m ent is more beneficial for deeper wells w here carrier escape rates associated w ith ther­

mally activated mechanisms (thermionic emission and  phonon-assisted tunneling) are lower 

than that in our sample.

Carrier extraction from the MQW layer is another issue to be addressed more carefully. 

From Fig. 6.2 it is clear that the bottleneck of electron transfer is the last (iV-th) well, where 

carriers face a significantly thicker right barrier than inside the MQW region. This can lead 

to charge build-up and  screening of the built-in field. To avoid this w e suggest that a layer 

of InGaAsP w ith a  bandgap interm ediate between that of the w ell's and  InP be inserted 

between the iV-th w ell and n-InP.

6.6.1 Criteria for S uccessfu l Im plem entation  o f  the SRT in  M Q W  Solar C ell

Based on these studies we have established a few conditions for the SRT in MQW solar 

cell devices. Below is the sum m ary of w hat we believe can be used as guidelines to the 

successful integration of the sequential resonant tunneling transfer in  photovoltaic devices.

• Use of the SRT transfer in MQW solar cells is better suited for deep-well systems 

(with w ell/barrier difference m ore than 0.5 eV), where the thermionic emission es­

cape rate is substantially lower than the tunneling rate.

•  Low residual dopant concentration in the z-layer of the p-i-n d iode is a very im portant 

element. It provides a uniform field distribution across that region. O ur estimates 

show that 1 x 1015 cm -3  for 0.5 -thick intrinsic layer is a  sufficient value.

•  The "resonant" value of the bias has to be carefully chosen. It should be within oper­

ational range of the designed cell.
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Chapter 7

Conclusion

7.1 Thesis summary

The m ain topic of this thesis w as the physics of carrier transport and  photovoltaic con­

version in InP-based multiple quantum  well and bulk heterostructures. A new  concept of 

enhancing MQW solar cell conversion efficiency using sequential resonant tunneling trans­

fer was introduced. To verify this idea MQW InGaAsP/In solar cells were designed, grown 

and investigated. Sample characterization was conducted using a  w ide set of techniques: 

photoluminescence and photocurrent measurements, current-voltage measurements, elec­

troreflectance1 and SIMS2. Most PL, I-V and PC data were studied for their tem perature 

and bias dependence. Enhancem ent of the photocurrent in an InG aA sP/InP MQW het­

erostructure due to built-in SRT has been observed for the first time. Photovoltaic effi­

ciency measurements showed that the MQW solar cells made from one wafer, on average, 

outperform ed the control non-M QW  cells by 13% (relative efficiency of the control sample 

taken as 100%; absolute efficiencies of 2.68 and 3.02 % for the control and MQW samples, 

respectively). The effect of the SRT on performance was relatively small because of (1) the

small magnitude of the SRT peak and  (2) the location of the peak was out of the operational
1exp. data by Dr. A. Jaeger
2exp. data by Dr. M. Geva
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range of the cell. Based on the obtained results the criteria for successful im plem entation 

of SRT in MQW structures for the purpose of enhancem ent of photovoltaic efficiency have 

been established. The m ain requirements are low residual dopant concentration in the z- 

layer (less than 1 x 1015 cm-3 ) and careful choice of the "resonant" value of the bias, which 

m ust be w ithin operational range of the designed cell.

In addition, a separate set of InGaAsP MQW samples w ith the same well thickness 

and different barrier w idths was investigated using photoluminescence, photocurrent and  

dark  current measurements. The focus of the study  was the basic properties of the MQW 

structures: quantum  well energy states, the effect of the strain, tem perature and  electric 

field on these states, and the escape processes in quantum  wells. The origin of recombi­

nation losses was analyzed. The relation of the quantum  well electronic properties w ith 

structural and compositional param eters of heterostructures was also a subject of investi­

gation as it is im portant for an understanding of the basic physics in MQW devices.

7.2 Future developments in Fhotovoltaics

In this section we briefly review new ideas and developments in photovoltaics no t 

necessarily limited to MQW devices only which can potentially lead to high performance 

solar cells.

7.2.1 Issu es to b e  addressed

Our investigation has raised several questions which need to be addressed in future 

studies.

One of the problems w e found in our samples is that at room tem perature the SRT 

effect practically disappears and has no significant influence on carrier collection. It is 

im portant to investigate the tem perature dependence of the SRT in several different MQW 

samples, to find out w hat limits the SRT: phonon-electron interactions, structural defects
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Figure 7.1: Response characteristic of the proposed SRT electro-optical modulator. The 
peak in the current corresponds to the situation w hen the incident light power 
is exactly the one needed to pu t the device in resonant condition (causes the 
wells to be "resonantly" aligned).

or something else.

Another very interesting topic is the excitation intensity dependence of the SRT. Differ­

en t excitation light intensity creates different carrier density inside the MQW layer, which, 

in turn, will change the field distribution. This will have the same effect as applying an 

external voltage bias to the sample. In principle, one could m ake an electro-optical m odu­

lator w ith the I-P (current-intensity) characteristic shown in Fig. 7.1. As soon as the carrier 

density reaches the value which causes resonant alignment of the wells, the device will 

switch into a "resonant" m ode producing the peak in the response characteristic. The 

peak in the current corresponds to the situation w hen the incident light pow er is exactly 

the one needed to pu t the device in resonant condition.
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7.2.2 M Q W  Solar C ells

Recent developments in MQW solar cell research suggest that the m ain obstacles which 

prevent MQW solar cells from reaching their predicted efficiency values are quality of m a­

terial and unoptim ized cell structure. One of the quality problems is an unw anted dif­

fusion of dopant material, especially in InP based MQW devices. Optim ization of the 

structure should include modeling of the spectral response and dark current in the device, 

finding the combination of cell param eters (layer thickness, doping concentration and pro­

file, well and barrier w idths etc.) which can provide the best performance. These problems 

can be solved w ith time.

In our m odel of an  ideal MQW solar cell, the efficiency of a two-com ponent MQW 

solar cell can exceed the efficiency of a  comparable single-band solar cell by only 15-20 %. 

Economically it m ay no t be justifiable to grow complex MQW structures in order to get a 

rather marginal increase in efficiency.

A substantial increase in the efficiency requires extending the spectrum  coverage to the 

UV and IR parts of the solar spectrum, to 400 and 2000 nm, respectively. A t the present 

time, a very promising combination of II-VI and III-V group semiconductor heterostruc­

tures has been reported by M. Tamargo's group [68] at CCNY. The II-VI/EH-V structure 

will produce a w ider range of band gaps and utilize, correspondingly, a broader part of 

the solar spectrum. InP- based devices have been show n to be im portant host material for 

fabricating infrared photodetectors and  lasers used  in fiber optics communications. InP so­

lar cells have also dem onstrated increased radiation resistance, which is an im portant issue 

for extraterrestrial applications. The E-VI group w ide bandgap semiconductors are a very 

prom ising material for the visible and UV applications. The combination of HI-V structure 

(InP/InG aAs or InP/InGaAsP) with a  wide-band EHV structure (ZnCdM gSe/ZnCdSe) 

appears to be a suitable choice for a  multiple band gap MQW solar cell. All layers can be 

grow n lattice-matched to the InP substrate. This combination will effectively cover very wide 

energy range from 0.75 eV for InGaAs to 2.8-3.0 eVfor ZnCdMgSe. This is a much w ider range
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than the range covered by the record holding tandem  G alnP/G aA s solar cell [69] ( E f aInP 

= 1.8 eV, E f aAs = 1.42 eV).

Q uantum  Well Solar Cell fo r Therm ophotovoltaics

Thermophotovoltaic (TPV) pow er generation produces electricity converting radia­

tion from various heat sources. TPV recently became a hot topic due to advances in low 

bandgap cells and  selective emitters [70]. Selective emitters such as rare earth oxides yt- 

terbia and erbia are often used to convert broad band radiation of the  heat source to the 

narrow band emission. The re-emitted radiation may be efficiently converted to electric 

power using a photovoltaic cell of the matching bandgap. Low bandgaps are required 

since the source tem perature is in the range of 800-2000 K.

Semiconductors such as Ge, Si and  GaSb were proposed bu t their fixed bandgaps make 

it difficult to match the heat source spectra. The bandgap of InGaAs can be changed; 

however, strain relaxation effects severely degrade cell performance causing a reduction 

in the outpu t voltage. The quaternary alloy InGaAsP lattice-matched to  the InP substrate 

is a very promising candidate for TPV applications; it is free of the strain problems and the 

effective bandgap can be tuned by varying composition and  well w idth  up to 1.64 /im.

Griffin et al. [71] reported on a large enhancement in  output voltage of the InGaAsP 

QWSC com pared to a similar control cell made from the well material. A nother advantage 

of the TPV QWSC is their superior temperature efficiency coefficients; this lower sensitivity 

to the heat makes them  very attractive in the hot environment applications.

7.2.3 G raded Band-G ap Solar C ell

An interesting idea of using a graded bandgap in solar cells w as proposed by Dhingra 

and Rothwarf [72]. The graded gap semiconductor can be m ade by continuously changing 

composition of the ternary or quaternary alloy (e.g. x  in AlxGai_xAs). This kind of het­

erostructure m ay have an  advantage over step-like heterointerfaces, for example, higher
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Figure 7.2: p-i-n CuInSe2/C dS  solar cell structure w ith graded bandgap i-layer.

mobility due to the lack of interface scattering. The p-i-n CuInSe2/CdS-based solar cell 

structure w ith graded intrinsic layer is shown in Fig. 7.2. According to the authors, proper 

application of graded-com position semiconductors in the fabrication of a  solar cell can po­

tentially increase their pow er conversion efficiency both through a photovoltaic effect and 

through increased collection of photo-generated minority carriers in the graded region. A 

graded bandgap region creates a  so-called quasi-electric field [73], a field defined as the gra­

dient of the band edge. In a nonuniform  semiconductor, the gradient of the conduction 

band need not be the same as that of the valence band. Therefore, the quasi-electric field 

which acts upon electrons can be different from the quasi-electric field that acts upon holes. 

This property can be used to improve carrier collection.

A graded bandgap absorber can improve cell efficiency in the following three ways:

1. Adjust the SRH recombination (see Sec.2.2.7) profile in the depletion/intrinsic layer. 

Tailor the recombination region to minimize recombination and  thus achieve higher 

open-circuit voltages.

2. Improve the collection efficiency through suitably directed quasi-electric fields acting 

on electrons and holes.
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3. Localize regions of high and low absorption. Confine the incident light in the intrin­

sic region to achieve higher absorption efficiency.

D hingra and Rothwarf had conducted a  com puter simulation of a graded bandgap 

CuInSe2/C dS  solar cell. They had found that an optim ally graded structure w ith grading 

between 1.5 eV and 1.3 eV resulted in a  conversion efficiency of 17.9% com pared to 14.9% 

of a similar cell w ith a uniform  bandgap.

7.2.4 Solar C ell w ith  Internal Q uantum  Efficiency >  1

Recently accurate measurements [74] have shown quantum  efficiencies higher than 1 in 

the short-wavelength range which was associated w ith Auger effect. In the A uger process 

the energy in excess of the band gap that one of the carriers receives from a  high-energy 

photon  is used in a second electron-hole generation.

This has led to a revision of the w idely accepted m odel of the ideal solar cell, w here it 

is assum ed that every absorbed photon in a solar cell produces a t m ost one electron-hole 

pair. This assum ption has led to an  estim ated m axim um  efficiency of about 31% for an 

ideal semiconductor w ith energy gap of E gap — 1.26 eV [75]. In the revised theory of the 

ideal solar cell, Wemer, Kolodinski and Queisser (WKQ) have found that a therm odynam ­

ical limit for a single gap solar cell w ould increase from 31% to 43% for the absolute con­

version efficiency if solar photons were to generate m ultiple electron-hole pairs w henever 

energetically possible.

O ne of the proposed realizations of a mechanism for m ultiple pair generation is carrier 

multiplication by impact ionization induced from hot carriers. The same authors (WKQ)

[76] later have quantitatively investigated carrier multiplication in the S ii_xG ex material 

system. Their conclusion w as that only a  small relative increase of solar cell efficiency 

(«  0.5%) m ay be expected from impact ionization of hot carriers. The competing process of 

phonon emission restricts the absolute efficiency enhancement. The effective use of im pact 

ionization in  solar cells requires a strong reduction of the phonon emission probability in
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Figure 7.3: Band diagram  of a solar cell structure w ith an intermediate band. Arrows de­
note possible transitions between bands.

future material systems.

7.2.5 Solar C ell w ith  Interm ediate Bandgap

Recently several groups [77,78] have investigated the possibility to increase the effi­

ciency of solar cells by introducing an im purity energy level in the semiconductor band  

gap that absorbs additional lower energy photons. Luque and Marti [79] have analyzed 

such a structure shown in Fig. 7.3. They found that such cell has an efficiency limit higher 

than the ideal two band (no interm ediate band) solar cell if the intermediate band gap is 

radiatively connected w ith the tw o bands: conduction and valence.
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Appendix A

Transfer Matrix Method

The m ethod is used to calculate the transmission probability T(E)  of electron wave 

through the potential barrier of arbitrary shape. The following simplifications are as­

sumed:

• The electrons are considered as free carriers w ith isotropic effective mass m*.

• There is no inelastic scattering.

•  The Coulomb interaction between electrons is neglected.

With these assumptions three dimensional problem  can be reduced to one-dimensional. 

Let the growth axis be in z  direction.

1>(z) = E M z )  (A.l)

where E z is z component of the total electron energy and ifr{z) is an electron wave function.

Let us discuss a case of double barrier structure show n in Fig. A .l. V{z)  can be divided 

into n +  1 regions such that in each j-layer the potential Vj is assum ed to be constant. In 

each i region the electron wave tp(z) is sought as a sum  of the incident and reflected plane 

waves:
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Figure A .l: Piecewise potential used to calculate quantum  well eigenstates and eigenfunc­
tions. VbaT - barrier height, W weu - well w idth, Wbar - barrier w idth.

iP(z) = Aj(z)eihjZ + Bj (z )e-ik̂ z (A.2)

where kj — yJ2m^{Ez — Vj)/h2 and  rrij are, respectively, the wavevector and  effective 

mass in the region i. From A.2 it is clear that kj is real or imaginary depending on whether 

Vj < E z or Vj > Ez . Inside the barriers kj is a pure imaginary and it represents evanescent 

wave. The Aj and B j coefficients are found from the requirement of continuity of both the 

wavefunction and the probability flux. A t a z =  Zj step it can be w ritten as:

(A.3a) 

(A.3b) 

(A.3c)

The coefficients [A\ ,B\)  and (A/v+i, -B/v+i) are related by:

♦

Aj^ ie  ^ - ' z ->-' 4- B j - \ e  =  A jeiki zi + Bje~ikizi

-  B j _ i e ~ iki - ' zi - ' )  =  -  B je ~ iki zi)

|Aj  |2 +  \Bj |2 =  1 for each j  =  1, 2 , . . . ,  N  + 1
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( s l )  = Ml ® M 2 ® . . . ® M n  (A.4)

w here the m atrix elements a,/3 =  1 or 2 are given by:

Mi 2 =  ( ~  i £ E ; 3 ) e - W +W«J (A.5b)

Mf  = I 5 “ oi '.Jr,*" J e*W+‘ (A-5c)

1 1 fcj+i m )  N\ —kj )zj
2 j1
1 kj+irrij >i P~i(kj+i+kj)zj
2 2kjTrij+l j1
1 kj+irrij ^1 pi(kj+i-kj)zj
2 2 kj /1 j j1

1 fc j+ im-  1̂ p - i { k j + \ + k j ) z j
2 2 k j m , j + l  J 1

The wave is considered to be coming from the left side of the structure, so there is 

no reflected wave on the right side. Then from Eq. A.3c (An +i , B n +i) =  (1,0) and the 

transm ission coefficient can be obtained from:

T (E Z) =
Ai

(A.6 )

The Fig. A.2 shows calculated transmission probability for the InG aA sP/InP double 

barrier heterostructure w ith following parameters: well depth  -  140 A; barrier w idth -  

60 A , w ell depth  -  170 eV, internal electric filed -  2 0  kV /cm , electron m ass inside the well 

and barriers -  0.056mo and 0.079mo. The maxima of the T(E)  occur a t the resonance energy 

E  =  E n, corresponding to the bound eigenstate n.
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Figure A.2: Logarithmic plot of the calculated transm ission coefficient for the In­
G aA sP/InP double barrier heterostructure.
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A ppendix B

"Ke236" -  a program to control Triax 

320, Keithley 236 and SR830

To control the experiment w e have w ritten software (Ke236) using National Instruments® 

Lab W indows/CVI IDE [49] (Integrated Development Environment). Full C code of the 

program  Ke236 is provided on the accompanying floppy disk due to its large printed size 

(about 120 pages). Fig. 3.2 shows a  flowchart of the program. The program  provides re­

m ote control over m ost of the functions of the spectrometer, the lock-in amplifier and the 

SMU unit.

Using this program  the following types of m easurem ents can be made:

•  Current-voltage measurements

•  Photoluminescence intensity as a function of wavelength

•  Photoluminescence intensity as a function of bias

•  Photocurrent intensity as a function of wavelength

•  Photocurrent intensity as a function of bias

•  Solar cell performance measurements
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Device GPIB A ddress

Keithley 236 SMU 
TRIAX 320 Spectrograph 
SR830 Lock-In

10
2
5

Table B.l: A list of GPIB-controlled devices used by  the "Ke236.exe" and  their addresses

The program  code is provided on the accompanied floppy disk and does not include 

the files (however, necessary for successful compilation of the "ke236") w ritten and copy­

righted by National Instruments® Corporation and other vendors. The featured code has 

to be compiled from inside National Instruments Lab Windows® Integrated Development 

Environment (IDE) version 4.0 or higher. W hen run, the executable file checks for the pres­

ence of a GPIB interface card and exits if no card is found. The following GPIB addresses 

are hard-coded inside the program  and  m ust be set before the run.
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