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PREFACE 

The present work has been carried out at the Norwegian Defence Research Establishment, 
Division for Electronics and the Technical University of Munich as a partial fulfilment of the 
requirements for the Dr. scient. degree. We have investigated the subband nature of 
semiconductor multiple quantum wells using photoconductance spectroscopy, optical 
absorption and tunneling experiments combined with model calculations. The aim of the work 
has been to study and fabricate intersubband infrared detectors. 

The thesis is organized as separate chapters. It contain seven chapters proceeded by an 
introduction which gives the historical background and the motivation for the work. Most of 
the conclusions are kept within each chapter, and in the concluding remarks at the end only 
some of the most important conclusions and prospects for further investigations are given. 

In chapter 2 and 3 the interband photoconductivity processes in InGaAsP/InP multiple 
quantum well structures are investigated. The resonant and non-resonant tunneling in 
GaAs/AlGaAs multiple quantum well structures are studied both theoretically and 
experimentally in chapter 4 and 5. In chapter 7 we describe the design, fabrication, modelling 
and characterization of a bound-to-bound state and a bound-to-continuum state GaAs/AlGaAs 
intersubband detector. The intersubband absorption process is in addition examined in chapter 
6 with emphasis on the dependence of the integrated absorption and the linewidth on quantum 
well design parameters. Chapter 1 is a review paper on the performance of different infrared 
detectors particulary GaAs/AlGaAs intersubband detectors and HgCdTe detectors. Some of 
the calculations in chapter 7 are also used in this chapter. However the main interest is the 
theoretical detector noise and the responsivity in order to calculate noise equivalent 
temperatures and detectivities. 

I am indepted to my supervisors Dr. Stian Løvold and Prof. Dr. Terje G. Finstad for the 
guidance and interest in this work. Their advices, suggestions as well as critisism have been 
cruical both for the investigation and the manuscript preparation. 

In 1987-88 I spent one year at the Technical University of Munich in the group of Prof. Dr. 
Fred Koch. I want to thank Prof. Koch and his students for introducing me to the field of two 
dimensional electron gases in semiconductors and to give me the possibility to work in their 
stimulating environment. Chapter 2 and 3 are the results of this stay, and I am especially 
indepted to Dr. Martin Zachau for the very fruitful collaboration. 

The entire semiconductor and electro-optics group at the Norwegian Defence Research 
Establishment in the period 1988-1992 is acknowledged for their support and friendship. Dr. 
Richard Sizmann deserves special thanks for the very stimulating collaboration during the last 
year of this investigation. I am also indepted to Andre Paulsen at the Norwegian Telecon 
Research, Kjetil Johannessen at the NTH and Detlev Griitzmacher at the RWTH for providing 
the epitaxial grown samples used in the work. 

I want to express my gratitude to the Norwegian Defence Research Establishment for 
providing the research facilities and giving me the possibility to perform this investigation 
within the existing projects. 
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INTRODUCTION. 

In this pan we will give a brief historical background and describe some related studies to 
the present investigation. It serves both as an introduction to and a motivation for the 
subsequent seven chapters. In addition the key issues of the chapters in this work are shortly 
described. 

The advent of molecular beam epitaxy (MBE) 20 years ago together with theoretical 
investigations on the properties of layered semiconductor structures founded a new era in 
semiconductor research. With what has later been known as band gap engineering a large 
number of new devices have been designed by varying layer thicknesses and bandgaps of the 
constituent materials. 

Today there exist several high quality epitaxial growth techniques. Semiconductor layers down 
to a thickness of a single atomic layer can be realized. Although GaAs/AljGa^As is still the 
dominant material combination, numerous semiconductor materials are currently epitaxially 
grown. 

Among the most studied devices are the high electron mobility transistor, HEMT, the 
heterojunction bipolar transistor, HBT, tunneling diodes and transistors and quantum well 
lasers. The high electron mobility of many compound semiconductors and interface layers and 
the possibility of custom designing the structures result in very high speed for HEMT, HBT 
and tunneling devices compared to Si devices. The quantum well laser have higher quantum 
efficiency and lower threshold current than ordinary semiconductor lasers due to the larger 
carrier confinement and the dielectric waveguide structure of the quantum well. 

The basis for the remarkable growth of new devices is the understanding of the properties of 
ultrathin (lO'-lO2 Å) semiconductor layers. The carriers in a quantum well or a single 
heterojunction are free to move in the two dimensions perpendicular to the growth direction 
like a quasi free carrier in a normal crystal. The motion in the third dimension are restricted 
to a well defined portion of space by energy and wave function quantizations. The eigenstates 
are called subbands. We use the term exact 2D systems if only one subband is occupied by 
carriers and quasi 2D systems if more than one subband is occupied. The term 2D systems 
covers both cases. 

The basic electrical, optical and magnetical properties of 2D systems have been intensively 
studied. Among the most astonishing results in 2D systems are the Quantum Hall Effect and 
the Fractional Quantum Hall Effect discovered around 10 years ago. The Quantum Hall Effect 
is now used as the new international resistance standard. 

Recently large efforts have been put into the investigation of ID (quantum wires) and even 
0D (quantum dots) systems1. Such structures can be fabricated from high mobility 2D electron 
systems by e-beam lithography and dry etching. Due to the large mean free path of the 
carriers the transport processes can be described ballistically. ID and 0D structures are also 
of potential interest for storage elements and switches utilizing down to a single carrier. 

It has been a lot of confusion in the literature about the terms multiple quantum wells and 
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superlattice. In this work we use superlattice exclusively about a number of equal thick 
quantum wells where the barriers of wide bandgap materials in between are thin enough to 
allow carriers tunnel through them. A multiple quantum well structure is a similar structure 
with thick enough barriers of wide bandgap materials to prevent a large amount of carrier 
tunneling. 

The calculation of the energy and wavefunction of the subbands is a key issue to both the 
understanding and the design of new structures and devices. The conduction (valence) band 
offset, i.e. how the conduction (valence) band edge align at the heteointerface between the 
two materials, is a critical input parameter in all model calculations, in principle the band 
offset can be calculated, but the results are varying, and it is most frequently determined 
experimentally. 

In this work we investigate the subband nature of multiple quantum well structures by 
photoconductance spectroscopy (PC), optical absorption measurements and tunneling 
experiments. Both interband and intersubband (intraband) transitions have been studied. The 
work is aimed at making an infrared detector using wide band gap semiconductors. 

In chapter 2 and 3 undoped and modulation doped multiple quantum wells in the material 
system In^.GajASyPi.y/InP are studied with interband PC. The work is focussed on tracing the 
PC response to both the optical excitation and subsequent transport processes within the 
layered heterostrucrure and its contacts. Previous PC studies have often used ill defined 
contacts which is especially a problem with undoped samples. In this work we used alloyed 
lateral contacts and capacitive lateral contacts. The latter case is in practice a contactless 
method. These measurements have both led to a better understanding of the PC process and 
to a very accurate determination of the conduction band offset in the system. The excitation 
from the ground state hole subband to extended states in the conduction band continuum just 
on top of the quantum well gives a very large PC response. The energy of the onset of this 
signal is used in the determination of the conduction band offset. The only calculated values 
that enters the determination are the heavy hole ground state subband energy and the energy 
of the first extended state relative to the conduction band continuum. Thus wis is probably 
the most direct measurement of the conduction band offset ever done. In chapter 2 and 3 
optical excitations to the extended stales in the conduction and valence bands are studied 
systematically for the first time. In chapter 6 and 7 optical excitations to the extended states 
are investigated in details. 

Photoexcitation processes between the subbands in the conduction (or valence) band has been 
studied for more than 15 years in Si MOS structures and other semiconductor surface charge 
layers2. Intersubband absorption in a modulation doped GaAs/Al,Ga,.xAs multiple quantum 
well structure was first demonstrated in 19853. In 1987 the first infrared detector based on this 
excitation appeared". The conduction band ground state was populated by doping the well, and 
electrons were excited to the first excited state and subsequently transported out of the 
quantum well under influence of an external electric field. Thus two basic physical processes 
are involved: the photoexcitation to a higher subband and the transport out of this excited 
state. The rest of this work is concentrated on these two processes and the design of an 
infrared detector. 

The energy of the intersubband transition mainly depends on the quantum well width, the 

2 



\ 

electron effective mass and the barrier height. In principle many material systems appropriate 
for epitaxial growth can be used. In the beginning of this work we tried to use MOCVD 
grown ItVflGao^As/InP multiple quantum wells. This was motivated by the possibility of 
achieving a higher absorption coefficient than in the GaAs/Al,Ga,.,As system. It turned out 
that these rather advanced structures could not be realized with the existing MOCVD 
equipment. The GaAs/Al.Ga^As material system was then chosen due to the highly 
developed MBE growth for this material system. 

The tunneling process in a well doped GaAs/AljGa^As multiple quantum well structure is 
studied in chapter 4 and S. The work is focussed on the tunneling processes from the ground 
state electron subband populated through the doping. Together with the thermionic emission 
to the conduction band continuum above the quantum well the tunneling current is the main 
internal noise source in an intersubband infrared detector. In order to reduce the tunneling 
current as much as possible it is important to understand the physical nature of it. The 
transport of electrons out of the excited state (i.e the signal) can also partly be described using 
the same tunneling models. 

Resonant tunneling in double barrier heterostructures have been intensively investigated. The 
principle properties are quite well understood although the description of the non-resonant 
tunneling is less detailed than desired. Tunneling in multiple quantum wells and superlatrices 
has on the other hand been little studied. Tunneling in superlattices were examined as early 
as in 1974 by Esaki and coworkers5, but since then very little work has been done. The case 
of tunneling in multiple quantum well structures with thick barriers were considered 
theoretically in 1972 by Kazarinov and Surfs6. Both the resonant and the non-resonant current 
were calculated in this work. The first experimental study of tunneling in multiple quantum 
wells appeared as late as in 1987. Levine and coworkers observed the "sequential resonant 
tunneling" in a GaAs/AI^Gao-jAs multiple quantum well structure7. A large number of 
negative differential resistance peaks is seen in the I-V characteristic. Thus a sequential 
process is proposed for this type of structures. 

In chapter 4 tunneling in multiple quantum wells is studied in detail. In order to model the 
tunneling process accurately both resonant and ncn-resonant tunneling must be taken into 
account. The sequential negative differential resistance is attributed to a high field domain 
expanding through the structure. The conductance process is changing from resonant 
ground-state tunneling in the low bias regime to non-resonant ground state and ground-to-first 
excited state in the oscillating differential regime. At higher bias the evolution from non-
resonant to resonant tunneling is studied. This description is in strong contrast to earlier work 
which does not take into account the non-resona.it current contribution properly7. The 
tunneling current is theoretically investigated using a combination of WKB calculation and 
the model by Kazarinov and Suris6. 

The high field domain formation in the oscillating differential resistance regime is studied in 
more detail in chapter 5. The initiation of the domain is of special interest. Earlier 
investigations have given contradictory arguments claiming the high field domain to start 
randomly, at the cathode and at the anode respectively. For the first time we have been able 
to study this directly by mesa etching only partly through the multiple quantum well structure. 

From the first demonstration of the intersubband infrared uetector in 1987 there has been a 
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tremendous development. Currently several groups are working worldwide with the 
optimization of the detector performance. The original structure had two confined subbands 
in the quantum well. In 1988 the idea appeared to design quantum wells with only one 
confined subband and the excited state in the conduction band continuum8. Since the 
photoexcited carriers no longer have to tunnel out of the well in order to contribute to the 
photocurrent, the barriers can be made much thicker than in the original concept. Hence the 
dark current from ground state tunneling decreases drastically. 

In order to design infrared detectors and optimize their performance the basic properties of 
intersubband transitions have been investigated both theoretically and experimentally for 
several quantum well systems910. But only a few studies have aimed on determining oscillator 
strengths and fundamental linewidths, especially for bound-to-extended state transitions. Coon 
et al. and Zachau have shown theoretically the dependence of oscillator strength and matrix 
elements on the position of the excited state relative to the continuum edge" 1 2. The only 
experimental study has been done by Liu et al. who investigated the dependence of the 
detector responsivity on the excited state energy position13. However it is very hard to extract 
absorption data from these measurements. 

In chapter 6 we study the integrated intersubband absorption and linewidth both theoretically 
and experimentally. The position of the excited state is shifted from the case of a bound state 
in the well to that of a resonant state in the continuum by varying the barrier height and the 
well width. The peak absorption is lower for bound-to-extended state transitions than for the 
bound-to-bound state transitions. But a larger linewidth due to the broadened nature of the 
excited state gives a larger integrated absorption in the case of bound-to-extended state 
transitions as long as the well width are kept constant 

In this chapter we also apply the concept of wavefunction engineering. In order to optimize 
the intersubband matrix element the shape of the wavefunctions are engineered. In the case 
of strongly coupled quantum wells both the bound-to-bound state integrated absorption and 
peak absorption are significantly higher than for normal quantum wells with the same well 
width. For bound-to-extended state transitions the integrated absorption are of the same size 
for both type of structures, but due to the narrow linewidth the peak absorption is much 
higher for coupled quantum well structures. 

State of the art GaAs/Al^Ga,.̂ As intersubband infrared detectors are produced by several 
groups around the world. The figure of merits obtained are very close to the theoretical due 
to the highly developed GaAs technology compared to other infrared detector materials. In 
chapter 7 both bound-to-bound state and bound-to-extended state detectors are demonstrated. 
All the necessary GaAs fabrication technology had to be developed locally from scratch 
during this project. Part of this is described here although most of it is well known from the 
literature. For both type of detectors dark current and responsivity figures rather close to the 
theoretical limit are obtained. The deviations are probably due to a non-optimized MBE 
growth and fabrication technology. Further improvements of the results and the detector 
concept are discussed. 

HgCdTe is by far the most used material for high performance infrared detectors in the 10 
um wavelength regime. The serious materials problems of HgCdTe due to the weak Hg-Te 
bond is together with the small production volume of high performance HgCdTe devices is 
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the main reason for the low yield and the high price of the detectors. Therefore it has been 
quite a large emphasis on finding alternative materials for infrared detectors. The 
GaAs/ALGa,.,As intersubband multiple quantum well detector is at the moment the most 
serious competitor. Chapter 1 is a review of different infrared detector concepts with special 
emphasis on the HgCdTe and the GaAs/Al,Ga,.,As. Theoretica] detectivity limits are reviewed 
for both type of detectors using the calculations of anch and Yariv14. Comparisons with the 
experimental values and the background limitation are also done. Finally we discuss special 
considerations for detector array applications. 
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1. INTRODUCTION. 

Infrared (IR) detectors are very important in many fields of technology and science. Thermal 
imaging for military purposes has been the major driving force for the development of IR 
technology. Thus detectors sensitive in the 3-5 and 8-12 urn wavelength atmospheric windows 
have been most extensively studied. There are also many civil applications of thermal imaging 
such as house insulation control, space studies, global resource and pollution monitoring, 
burgler alarms as well as medical studies and diagnostics. 

In this paper we will review the performance of differer* IR detectors with a special emphasis 
on HgCdTe and GaAs/AlGaAs quantum well intersubband detectors at 10 urn wavelength. 
HgCdTe for IR detection has been studied for more than 20 years, and it is the most 
commonly used material in high performance detector systems. The GaAs/AlGaAs 
intersubband quantum well detectors have on the other hand only been studied for four years, 
but it has during these years reached a rather high level of technical development Still 
GaAs/AlGaAs detectors are not in use in any commercial system. The last couple of years 
there has been discussions in the literature whether or not the GaAs/AlGaAs detector can 
compete with the HgCdTe detector for use in practical devices1. It is the major purpose of this 
paper to discuss this issue by reviewing the performance and limitations of the two detector 
systems. The next two chapters of the paper survey the theoretical and experimental 
performance of the HgCdTe and the GaAs/AlGaAs detectors. A separate section is devoted 
to the focal plane arrays. Finally there is a section on other detector materials and some 
discussions. 

2. THEORETICAL MODELLING OF PERFORMANCE AND LIMITATIONS OF HgCdTe 
AND GaAs/AlGaAs DETECTORS. 

The basic principles of the GaAs/AlGaAs multiple quantum well detector is shown in Fig.l. 
By n-doping the wells the ground state is populated by electrons. Incident IR light polarized 
with the electric field perpendicular to the quantum well layers, which is resonant with the 
bound-to-extended state transition excites the electron. Under influence of an external electric 
field the excited carriers drift towards the contact, where they are collected. We study the 
detector concept in more detail in a separate chapter2. 

The performance of the !R detectors are determined by the noise and the responsivity. In the 
following we model the internal noise processes and the background generated signal for both 
GaAs/AlGaAs and HgCdTe IR detectors. The models are somewhat simplified but are still 
believed to give fairly correct estimates. 

The most referenced theoretical work on the comparison of GaAs/AlGaAs intersubband 
detecton, vs. HgCdTe dett.:;;:rs has been done by Kinch and Yariv (hereafter called K&Y)3. 
We will give a short review' of their results. In the case of the GaAs/AlGaAs detector we 
compare this model with other calculations. 
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The GaAs multiple quantum well detector is a majority carrier device. The noise is 
determined by the variance of majority carriers in the conduction band continuum 

where n r t is the density of thermally generated carriers, nm is the density of carriers generated 
by tunneling and n, is the density of photon generated carriers. The ultimate in IR system 
performance is achieved when the noise is dominated by the incident background flux 
(background limited operation, BLIP). For the bound-to-extended state detector the barriers 
can be made very thick (3-500 Å) and in this case the tunneling current is only important at 
very low temperatures (far below 77 K). This is in contrast to the original concept of Levine, 
the bound-to-bound state detector where the tunneling current dominates due to the thin 
barriers. Therefore only the thermally and photon generated carriers are taken into account 
here. 

The structure considered by K&Y consists of 40 Å GaAs wells n-doped 2 x l 0 1 8 cm"a and 300 
Å Al^iGaorøAs barriers in between. The envelope function approximation calculation shows 
that there is one subband in the well at a energy of £„=100 meV above the GaAs conduction 
band edge and an extended state starting 3 meV above the continuum band edge of the barrier 
in this structure. The intersubband absorption is peaked at around 8.3 um wavelength. The 
Fermi energy relative to the bound level is £^=28.7 meV. 

To a first approximation the density of thermally generated carriers above the barrier V„ i s " 

n„ is the 3D carrier concentration in the well, d is the well width and L is the effective width 
of the continuum well equal to the multiple quantum well period. In Eq. (2) we neglect 
thermionic assisted tunneling and only emission to the lowest quasi 2D subband in the 
continuum is considered2. The background generated carrier density is on the other hand given 
by 

n > = ^ , ( 3 , 

where z is the effective lifetime of the excess carriers, ipB is the background flux, T| is the 
device quantum effiency which is linearly dependent on n0, and t is the device thickness. 

BLIP operation occures when the thermally generated carrier density calculated from Eq. (2) 
is smaller than the background generated density from Eq. (3). The BLIP condition for the 
GaAs/AlGaAs detector then becomes 

Using Eq. (4) the maximum temperature for background limited operation can be calculated 
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for a given background flux. For a typical background flux of 10" photons/cm2s the required 
temperature for BLIP opsration is T<69 K. K&Y also consider a similar structure with only 
30 A quantum well width designed for 10 urn operation. The required temperature for BLIP 
operation of this structure is T<58 K. 

The figure of merit for IR detectors is often given by a normalized inverse noise equivalent 
power, D \ , which is independent of the area of the device and the measurement bandwidth4. 
D \ is called the specific detectivity or often simply the detectivity. In the temperature region 
where the noise is determined by the generation of thermal carriers the D \ is easily 
calculated. For the 8.3 pm wavelength detector the theoretical D \=1 .85x l0 1 0 cmHz"VW at 
80 K. For the 10 um detector the theoretical D \=6x l0° cmHz"7W. 

The model used by K&Y is very simplified with respec' to the thermionic emission process. 
Both theoretical and experimental investigations indicate that the thermionic assisted tunneling 
contributes rather strongly to the thermally generated carrier density at higher applied biases2 , 5. 
Thus the thermally generated carrier density is somewhat underestimated, and by using a more 
accurate model 3 , 6 the calculated D \ will decrease. 

On the other hand the numbers put into this model are too conservative compared to the latest 
experimental results of Levine et al5. r\ is taken to be 17.5 % while the results for an 
optimized 10 um detector with lower and wider barriers and wider wells < ompared to the 
structure used by K&Y in their calculations indicate Tl=20%. This increases the quantum 
efficiency, and thus a larger D \ is expected. In addition by optimizing the carrier density, n„, 
and the coupling of the light into the device it is also shown very recently that D \ can be 
increased from the numbers calculated by K&Y. More details on these results are found in 
chapter 3. 

HgCdTe detectors have been studied for quite a long time. In the following we only make a 
short summary of the K&Y model. HgCdTe photoconductive devices are dominated by 
minority carrier statistics. The BLIP condition for n-type HgCdTe becomes 

• ^ < T I + B (5) 

where p„ is the equilibrium carrier concentration of holes and \ is the lifetime for minority 
carriers. In high quality HgCdTe the minority carrier lifetime is limited by Auger 
recombination. Using experimental values for the Auger lifetime, K&Y calculated the limiting 
D \ for 8.3 and 10.0 um wavelength to 1.75xl0 1 3 cmHz l n /W and 3 .0xl0 1 2 cmHz"7W 
respectively at a temperature of 80 K. 

However 10.0 um wavelength GaAs quantum well detectors should be compared with 
HgCdTe detectors with cut off wavelengths of 10.7 pm due to the sharp resonance and the 
narrow band width of the GaAs detector. This is not taken into account by K&Y, and it 
reduces the theoretical D \ approximately by a factor of 3 for the HgCdTe devices. 

In detector array applications low dark current is of major importance, and HgCdTe 
photodiodes rather than photoconductors are of interest. The theoretical D\ for photodiodes 
is a factor of 2'n larger than for photoconductors. 
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Using the current understanding (see chapter 3 for more details) to optimize the structure the 
theoretical limit for D\ of a GaAs/AlGaAs multiple quantum well IR detector for 10 urn 
detection will probably be in the mid or high 10'° cmHz , / 2/W regime at 77 K. So in general 
the theoretical limit of D \ for the 10.0 um wavelength HgCdTe detector is 10-100 times 
larger than that for the GaAs/AlGaAs multiple quantum well detector. The main reason for 
this difference is the totally different statistics and lifetimes involved in the two types of 
detectors. The minority carrier lifetime of HgCdTe used in Eq. (S) is six orders of magnitude 
larger than the effective lifetime of excess carriers in the GaAs/AlGaAs used in Eq. (4). This 
drastically reduces the photon generated signal for the GaAs/AlGaAs detector compared to 
the HgCdTe one. 

All the theoretical D \ have been calculated for conditions of no background. In most 
applications the background limit is lower than the theoretical limit of the HgCdTe detector 
at 77 K. A typical background limit of D \ = 4 x l 0 1 0 cmHz , / 2/W at 10 um wavelength is seen 
in Fig.2. 

3. DEVICE FIGURE OF MERIT AND COMPARISON WITH THEORY. 

3.1 GaAs/AlGaAs. 

There has been a tremendous progress in the development of III-V quantum well IR 
photodetectors during the last years. The original ideas of the concept was presented by 
L.Esaki in the late 70's. The implementation of the idea first appeared in 1987 by the group 
of B.F.Levine at AT&T Bell laboratories. The first studied sample was a GaAs/AlGaAs 
multiple quantum well system with two confined electron levels in the well7. Under influence 
of an external electric field the photoexcited carriers drift out in the conduction band 
continuum by tunelling through the barriers. Thus the barriers have to be rather thin, and the 
dark current due to tunneling from ground state levels is large. The light was coupled via a 
polished facet into the sample under 45° illumination.The flrsi Sec tors had noise figures that 
did not compete at all with state of the art IR detectors. 

In the next generation GaAs/AlGaAs detectors Levine used the continuum levels just on top 
of the quantum well as the excited level. Thus the barrier width could be increased, and the 
dark current decreased orders of magnitude while the responsivity remained unchanged. For 
the structure considered by K&Y Levine measured D\=lx l0 l a cmHz 1 / J /W at 77 KB. This is 
only slightly less than the calculated value. Early in 1990 the first high sensitivity low dark 
current 10 um detector was demonstrated5. The sample had 40 Å GaAs quantum wells with 
a doping concentration of 1.2xl0 1 8 cm"3 in the well and 480 Å A l o ^ a r ø A s barriers. 200 pm 
diameter detectors have been fabricated from the wafer with a responsivity of 1.2 A/W. D \ 
was measured to be 2x10'° cmHz 1 , 5/W at 68 K. The quantum efficiency, T|, is measured to 
20 %. With only slight a optimization of the structure, D \ of 1x10'° cmHz'^/W at 77 K 
should be achievable. 
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This is good enough for most thermal imaging applications and is equivalent to a noise 
equivalent temperature difference of 

NE&T=10mK. (6) 

Even the very first published detectivity data for the bound-to-extended state GaAs/AlGaAs 
detectors are close to the theoretical values. This reflects the highly developed stage of GaAs 
technology. But to further improve the detector one need new designs rather than better 
technology. 

Kane et al.' have recently showed that the carrier density in the quantum well is very 
important for the performance. By reducing the carrier density from 10 1 2 cm"2 which is 
normally used, down to 1-2x10" cm"2 the maximum temperature for background limited 
operation is increased from 30 K to 54 K for a device with a cut off wavelength of 12 urn. 
This is due to an nearly exponential increase of the thermally generated carrier density with 
the Fermi energy compared to a linear increase of the response as can be seen from Eq. (2). 

Andersson et al. have coupled the light using an especially designed grating into a waveguide 
parallell to the multiple quantum well structure10. All the light is then forced into a TM mode 
with the electric field vector orthogonal to the quantum well planes. Thus the situation is ideal 
with respect to the intersubband absorption process. A quantum efficiency of 90-95 % is 
found and the responsivity is increased by a factor of seven compared to the normal 45° 
coupling detector and a higher detectivity should be possible. A possible problem with this 
light coupling scheme is cross talk between elements in a detector array. 

Very recently Levine and coworkers have demonstrated a GaAs/AlGaAs staring array detector 
of 128x128 pixels". The readout circuit is made in Si, and the operating temperatue is 60 K. 
The multiplexer is designed for an InSb detector and is not optimized for the rather large dark 
current in the GaAs/AlGaAs detector. Nevertheless the detector was put into a commercial 
IR camera, and the system can resolve temperature differences duwn to 10 mK. The incident 
light is coupled normal into the sample through the flat polished subsuate. A grating is 
defined on top of the elements so the electric field in the vicinity of the quantum wells have 
a component parallell to the growth direction of the structure. However the results can still 
be improved by using the results of Andersson et al. and Kane et al'-10. 

3.2 HgCdTe. 

The very best photodiodes made with a cut off wavelength of 10.7 um has D \ = 7 . 6 x l 0 l c 

cmHz'^/W at 77 K 1 2. Thus the theoretical values of the detectivity are still very much higher 
than those obtained for real devices. The main reason for the large difference is propably the 
poor technology of the HgCdTe detector material. 

Some results have been published on HgCdTe arrays. 4x288 element arrays are commercially 
available. 128x128 element staring arrays are also commercial available. 
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4. ARRAY INTEGRATION AND INHOMOGENITY CONSIDERATIONS 

Most applications of IR detectors (except for the low cost ones such as burgler alarms) 
demand focal plane arrays. Todays thermal imaging systems consists typically of a one 
dimensional line array detector and a scanning mirror that covers the other direction. Even 
single element detectors and mirror systems that scan in two directions are still used. Within 
a few years several system designs necessitate large two dimensional focal plane arrays. In 
Si CCD arrays up to 1024x1024 pixels is now in commercial use. A similar development is 
expected for IR focal plane arrays.There are mainly three important considerations in 
connection with arrays: The detector dark current, the inhomogenity and the Si compatibility. 

Both HgCdTe arrays and GaAs/AIGaAs arrays are at the moment of the hybrid type. The 
multiplexer read out circuits are made in Si and the connections between the array and the 
multiplexer are either done by In bumps or by the loop hole technique. The different thermal 
expansion coefficient of the materials involved limits the overall size of the arrays to 
maximum 256x256 elements for both HgCdTe and GaAs/AIGaAs. To make larger arrays 
cither die multiplexer has to be made in the same material as the active detector or the 
detector has to be grown on a Si substrate. 

There is quite a large activity on the growth of GaAs on Si 1 3. Some promising results have 
also been reported14. An approach to grow GaAs/AIGaAs intersubband detectors on Si have 
nevertheless not yet suceeded. CCD multiplexer circuits directly on GaAs are also studied at 
the moment mainly due to the potential for GaAs CCD's for visible light15. Some 
improvements can be expected for both these alternatives. Still die hybrid circuits are the only 
well proven alternative for the GaAs IR CCD's. 

Some inital work has been done in growing HgCdTe on Si 1 6 . No detector results have so far 
been reported. Electronic circuits in the C? fe/HgCdTe system have been somewhat studied17. 
Rockwell has made a monolithic detector with the electronics in HgCdTe18. Nevertheless the 
hybrid circuits are the only alternative for HgCdTe arrays the next few years. 

The inhomogenity is an important parameter for IR detector arrays. There has been some 
confusion in the literature on diis point. Levine and his coworkers3 have presented 
calculations on uncompensated devices which show mat a homogenity better than 0.03% is 
needed in order not to limit the performance with D \ = 1 0 1 0 cmHz 1 / 2/W for the individual 
elements. K&Y on the other hand do not pay very much attention to the inhomogenity at all3. 
They claim die problems are eliminated by compensation. In reality even though the 
responsivities of die individual elements may be compensated, it is very hard to compensate 
variations in the 1/f noise. Compensation also takes time mat otherwise could be used for 
integrating the signal and results in a lower effective fill factor (on the time scale). Thus die 
inhomogenities are important for the noise 1 2. 

The very first measurements on uncompensated GaAs/AIGaAs multiple quantum well IR 
detector arrays gives a very small nonuniformity of less man 10 % bom in the dark current 
(which determines the noise) and in the photoconductive responsivities. This is already 
superior to HgCdTe state of die art arrays. Further improvements is expected after optimising 
both die design and die technology of die GaAs based detectors. Witii respect to homogenity 
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the GaAs based detectors seem to be superior to the HgCdTe on:s. 

The CCD multiplexer can only handle a limited number of carriers. Even though the 
detectivity of the GaAs/AlGaAs multiple quantum well devices are very good, the quite large 
dark current compared to conventional photodiodes gives serious problems for the design of 
the CCD circuit. Rockwell has designed a multiplexer especially for the GaAs/AlGaAs 
detector but it is still unclear how good it functions13. The 128x128 array Levine have 
demonstrated used a multiplexer optimized for a photovoltaic inSb array. Some improvements 
should be expected with a more optimized multiplexer. Anyway die dark current is a major 
problem for the use of GaAs based detectors in arrays and large efforts are made in order to 
reduce it. On the odier hand several HgCdTe photodiode arrays excist commercially with very 
low dark current. Thus integration with excisting Si multiplexer technology is easy. 

5. NEW AND OTHER CONCEPTS FOR IR DETECTORS. 

Due to me serious technological problems involved in the use of HgCdTe for IR detectors, 
alternative materials have been studied extensively die last years. The GaAs/AlGaAs concept 
have been treated in the preeceding chapters. This part is concerning the ether alternatives and 
is partly based on a recently published review". 

Several quantum well concepts for IR detection have been presented in addition to mat of 
GaAs/AlGaAs InUaAs/InAlAs multiple quantum well intersubband detectors have potential 
use in the 3-5 um regime due to die large conduction band offset in this system. Hasnain et 
al.20 have presented a device with a maximum response at a wavelength of 4 um. Strained 
layer InSb/InAsSb superiattices can by optimum design have the bandgap far out in the IR. 
In fact IR absorption even out to wavelengms>12 um have been demonstrated. The first 
InSb/InAsSb superlattice photodiode is presented with a detectivity of D\=3xl0 9 cmHz1/2/W 
at 7 um wavelength which is only one order of magnitude lower than that of HgCdTe at the 
same wavelength21. By further optimization InSb/InAsSb is expected to have detectivities on 
the order of mat of state of the art HgCdTe with die same cut off wavelengm. On die other 
hand very few HgCdTe devices have been made for this wavelength. Thus also HgCdTe 
photodiodes are expected to increase in detectivity, and D\=10" cmHz'^/W should be easily 
acessible. InAs 0 S Sb 0 7 8 grown on GaAs substrates may lead to efficient photoconducive 
detectors operating at 10.5 um wavelength at 77 K. The strain in this system is almost as 
large as mat of the HgCdTe/GaAs system, and many problems still remain to be solved. 

Because of the serious problems with the large dark current of the Ga As/AlGaAs imersubband 
detector mere are several attempts to make a photovoltaic GaAs based device. Schneider et 
al. have studied a GaAs/AlGaAs structure with 20 Å AlAs barriers adjacent to the GaAs 
quantum wells22. A rather large photocurrent is observed at zero bias. This signal is propably 
due to non-equivalence between die two AlAs barriers induced in die MBE growtfi process. 
Also in me standard GaAs/AlGaAs bound-to-extended state detector a small photocurrent at 
zero bias or alternative a photovoltaic signal are observed2. By making an intentional 
asymmetric structure a larger photovoltaic response is expected. Together with die very low 
noise and low dark current of diese type of devices it may lead to GaAs devices more suitable 
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for large arrays. 

Si is the totally dominant material for electronic applications. There is at least three different 
IR detector schemes based on Si. Extrinsic Si can be used for detection throughout the whole 
MIR region. State of the art detectors at very long wavelengths (X>20um) are made in this 
material family23. They require cooling down to 4.2 K in order to reduce the noise. For 
detection at around 10 urn wavelength they can not compete with HgCdTe neither on 
performance nor operation temperature. 

PtSi-Si Schottky barrier diodes are now in use for detection in the 3-5 um regime24. 512x512 
pixels array have been demonstrated with the electronics made on the same Si wafer. For this 
array the NEAT=110 mK which may be good enough for many thermal imaging applications. 
The very low quantum effiency and stringent cooling requirements are somewhat compensated 
by the highly developed Si technology leading to superb uniformity and low noise readout 
electronics integrated on the same wafer. 

By changing from PtSi to IrSi it is possible to extend the sensitivity out to 10 um25. But the 
quantum efficiency is even smaller than for PtSi and the dark current higher. Thus such a 
detector needs cooling far below 77 K. Most people believe that Si Schottky barrier detectors 
will not be used in the 10 um wavelength regime. 

Equivalent to the GaAs/AlGaAs intersubband detector there has been suggested Si quantum 
well structures for IR detection. Wang and coworkers have demonstrated a Si/Ge superlattice 
structure with a light hole miniband absorption peaked at around 10 um wavelength26. By 
exciting carriers from heavy hole to light hole subbands both parallell and orthogonal 
polarization of the exciting light is possible. Thus the radiation can be coupled in from the 
top of the structure as in ordinary detectors. The large lattice mismatch between Si and Ge 
introduces strain and care must be taken to avoid the formation of dislocations. Hence the 
variation of the thickness and the alloy composition of the individual layers in the structure 
are limited. 

Due to the strain the band diagram of the materials may be altered. In addition both Si and 
Ge are indirect bandgap materials. For thin superlattice structures the zone folding due to the 
reduced Brillouin zone can totally change the band structure. This must be taken into account 
when designing Si/Ge intersubband IR detectors. The main advantage of the Si/Ge devices 
is once again the advanced Si technology. 

The last Si device to be mentioned is the Si 5-doped layers. In the 5-doping layers the 
electrostatic potential is somewhat similar to that in a quantum well and carrier subbands are 
formed. IR absorption is demonstrated in 5-doped Si and by making p-doped layers excitation 
with parallell polarized light is possible27 as for the Si/Ge structures. 
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6. DISCUSSIONS. 

Today there is a large number of alternative materials for IR detectors. Typical detectivities 
for some of the most important types of detectors are shown in Fig.2. The data for the 
uncooled pyroelectric ones are given for reference purposes though not mentioned before. The 
ideal limits of the photoconductors and the photovoltaic detectors is the background limitation 
win. 2JI field of view and 300 K background temperature. Mainly two cooled systems seems 
to meet the requirements for the most demanding applications in the 8-12 um wavelength 
regime. 

HgCdTe is currently the only material that is commercially used in high performance 8-12 
fim wavelength thermal imaging. D \ for a single element state of the art HgCdTe is by far 
the highest achieved for any material in this wavelength regime. On the other hand the 
material has the most serious materials problems of any semiconductor in mass production 
due to the weak Hg-Te bond. Main problems are diffusion of both dopants and Hg and even 
outgassing of Hg at moderate temperatures. The controle of the excact alloy composition is 
also very hard (and may be altered at least in the surface by the processing). This critically 
influence on the cut off wavelength and on the responsivity.Thus the production of HgCdTe 
elements and arrays is very hard and only a small number of large one and two dimensional 
arrays are made. The yield for those devices are propably very low. 

GaAs/AlGaAs multiple quantum well intersubbanddetectors have been developed very rapidly 
the last 4-5 years. The very best detectors around 10 um wavelength has detectivities which 
are less than one order of magnitude smaller than those of the best HgCdTe. More important 
is that the NEAT=10 mK which is good enough for most applications. Large focal plane 
arrays (128x128 pixels) arrays are demonstrated with an excellent uniformity. Although the 
detectivity of a GaAs/AlGaAs single element never can reach that of HgCdTe, for an array 
application where the uniformity is of major importance GaAs/AlGaAs may be as well suited 
as todays state of the art HgCdTe material. The problem of designing a multiplexer 
appropriate for the large dark current of the elements still remain to be solved. 

For thermal imaging application there is a couple of other alternative material choices. 
Different Si approaches are studied. Extrinsic Si and Si/Ge and Si S-doped layers are all in 
principle candidates for detection in the 10 um wavelength regime. The extrinsic Si will 
probably never be sensitive enough for these applications. It is still to early to say whether 
or not Si/Ge and Si 5-doped layers can be used. The advantage of the Si system is the 
extremely high uniformity and the easy integration with signal processing electronics. 

In conclusion we have studied different material alternatives for IR detectors in the 8-12 pm 
wavelength regime. Considering the heavy material problems with HgCdTe and the rapid 
development of alternative materials, esp. the GaAs/AlGaAs detector, several material systems 
should be studied simultanously. It is still too early to say what material system will be the 
best in the future, and this question will also depend on the particular application of the 
detectors. 
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FIGURE CAPTIONS 

Fig.l. The basic principles of the GaAs/AlGaAs multiple quantum well IR detector. 

Fig.2. Typical spectral detectivity for different types of IR detectors . Eoth for die 
GaAs/AlGaAs and the HgCdTe detectors the wavelength of maximum detectivity can 
be tuned by changing the growth parameter. This is not so easy with the other 
alternatives. 
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Abst ract . We consider the photoconduct ive response of undoped and 
modula t ion-doped mu l t i -quantum-we l l heterostructures of InGaAs/lnP. Optical 
t ransi t ions between conf ined sub-band levels, between sub-bands and 
extended min iband states, as we l l as fundamenta l band-gap transi t ions are 
ident i f ied and studied as a funct ion of temperature T. The photoconduct iv i ty 
general ly shows a phase reversal and vanish ing ampl i tude in the = 100 K range. 
The photoconduct iv i ty signal in al l samples is negat ive at l ow 7". This is the 
result of Cou lomb scattering of the f in i te equ i l ib r ium number of electrons in the 
we l l , when photoexci ted holes appear in the we l l . Contacts are shown to great ly 
inf luence the response. Their inf luence is studied by compar ing w i th contact-
less, radio-frequency measurements. By ident i fy ing excitat ions to the min i -
bands at the quan tum wel l edge energies w e determine the band offsets. 
Sub-band energies are calculated and compared w i th the exper imental values. 

1 . I n t r o d u c t i o n 

T h e opt ica l proper t ies o f quant ised electrons in mu l t i 
layer he lerost ruc lures have been studied in a number o f 
d i f fe rent ways. A m o n g these the pho toconduc t i v i t y 
O't*) exper iment has p roven an expedient means to 
study the energy level s t ruc ture . Th i s has been the 
p redominan t theme o f prev ious pub l ica t ions for pho to 
conduc t iv i t y studies on the I n G a A s / l n P quan tum wel ls 
| l . 2 | . 

The opt ica l ly induced conduc t iv i t y involves a 
sequence of physicui steps that i n themselves mer i t 
a t ten t ion above and beyond the ident i f ica t ion o f reso
nance energies. The present w o r k shal l be concerned 
w i t h t rac ing the I T response to bo th the opt ica l exci
ta t ion and subsequent t ransport processes w i th in the 
layered heterost ructure and its contacts. 

In order to examine the t ransport aspects it is 
necessary U> c lear ly def ine the exper imenta l arrange
ment . Previous work has of ten used i l l -de* ined trans
por t geometr ies and contacts. In the l i te ra ture exam
ples can be f ound fo r each o f the first three cases in 
figure l . i v has been studied in the ver t ica l conf igu
rat ion using a conduc t ing substrate and a semitrans-
parent surface contact [ 3 , 4 ] . W h i l e this geomet ry , 
shown in f igure \{a\. w o u l d appear best su i ted to detect 

opt ica l exc i ta t ion above the bar r ie r energy, the reso
nances between quan tum we l l ( y w ) conf ined sub-hands 
have also been recorded. T h e ' m i x e d ' la te ra l -ver t i ca l 
arrangement in figure \{b\ can be used for samples on a 

^ - ^ - ' - ^ - J - :-:•'. 

s s s s z i ; 

r®-3. 

Figure 1. The sample and contact geometr ies 
employed to measure the photoconduct ive response of 
a quan tum wel l layer (shown cross-hatched), (a) 
Vert ical, (b) m ixed , (c| lateral (al loyed contacts) and \d) 
lateral (capacitive contacts). 
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semi-insulating (sil substrate. Carriers supplied by the 
allayed contact are collected in the surface electrode. 
Figure 1(c) shows a purely late.al geometry with two 
alloyed contacts. As in (2]. these may be n- and p-type 
and distinguish between electrons and holes. They may 
be different for carriers in the barrier and QW materials. 
These considerations ha^e prompted us to introduce 
(figure \.(d)\ the comactless measuring geometry using 
capacitive coupling. The arrangement is that developed 
for previous work on Si-Mos structures [5). The scheme 
employs alt carriers with equal opportunity, without 
regard to sign (electrons or holes) or material origin 
(InGaAs or InP). We will compare the data for various 
qualities of the lateral contacts (figure 1(c)) with the 
capacitive-coupling measurement (figure 1(d)). The 
latter measures conductivity, so we use multi-quantum-
well (MOW) samples for sufficient signal amplitude. 
Such MQW samples in addition are less sensitive to 
surface effects or to the boundary condition at the 
interface to the substrate. 

In §2 we describe the samples, the contact tech
nology and the measuring apparatus. Following this we 
discuss, in §3, the sub-band energies calculated for the 
present MOW structures, together with the different 
possible optical excitations. We begin §4 with some 
general remarks on the photoconductivity experiment 
and then deal with the observations on undoped and 
doped MOW samples. In §5 we deal with the determi
nation of various sub-band and band-offset measure
ments. The paper concludes with some final remarks in 
§6. 

2. Experimental notes 

All samples were grown by low-pressure metal-organic 
chemical vapour deposition (LP MOCVD) [6.7]. The 
undoped samples have 15 InGaAs ows, grown lattice 
matched onto InP. The wells are 100 Å wide and are 
separated by 300 Å of InP. The buffer layer to the semi-
insulating substrate is 0.5,um thick InP. There is also 
a cap layer of 1.0/jm thick InP. The unintentional 
background doping is n-type and of the order of 
l x l 0 , 5 c n T \ 

The doped samples are identical in all respects 
except that the central 100 Å of the barriers are 
doped n-type to a nominal concentration of about 
1 x lO'^cm"'. Magnetotransport at 4.2 K gives an elec
tron densitv Ns = 8.5 x 10" cm" : in each well and a 
mobility u = 100000cnrV-'s - 1 . 

All optica] measurements ar^ made using a 100 W 
halogen lamp and a 0.25 m spectrometer. The spectral 
resolution is 2meV. The sample is mounted in a vari
able temperature cryostat with optical windows. The 
light source is chopped at frequencies in the 5-100 Hz 
range and the coherent change in conductivity is 
detected with a lock-in amplifier. The capacitive 
coupling measurement employs a self-balancing RF 
bridge (30 MHz) to detect the conductivity changes. 
The applied RF E-field is of the order 10"- V cm"1. 

The alloyed com els are made b\ evaporating 
Au-Ge and annealing at 430°C (typicalK 20 min). For 
the doped MOW samples this procedure gives an ohmic 
l-V characteristic with low contact resistance down 
to the lowest temperatures (T=*2K). The undoped 
samples proved to be more sensitive to the details of 
contact fabrication. When a thin layer of Au-Ge was 
used and the annealing temperature was on the low side 
of 400 °C. the contacts had a distinctly non-ohmic 
characteristic. Such contacts selectively detected InP 
electrons and showed a marked activation for electron 
signals in the InGaAs wells. We refer to these as 
'selective* contacts. When a thicker coverage of Au-Ge 
was used and the annealing temperature raised to 
about 450 °C. the result was an ohmic l-V charac
teristic. These contacts are labelled •ohmic' in later 
discussions. 

In the case of the undoped samples the photo-
current was measured at constant applied voltage 
(£ = 10"' V cm"1). For the low impedance of the doped 
MOW structure, it was found preferable to record the 
voltage at constant current (I = 30^A per QW). 

The use of MOW samples usually guarantees that 
surface and substrate interface effects can be ignored. 
For the nominally undoped material this is not strictly 
true. It is readily calculated from the given dimensions, 
the estimated background doping and reasonable 
boundary conditions that there is band bending 
throughout the ows. Thus incident InP band-gap light 
will alter the system transferring charges from the 
ows to the surface in phase with the modulation. For 
7"==150K the effect becomes persistent. The bands 
remain frozen in a non-equilibrium flat-band configu
ration after exposure to light. We prefer to work in this 
mode and therefore restrict the data on the undoped 
specimen to T< 150 K, 

3. Sub-band structure and optical transitions 

In the self-consistent potential calculation of the sub-
bands and mini bands of the periodic MOW structures we 
follow Zeller et al [8]. In addition we include the non-
parabolicity of the conduction band with an energy and 
position-dependent mass [9J. The hole states are calcu
lated within the parabolic approximation using the 
fixed potential produced by the electrons. For both 
electrons and holes we require continuity of the wave-
function and the derivative to mass ratio at the inter
faces (10. 11]. Parameters entering the calculation, i.e. 
the band-edge masses of electrons and holes as well as 
the energy gaps in InGaAs and InP. are taken from 
[12]. In particular the fundamental gaps are 813 meV 
for InGaAs and 1423 meV for InP. Band offsets are 
those found in the present experiments. The compu
tation employs growth parameters as specified in 52. 
The calculation applies for 7 = 0. It is described in 
detail in {13]. 

The calculated potential and energies for the 
undoped samples are shown in figure 2. In the valence 
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Figure 2. Energy levels and band-edge energies for the 
undoped sample. The conduction band offset of 
219 meV is chosen, so that the calculated value of the 
E, transition coincides with the measured value. 

band only the heavy-hole states have been drawn for 
clarity. Because of the thick barriers the wells are 
separated and only the states with an energy larger than 
the band offsets show miniband characteristics. The 
electron states are designated by £,, the heavy and light 
hole states by H, and L, respectively ( /=1.2 , . . . ) . 
There are the various possible elementary excitations 
marked by the arrows in figure 2. We distinguish the 
intra-well transitions HtEt, L,£,, H2EZ. . .. the funda
mental gap transition £„ of InP, and the sub-band to 
miniband transitions £ a and £ h . The excitation E3 is 

from the heavy-hole ground state to the electron conti
nuum, and the excitation £„ is from the heavy-hole 
continuum to the electron ground state. The conduc
tion band offset determined from the experiment is 
A£, = 219 meV. Using this value we compute the tran
sition energies: W,£, = 857meV. L,£, = 889meV. 
/ / : £ : = 980meV. £,= 11)41 meV and £ h = 1242 meV. 

In figure 3 we show the potential and energies for 
the modulation-doped sample. Again the growth para
meters are used in the calculation except for the doping 
concentration. The latter is adjusted to exactly match 
the carrier concentration measured in the well by the 
Shubnikov-de Haas effect. In contrast to the undoped 
sample, the potential has minima in the barriers. As a 
consequence the electron minibands £, and £, are 
centred in the barriers [13.14] and the final state of the 
sub-band to continuum transition £ a is the miniband 
£j. We further note that the heavy-hole energies con
verge into a continuum before they spread into mini-
bands. Therefore the transition £ h is identified as HH £,. 
This transition shows the same Burstein shift as the 
intra-well transition HXEX. The shift is estimated in the 
parabolic approximation as ( £ F - £ | ) x (1 +a), where a 
is the ratio of the electron mass to the heavy- or light-
hole mass. The conduction band offset is again taken 
from the experiment. For the experimental A£ r = 
247 meV, we find transition energies # , £ , =921 meV, 
/ / 3 £ 2 = 977meV, £ ,= 1054meV and £ h = 1313meV. 

4. Photoconductivity results and discussion 

The photoresponse of the ow heterostructure and 
contact arrangement is an inherently complex 

g^i^prtiar/^- r„.r,„^ 

C5 
H, 

^*z ^^ 
— 100 J ——100 k — 100 J — 1 0 0 Å — 

Figure 3. Energy levels and band edge energies for the 
modulation-doped sample. The conduction band offset of 
247 meV is chosen, so that the calculated value of the Et 

transition coincides with the measured value. 
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phenomenon, of which the photo-excitation of an 
eleciron-hole pair in accord with the optical absorption 
u\hut) is onl\ a simple first step. The optical processes 
have to be considered with their respective final-state 
interactions. Thus the intra-well transitions H,Et. 
£ , £ , . . . have exciton character in undoped samples. 
and the band gap is renormalised by many-body effects 
in doped samples. The recombination lifetime is long 
compared with a typical sub-band relaxation time, so 
the excited carrier will thermalise at the bottom and top 
of the £, and H} sub-bands respectively. 

That fraction of relaxed carriers which are not 
bound as excitons at the finite T of the experiments will 
move apart under the action of the applied field and 
contribute to the photocurrent signal. The measured PC 
signal stems only from carri?rs which are ionised out of 
the excitonic ground state. These carriers then are 
subject to all the scatterings and interactions with 
defect centres that limit their mobility ft,>. The photo-
induced signal will contain also a contribution from the 
steady-state background carriers «„. if their mobility is 
perturbed in any way by the photo-excitation process. 
We write 

(An A/A Aa = ntleuJ — + — 

to explicitly allow for this possibility. The expression is 
for the electrons. A similar term could be added for 
holes. However, because of their higher mobility the 
electrons will dominate the signal. In addition one must 
distinguish conduction by photo-excited carriers in the 
ovt and in the InP barriers or buffer layers. For selec
tive contacts, the photo-induced Ao will depend on 
how the different carriers are collected at the contacts. 

4.1. Photoresponse for (he undoped MOW 

In order to avoid the possible complications introduced 
by the contacts we first consider in figure 4 data 
obtained using the capacitive-coupling measurement. 
Although nominally undoped. the sample has a finite 
background dark conductivity. We show this con
ductivity oz in the inset of figure 4 as a function of 
T. At the maximum near 7 = 70 K its value is 
0.7 mS. For an unintentional, background doping of 
3 x l 0 ' 4 c m ~ l there are about 10'" carriers cm~ : in 
each well. The measured oz requires a mobility 
i / . ^ O O O O c n r V ' s " 1 . The variation with T in the 
inset implies that the usual two scattering mechanisms 
apply. Above 70 K phonon scattering dominates. 
whereas for low T there is ionised impurity scattering. 

In the figure the pc spectrum is shown for T= 13. 80 
and 140 K. There is a reversal of the sign of ACT near 
120K. The intra-well excitations H„En and L„E„ have 
vanishing PC amplitude at this temperature. The exci
tation £ , also vanishes and reverses sign. The band-gap 
transition in InP labelled £„ remains finite and positive 
throughout the temperature range. Arrows in figure 4 
mark the experimentally determined energies. The 

excitation E„ is marked at the position where it appear*. 
in measurements using ohmic contacts. It cannot be 
identified unambiguously in figure 4 but appears to give 
a positive Ao. 

Measurements riade using the I U bridge are 
expressed quamiiatneK in o per square in figure 4. 
We note that the largest H{E, signal occurs at low 
temperatures (13 K) where it is negative. At this 
point it represents = I part in III'" of the background 
conductivity. 

The remarkable phase reversal has a natural expla
nation in terms of the two contributions to Ao. At high 
7", where phonon scattering dominates, the A./J term is 
negligibly small. The conductivity change involves only 
Aw. The increased number of carriers gives a positive 
ACT. At lower 7". Coulomb scattering hecomes impor
tant. Since the excitations H,E„ £ ,£ , . H:E: and £ , 
each involve the creation of a hole in the ow. the it,, 
background electrons will experience increased 
Coulomb scattering and a decreased it. For this to occur 
it may not even be necessary for the excitonic state to 
be thermally excited to give a free electron-hole pair. 
At the lowest To f 13 K a fairly large signal is obtained 
even though thermal excitation of the excitonic ground 
state is unlikely. By contrast the A/i term that gives a 
positive PC response requires thermal excitation. 

140 K 

•20 r 

J ^ M S -20 

BOK 1 
13 K — 

«,f, t.f, n 
"A \ 

\ 
0 

3 
f, 

04 ' \ 
e 

0 
1 

e 

0 100 

T I K I 

Photon energy leVl 

Figure 4. Photoconductive response measured in the 
nominally undoped MOW sample at various fusing the 
RF bridge arrangement. Note the reversal of sign 
between 140 and 80 K. The inset shows the dark 
conductivity o- versus 7". 
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Photon energy |eV] 

Figure 5. Photoconductive reiionse for the same 
sample (undoped) as shown previously, but using 
contacts which discriminate between InP and InGaAs 
electrons. Signals registered are predominantly from 
InP electrons. The curves are shifted for clarity, but the 
scale is the same. 

is found to freeze out with an activation energy of about 
150 meV down to the 150 K range. Thereafter, us in the 
figure, the signal amplitude reduces more slowl\. 
Nevertheless, the intra-well excitations below £ , have 
decreased by a factor of about 600 between 140 and 
4 K. There is no phase reversal. The £ , signal remains 
nearly constant in amplitude and appears as a sharpU 
defined rise in Aa at 4 K (cf the x 300 trace in figure 5). 

A» of the observations related to figure 5 are readily 
explained, if we assume that only InP electrons are 
registered by the contacts. Electronic background con
duction in the InGaAs yw is totally blocked by the 
selective contacts. The intra-well transitions are 
observed only by thermal excitation across a harrier 
which at temperatures above 150 K is about 150 meV 
and represents the InP band edge. At lower r there is a 
a leakage path with a lower barrier energy The exci
tation £.,, which creates InP electrons, appears as a 
dramatically sharp and big signal at 4 K. By contrast £ h . 
which gives a hole in InP and and InGaAs electron, is 
not seen at all. 

Finally, we report in figure 6 the data obtained with 
ohmic contacts. As expected, the overall nature of 
these data is similar to that of data obtained from the 
capacitive-coupling measurements. The phase reversal 
is recovered. £,, is found as a distinctive signal, but not 
as dramatically sharp as in figure 5. There is a marked 
break at the expected position of £ h . The Eb signal is 
negative at low 7\ which indicates that holes are collect
ed in the ow after excitation. In this regard there is a 
minor difference between figures 4 and 6. The £„ signal 

We note that the excitation £[,, which creates an 
extended hole state, can hardly be identified. By 
contrast to the doped sample case, where it is a strong 
signal, we do not expect that holes are efficiently 
collected in the ow under flat-band conditions (cf 
figure 2). The signal £„ is always positive. It corre
sponds to electron-hole pairs created in the buffer. 
cap and barrier layers. Its magnitude actually de
creases at low T because of a reduced probability of 
thermal excitation of the exciton ground state. 

Although the dependence of the background o3 on 
T indicates which scattering process is dominating, the 
phase reversal in the photosignal is not expected at the 
temperature where o- has a maximum. The phase 
reversal is determined by the temperature-dependent 
balance of the positive and negative contributions to 
the photosignal and depends very much on the given 
situation. It appears that the negative ACT will occur 
only if there is a finite background conductivity. 

How different the Ao response can be when meas
ured with alloyed contacts is demonstrated in figure 5. 
The sample is in all respects identical with that for the 
previous figure, except for the selective contacts, with a 
non-ohmic characteristic. The signal observed at 3(X) K 

Photon energy leV 

Figur* 6. Photoconductive response for the undoped 
MOW sample using ohmic contacts. The curves are 
shifted for clarity, but the scale is the same. 
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Figure 7. Photoresponse of the modulation-doped MOW 
sample using n-type, lateral ohmic contacts. Note the 
phase reversal of the signal at 7" = 60 K. The curves are 
shifted for clarity, but the scale is the same. 

remains positive. Comparing the present figure 6 with 
the previous curves in figure 5 makes clear the dramatic 
influence of the nature of the contacts on the signal. 

4.2. Photoresponse for the modulation-doped MQW 

For the doped sample the data are shown in figure 7. 
The excitonic enhancement features that appeared in 
the previous spectra are absent for the W|£| and H:E2 

peaks. Note that there is a Burstein shift caused by the 
exclusion of transitions to occupied states in the £, 
sub-band. Both £, and £ h are easily identified on the 
curves. The contacts to the doped MOW sample are 
perfectly ohmic and there is no difference at all 
between the Ao measured with the contacts and in the 
capacitance-coupling scheme. A strong band bending is 
expected from the transfer of negative charge from the 
barriers into the wells (cf figure 3). This band bending is 
not significantly changed by the weak incident light. 

An expected feature of photoconductivity data on 
doped samples is that the relative response in terms of 
Ao'o is much smaller than for the previous undoped 
case. The signals in figure 7 represent a relative change 
of order 10"' to 10"". The phase reversal of the signal 

takes place at ?~=*60 K. Its physical origin i> essentiulU 
the same as that discussed previously. Photo-excited 
holes in the ow scatter the majority carrier electrons. 
We note the very distinct signal with negative phase at 
low T. The holes are expected to be pulled into the well 
by the strong fields existing in the doped structure. 
There is such an effective collection of InP holes into 
the well that even the £ l ( signal changes phase. By 
contrast, in all previous observations the £„ signal was 
found with positive phase (cf figures 4-6). In figure 7 
the E„ signal inverts at a somewhat higher T than the 
ow excitations. 

5. Comparing energies: sub-band levels and 
band offsets 

The measurement of the sub-hand to continuum tran
sitions £ a and £ h allows a precise determination of the 
band offsets. We first discuss the case of the nomi
nally undoped sample with flat-band conditions. As in 
figure 2 the conduction band offset A£v. is obtained 
by subtracting the well known band-gap energy of 
InGaAs and two small corrections from the transition 
energy £ a=1041meV found in the experiments (cf 
figures 4-6). The corrections are the energy W, = 
6 meV of the heavy-hole ground state and the addi
tional energy of 3meV by which the first extended 
electron miniband lies above the InP conduction band. 
Thus A£ c = 219meV. equivalent to A£ f/A£ r = 0.36 
with the known difference of gap energies A£ p = 
610 meV. The two calculated corrections are essentially 
independent of A£ c. Moreover they are quite small. 
Therefore the measurement of £ is a direct experimen
tal determination of A£t.. The value obtained is used as 
input for the calculation. 

A check on the value of A£t. is provided by the 
measured transition energy £,,= 1241 meV. Subtracting 
the InGaAs band-gap energy and the electronic 
ground-state energy £, = 38 meV gives a valence band 
offset A£, = 390meV. The sum A£,+ A£4 =6()9meV 
agrees well with A£F. Because £,, is more reliably 
measured and the necessary adjustments (H, and the 
electronic miniband energy) are small, we prefer to use 
A£ f as input to the calculation. The valence band offset 
determined from £ h is checked for consistency. The 
uncertainty in A£t. is difficult to estimate. While the 
experimental value of £,, determined from the onset 
point of rising conductivity (see figure 5). is uncertain 
by only ± a few meV, its interpretation in terms of an 
H, to miniband transition is not certain. Because we do 
not expect nor observe an excitonic peak at £.,. we 
believe it justified to mark the onset. If marked at the 
upper end of the step A£ t would be increased by 
=s2()meV. 

Energies measured for the intra-well excitations 
are: W, £, = 847 meV (theorv 857 meV). Lx £, = 
879meV (theory 889 meV), and W : £ : = 980meV 
(theory 98() meV). Since the exciton energy is of order 
10 meV. the deviations are of the expected magnitude. 
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We conclude that there is substantial ageement of the 
measured and calculated energies. The exciiation EA is 
ol course identical with the computed value, and £ h 

checks out to within 1 meV. In the case of the extended 
miniband states the exciton correction is expected to be 
small [15]. 

The analysis is more difficult for the doped sample 
because of the band bending. A £ t is obtained from the 
measured £,, = 1054 in the same way as for the undoped 
sample. We use //, = 9meV and assume that the exci
tation goes to £< which is a miniband state at the InP 
conduction band edge at the hetero-interface. We 
obtain A£ t = 247meV and A £ c / A £ p = 0.40. The same 
uncertainties as for the earlier case apply in the inter
pretation of the £ , signal. The consistency check with 
Eh gives 1268 meV. if the onset of the transition is 
marked against a calculated value 1291 meV. If the 
peak had been marked in figure 7, the experiment gives 
1290 meV. This gives an indication of experimental 
uncertainties. The intra-well excitations compare as 
follows: / / ,£ , =885 meV (onset) or 901 (peak) (theory 
899 meV), / A £ : = 958meV (onset) or 968 (peak) 
(theory 977 meV). There are no excitonic corrections in 
this case and there is no evidence for an excitonic peak 
in the experiment. The calculated transitions to the £, 
level are adjusted for the Burs tein shift. 

The theory does not include band-gap renormali-
sation. Examining the numbers as given above indi
cates better agreement when the peak markings are 
used. The remaining difference of 15±5 meV is attri
buted to the band-gap renormalisation effect. An esti
mate based on the local density approximation gives 
12meV. In (16j the larger value of 25 meV is cited for a 
comparable electron density. We assume that the tran
sition E h discussed above is subject to the same band-
gap renormalisatior, as / / , E, because of the common 
final state. The effect on £ a is expected to be small as 
the final state is resonant with the InP conduction band. 

6. Cont'uding discussion 

Re-examining what has been accomplished in this work 
and placing it into the context of other publications, it is 
the phase reversal of the T-dependent PC signal that is 
the most striking effect. Previous experiments on PC in 
InGaAs ows do not show this effect [1.2]. Our expla
nation in terms of additional scattering caused by 
photo-excited holes, or even by excitons. applies when 
there is a finite number of electrons in the QW, and 
Coulomb scattering dominates. The emphasis of the 
present work has been on clearly defining the transport 
geometry and to identify the influence of the contacts. 
It has been shown that the overall variation of the PC 
signal amplitude with excitation energy depends sensi
tively on the contacts. 

The present work has for the first time identified 
signals that arise from the ow states to extended mini-
bands in both the valence and conduction bands. The 

PC in InGaAs/lnP MOW hete restructures 

excitations £ , and £ h have been used to measure the 
band offset with reasonable precision and energy levels 
have been calculated using this value. Our result for the 
band offset is ^E,I^Ef = 0.38 ±0.03. The excitation E, 
has been described earlier in [ I ] . It has been made clear 
by careful numerical comparisons that the major 
remaining uncertainty lies in the interpretation of line-
shapes for the various excitations. Dependeni on this 
interpretation, an exciton energy of = 10 meV has 
been identified for the fundamental excitation in 
the undoped sample. A band gap renormalisation 
energy for the doped sample has been determined 
as = 15 meV. 

PC and photoluminescence (PL) data are often used 
to characterise the sample quality. The comparison of 
PC and PL energies for the fundamental H] £ t transition 
in |1] gives a sizable Stokes shift and traces this to 
localisation of holes. No such shift is measurable in our 
samples. In the present dopei sample we have not been 
able to reproduce the PL lineshape reported in [1]. In 
that work a luminescence band which peaks at £ F has 
been found. Our signal looks qualitatively like that 

78t 027 871. 

Photon energy ImtV) 

Figure 8. Detailed compar ison of photoconduct iv i ty (PC) 
and photoluminescence (PL| in the H, f , energy range. 
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reported by Kukushkin et al [17] for PL experiments in 
GuAs. Evidently this is a sample-dependent feature. 

In figure 8 we show the comparison of PC and PL in 
(he undoped MOW sample to draw attention to another 
sample-dependent feature. The PC signal is that using 
the selective contacts (figure 5). In the pc curve at 1(1 K 
the excitonic feature is much reduced, probably 
because it does not contribute to the conduction with 
equal weight. Comparing pc and PL we find a Stokes 
shift of = 3meV below 10 K. Above 50 K no Stokes 
shift is observed. Typical linewidths of the exciton 
feature are =5meV in both PC and PL. where the 
spectral resolution of 2 meV must be taken into ac
count. There appears, with unequal and T-dependent 
amplitude in pc and PL, a feature at lower energy. The 
additional peak lies =15meV below the H^E{ line. 
Such a signal has also been described in [IS] and 
attributed to an acceptor transition. If it were present in 
larger concentrations, it could well dominate the PL 
signal and give rise to a Stokes shift of the magnitude 
cited by Skoinick ei al in [1]. A splitting of the PL signal 
into several lines has also been found in [19] and has 
been explained by compositional fluctuations of the 
InGaAs along the growth direction. 
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The In -p l ane photoconductlve response of Quaternary InGaAsP/InP super la t t l ces Is inves t iga ted . 
AtAde from t h e IntraweVl exc i ta t ions between confined electron and hole subband levels , we 
observe the two t rans i t ions between the confined hole (electron) g rounds ta te In the well and the 
electron (hole) continuum. They show a s t rong photoconductlve signal with a sharp onset a t low 
tempera tures . Their t rans i t ion energies give a direct determinat ion of t h e band offset both In the 
conduction and In the valence band. The rat io of the conduction band offset to the band gap 
difference is determined as AEc/nEt = 0.36±0.02. 

Introduction 

Photoconductivi ty experiments are a 
t rad i t ional tool for inves t iga t ing the energy 
levels In InGaAsP quantum-wel l structures 1 -*, in 
a previous publ ica t ion 1 we have considered the 
mechanism of the In plane photoconduciive 
response In te rnary InGaAs/InP super la t t lces . 
Negative photoconduct ivi ty has been observed. 
Here we s tudy qua te rna ry InGaAsP/InP 
super la t t l ces and focus on the subband-
continuum t r ans i t i ons , which allow an accura te 
determination of the band offsets. Because we 
have found t h a t t h e photoconduct lve signal 
depends on the frequency of chopping t h e light, 
we res t r ic t ourse lves to t h e limiting case of 
frequency zero, I.e. s t eady s t a t e i l lumination. 
This also allows an easy ldent lfcat lon of the 
sign of the photoconduct ive signal-

Experimental Notes 

The samples were grown by low-pressure 
meta l -organic chemical vapor deposition (LP-
MOCVD) la t t i ce matched onto semllnsulat ing InP 
s u b s t r a t e 4 . They consis t of IS lni-«Ga«ASt.Pw 
quantum-wel l* of width IO0A separa ted by 300A 
thick InP bar r i e r s . The super la t t l ce is 
sandwiched between a 0.6pm thick buffer layer 
and a l.Oum thick cap layer of InP. AH samples 
are nominally undoped or only l ightly modulation 
doped. Thus the re could be band bending 
throughout t h e quan tum-wel l s , because of Fermi 

present address : Norwegian Defense Research 
Establishment, Division for Electronics.N-2007 
Kjeller 

level pinning a t the surface and the subs t r a t e 
Interface. However, af ter cooling down to T<lOOK 
and Illumination with InP band gap light the 
bands remain frozen in a non-equi l ibr ium f l a t -
band configuration with an electron densi ty of 
s l O w c n r * per well even after switching off the 
light. 

The optical pa r t of the experimental 
arrangement Is the same a s in reference 3 . There 
the conduct ivi ty has been measured directly 
between two con tac t s using a chopped light 
source. In th i s s tudy we use a l a t e ra l 4 - p o l n t -
geometry and s teady s t a t e i l lumination. Ohmlc 
contacts a re fabricated by allyolng In Into the 
sample. A cons t an t cu r ren t of 100 / JA Is employed 
and the vol tage proport ional to t h e res is tance Is 
recorded, in p rac t ice t h e r e s i s t iv i ty devia tes 
only by a smalt fraction of the order of I * from 
Its value in the dark, which is electronically 
subst rac ted . 

Results and Discussion 

The electron and hole s t a t e s are calculated 
s e l f cons i s t en t ly" . We Include the 
nanparabollcicy of the conduction band* and 
mlnibandlng effects 1 . The material parameters 
a re taken from references*-*. In par t icular the 
fundamental gap is EB=(l-123-730y-t-120y 1)meV 
and the effective masses of e lect rons , heavy and 
light hoies are mi/niD=0.080-0.03 r tv. 
nn/mo=0.85-0.385y and mi'itio=0.12-o.069y. The 
momentum matrix elements, which determine the 
nonparabollclty are P»*=(20.7+4.6y)eV and 
Pe*=(2.1+0.By)eV. The conduction band offset Is 
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Figure 1- Calculated potent ia l and energy levels 
of electrons and holes for a compostion y=0.835 
of the quaternary compound. The band offset 
AEe=183meV Is taken from the experiment. 

taken from the experiment. The calculation 
applies for T=0 and does not Include exciton 
effects. 

Pig I shows the calcula ted potent ial and 
energies for y=0.835, which corresponds to one 
of the samples and is a typical case. In the 
valence band only the heavy hole s t a t e s have 
been drawn for c lar i ty . Because of the thick 
barr iers the wells are sepa ra t ed and only the 
s t a t e s with an energy larger than the band 
o n s e t s show minlband cha rac te r . The electron 
s t a t e s are designated by Ei, the heavy and light 
hole s t a t e s by Hi and Li respect ively (1=1,2,3...). 
As marked In Fig l we d is t inguish t h e Intraweil 
exci ta t ions HiEi and LiEi, the fundamental gap 
t rans i t ion Eo of InF and the subband to 
minlband t rans i t ions E« and Eb. 

We have Invest igated th ree samples with 
different composition of t h e qua te rna ry compound 
y= 1.000, 0.635. and 0.755. The low temperature 
photoconduct ivi ty signal of the sample with 
y=0.83S Is presented in Fig 2. The resul ts for 
the o ther two samples are similar. The 
exci ta t ions dlcussed above are easi ly identified. 
The t rans i t ion energies are marked by arrows in 
Fig 2 and are summarized for all samples In 
table 1. 

First we discuss the negative 
photoconductivi ty observed for all photon 
energies below the band gap of InP. it has been 
shown in reference 1 t h a t the photoconductlve 
i espouse may be wri t ten as 4 o/oo = An/no + 
Afi/jja. Here oe-enofio accounts for the 
conduct ivi ty of the background densi ty ns of 
e lectrons in the well with mobility fi». Using 
th is ansa t z we can explain the negat ive 
photoconductivi ty by a nega t ive 4|t. which is 
caused by sca t te r ing of the no electrons at the 
photoexciied holes. Thus the Intraweil 
exci ta t ions :<nd the t rans i t ion £• SIHMV negative 
photocondxfi iv l ty . because the iihotoexcited 

In(.xGO)(Asyfir/InP- superlolhce 
Y* 0.835 

1300 1100 
Mnm] 

Figure 2; Measured photoconductivi ty of the 
sample with a composition y=0.835 of the 
quaternary compound. 

holes smy in the wells. The sign of ilio 
t rans i t ion Eb sensi t ively depends un whether the 
holes tha t are created in the InP valence band 
s t a t e s will be collected in tho wells. 
Al terna t ive ly the negat ive JU could be explained 
by a process involving t r a p s with a long capture 
time, which gives an effectively negative i n . An 
analogous mechanism has been discussed In 
re fe rences 1 0 - " Tor p - t y p e modulation doped 
wells. Traps could also explain the observed 
dependence of the photoconduct ivi ty on the chop 
frequency of the light source, which will be 
reported separa te ly . The t rans i t ion Eo always 
causes an Increase of the conduct ivi ty , which is 
mainly due to the contr ibut ion of the cap and 
buffer layers . 

We now show how the band offsets 4E e in 
the conduction band and aEv In the valence 
band a re derived from the measured t ransi t ion 
energies E» and Eb. From Fig ] we can read the 
relat ions 

AEc = E«-E a (y ) -A-H i 

AEv = E b - H i E i " c - E b " c + H i 

The in tent ion Is to use measured values 
whenever possible and to t ake calculated values 
only for small energies . For the excitonic 
t rans i t ion h \ E i " e we use the measured value. 
The energy of the subband to continuum 
t rans i t ions is assumed to be given directly by 
Ei and Eb. as the exciton binding energy has 
been shown to vanish in the limit or only 
weakly bound l eve l s 1 1 . The exciton binding 
energy of the t rans i t ion HiEt Is estimated as 
Eb # * c =l0meV from the l i t e r a t u r e " . Both the 
energy of the heavy hole groundsta te Hi and 
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Table \: Band gaps , band offset* and 
measured t ransi t ion energies (In meV) for the 
three samples with different composition y of 
the quaternary compound. 

y 1 . 0 0 0 0 . 8 3 S 0 . 7 5 5 

K I E I 847 927 978 

HiE> 9 8 0 1047 1 0 9 3 

E i 1 0 4 1 1 0 9 0 1 1 2 1 

E> 1 2 4 1 1 2 7 0 1271 

E. (y l 813 897 940 

flEt 2 1 9 183 178 

I E . 390 342 306 

AEe/AE, 0 . 3 6 0 . 3 5 0 . 3 7 

AEg-AEc -AE. 1 1 - 1 

the smali energy A. by which the first extended 
electron minlband l ies above the InP conduction 
band, a re calculated. We find Hi=6meV and 
A=4meV for all samples. These energies depend 
only negleglbly on the Input parameters of the 
calculat ion. This suffices for the sample with 
the t e rna ry quantum-wel l s , because the gap 
Ei( 1 > Is known precisely. Then AEC can be 
determined even without need of the exciton 
binding energy. 

However for the qua te rna ry samples the 
band gap E f (y) must s t i l l be determined. We 
could use the design va lue of the gap. Then we 
had to achieve matching of the calculated and 
measured t ransi t ion energy HtEi by adjusting 
the quantum-wel l width In the computation. 
However, we know from the growth t h a t the 
uncer ta in ty of the composition is larger than 
tha t of the well width. Therefore we take the 
design value 100A of the well width and adjust 
the gap. I.e. the composition. For example we 
find E 0 =89rmev or y=O.B35 for the sample, 
which was designed to have a gap of A = 1.5um 
at 300K corresponding to y=0.846 and 
E 0 =89lmeV at T=0. This der ivat ion of E 0 (y) is 
Justified a posteriori by t h e good agreement of 
the calculated and measured va lues or (HzEz-
HiEi). In the case of the y=0.835-sample we 
measure 120meV and compute 113meV, where the 
difference is par t ly explained by the lower 
exciton binding energy of t h e t rans i t ion HiEi. 

The band offsets are presented In table 1 
together with E a(y}- w# want to « t ress t h a t <tEc 
and AEv are almost direct ly determined from the 
experiment. The error Introduced by the small 
energy corrections Hi, A, and E»«* can be 
neglected. The uncer ta in ty of E«(y) Is es t imated 
as t l O m e v or less . If t h e good confirmation of 
the sample design parameters by the experiment 
la considered. In any case Ei(y) only en te rs AE* 
and not AE*. A final check Is performed by 
calculat ing AE«-AEc-AEv, which Is given In the 
last line of table 1 and should be equal to zero. 

In conclusion we h a v e measured the in 
plane phoroconductlvl ty or Im-.Gs.ASrPi-r/InP 
supe r l a t t l r e s for three samples within a range 
0.755 £y £ 1 . The photoconduct lve signal Is 
negat ive a t low tempera tu res . This can be 
explained by sca t te r ing of the background 
densi ty of t h e electrons In the well a t t h e 
photoexclteo holes or by a process Involving 
traps- Both subband to continuum t rans i t ions a re 
observed with a s t rong photoconduct lve signal. 
Their energies yield an accura te determination 
of the band offset as AE C /AE,=0.36±0.02. 
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Sequeniial resonant and nonresonant tunneling have been investigated in doped 
GaAs/AlGaAs multiple quantum wells. Negative differentia] resistance attributable to high 
field domains expanding through the structure are observed. It is argued that the conductance 
mechanism is changing with increasing bias, from resonant ground-state tunneling in the low 
bias regime to nonresonant ground and ground to first exited state in the oscillating differential 
resistance regime. At higher bias the evolution from nonresonant to resonant tunneling is 
studied. Calculated tunneling currents are in good agreement with the measured currents both 
for on and off resonance. 

There has been an increasing interest in the tunneling 
properties of multiple quantum well (MQW) and superlat-
tice (SL) structures. Following the pioneering work of Esaki 
and Chang on tunneling in SLs,1 some works on sequential 
resonant tunneling in MQW has recently been presented.2"5 

In doped MQW a large number of negative differential resis
tance (NDR) regions attributed to a high field domain ex
panding sequentially through the structure, one period at a 
time, have been observed. 

In this communication we report studies on the sequen
tial tunneling in GaAs/AIGaAs MQW structures. We show 
that it is essential to take also the nonresonant tunneling into 
account to understand the experiments. As early as 1971 
Kazarinov and Suris studied the tunneling properties of 
weakly coupled MQW both on and off resonance theoreti
cally.* We '--ive used their results to describe the current-
voltage (I-V) characteristics and to determine a value on r,, 
the relaxation time for the transverse momentum. 

The tunneling structure consists of 35 periods contain
ing nominally 80 Å GaAs wells and 120 Å A ^ G a ^ A s 
barriers. The mid 70 Å of the wells is doped n = 1.25 X101" 
cm" *' giving a 2D electron concentration of d.8 x 10" cm" \ 
The structure is sandwiched between a 5000 A doped 
(» = I.25xl01 Bcm~*) GaAs top layer and a I ftm dope1 

(fl= 1.25 XI0 1 8 cm" 3) GaAs bottom layer grown on 
semi-insulating GaAs substrate. 200 fim mesa samples were 
made by standard photolithography and wet chemical etch
ing. Ohmtc contacts to the samples were made by evaporat
ing and alloying AuGe. 

Subband calculations assuming a barrier height of 230 
meV (A£f =0.65 A£ c ) gives two bound states in the 
wells, respectively at 42 meV and 154 meV. The Fermi level 
in the well is thus EF = 73 meV. The subband spacing has 
been measured using a Fourier transform spectrometer. The 
intersubband absorption peaked at 1105 cm" 1 ( = 137 
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meV) with a full width at half maximum of 150 cm '. Tak
ing the depolarization shift into account7 the subband spac
ing is 124 meV. This indicates that either the wells are some
what narrower than the nominal values or the barriers are 
higher than 230 meV. 

dc I-V characteristics were measured at a number of 
temperatures from 10-310 K. Figure 1 shows the /- V curve 
at 10 K with the top contact negatively biased. The I-V 
curves can be divided into three regions. At low applied bi
ases the samples have an almost ohmic behavior. This ex
tends to about 0.2 V in Fig. 1 and is called region 1. Between 
0.2 and 2.8 V, in region 2, there is a large number of NDR 
sub regions, and an overall current that is fairly constant. 
Above 2.8 V the current is increasing very rapidly. This we 
call region 3. 

The conduction in region 1 is at low temperatures well 
described by sequential ground state resonant tunneling. 
The ground state is broadened by well width fluctuations 

VOLTAGE (V) 

FIG. I.Current-voltage characiensticsai 10K with the topcontact biased 
negatively. The dotted curve is a theoretical "hi" using a WKB approxima
tion calculation of the sequential resonant ground-stale tunneling current. 
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and acoustic phonon and impurity scattering thus leading to 
a finite width of the ground state which again gives reso
nance between the ground states in two neighboring wells 
also at moderate applied biases. In Fig. 2(a) the band dia
gram for this situation is shown. We have used the WKB 
approximation to calculate the tunneling current in region 
1.' We find the "fit" in Fig. 1 when using a barrier width of 
108 Å and neglecting the voltage drop in (he contacts. 

At temperatures above ISO K the conductance in region 
1 is dominated by thermionic emission above the barrier. An 
activation energy of 150 ± 20 meV is found in good agree
ment with the spacing of 157 meV between the Fermi level 
and the top of the barrier. 

As the bias is increased above 0.2 V (i.e.. into region 2) 
sequential ground state tunneling is no longer possible. One 
period of the MQW then breaks off from the resonant condi
tion leading to a NDR and a high field domain is formed.' 
The high field domain expands through the whole structure 
incorporating new quantum wells, one at a time when the 
applied bias is further increased.1 In a separate publication 
we have studied experimentally the high field domain forma
tion by making mesa samples with increasing numbers of 

(a) 

to 
7 \ 
^ — * • 1=3 I 

FIG. 2. The band diagram for the sample ( a i m region 1. sequential reso
nant ground slate tunneling occurs, (b) In region 2. both sequential reso
nant ground slate tunneling and nonresonani lunnelmg occur, (c) At the 
end of region 2. only nonrewmuni lunncling occurs. <d) In region 3. at an 
applied bias of 4 4 V. sequential resonanl ground to first excited state tun
neling occurs 

QW periods from the same wafer." It is shown that the high 
field domain formation is a systematic process stan ing at the 
negatively biased contact and with increasing bias spreads 
towards the other contact one period at a time. Tnus the 
number of NDR dips observed is equal to the number of 
quantum wells in the sample minus one. 

We now describe the conduction process in region 2. 
When the first period of the MQW structure forms a high 
field domain, ground-state resonant tunneling is no longer 
possible over that period. The electrons are therefore trans
ported by nonresonant tunneling processes. The NDR cur
rent fall in the MQW samples is step like in opposition to a 
double barrier tunneling diode where the current fall is more 
gradual. This is caused by the current continuity through the 
MQW sample leading to a rearrangement of the bias. The 
voltage drop over the high field domain just formed is in
creased while the bias in the rest of the sample is decreased as 
shown in Fig. 2(b). A further bias increase is divided 
between the sequential ground state resonant part of the 
sample and the high field nonresonant part. Thus the situa
tion in the ground state resonant part is analogous to the last 
part of region I. The current rises until it reaches the same 
value as at the end of region 1. Then the high field domain 
spreads to a new MQW period. Once again due to current 
continuity the conduction in the high field domain is still via 
nonresonant tunneling when the high field domain spreads 
to a new period. Thus in the NDR region the overall conduc
tion process is changing from sequential resonr <it ground-
state tunneling to sequential nonresonant ground state and 
ground to first excited state tunneling. The band diagram for 
the total nonresonant case at the end of the NDR structures 
is shown in Fig. 2(c). 

The above description of the conductance mechanism 
explains why there is no net current increase in region 2. This 
is also observed by other groups 4 - 5 without being properly 
explained. Had the tunneling in the high field domain been a 
resonant process, there would have been a large net increase 
in the current in region 2. As will be shown, the sequential 
resonant ground to first excited state tunneling current is 

30 , 
to y^~ 

! • 
/ 

! ' f 
A 

0.J 

DETUNING FROM 

FIG. 3. Current-voltage characteristics at 10 K with the lop contact biased 
negatively wilh the detuning from resonance, fte. as abscissa The dotted 
curve isa theoretical "fit" using Eq. (2). 
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two orders of magnitude larger than that for sequential reso
nant ground state. From the description it is also obvious 
thai the voltage difference between two NDR dips is not a 
direct measure of the subband spacing as earlier believed.' 
When compared to the subband spacing, the difference may 
be used as a measure of the strength of the r.onresonant pro* 
cesses in the structure. In the structure studied here, the 
NDR dip spacing is 85 meV and the subband spacing is 123 
meV. 

In region 3 the current is increasing strongly as the sam-

The first term is due to tunneling from the ground state 
to the first excited state and the second term to tunneling 
from the first excited state into continuum states just on top 
of the barriers. E% is the effective Fermi energy in the first 
excited state populated by the ground to first excited state 
tunneling. M is the mean free path in the continuum normal
ized by the quantum well period. The other symbols are 
identical to those used by Choi et al.A When using the nomi
nal barrier width of 120 Å and a mean free path of W = 5, we 
determine a current at the ground to first excited state reso
nance / = 25 mA which is close to the observed value at 
resonance, He = 0, as shown in Fig. 3. 

Another theoretical description of tunneling in weakly 
coupled quantum wells is made by Kazarinov and Suris.* 
They have calculated the ground to first excited state tunnel
ing current both on and off resonance. We have used their 
description both to study the nonresonant part of region 3 
and to determine a value on rL, by comparing the on and off 
resonant current. Far from the resonance when é-T\ >> 1, the 
current is 

V l + e " " * - £ ' , " r ) 

The symbols are explained by Kazarinov and Suris.6 r, 
depends on the matrix element of the impurity potential and 
is therefore difficult to calculate explicitly. Using the expres
sion for the resonant current, we have 

^ = ! L. ( 3 ) 

Then using the 10 K data rk is experimentally deter-

ples approach the ground to first excited state resonance 
conditions. From the measured imersubband spacing we ex
pect the ground to first excited state resonance to occur at 
4.3 V. The band diagram for this resonant situation is shown 
in Fig. 2(d). The / - f curve at 10 K is shown in Fig. 3 n n 

double logarithmic scale with the detuning from resonance 
for each period, fc, as the abscissa. Electrons tunneling to 
the first excited state may tunnel further or they may relax to 
the ground state. Thus thr tunneling current may be written 
within the WKB approximation as 

I 
mined to r l t s 8 x 10" l 4 s. This is close to the often-used 
value 10" , i s t2] .Thus , Eq. (2) for the nonresonant current 
is valid for \fie| >-8 meV/period. With this in mind we may-
apply Eq. (2) for further analysis, e is assumed to be the only 
bias-dependent variable in Eq. (2). The dotted curve in Fig. 
3 is scaled to fit the data at |Vie| = 22 meV. The fit is very 
good for 15 meV/period < | * F | < 33 meV/period. The high
er limit is set by the neglect of the ground-state non resonant 
tunneling. 

In conclusion we have shown that for weakly coupled 
MQWs the tunneling mechanism in the NDR part of the/- V 
characteristic changes from sequential resonant ground-
state tunneling to sequential nonresonant ground state and 
ground to first excited state tunneling. In these systems the 
current increases dramatically when they are biased into full 
resonance. 

We gratefully aknowledge F. Miiller for the intersub-
band absorption measurements, F. Vassenden for stimulat
ing discussions and TJ. Skafle and M. Hanssen for processing 
of the samples. 

l L . Esaki and L.L.Chang. Phys. Re*. Lett. 33. 495 (1974). 
; F . Capesso. K. Mohammed, and A. Y. Cho. Appl. Phy. Lell W. 478 

(1986). 
' K. K. Choi, B. F. Lcvine. R. J. Malik. J. Walker, and C. G. Beiheu. Phys 
Rev. B 35. 4172 (1987). 

' K. K. Choi. B. F. Lcvine. C. G. Belhea. J Walker, and R. J. Malik. Appl. 
Phys. Lett.50. 1814(1987). 

*T. H. H. Vuong. D. C. Tsui, and W. T. Tsang. Superlattices and Micr<v 
structures 4. 207 (1988) 

"R. F. Kajarinov and R. A. Suris. Sov. Phvs. Scmiuond. 6. 120 (19721 
T M. Zachau. Semicnnd. Set. Technol. 3. 879 (1988). 
" P. Heigeun and T. G. Finstad. Procci'ding\ of the 14th \ordic Semtcon-

ductorMeeting, edited bvO. Hansen (Aarhus. Denmark. 1990). pp. 323-
326. 

/ = ^ ^ i J e ^ - ) " p ( " 3 ^ r ( 2 m ? ) ' / ; [ ( g - ^ - £ i > v : - < t f " e , / f - £ | ) ' ' : i ) 
( i ) 

2691 j . Appl. Ptiys., Vol. 69. No. 4.15 February 1991 Helgesen, Finstad, and Johannessen 2691 

file:///ordic


CHAPTER 5 



- ^ 

SEQUENTIAL RESONTANT AND NON-RESONANT TUNNELIG IN 
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INTRODUCTION 

There has been an increasing interest in tunneling in 
multiple quantum well (MQW) structures. In 1974 Esaki and 
Chang observed tunneling through thin barrier GaAs/AlAs 
superlattices (1). In these strong coupled structures mini-
band conduction occures. The first experiments on tunneling 
in weakly coupled MQW was reported as late as in 1986 in an 
undoped InGaAs/InAlAs structure using photons to excite 
carriers in the wells (2). In more recent studies both 
GaAs/AlGaAs (3) and InGaAs/InP (4) n-doped structures have 
been used. A large number of negative differential 
resistance oscillations (NDR) are observed. They are attri
buted to a high field domain expanding through the 
structure. 

Esaki and Chang claimed that the high field domain formation 
is a random process initiated by a nonuniformity (1). On 
the other hand Capasso, when commenting on the results of 
Esaki and Chang, believed the formation to be systematic 
starting at the cathode (2). In the MQW case Choi and co
workers argued that due to the space charge buildup the 
formation is systematic and starts at the anode (3). In 
this paper the high field domain formation is studied 
experimentally for the first time. 

RESULTS 

The MQW structure used in this work consists of 35 period 

GaAs (80 A, mid 70 A n-doped to 1.25 1 0 1 8 c m - 3 ) , 

Al 3 G a_ 7

A s ( 1 2 0 Å). A 0.5 pm n GaAs top layer and a 

1.0 pm n GaAs bottom layer was grown for contact purposes. 

Ohmic contacts were made by evaporating and alloying AuGe. 

A full envelope function approximation calculation taking 
band nonparabolicity into account shows that there are tvo 
bound states in the wells, centered at 42 meV and 154 meV. 
Thus only one subband is occupied, and the Fermi level is 
73 meV. An independent determination of the subband spacing 

1 



was achieved from the intersubband absorption. The 
absorption spectrum peaked at 137 meV with a full width at 
half maximum of 19 meV. Talcing the depolarization shift 
into account (5) the subband spacing is 124 meV. 
Mesa samples, 200 pm in diameter, were made by using 
standard photolithographic techniques and wet chemical 
etching. Varying the etch time made it possible to make 
samples incorporating increasing numbers of superlattice 
periods. The number of periods in the samples is deduced 
from the experiments. In this study samples with 11, 23 and 
35 periods, called sample A, B and C resp were used. Fig 1 
shows a schematic drawing of the samples. 

Figure 1. A schematic 
drawing of the three 
samples A,B and C. 

11mA) 
1.60 

wj ŵ h%/ 

0.00 0.40 O.B0 1.20 1.60 2.00 2.40 V |V) 

Figure 2. I-V 
characteristics and 
potential profiles 
for samle B at 10K 
with the top contact 
biased positively. 

DC current-voltage (I-V) characteristics were measured at a 
number of temperatures from 10-310 K. Fig 2 shows the I-v 
curve for sample B at 10 K with the top contact biased 
positively. We divide the curve into three regions. In 
region 1 the electrons is tunneling from the ground state in 
one well to the ground state in the neighbouring well 
resonantly. There is an overlap between the two ground 
states also with an applied bias due to the broadening of 
the quantum well states (3). As the bias is increased above 
0.3 V in sample B, one period breaks off from the resonant 
condition creating a high field domain. This type of domain 
expands through the whole sample one MQW at a time, and 
results in a large number of NDR in the I-V characteristics. 
This is called region 2. The electron transport is changing 
from resonant tunneling in region 1 to non-resonant 
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tunneling in the high field part of the samples in region 2. 
The number of periods in the samples is simply found by 
counting the number of NDR structures and then adding one 
(for the last period). In region 3, above 2.2 V for sample 
B, the current is increasing very rapidly as the sample is 
approaching the sequential resonant ground to first excited 
state tunneling case. The conduction processes in region 2 
and 3 are studied in detail and will be presented in a 
separate publication. 
Since all the three samples in this work are made from the 
same wafer, the quantum wells (QW) in sample A(B) are 
identically to the 12(23) QW nearest the top of the mesa in 
sample B and C(C). In fig 3(a) the I-V characteristics at 
low temperature (10 K) for the three samples with the top 
contact biased negatively are compared when the three curves 
are aligned at the first NDR structure to be able to compare 
them directly. We see that the first 10 NDR structures in 
in the three curves have common features. Both the voltage 
spacing between the individual NDR structures and the 
current value on the NDR structures (or the envelope of the 
current) are almost identical for the three samples. There 
are no such common features between the last 10 NDR 
structures. Equivalent common features for the 22 first NDR 
can be seen in sample 2 and 3. Thus there are strong 
indications that the high field domain first stems at the 
top contact and then with increasing bias spreads towards 
the other contact incorporation one periode at a time. 

Figure 3(a). I-V 
characteristics for 
the three samples A, 
B and C at 10 K with 
the top contact 
biased negatively 
The curves are 
aligned at the first 
NDR structure. 

Figure 3(b). I-V 
characteristics for 
the three samples A, 
B and C at 10 K with 
the top contact 
biased positively. 
The curves are 
aligned at the last 
NDR structure. 
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The I-V curves at 12 K with the top contact biased posi
tively is shown in fig 3(b) with the curves aligned at the 
last NDR structure. For some reason most of the NDR 
structures have disappeared for sample 3. Two other 
versions of sample 3 have total identical I-V characteris
tics to this one leading to the conclusion that the dis
appearance of the NDR structures is a systematic effect, in 
spite of that the envelope of the current in the last 10 of 
the NDR structures in the three samples are almost 
identical. If we only compare sample 1 and 2, we see that 
both the current envelope and the voltage spacing are almost 
identical for the last 10 NDR structures. Thus with the top 
contact biased positively the high field domain first stems 
at the bottom contact and then expands to the other contact 
one period at a time. We conclude that the high field 
domain formation process is indeed a systematic process 
starting at the negative biased contact and then expands one 
period at a time towards the positive biased contact. 
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ABSTRACT 

We study optical intersubband transitions in quantum well structures as a function of the 
energy position of the excited state with respect to the continuum edge of the well. The 
position is varied from a bound state in the well to an extended state above the continuum 
edge. The experimental results are compared to theoretical calculations. In the case of strongly 
coupled quantum wells a significantly larger peak absorption is observed than that for the 
normal wells with the same well width. We show that this is due to the camel back shaped 
ground state wave function in such structures. 

1. INTRODUCTION. 

Intersubband excitations have been intensively studied for more than 15 years in surface 
charge layers.' More recently West et al. demonstrated a giant oscillator strength of the 
intersubband excitation in GaAs/Al^Ga^As quantum well structures.2 The dipole matrix 
elements are on the order of quantum well widths and are hence much larger than that of 
interband excitations, which are typically on the order of atomic dimensions. Based on this 
feature and the possibility to tune the intersubband energies in quantum well structures by 
varying the well width and the barrier height, many electro-optical devices were recently 
proposed for infrared applications.3 , 4 , 5'6 , 7 

GaAs/AljGa^As multiple quantum well structures for the detection of infrared radiation in 
the 10 11m wavelength regime have been investigated by Levine et al.3 They are based on 
optical excitations from a ground state, which is bound in the well, to an extended state, 
which is slightly above the continuum edge of the well. Other devices like electro-optical 
modulators use intersubband excitations between two bound states in the quantum well. 

In order to design such devices and optimize their performance, the basic properties of 
intersubband transitions have been investigated both theoretically and experimentally for 
several quantum well systems. 8 , 9 But only a few studies aim on determining oscillator 
strengths and fundamental linewidths, especially for bound-to-extended state transitions, which 
are of particular interest for detector applications. Theoretical investigations by Coon et al. 
and Zachau show the dependence of oscillator strength and matrix elements on the energy 
position relative to the continuum edge of the quantum well structures, but there is no 
comparison to experimental data. 1 0" On the other hand the responsivity measurements by Liu 
et al. demonstrate the dependence of the photocurrent on the energy position of the excited 
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state.'2 But it is very difficult to extract absorption data from these measurements for 
theoretical analysis. 

In this paper we compare the integrated intersubband absorption and linewidth from optical 
transmission experiments with numerically evaluated data. Especially we study the 
dependence of the absorption coefficient on the energy position of the excited state with 
respect to the continuum edge. This position can be shifted from the case of a bound state in 
the quantum well to that of a resonant state in the continuum by varying the barrier height 
and well width. In addition we introduce the novel concept of wave function engineering, that 
is to design the shape of wave functions in order to modify values of transition matrix 
elements. 

The transition probability for optical intersubband excitations is proportional to the square of 
the dipole matrix element IMI2 

|M|H<*i|2|*o>P (1) 

,dz 

K"N 

where *„ and 4>, are the envelope functions for the ground and the excited subband 
respectively and z is the dipole operator. Fig.la shows % and <t>, for a normal quantum well 
structure. The integrand 
function of the matrix 
element is a product of *„, 
*, and z with z=0 at the b 

symmetry point of the well. 
Unfavourably the ground 
state function o 0 has its 
maximum at the centre of 
the well, where z is very 
small and hence the 
i n t e g r a n d f u n c t i o n 
contributes only very little to 
the matrix element IMI2 in 
this range. 

Fig.l. Schematically drawing of the ground state and the excited state 
wave functions for a normal and a coupled quantum well structure. 

In order to optimize the 
shape of the envelope functions for dipole transitions, % has to be designed with a maximum 
density probability near the boundary of the well and a minimum at the centre. This can be 
achieved by introducing a barrier at the symmetry point in the well as illustrated 
schematically in Fig.lb. The quantum well structure can be considered as coupled quantum 
wells, where <t>0 and *, are the symmetrical and antisymmetrical linear combination of the two 
degenerate single ground state wave functions. In this case the ground state wave function *„ 
has a camel back shape. Depending on the thickness of the barrier at the centre of the well, 
the shape of the camel back structure is more or less pronounced, which will influence the 
increase of the transition probability compared to that of a normal structure. 

In the next chapter we introduce the sample structures and experimental setups. The numerical 
procedures we use for comparing experimental and theoretical data are presented in section 
3. The intersubband resonances and numerical results are analysed for bound-to-bound state 
transitions in chapter 4 and for optical excitations to continuum states in chapter 5. We 
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discuss the experimental results for single and coupled quantum well structures for both 
bound-to-bound state and bound-to-extended state transitions in chapter 6. As a result we give 
design rules for optimizing the absorption of intersubband infrared devices. 

2. EXPERIMENTAL ASPECTS. 

We have studied the optical transmission of GaAs/AlxGa,.xAs multiple quantum well 
structures. The samples were grown on semi-insulating GaAs substrates by a standard MBE 
process. AU samples have ten wells separated by 500 Å AlxGa,_xAs barriers. The well 
structure of the coupled quantum well samples consists of two GaAs wells with a 9 Å 
Al.Ga.jAs barrier in between, which has the same Al content as the 500 Å barrier material. 
A 50 A GaAs layer was grown on top of the multi quantum well structures to passivate the 
surface. The sample parameters are summarized in Tab.l and Tab.2. The well widths and the 
Al content of the barrier material were checked by double crystal X-ray diffraction. They 
differ less than 10% from the nominal values in Tab.l and Tab.2. All samples were n-type 
doped in the GaAs well layers. The carrier concentrations, determined by Hall measurements, 
are close to the nominal values. 

The intersubband absorption measurements were performed with a Fourier transform 
interferometer. We used a multipass waveguide geometry with 45 ° facets polished on both 
edges of the sample. The sample surfaces are covered with a 2000 Å Au film in order to 
maximize the electric field component of the light perpendicular to the quantum well layers 
at the surface. All measurements were carried out at liquid nitrogen temperature. 

3. EVALUATION OF THE ABSORPTION COEFFICIENT. 

Numerical calculations were performed for a quantitative analysis of the experimentally 
evaluated transition energies, matrix elements, oscillator strengths and absorption line widths 
for bound-to-bound state and bound-to-continuum state transitions. The band bending induced 
by the doping and the nonparabolicity of the conduction band dispersion are neglected in the 
calculations. 

The 2D absorption coefficient a(E) as a function of the photon energy E is defined by T = 
exp (-a), where T is the optical transmittance through the quantum well structures. The 2D 
absorption coefficient integrated over the energy for a multipass waveguide arrangement with 
45 ° angle of incidence is related to the oscillator strength f by:13 

J ^ 4eamc 2n w 

n„ is the 2D carrier density in each of the N quantum wells, m the free electron mass and n 
the refractive index. The ratio 1/w between the length 1 and the width w of the sample give 
die number of passes of the light through the 2D layers at 45 ° angle of incidence. 
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The oscillator strength f is 

f= inma | * | » <3) 

where u is the transition frequency. 

In the following sections we normalize all absorption coefficients to one single pass through 
the multiple quantum wells with p-polarized light and to the carrier concentration of the 
samples A1.A2 and A3. 
Thus the measured 
absorption coefficients can 
be compared directly, -
independent of the individual -
sample parameters and -
geometry. ^ 

4. BOUND-TO-BOUND 
STATE TRANSITIONS. 

Optically excited bound-to-
bound state transitions are 
the classical case of 
intersubband excitations. The 
value of the dipole matrix 
depends not only on the 
width of the quantum well 
but is also a function of the 
energy position of the 
excited state E, relative to 
the continuum edge Ec- In 
the following we examine 
the dependence of IMI2 on 
Ec-E, for both normal 
quantum well structures and 
coupled quantum well 
structures by changing the 
barrier height and keeping 
the well width constant. This 
is in contrast to earlier work, 
where the observed change 
of IMI2 was mainly due to 
well width variations."''2 

Fig.2a) The dipole matrix element IMI2 and Fig.2b) the inieisubband 
energy EpEj vs. the energy difference of the continuum edge Ê . and 
the excited state E,. The full and dashed lines are the theoretical values 
for the structures shown in the insert The dots mark the measured 
results. 

Two types of structures are studied, a 55 Å quantum well structure and a double well 
structure with two 23 Å wells coupled by a 9 Å barrier. The experimental and numerical IMI2 

and intersubband energy E^E,, vs. E^E, are shown in Fig.2. By changing the Al content of 
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the barrier material from 45% to 25%, the excited state can be shifted from a confined state 
with Ec-E, = 60-80 meV to the continuum edge Ec in both types of structures. The dots in 
the firgure mark the experimental results. The observed intersubband resonances É m in Fig.3 
are corrected in Fig.2 for die dipole shift. The experimentally determined square of matrix 
elements are derived from the measured absorption data in Fig.3 by applying Eq.2 and Eq.3. 
The results and the sample parameters are summarized in Table 1. The calculated transition 
energies and matrix elements are generally in very good agreement with the experimental 
values. 

""he dipole matrix elements for the double well structures are significantly larger than those 
of the single well structures with the same well width independent of Ep-E, as shown in 
Fig.2a. This enhancement up to 50% is due to the camel back like shape of the ground state 
wavefunction, which is more favourable for dipole transitions than the shape of the 
corresponding wave function in a normal quantum well in Fig.la. 

IMI2 has a similar behaviour for both type of structures reaching a maximum at Ec-E, =• 10 
meV. When E, is closer to Ec than 10 meV IMI2 decreases strongly. The decrease in IMI2 is 
the result of a weak exponential decay of *, in the barrier as E,->Ec, thus leading to a 
smaller density propability in the well. On the other hand as die excited state approaches the 
continuum the resonances are broadened giving a nonzero contribution to the oscillator 
strength from transitions to extended states. Excitations to extended states at or above the 
continuum edge are discussed in the following chapter. 

The transition energies E 1 0 are illustrated for both type of structures in Fig.2b. The coupled 
well structures have significantly smaller transition energies than that of the normal well 
structures and a much weaker dependence of E,0 on Ec-E, and thus on the Al content of the 
barrier material. By increasing the width of the normal quantum well structure and adjusting 
the barrier heights, it is possible to obtain both the same energy position of die excited state 
relative to die continuum 
and the same intersubband 
transition energy as the 
coupled quantum well 
structure. Such a normal 
quantum well structures have. 
matrix elements close to 
those of die coupled well 
structures. 

Fig.3 shows the 2D 
absorption coefficients as a 
function of the photon 
energy for both type of 
sample structures. The 
curves can be well fitted to a 
Lorenzian line shape. The 
coupled well structure B2 
has not only the larger 
integral absorption but also a 
significantly smaller 

.£ 0.4 
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Fig.3. 2D absorption coefficient of the intersubband resonance vs. 
photon energy for a coupled (B2) and a normal (A2) quantum well 
structure. 
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linewidth as listed in Tab.l, resulting in a peak absorption, which is more than twice as large 
as that for the corresponding normal type sample A2. This result is surprising as the 9 Å 
barrier in the wells of sample B2 introduces two additional heterointerfaces with additional 
potential fluctuations. This point will be discussed in chapter 6. 

Tab.l. Sample parameters, theoretical and experimental results for bound-io-bound state transitions. Al, A2 and 
Bl, B2 are the samples with the normal and coupled quantum well structures resp. and n, is the carrier density. 
The difference in energy between die excited state and the continuum edge, Ec-E„ the intersubband energy, E,-E„ 
and the dipole matrix element IMI2 are numerically evaluated. Experimental results are given for the dipole 
shifted intersubband resonance %», the dipole matrix element IMI2, the peak absorption a^ and the linewidth 
FWHM (full width half maximum). 

Simple Well 
Widih(A) 

% Alin 
banier 

»<,(10" 
a n , ! ) 

E . - E , 
(meV) 

E,-&o 
(meV) 

IMI" 

(A1) « P -

IMI2 

exp. noim. 
FWHM 
(raeV) 

A 1 55 43.5 1.34 62 213 257 204 262 0.215 18.7 

A 2 55 30 1.34 8 166 251 162 261 0.190 22.6 

B 1 23-9-23 43.2 0.70 80 135 332 141 405 0.368 15.4 

B 2 23-9-23 29 1.15 12 117 378 126 440 0.394 14.8 

5. BOUND-TO-EXTENDED STATE ABSORPTION 

In the case of the bound-to-extended state excitations, the ground state subband E„ is confined 
in the quantum well and the excited state is resonant with the extended states above the 
continuum edge E<. of the quantum well. Due to the interaction of the excited level with the 
continuum states the level is not discrete, like in the case of a bound state, but broadened and 
shifted towards the continuum edge E c . This intrinsic broadening of the level in the 
continuum depends on the energy position of the resonant state Ep with respect to E c and 
increases with increasing Ep-E^T/hese results can be obtained from numerical calculations by 
simulating the continuum by a very wide quantum well (7000 - 8000 Å). 

Tab.2. Sample parameters, theoretical and experimental results for bound-to-extended state transitions. A3, A4 
and B3 are the samples with the normal and coupled quantum well structures resp. and Do is the carrier density. 
The difference in energy between die excited state with maximum absorption and die continuum edge, Ep-Ec, 
the transition energy Ep-E„ and the oscillator strength f are numerically evaluated. Experimental results are given 
for the dipole shifted resonance Eg» the oscillator strength f̂ , die peak absorption o ^ and die linewidth FWHM 
(full width half maximum). 

Sample Well 
Widlh(A) 

% A l i n 
btnier 

noOO" 
cm 1 ) 

E , - E c 
(meV) 

E p - E , 
(meV) 

f E» 
eip. 

f . °i- FWHM 
(meV) 

A 3 55 20 1.34 12 115 15.1 126 15.4 0.129 42.9 | 

A 4 40 25 1.04 34 147 14.5 150 14.3 0.133 43.9 

B 3 18-9-18 33 0.73 4 132 10.9 142 12.2 0.237 17.7 I 
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In order to study the absorption coefficient for such transitions we use the samples, listed in 
Tab.2. A3 and A4 are multiple quantum well structures with the resonant state 12 meV and 
34 meV above Ec respectively. The B3 sample is a coupled quantum well structure with a 9 
Å thick barrier in the centre of the well and the resonant level only 4 meV above Ec. 

Fig.4 shows the experimental 2D absorption coefficient vs. photon energy for the three 
different samples. The absorption coefficient is normalized using the procedure described in 
chapter 2. The two broad absorption lines belong to the normal quantum well structures, while 
the narrow resonance is that of the coupled quantum well structure. 

The experimentally observed peak absoption energies Epo are in good agreement with the 
theoretical resonance energies Ep - E„ in Table 2, when taking a depolarization shift into 
account. 

9 0.05 

IO00 1500 2000 

Photon energy (cm- J) 

In the case of bound-to-
extended state transitions the 
oscillator strength rather than 
the dipole matrix element is 
the correct figure of merit 
due to the intrinsic 
broadening of the excited 
state and the dependence of 
the integrated absorption 
coefficient on the transition 
energy in Eq. 2. We 
calculate the total theoretical 
oscillator strength f by 
summing up the individual 
strengths fj for transitions to 
every single extended state 
in the energy range of 
interest. The experimental 
oscillator strength f„p are 
found directly from the 

experimental data in Fig.4 using Eq. 2. Both f and f„ p are given in Table 2. The calculated 
f values correspond to that of f^ within the range of uncertainties of the measured data. 

More complex is the situation for the measured line width FWHM (full width half maximum) 
and the peak absorption ot^ summarized in Table 2. A comparison between the numerically 
evaluated resonance curve and the measured data for sample A3 is shown in Fig.5. A 10 meV 
broadening of the individual single extended state resonance is assumed in the calculation of 
the absorption coefficient. A depolarization shift of 10 meV is also taken into account. Both 
values correspond to those of the bound-to-bound state transitions (see chapter 4). The 
broadening of the individual resonances have only minor effect on the high energy side of the 
calculated absorption coefficient The main effect on the broadening there is the intrinsic 
broadening of the excited level in the continuum. The asymmetry is due to the cut-off at the 
continuum edge EQ at the low energy side of the resonance. The FWHM determined from the 
experiment for the samples A4 and B3 are smaller than the calculated one, if only the 

Pig. 4.2D absorption coefficient for bound-to-extended state transitions 
vs. photon energy for the coupled (B3) and normal (A3.A4) quantum 
well structures. 
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intrinsic broadening is taken 
into account. The numerical 
value for the FWHM is 6 
meV larger than the 
measured one for the sample 
B3 and is twice as large as 
the observed one for sample 
A4. These deviations can not 
be explained by considering 
the miniband structure of the 
ten quantum wells in the 
calculations. Because the 
experimentally determined 
oscillator strengths are close 
to the calculated values, the 
e x p e r i m e n t a l p e a k 
absorptions are higher than 
e x p e c t e d from the 
calculations. We will discuss 
these results in the following 
chapter. 

6. DISCUSSION AND CONCLUSION 

The parameters for optical transitions, e.g. transition energies, oscillator strength, linewidth 
and peak absorption, studied in this paper, are important for designing and optimizing electro-
optical devices. 

The calculations, performed for quamitativ analysis of the absorption coefficient, use an 
average electric field amplitude of the light For multi quantum well structures with a total 
thickness smaller or on the order of the wavelength of the light in the material, the calculated 
absorption can differ drastically from the experimental data due to the difference between the 
actual and the average electric field amplitude of the light in the structure. In the case of a 
single quantum well close to the surface, Kane et al.M has shown that the absorption almost 
vanish without a metallic film on the surface. This effect can also be used in order to achieve 
enhanced absorption in thin quantum well structures by putting the absorbing layers at the 
position of a maximum of the electric field amplitude of the light. In our case the sample 
structure thickness are close to X/4 and the effect has only minor influence on the results. 

The numerical results, presented here, for transition energies, matrix elements and oscillator 
strengths are in good agreement with the experimental data for both type of subband 
excitations. But the linewidth of the resonances shown in Fig.3 and Fig.4 need further 
considerations. 

As expected, the bound to bound state transitions have a smaller line width and a 50 % larger 
peak absorption than the bound to extended state transitions of the corresponding well 
structures. The oscillator strength are quite similar for both type of transitions. 

1000 1500 
Photon energy (cm-1) 

2000 

Fig.5. Measured (full line) and calculated (dotted line) 2D absorption 
coefficient for the sample A3 vs. photon energy. 
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The high peak absorption and narrow linewidth of the coupled quantum well structures for 
bound to bound state transitions are of special interest from a device point of view. The two 
additional heterointerfaces introduced by the barrier in the middle of the well lower the Hall 
mobility and scattering time by 20 % compared to that of normal well structures and a wider 
linewidth should be expected.15 We conclude from these results that an important parameter 
for the broadening of the linewidth in both structures is the sensitivity of the intersubband 
energy E,,, to the potential fluctuations induced by doping in the well. The coupled well 
structures have a significantly weaker dependence of intersubband energy Eo, on Ec-E, and 
therefore on barrier heights or well dephts than normal well structures, as can be clearly seen 
in Fig.2b. Hence the variations in the intersubband energy Eg, induced potential fluctuations 
of the doping atoms in the well should be accordingly small for the coupled well structures. 
This could lead to the narrow line width. 

The observed linewidth for the bound-to-extended state transitions are smaller than expected 
from calculations for both the normal quantum well sample A4 and the coupled quantum well 
sample B3. This effect could be induced by an interaction of the excited electron with :he 
positive charged donor in the well, which was not included in the numerica' calculation. The 
interaction may have an influence on the escape propability of the photoexcited carrier from 
the well, especially for excitations very close to the continuum edge Ec- The comparatively 
small linewidth of sample B3 could be a consequence of the combination of this effect, of 
the coupled well structure, as discussed for the bound-to-bound state transitions and of the 
energy position of the resonance very close to the continuum edge of the well. Additional 
experiments and calculations are needed in order to investigate these effects. 

The bound-to-extended state transitions in Fig.4 are of particular interest for infrared 
detectors. For thermal detectors the absorption should be optimized within the atmospheric 
window from 8-12 |im. For other applications like COj laser detectors a smaller wavelength 
regime are of interest. This requires the linewidth to be as small as possible or to fit into a 
definite wavelength regime. We have shown that the absorption coefficient and the linewidth 
can be tailored by the design of the structures, with particular narrow absorption lines for the 
coupled quantum well structures. According to numerical calculations the peak absorption 
could be improved even more by optimizing the parameters for the coupled quantum well 
structures. 

Thus, in conclusion, we have studied the intersubband absorption of bound-to-bound state and 
of bound-to-continuum state transitions for coupled and normal quantum well structures. The 
observed narrow line width and the high peak absorption of the coupled well structures are 
of particular interest for device application, especially for infrared detectors. 
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GaAs/AlGaAs multiple quantum well intersubband 
infrared detector. 

by 

Petter Helgesen 
NDRE 

ABSTRACT 

A bound-to-bound state and a bound-to-extended state multiple quantum well infrared detector 
have been designed and fabricated. Some details of the fabrication technology of these device 
structures are documented. The dark current, absorption and responsivity have been measured 
as a function of operation conditions. These are compared to values estimated from theoretic 
modelling of the dominating processes in the device structures. The models themselves are 
briefly mentioned. We compare the measured parameters with published results. The overall 
performance of both type of detectors are rather close to theoretical values. The bour.d-to-
bound state detector has slighdy smaller matrix element and lower responsivity than the 
published value. The bound-to-extended state detector has somewhat larger dark current than 
calculated and a factor of 10 lower responsivity than expected due to a lower oscillator 
strength of the intersubband absorption and a low photoconductive gain. Still mis detector can 
be used as a thermal detector when operating at a temperature of 35 K or lower. We discuss 
possible improvements in the performance for this type of detectors. 
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1. INTRODUCTION 

Infrared intersubband absorption between the ground and first excited states of both 
modulation doped and well doped quantum wells have been intensively studied since 1985'. 
In 1987 the first intersubband infrared detector appeared2. The detector was based on 
photoexcitation between two bound states in the quantum well; the bound-to-bound state 
transition. It was soon noted that the performance of the detectors are drastically improved 
when the carriers are excited from a bound ground state to an extended state slightly above 
the continuum edge of the well. This is the bound-to-extended state transition. 

Today quantum well intersubband detectors are investigated worldwide. The detectivity 
figures are close to those for conventional state of the art infrared detectors3. Recently an 
infrared camera with a GaAs quantum well infrared detector array have demonstrated 
excellent noise equivalent temperatures of less than 0.1 K". 

In this paper we study both bound-to-bound and bound-to-extended state detectors. The basic 
principles of die detectors are described and both the absorption process and the dark current 
are calculated. Nearly all of the necessary technology involved in the fabrication of these 
detectors had to be developed locally from scratch. This was nontrivial and a rather large 
effort has been put into it. The procedures actually used for fabricating detector elements and 
samples suitable for optical and electrical measurements are described. The experimental 
measurement setup was also made for this particular project and is briefly described. 

In the next chapter the theoretical background is given for the dark current, the optical 
absorption and the responsivity. The sample parameters and the fabrication technology are 
described in two separate chapters. The experimental results are analysed for the bound-to-
bound state detector in chapter S and for the bound-to-extended state detector in chapter 6. 
In chapter 7 the results are discussed with special emphasis on improving the detectivity and 
reducing the dark current. 

2. THEORY. 

The basic principles of the multiple quantum well intersubband infrared detector is shown in 
Fig. 1. By n-doping in the well the conduction band ground state are populated. Infrared light 
which is resonant with the intersubband transition (E,-Eo), excites electron? from die ground 
state to the excited state. Under influence of an external bias the excited carriers drift in the 
conduction band continuum and generate a phiuocurrent. In die bound-to-bound state detector 
( Fig. la) the excited carriers first have to tunnel out of the well into the continuum, and 
hence the barriers have to be made rather thin. In the bound-to-extended state detector (see 
Fig. lb) on the other hand the excited carriers already are in die continuum. Thus with this 
detector structure the barriers ;an be made much thicker reducing the dark ground state 
tunneling current The position of die excited state can be tailored by varying both die well 
width and die barrier height In the most studied material system GaAs/Al/ja^As the barrier 
height is changed by varying the Al content 

The intersubband absorption have been investigated in several papers'-5 6-7. The dipole matrix 
element has a nonzero value only if the optical electrical field has a component perpendicular 
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to the quantum wells. In the present work the detectors are illuminated through a 45° facet 
polished on the substrate (as shown in Fig.3) in order to achieve a large absorption. 

The integrated absorption over the hole absorption line for a bound-to-bound state transition 
in a multiple quantum well structure is given by5 

fa (E) dE^N - £ ^ _ JL . <i) 
J v &e0mc 2n 

a(E) is the total 2D absorption coefficient as a function of the energy E, n„ the 2D carrier 
density in each of the N quantum wells, m the mass of a free electron with charge e and n 
the refractive index. Eq. (1) is calculated for unpolarized light with two passes through the 
quantum well structure (i.e. one reflection at the surface). The oscillator strength, /, for a 
bound-to-bound transition is 

f- i£22 |<t, |*IM 2 . (2) 

<s>j and 4> is the envelope wavefuncion of the final and initial subband state respectively, z 
is the dipole operator and o> is the intersubband transition energy. The term in the brackets 
in Eq. (2) is the dipole matrix element of the transition. 

For a bound-to-extended state transition the situation is somewhat different Due to the 
interaction of the excited level with the continuum states die level is not discrete, like in the 
case of a bound state, but broadened and shifted towards the continuum edge Ec. In our 
numerical calculations5 we have assumed that the continuum can be represented by a wide 
quantum well. The absorption linewidth of the bound-to-extended state transitions is 
dominated by the intrinsic broadening of die excited state in the continuum. The total 
oscillator strength / of die transition can be found by summing up the individual oscillator 
strengths f, for transitions to every single extended state in the energy range of interest. 

The noise of die intersubband detectors is dominated by the dark current. In the bound-to-
bound state detector the dominant contribution to die dark current are resonant and non-
resonant ground state and ground to extended state tunneling. We have studied this situation 
in two separate papers*'9. 

In the bound-to-extended state detector the dark ground state tunneling current is very small 
due to die thick barriers, and it is significant only at very low temperatures. At die typical 
operation temperatures of a detector (which should be 60-80 K for a properly designed 10 urn 
GaAs/Al.Ga^As detector) the dominating contributions to the dark current are from 
thermionic emission and thermionic assisted tunneling. 

There exist several descriptions of die thermionic currents for bound-to-extended state 
detectors 3 1 0". Here we choose die formulation of Levine3 which will be shown to be identical 
to that of Kinch and Yariv'0 under certain assumptions. 
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The thermionic dark current as a function of die applied bias V is given by 
ID(V)=AenJV)v{.V) , (3) 

where A is the area of the device and v(V) is the average transport velocity. nJV) is the 
effective electron concentration which are thermally excited out of tht well 

n.(W = (-^22!) (f(E)TiE,V)dE, <4) 

where fiE) is the Fermi-Dirac distribution function and T(E,V) is (he bias dependent tunneling 
probability. The first factor in Eq. (4) is an average 3D density of states in the continuum 
when only one 2D level is taken into account (fairly good approximation at low 
temperatures). 

Eq. (4) covers both die thermionic emission and the thermionic assisted tunneling 
contributions. At very low biases only the thermionic emission is important3. Hence we 
approximate T(E,V) widi a stepfunction which is 1 for energies larger than the barrier, V6, and 
zero elsewhere. This should also give a rough estimate of the dark current at higher biases. 
By doing this Eq. (4) is identical to the expression used by Kinch and Yariv. The dark current 
in a bound-to-extended state detector then becomes 

J ( v ) . «««»»•« • V*-Eo-£r u m + ( M ) * ] - ! / * , ( 5 ) 

" hzLe kT vs 

where v, is the saturated drift velocity and F is die average electric field. The average 
transport velocity v(V) is taken from ref 3. Eq. (5) underestimates the actual daric current by 
neglecting the thermionic assisted tunneling and die possibility of excitations into high energy 
2D subbands in the continuum. 

Next we consider the responsiviry of the intersubband detectors. For die bound-to-bound state 
detector the responsivity depends both on the intersubband absorption, die tunneling 
propability from die excited state out in die continuum as well as the average drift velocity 
in die continuum. The detailed functional form of the responsivity dependence on these 
parameters is quite complex and can be found elsewhere12. In this work no numerical analysis 
of die responsivity for the bound-to-bound state detectors are done. 

The responsivity of a bound to extended state detector is given by13 

R=$2£ (6) 
hv 

T| is die quantum efficiency, v die radiation frequency and g die photoconductive gain given 
by g^/nVlf. The gain depends on die excited state carrier mobility ft, die lifetime of die 
carriers in die extended state state T and die total structure length /. g was earlier believed to 
have a maximum value of 1/2, but values up to 0.8 have now been obtained3. 
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3. SAMPLE STRUCTURES. 

We have designed, fabricated and studied both a bound-to-bound state detector and a bound-
to-extended state detector. The bound-to-bound state structure, sample A, was composed of 
a 35-period multiple quantum well having a GaAs well width of 80 A and 120 Å A^Ga^As 
barriers. The mid 70 Å of the wells is n-doped 1.25x10" cm'3. Two n-doped GaAs layers 
were grown adjacent to the multiple quantum wells for contact purposes, a 1 urn layer on the 
substrate side and a 1/2 um layer on the surface side, both having the same doping as in me 
wells. The bound-to-extended state structure, sample B, consists of 50 periods each containig 
a 55 Å GaAs well and a 500 Å Al„/ ia^As barrier. The n-doping in the well is nominally 
2 x l 0 1 8 cm'3. The contact layers adjacent to the wells are similar to those of sample A. Both 
samples are grown by MBE, sample A in a Varian machine at NTH, Trondheim and sample 
B in a Riber machine in the MBE laboratory (Eltek) at Kjeller. 

Both samples were designed according to numerical subband calculations. The ground state 
in sample A is 41 meV above the GaAs conduction band edge. The excited state is 160 me V 
above die band edge or 80 meV below the continuum edge of the well. The Fermi energy is, 
assuming a two-dimensional density of states, 31.7 meV relative to the ground state. The 
energy level diagram of sample A is shown in Fig.2a. 

Sample B is designed to have a ground state 57 meV above the GaAs conduction band edge. 
The excited state is resonant with die extended states above the continuum edge E,- starting 
160 meV above the GaAs conduction band edge. The 2D carrier concentration is determined 
by Hall measurements on a similar wafer without the n-doped layers adjacent to the quantum 
wells. From the measured value of 1.34xl0 1 2 cm"2 (which is close to me nominal values) we 
calculate a Fermi energy of 47.9 meV. The energy level diagram for sample B is shown in 
Fig. 2b. 

Sample B has also been characterized with double crystal X-ray diffraction. Because of the 
large ratio of the widths of the barriers to that of the wells the results are difficult to 
interprete. Numerical simulations are performed in order to extract the sample parameters. The 
best fit to die experimental diffraction curve is obtained with a structure consisting of 58 Å 
GaAs wells and 520 Å Alo^GaoæAs barriers. Hence the results are consistent with the 
nominal growth parameters. 

4. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS. 

The fabrication of an infraed detector from a MBE grown wafer involves a large number of 
processing steps. Fig. 3 shows a flow chart of the fabrication process together with a finished 
element. In contrast to what is normal the grinding and polishing is done prior to the mesa 
fabrication in this work. The reason is that the lithography masks have only a single mesa 
structure. In order to position it close to the polished surface, die lithography is done after die 
polishing. In principle this should be of no relevance for the final result 

The grinding and polishing is done widi a special sample jig made for polishing 45° facets. 
Typical sample size before processing is 4x6 mm2. The sample is mounted non-destruco'vely 
with a wax. We also use wax to cover the surface of die wafer in order to protect it from 
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being covered with grinding powder. The samples are grinded manually with 1200 mesh SiC 
powder dissolved in a 4% teepol soap solution on a glass plate. This results in a rough surface 
at an angle of 45 ° with the original surface. 

The samples are polished with 3 urn and 1pm diamond spray using a polishing machine with 
a rotational speed of 125 rpm. For both polishing steps Struers DP-DUR cloths are used. The 
3 pm polishing typical takes 4-6 min. A mixture of 4 % teepol solution and the STRUERS 
blue lubricant cool and lubricate the samples. The samples are inspected in an optical 
microscope with 80 x magnification. 

The final polishing we do with 1 um diamond spray on a separate DP-DUR cloth. The 
samples are lubricated and cooled using the same mixture as for the 3 pm polishing. Normally 
it is necessary to polish several periods of 2-3 min interrupted by inspection in the optical 
microscope. We add some extra weight to the polishing jig to increase the pressure on the 
cloth. It is possible to get an almost mirror like surface (as seen by the optical microscope) 
with 1 pm polishing. But because of the long wavelength of the IR radiation this is generally 
not necessary. After the polishing the sample is removed from the jig by heating it up. The 
remaining wax is removed by aceton ultrasonically assisted. 

The 200 pm diameter detector elements are defined using standard photolithography and wet 
chemical etching. They are positioned at a distance of 4-600 pm from the polished edge with 
a positive photoresist. Prior to etching also the polished surface is covered with photoresist 
for protection. It is essential to controle the etch rate to be able to etch through the multiple 
quantum wells and stop in the n-doped GaAs contact layer. In this work only etches with an 
allmost constant etch rate for Al„Ga,.xAs, 0<x<0.5, has been tested. The best results have been 
obtained with N I ^ H J O ^ H J O = 1:1:50. The etch rate has been determined separately for the 
wafers. For sample B the etch rate at 20°C is 0.41 pm/min without any stirring. 

The contacts consist of two AuGe metallizations defined with photolithography and the lift-off 
technique. Due to the high detector resistance the contact resistance is not critical in this 
work. The contacts are evaporated at a background pressure of 10" torr using electron beam 
heated Au and Ge sources. The metallization on the top and on the back are made in two 
separate processes. The back contact is evaporated and alloyed before evaporation of the top 
contact, in order to allow a longer alloying of the bottom contact on the etched surface. Prior 
to both metallizations the samples are etched for 20 s in NH 3:H 20 = 1:10 to remove surface 
oxide. This is essential in order to achieve a high yield in the lift-off process. 

The back contact covers the whole sample except for a 500 pm diameter circle centered at 
the active detector. It consists of 2000 Å Au and 1000 Å Ge evaporated in that sequence. The 
top contact is evaporated on the central 100 pm of the detector. For sample A the 
metallization was the same as for the bottom contact. For sample B we used 1200 Å Au, 600 
Å Ge and 500 Å Au. 

The lift off process is critical. Normally we use aceton with a short dip in an ultrasonic bath. 
Care must be taken while using the ultrasonic bath to avoid the removal of the whole 
metallization. 
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The metallization is alloyed in a home built diffusion oven. The oven is built up of a low-
vacuum chamber with a soldering iron as the heating element A small metal disk acting as 
a sample holder is screwed into the soldering iron. The oven is simple, but it has a quite fast 
response combined with a rather good thermostat. The maximum temperature is around 
440°C. The temperature is monitored with a thermocouple mounted on the metal disk. The 
chamber is flushed with N 2 gas during alloying to prevent oxidization. Typical rise and fall 
times for the oven is 2 min. 

The back contact is alloyed at 430°C for typical 15 min. The top contact is alloyed 30 s at 
a temperature of 410-420°C. The thermal budget is kept low for this fast process to avoid 
shortening the detector by alloying into the quantum wells. 

The detectors are mounted on a special designed sample holder with the polished surface 
perpendicular to the incident infrared light. They are manually c o n c c u i •--•><• thin Cu wire 
and silverepoxy. In order to assist the contacting to the top contact a resist ring with an inner 
diameter of 100 um and an outer diameter of 700 um centered on the detector is 
photolithographic defined. Thus the chances of shortening the element is drastically reduced. 

Both responsivity and dark current measurements have been made in the same experimental 
setup. The sample holder are mounted in a variable temperature cryostat with electrical 
feedthroughs and a broadband AR coated ZnSe window transmittin re than 90 % in the 
photon energy regime 700-3000 cm'1. Two different light sources have been used for the 
responsivity measurements. For sample A a tunable C 0 2 laser with a power density of 20 
W/cm 2 on the sample has been utilized. The laser wavelength is monitored by a spectrometer 
and a reference detector. For sample B we have used a glowbar and a monochromator as the 
light source. With this source it is possible to measure the responsivity in the atmospheric 
window ranging from 800 to 1300 cm'1. This source has a typical power density of 3x10'" 
W/cm2. 

The optical absorption measurements are made on samples specially prepared for this purpose. 
An optical waveguide is produced by polishing two 45° facets, one at each side of the sample. 
The sample surface is covered with Au as described earlier5. The absorption is measured with 
a Fourier transform interferometer at a temperature of 77 K. 

5. RESULTS FOR THE BOUND-TO-BOUND STATE DETECTOR 

The dark current of die bound-to-bound state detector has been studied in two separate 
publications8,9. The measurements has been made on samples taken from the same MBE 
grown wafer as sample A. The conduction mechanism is shortly described here in order to 
understand die observed responsivity. The current stems from a combination of sequential 
resonant and non-resonant tunneling. A large number of negative differential resistance 
oscillations (NDR) attributable to high field domains expanding through die structure were 
observed. The conductance is changing from resonant ground-state tunneling in die low bias 
regime to non-resonant ground and ground-to-first excited state tunneling in the NDR regime. 
At higher bias the resonant ground-to-first excited state tunneling is expected and above that 
bias a new high field domain formation could in principle occure. No NDR structures were 
observed in mat bias region. 
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The dependence of the 2D optical absorption coefficient on the photon energy for the bound-
to-bound state detector is shown in Fig. 4. The absorption coefficient is determined from 
transmission experiments performed on a multipass waveguide sample taken from the same 
wafer as sample A. The absorption coefficient is normalized to a double pass (one single 
reflection) through the quantum wells. Due to the large number of passes through the wells 
in this experiment the incident li,;ht is totally absorbed within the resonant freqency regime. 
This is the reason for die saturated absorption coefficient seen in Fig. 4. Thus it is not 
possible to determine the experimental value of the dipole matrix element. However a lower 
bound can be found by using die curve in Fig. 4 and Eq. (1) and (2), and this gives a value 
of 208 Å2. The theoretical value of die optical dipole matrix element is 472 Å2 using 
numerical subband calculations similar to those described in ref 5. The absorption curve is 
peaked at 1127 cm'1 or 140 meV widi a full width half maximum of 12 meV. The calculated 
peak absorption is at 130 meV taking the depolarization shift to the calculated intersubband 
energy into account5. This is close to die experimental observed value. 

When the surface of sample A is metallized die perpendicular electric field for around 10 pm 
wavelength radiation has its minimum exacdy at die position of die MQW structure. Thus me 
optical absorption is strongly reduced compared to Fig. 4. With a metallization the effective 
optical matrix element of sample A was measured to 128 Å2 compared to more than 208 Å2 

without die metallization. In this work 1/4 of die surface area of die infrared detector was 
metallized. Hence the absorption and die responsiv../ of die detector were bom reduced by 
allmost 25 % compared to the theoretical vaiues. The absorption can be maximized in this 
structure by increasing the GaAs contact layer widdi to 1 urn and metallizing die whole 
detector. 

The spectral responsivity of sample A is shown in Fig. 4 at a bias of 4.0 V, a temperature of 
10 K and widi polarized incident light. The responsivity is allmost temperature independent 
below 80 K. Due to die ratiier large dark current even at low temperatures die responsivity 
has been investigated using a C0 2 laser source widi only limited «inability. The spectral shape 
is very similar to die absorption. The maximum responsivity is 14 mA/W. The dependence 
of die responsivity on die bias is shown in Fig. 5 at a photon energy of 1080 cm'1. 

We have not analyzed die responsivity in detail. It is allmost equal to results published by 
Levine and coworkers on a similar structure widi only slighdy different material parameters12 

(Note mat the tunneling barrier from the excited state is almost exacdy of equal height in both 
structures. This is of major importance for die value of die responsivity). Using the at sorption 
data a maximum responsivity of 20 mA/W is expected at a photon energy of 1120 c n"1 widi 
an applied bias of 4.0 V. 

The dependence of die responsivity on tne bias have some interesting features The 
responsivity is clearly oscillating as the bias is increased, we observe "negative differ, itial 
responsivity oscillations". This has also been reported before without a proper description12. 
In die light of die tunneling studies on die same structures, die oscillating features can easily 
be understood8. The electric field in die high field domain oscillates due to current 
conservation in die bias region where die negative differential *esistance occures. Thus die 
responsivity which depends strongly on die electric field in die high field domain also 
oscillates. The responsivity oscillation at a bias of 4.S V is propably die first in a serie, for 
biases larger man die ground-to-first excited state resonance when forming a new high field 

8 



A 

domain. These oscillations were not observed in die tunneling experiments, but they fully 
confirm our earlier theoretical tunneling description. 

6. RESULTS FOR THE BOUND-TO-EXTENDED STATE DETECTOR. 

The dark current of the bound-to-extended state detector, sample B, vs. applied bias has been 
investigated at temperatures between 10 K and 77 K. In Fig. 6 the dependence of the dark 
current on the bias is shown for some selected temperatures. The dashed lines are the 
calculated current using Eq. 5 and temperatures close to the experimental ones (given the 
uncertainty in the determination of the experimental temperatures). Due to the window in the 
cryostat thermal radiation was incident during the measurements. The photocurrent from this 
radiation dominated the observed current at temperatures below approximately 25 K. The 
calculated current is in very good agreement with the experimental below a bias of 5 
mV/period. At higher biases Eq. 5 underestimates the dark current. This is mainly due to the 
neglect of die thermionic assisted tunneling as discussed in chapter 2. Some of the deviation 
may also be caused by barrier height nonuniformity and defect related energy levels in the 
barriers or leak conductance at the etched surfaces of the detector. In a study on a similar 
structure the dark current at higher biases (above 20 mV/period) increased more slowly with 
the bias than in our case3. Thus by optimizing the processing technology and possible the 
MBE growth the rtark current may be reduced. 

The 2D absorption coefficient for sample B is shown in Fig. 7. The measured absorption 
coefficient is much broader and smaller than the theoretical. This is in contrast to a 10 
quantum well structure with similar well and barrier widths studied separately5 (sample B has 
50 wells). From the experimental curve in Fig. 7 using Eq. 1 and the same carrier density as 
in the 10 well sample we find a value of/=9.6 for the oscillator strength while the theoretical 
value isfi=15A The 10 quantum well sample had/=15.1. The reason for the rather large 
discrepancy between the theoretical and experimental values is not quite clear. Most propably 
it is connected to the MBE growth since the experimental result of the 10 well sample are 
close to the theoretical values. Well width and barrier height inhomogenities may lead to the 
observed broadening. Inhomogenities are more likely in the wicker and more complex 50 well 
sample than in the 10 well sample. On the other hand we expect inhomogenities (of 
reasonable magnitudes) to have too small effects on the oscillator strength to explain the 
difference. Further studies are needed in order to clearify this point. 

Fig. 8 shows the spectral responsivity and the 2D absorption coefficient for incident p-
polarized light at 15 K and an applied bias of 20 mV/period. Due to the large responsivity 
and the low dark current of the sample the spectral responsivity are measured with a glowbar 
source. The responsivity reach a maximum of allmost 200 mA/W at a photon energy of 
around 1000 cm'1. By increasing the bias to 32 mV/period we achieved a responsiviry of 400 
mA/W. The linearity of the detector was checked by varying the incident photon power 
density from 10 J to 102 W/cm2. The spectral responsivity is not influenced by the 
metallization due to the large thickness of sample B. The responsivity was independent of the 
temperature up to 70 K. At higher temperatures responsivity data could not be obtained due 
to the high dark current. The spectral dependence of the responsivity are similar to the 2D 
absorption coefficient apart from a vanishing responsivity on the low energy side of the 
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absorption curve. This is caused by a much smaller escape propability for electrons excited 
to states at or sligthly below the continuum edge than for electrons excited higher up in the 
continuum. On the high energy side the atmospheric absorption cut the responsivity curve off 
at approximately 1350 cm'1. 

Using Eq. 6 we can determine the photoconductive gain g for sample B. At an applied bias 
of 32 mV/period and a photon energy of 950 cm'1 g=0.12 using the quantum effiency n=0.41 
determined from the absorption curve. The value only very slightly depends on the photon 
energy. The lifetime for carriers in the excited state then is 6 ps when using the carrier 
mobility given in ref. 3. The value of g is 6 times lower than what Levine reported on a 
comparable structure3. Although the bias was a factor of two larger in that case, the gain and 
thus the observed lifetime are smaller than expected. Levine concluded that the gain depends 
very critical on the MBE growth parameters. The parameters used in the growth of sample 
B are not specifically optimized for intersubband detectors. This can be the reason for the 
relatively low photoconducrive gain. 

In addition to the photoconductive mode of operation the detector can also be operated in a 
photovoltaic mode. The open circuit photovoltage responsivity vs. photon energy is shown 
in Fig. 9 at the temperatures 15 K and 35 K. The signal was strongly reduced by increasing 
the temperature above 35 K, and it totally vanished above 50 K. The dependence of the 
responsivity on the photon energy differed from the photoconductive mode of operation, with 
the peak occuring at a higher photon energy. Photovoltaic response has also been reported 
before for this type of devices14. It is most propably caused by inhomogenities or non-
intentional asymmetries induced through the growth or the processing. In both cases the result 
is an internal electric Meld transporting the excited carriers out of the well region hence giving 
rise to a photovoltage. By increasing the temperature the carriers more easily recombine 
thermally and the signal decreases. The observed photovoltaic responsivity depended both on 
the signal frequency and the power density, strongly decreasing with increasing frequency and 
power density. Thus for this structure we see no potential for detectors utilizing the 
photovoltaic response. 

7. DISCUSSION. 

In this paper we have designed, fabricated and characterized both bound-to-bound state and 
bound-to-extended state intersubband infrared detectors. The sample structures were MBE 
grown at NTH and Kjeller resp. A main effort have been put into the fabrication technology 
of the elements which had to be developed from scratch. We have investigated the dark 
current, the optical absorption and the responsivity of both type of structures. The results are 
in good agreement with calculated values. 

The bound-to-bound state detector have a slightly higher dark current than published values 
on similar structures. The intersubband absorption coefficient is rather small due to the top 
contact metallization. This results in a low responsivity which still is comparable to published 
values. 

The bound-to-extended state detector we have studied have reasonable better performance than 
the bound-to-bound state detector. It detects thermal radiation at low temperatures. Thus we 

10 



\ 

are able to measure the spectral responsivity using a glowbar as the light source. The dark 
current are slightly larger than values reported by other groups and expected from theoretical 
calculations. Propably this is due to a non-optimized processing and growth of the elements. 
The intersubband absorption are smaller than both the calculated values and the results 
obtained on a similar sample (see chapter 6). The photoconductive gain is also smaller than 
reported in the literature. We believe this is caused by a non-optimized processing technology 
and MBE growth. It should be possible to increase the responsivity by approximately a factor 
of 10 by optimizing both the processing and the growth. 

Several attempts have been made in order to optimize the performance (the detectivity or the 
signal to noise ratio) of the bound-to-extended state detector both by us and other groups. 
Here we mention a few of the most important reported results. The dark current depends more 
or less exponentially on the carrier density through the Fermi energy, Eq. 5. The responsivity 
on the other hand are proportional to the carrier density. Kane et al have shown that the 
detectivity are increased by reducing the carrier density by a factor of 5 to 10 from the values 
used in this work'5. In addition for large 2D detector arrays the dark current must be kept as 
low as possible due to the limited number of carriers that can be handled by the multiplexer. 

Andersson et al have recently achieved a very high responsivity by using a special designed 
grating coupler instead of the 45° facet". By this method it is also possible to make two 
dimensional arrays since the radiation is incident normal to the surface. 

In a separate chapter we have studied the dipole matrix element and the oscillator strength 
of the bound-to-extended state transition for different structures. It is shown that rather large 
improvements in peak absorption and thus responsivity can be achieved by a better designing 
of the structure5. 

In summary we have designed, fabricated and characterized the dark Current, intersubband 
absorption coefficients and spectral responsivity for bom bound-to-bound state and bound-to-
extended state detectors. The results are rather close to the calculated values and to reported 
results. The basic features of the detectors are well understood, but they should be 
investigated in more detail in order to optimize the performance. 
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FIGURE CAPTIONS 

Figure 1. Basic principle of the intersubband quantum well detector, a) bound-to-bound 
state detector and b) bound-to-extended state detector. 

Figure 2. Energy level diagram of a) the bound-to-bound state detector sample A and b) 
the bound-to-extended state detector sample B. 

Figure 3. Flow chart of the processing steps in the fabrication of an infrared 
intersubband detector. The inserts shows a processed and contacted detector. 

Figure 4. 2D absorption coefficient at 77 K (full line) and responsivity at 10 K (dots) vs. 
photon energy for sample A. 

Figure 5. Responsivity vs. applied bias at 10 K and a photon energy of 1080 cm'1 for 
sample A. 

Figure 6. Dark current vs. applied bias at different temperatures for sample B. The full 
lines are the experimental results, and the dashed lines are the calculated using 
Eq. 5. The temperatures are given for each individual curve. 

Figure 7. The 2D absorption coefficient vs. photon energy for sample B. The full line 
is the experimental results at a temperature of 77 K, and the dotted line is the 
result of the calculation. 

Figure 8. 2D absorption coefficient at 77 K and photoconductive responsivity at 15 K 
vs. photon energy for sample B. 

Figure 9. 2D absorption coefficient at 77 K and open circuit photovoltaic responsivity 
at IS K and 35 K vs. photon energy for sample B. 
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CONCLUDING REMARKS 

In the present work we have studied the subband nature of multiple quntum well structures 
with special emphasis on the electronic and optical properties relevant for the design of 
imersubband infrared detectors. Most of the discussion is kept within the preceding chapters. 
In the following we sum up the most important issues, discuss the relevance to intersubband 
infrared detectors and suggest some further investigations. 

In.Ga^ASjP^y/lnP multiple quantum wells are studied with interband photoconductance 
spectroscopy in chapter 2 and 3. The work is mainly concentrated on three topics: the 
photoconductivity process, the determination of the band offsets in In1Ga,.,,AsyP|.y/InP 
heterojunctions and optical excitations to extended states in the conduction and valence band 
continuum. The determination of the band offset is believed to be the most direct and accurate 
ever done in any semiconductor material system. However an approach to use the same 
method for GaAs/ALGa,.xAs heterojunctions has not succeeded probably due to a different 
photoconductivity processes involved. Until now the proposed photoconductivity model is not 
studied any further. By doing that one could possibly apply the method for band offset 
determinations to other material systems. 

Photoexcitarion to extended states in the conduction and valence band continuum are 
investigated systematically for the first time in chapter 2 and 3. More recently a large number 
of publications on bound-to-extended state intersubband transitions have appeared due to the 
interest in intersubband infrared detectors. The large photoconductive signal observed for 
ground to extended state interband transitions in this work may also be of interest for device 
purposes. 

In chapter 6 the intersubband absorption is studied in GaAs/ALGa,.xAs multiple quantum 
wells. This investigation evidently show that transitions to extended states have large 
oscillator strengths of comparable magnitude to transitions to bound states in the well. 
However due to a large linewidth the peak absorption is smaller than for transitions to bound 
states. The large peak absorption (or the small linewidth) for excitations to extended states 
in strongly coupled quantum wells are very interesting for device purposes. But it should be 
further studied to describe the effects in more detail. It is also very important to investigate 
the dependence of the intersubband absorption on the electric field, but it has not yet been 
done. When designing intersubband detectors it is crucial to take into account the excited state 
position, the integrated absorption and the linewidth to obtain optimum performance. This has 
only partly been done in the past 

In chapter 4 and 5 we investigate resonant and non-resonant tunneling in well doped 
GaAs/ALGa,_,,As multiple quantum wells with two confined subbands in the well. By for the 
first time taking the non-resonant tunneling properly into the account, the tunneling processes 
in the negative differential resistance bias regime are fully described. We model the non-
resonant and the resonant ground-to-first excited state tunneling and have in chapter 4 been 
able to evaluate the relaxation time for the transverse momentum from the experimental data. 
The temperature dependence of this time has on the other hand not yet been investigated. 
How the non-resonant tunneling is related to crystalline defects and impurities is also still 
unclear. The high field domain formation process in this type of structures has been widely 
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discussed. In chapter 5 we show that the high field domain formation stans at the negative 
biased contact and then expands one period at a time towards the positive contact. 

The description of the tunneling process has been used when studying intersubband 
photoconductive responsivity in chapter 7. The negative differential responsivity observed in 
that chapter can be described by applying the proposed tunneling model of chapter 4. 

We have designed and fabricated both a bound-to-bound state and a bound-to-extended state 
intersubband infrared detector in chapter 7. A main effort has been put into developing the 
necessary processing technology from scratch. The detector elements have been characterized 
by measuring the dark current, the optical absorption and the spectral responsivity. The results 
are generally in good agreement with the calculated values. The bound-to-extended state 
detector are the most interesting from a device point of view. We have been able to detect 
thermal radiation with this detector for operation temperatures below 35 K. The responsivity 
and dark current values are somewhat inferior to values reported by other groups. 

It has been a large interest in intersubband infrared detectors recently. Detectivities close to 
the background limitation (for typical backgrounds) have been obtained at a operation 
temperature of 60 K. The performance of GaAs/Al.Ga^As intersubband detectors have been 
compared with diose of HgCdTe detectors in chapter 1. We believe it is possible to obtain 
detectivites good enough for background limited operation at or close to a operation 
temperature of 77 K using the current understanding. The problem with the large dark current 
still remains to be solved. Thus intersubband infrared detectors should be further studied with 
a special emphasis on designing new structures with a reduced dark current. 
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