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Zusammenfassung

Verdiinnt magnetische II-VI Halbleiter (DMS) sind seit langem fiir ihre besonderen
magnetischen Eigenschaften bekannt, wie den Giant Zeeman Effekt und die Faraday
Rotation [1]. Die Verbreitung der Spintronik, die zur Speicherung oder Verarbeitung
von Informationen anstelle der Ladung den Spin von Elektronen ausnutzt, hat neues
Forschungsinteresse fiir magnetische Halbleiter geweckt [2, 3, 4]. Ein Ziel der Spin-
tronik ist es, nichtfliichtige, magnetische Datenspeicherung und Informationsverar-
beitung auf einem einzigen Halbleiterchip zu integrieren. Hierfiir werden Halbleiter-
materialien benétigt, die bei Raumtemperatur ferromagnetisch sind. II-VI Halbleiter
sind paramagnetisch und ihre besonderen magnetischen Eigenschaften sind zudem
auf tiefe, kryogene Temperaturen beschrankt. Da ein idealer ferromagnetischer Hal-
bleiter noch nicht gefunden wurde, konnen II-VI DMS jedoch als niitzliche Testumge-
bung fiir die Erforschung von spintronischen Bauelementkonzepten dienen. Beispiele
solcher Konzepte sind Spin-LEDs [5, 6], Spin Superlattices |7, 8], verdiinnt magnetische
Resonanz-Tunneldioden [9, 10, 11, 12|, verdiinnt magnetische Einzelbarrieren Tunnel-
strukturen [13, 14|, sowie die Spin Injektion in Halbleiter-Quantenpunkte [15]. Neben
einer potenziellen Verwendung in zukiinftigen spintronischen Baulementen trigt die
Foschung an solchen Konzepten zu einem besseren Verstindnis der magnetischen, elek-
tronischen und optischen Eigenschaften von Festkorpern bei.

Der Beitrag der vorliegenden Arbeit besteht aus drei Teilen. Diese beschéaftigen sich
mit der Untersuchung bestimmter, fiir Spininjektion relevanter, Halbleiter Heterogren-
zflichen, mit neuartigen, verdiinnt magnetischen Einzelbarrieren-Tunnelstrukturen,
sowie mit der Weiterentwicklung von verdiinnt magnetischen Resonanz-Tunneldioden.

Im ersten Teil werden die elektrischen Eigenschaften der ZnSe / GaAs(001) Hetero-
grenzfliche untersucht, welche eine wichtige Rolle bei der Spininjektion von II-VI
DMS in GaAs spielt [5, 15] und zudem ein Prototyp der sogenannten heterovalen-
ten Heterogrenzflichen ist [16]. Es wird ein neuer Prozess fiir den Start des MBE
Wachstums von ZnSe auf GaAs(001) vorgestellt, welcher zu Grenzflichen mit deutlich
reduzierter Potentialbarriere und damit zu verbesserten elektrischen Transporteigen-
schaften fithrt [17]. Mittels MBE wurden n-ZnSe / n-GaAs Grenzflichen mit einer
systematisch variierten Préadeposition kleiner Mengen von Zn oder Se auf (2 x4) rekon-
struierten GaAs(001) Startoberflichen hergestellt. Diese wurden untersucht mit tem-
peraturabhéngigen, elektrischen Transportmessungen, elektrochemische Kapazitats-
Spannungsmessungen, Raman Spektroskopie und hochauflésender Rontgenbeugung.
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An einer Zn-reichen Grenzfliche wird eine bis zu 550 meV hohe Potentialbarriere im
Leitungsband gemessen, welche mit zunehmender Se Pradeposition bis etwa 70 meV
abnimmt. Gleichzeitig verringert sich der Widerstand der Grenzfliche um mehrere
Grokenordnungen. Eine breite Verarmungszone an der Heterogrenzfliche von etwa
50 nm wird einer starken Interdiffusion von akzeptorartigen Atomen zugeschrieben.
Diese bewirkt ein effektives Elektronendefizit von 1.5 x 10 cm~2. Sowohl die Weite
der Verarmungszone, als auch die Flichendichte von Akzeptoren in der Umgebung der
Grenzflache sind nahezu unabhingig von der Wachstumsstartprozedur. Im Vergleich
zur Zn-Prideposition verschiebt die Se-Prideposition jedoch die Verarmungszone an
der Heterogrenzfliche teilweise vom GaAs ins ZnSe. Die Ergebnisse werden auf Basis
eines Bandverbiegungsmodells diskutiert, welches variable Bandoffsets, Grenzflichen-
zustandsdichten und atomare Interdiffusionsprofile abhéngig vom Wachstumsstart bein-
haltet. Es wird erwartet, dass solche Grenzflachen mit einer niedrigen Potentialbar-
riere den Spintransport von ZnSe basierten DMS in III-V Materialien entscheidend
verbessern.

Im zweiten Teil wird ein neues Bauelementkonzept zur Spinfilterung von Elektronen
durch spinabhéngiges Tunneln in einzelnen DMS Tunnelbarrieren experimentell un-
tersucht. Die Barriere besteht aus einer (Zn,Be,Mn)Se DMS Schicht, die zwischen
n-dotierten ZnSe Injektor- und Kollektorschichten eingebettet ist. Die Barrierenhéhe
im Leitungsband bei B = 0 T wird primédr vom Be Gehalt bestimmt und betrigt
ca. 50 bis 100 meV. Der Mn Gehalt betriagt etwa 8 %. Durch den Giant Zeeman
Effekt in der DMS Barriereschicht wird in einem externen Magnetfeld die Barriere fiir
spin-down (spin-up) Elektronen niedriger (héher) und die Tunnelwahrscheinlichkeit
dadurch hoher (niedriger). Die Struktur wirkt damit als einstellbarer Spinfilter fiir
tunnelnde Elektronen. Es wurden mehrere Proben mit unterschiedlicher Barrierenhéhe
und -dicke hergestellt und ihre Strom-Spannungs-Kennlinien bei Heliumtemperatur als
Funktion des Magnetfelds untersucht. Die Strukturen zeigen eine nichtlineare Strom-
Spannungscharakteristik, sowie den fiir spinabhéngiges Tunneln erwarteten negativen
Magnetowiderstand. Bei B = 6 T betragt der Widerstand noch etwa ein Drittel des
bei B = 0 T gemessenen Wertes. Eine Variation von Barrierenhohe oder -dicke verur-
sacht die auf Basis eines einfachen Tunnel-Transport-Modells erwartete Anderung der
[-V Kennlinien. Der Magnetowiderstand bleibt dabei jedoch nahezu unabhéangig von
der Barrierenhéhe und -dicke. Mogliche Ursachen hierfiir werden diskutiert. Ein di-
rekter Nachweis der Spinpolarisation, z.B. durch optische Methoden, steht noch aus.
Einfache Modellrechnungen lassen jedoch erwarten, dass sie, abhingig von den Bar-
riereneigenschaften, deutlich {iber 90 % liegen kann.

Der dritte Teil der Arbeit konzentriert sich auf verdiinnt magnetische II-VI Resonanz-
Tunneldioden (RTDs), die es erlauben, die Spinorientierung tunnelnder Elektronen
durch einfache Variation einer angelegten Spannung zu steuern [9, 11]. Dies wird mit
spinabhingigem Tunneln durch einen DMS Quantentrog oder Quantenpunkt erreicht.
Zunachst wird eine Methode beschrieben, die es erlaubt, mittels hochauflosender Ront-
genbeugung die Dicke und Zusammensetzung der Doppelbarrierenstruktur solcher II-
VI RTDs zu bestimmen [18]. Dies ist nicht trivial, da die normalerweise weniger als
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10 nm diinnen Barriereschichten nur ein kleines Streuvolumen im Vergleich zu den
umgebenden, ca. 1 ym dicken Kontakt- und Pufferschichten haben und weil Rontgen-
interferenz zwischen den Barriereschichten zu einem komplizierten Beugungsmuster
fiihrt.

Mithilfe dieser Methode zur Kontrolle des MBE Wachstums wurden mehrere Serien
von II-VI DMS RTDs hergestellt und untersucht, mit dem Ziel Strukturen zu entwick-
eln, die durch laterale Gate-Elektroden einen lateralen Einschluss des resonanten Zus-
tandes von zwei auf null Dimensionen (0D) erlauben. Aufgrund des Coulomb-Blockade
Effekts wiirden Elektronen einzeln und nacheinander durch solche 0D RTDs tunneln,
was eine Vielzahl von Experimenten zum spinabhéngigen Einzelektronentransport er-
moglicht [19, 20]. Weil der laterale Einschluss durch ein elektrostatisches Gate es
erfordert, dass die hauptsichliche Resonanz einer RTD bei sehr niedrigen Spannun-
gen liegt, wurden Moglichkeiten untersucht die Resonanzposition mittels band-gap-
engineering zu beeinflussen. Die I-V Kennlinien hergestellter RTDs zeigen bei 4.2 K
bis zu fiinf Resonanzen im Bereich zwischen 0 V und 0.8 V, sowie ein peak-to-valley
Verhéltnis bis 2.5. Wenn die Quantentrogbreite systematisch von 5.3 nm auf 15.2 nm
erhoht wird, wobei alle weiteren Parameter nominell gleich bleiben, werden alle Res-
onanzen zu niedrigeren Spannungen verschoben und der Spannungsabstand zwischen
ihnen verringert sich. Wenn Cd im Quantentrog einlegiert wird reduziert sich dessen
Bandliicke und die Resonanzspannungen werden damit ebenfalls verringert. Mit let-
zterer Methode konnte die Resonanzspannung von iiber 150 mV bis auf weniger als
20 mV abgesenkt werden. Lateraler Einschluss des Quantentrog-Zustandes durch ein
elektrostatisches Gate sollte mit solchen Strukturen moglich werden.

Eine alternative Moglichkeit, resonantes Tunneln durch einen 0D Zustand zu erre-
ichen, bietet der Einbau selbstorganisierter CdSe Quantenpunkte (QDs) in eine RTD
anstelle eines Quantentroges [11, 21]. Um solche QD RTDs gezielt herstellen zu kén-
nen, wurden die optischen und strukturellen Eigenschaften von CdSe QD Ensembles
in ZnSe (Zn,Be)Se und (Zn,Be,Mn)Se Barriereschichten untersucht. In ZnggBeg2Se
eingebettete CdSe QDs zeigen bei kleinen Bedeckungen (etwa 1 ML und weniger) in
PL eine Peak Energie, die um etwa den Betrag des Bandliickenunterschieds der Bar-
riereschichten hoher ist als die Peak Energie von in ZnSe eingebetteten QDs. DBei
hoherer Bedeckung ist kein Einfluss des Barrierenmaterials messbar. Nicht iiberwach-
sene CdSe Schichten zeigen in AFM unabhingig vom Barrierenmaterial eine hohe
Dichte (10 — 10'" ¢m™2) wenige nm hoher, aneinandergrenzender Inseln. Basierend
auf diesen Vorarbeiten wurden magnetische und nichtmagnetische QD RTDs mit selb-
storganisierten CdSe Quantenpunkten hergestellt. Bei kleinen Spannungen zeigen ihre
[-V Kennlinien ausgeprégte Resonanzpeaks aufgrund von Tunneln durch einzelne QDs.
Wihrend Resonanzen einer nichtmagnetischen QD RTD von einem &usseren Magnet-
feld nahezu unbeeinflusst bleiben, spalten sich solche einer magnetischen QD RTD
deutlich auf. Die brillouinartige Aufspaltung deutet auf resonantes Tunneln durch
die spinaufgespaltenen Niveaus einzelner QDs hin. Interessanterweise zeigen die Res-
onanzen magnetischer QD RTDs, wie schon von Gould et al. beobachtet [11], eine
kleine Aufspaltung auch ohne Anlegen eines dusseren Feldes.
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Summary

ITI-VI diluted magnetic semiconductors (DMS) have long been known for their ex-
traordinary magnetic properties, such as the giant Zeeman effect and the Faraday
rotation [1]. The rise of the field of spintronics, which uses the electron spin instead
of its charge to store or process information |2, 3, 4], has led to renewed research
interest for magnetic semiconductors. Integrating non-volatile magnetic data storage
and information processing within a single semiconductor chip, as envisioned by spin-
tronics, requires ferromagnetic semiconductors that retain their magnetic properties
up to room temperature. II-VI DMS are paramagnetic, and their unique magnetic
properties are limited to low, cryogenic temperatures. However, since an ideal room
temperature ferromagnetic semiconductor has not been found yet, diluted magnetic
IT-VI semiconductors can serve as a valuable testbed to explore spintronic device con-
cepts. Examples of such concepts include the spin LED [5, 6], spin superlattices |7, §],
diluted magnetic resonant tunneling diodes [9, 10, 11, 12|, diluted magnetic single tun-
nel barrier structures [13, 14], and spin injection into quantum dots [15]. Apart from
the application in potential spintronic devices, research on such concepts improves our
understanding of the electronic and optical properties of solids.

The contribution of the present thesis consists of three parts. They are centered around
investigating certain semiconductor heterointerfaces relevant to spin injection, explor-
ing novel, diluted magnetic single barrier tunneling structures, and further developing
diluted magnetic II-VI resonant tunneling diodes.

The first part contains a comprehensive study of the electronic properties of the ZnSe
/ GaAs(001) heterointerface, which plays a crucial role in spin injection from II-VI
DMS into GaAs [5, 15|, and which is a prototype of the so-called heterovalent het-
erointerfaces [16]. We propose a new growth start process for MBE growth of ZnSe on
GaAs(001), which leads to ZnSe / GaAs interfaces with a very low interface potential
barrier and thereby to significantly improved electronic transport properties [17]. We
have prepared n-ZnSe / n-GaAs heterointerfaces by MBE, with a systematically var-
ied predeposition of small amounts of Zn or Se on (2 x 4) reconstructed GaAs(001)
starting surfaces. The samples are characterized by temperature-dependent electric
transport across the interface, electrochemical capacitance-voltage profiling, Raman
spectroscopy, and high-resolution x-ray diffraction. We find that the potential barrier
in the conduction band at a Zn-rich interface is as high as 550 meV, and it gradually
decreases with Se predeposition down to about 70 meV. Concomitantly the resistance
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of the interface is reduced by several orders of magnitude. A large depletion region
at the heterointerface, about 50 nm wide, is assigned to significant intermixing of
acceptor-type atoms, resulting in an effective electron deficit of 1.5 x 103 cm~2. The
depletion width and the acceptor density around the interface are nearly independent
from the growth start procedure. Se predeposition, however, partially shifts the deple-
tion region at the heterointerface from GaAs into ZnSe, compared to Zn predeposition.
The results are discussed on the basis of a band-bending model accounting for vari-
able band offsets, interface state density and atomic interdiffusion profiles depending
on growth start. It is expected that such low-barrier interfaces significantly improve
spin-transport from ZnSe based DMS into III-V materials.

The second part experimentally demonstrates a new spin filter concept based on spin-
dependent tunneling through a single DMS barrier. An undoped (Zn,Be,Mn)Se barrier
layer is embedded between n-type ZnSe injector and collector layers. The barrier in
the conduction band at B = 0 T is mainly given by the Be concentration, and is about
50 mV to 100 mV high. The Mn concentration is about 8 %. Due to the giant Zeeman
effect in the DMS barrier layer, an external magnetic field decreases (increases) the
barrier height and increases (decreases) the tunnel probability for spin-down (spin-up)
electrons. Thereby the structure acts as a tunable spin-filter for tunneling electrons.
We have fabricated several samples with varied barrier height and thicknesses, and
have analyzed their current-voltage characteristics at Helium temperature as a func-
tion of the magnetic field up to 6 T. The samples show non-linear current-voltage
characteristics and a negative magnetoresistance, as expected for spin-dependent tun-
neling in such structures. At B = 6 T the resistance is about one third of the value
measured at B = (0 T. Changing the barrier height and thickness causes a variation
of the I-V characteristics, which is in agreement with a simple tunneling transport
model. The magnetoresistance, however, is largely independent of the barrier height
and thickness, and possible reasons for this are discussed. A direct measurement of
the spin polarization, e.g. by optical methods, remains to be given. Simple model
calculations, however, predict possible spin polarizations well above 90%, depending
on the barrier properties.

The third part is focused on diluted magnetic II-VI resonant tunneling diodes (RTDs).
By spin-dependent resonant tunneling through a DMS quantum well or quantum dot,
such RTDs allow to switch the spin orientation of tunneling electrons simply by tuning
an applied voltage rather than a magnetic field [9, 11]. A method to determine the
thickness and composition of the double-barrier structure of such RTDs using high
resolution x-ray diffraction is presented [18]. This is non-trivial, since the usually
less than 10 nm thin barrier layers have a low scattering volume compared to the
surrounding, about 1 um thick contact and buffer layers, and since x-ray interference
between the barrier layers complicates the diffraction pattern.

Using this technique for MBE growth control, several series of 1I-VI DMS RTDs are
fabricated and characterized, with the aim of developing structures which allow the
lateral confinement of the resonant state from two to zero dimensions (0D). Due to
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the Coulomb-blockade effect, electrons would tunnel through such 0D RTDs one-by-
one, allowing a multitude of experiments on spin-dependent, single-electron transport
[19, 20]. Since lateral confinement by an electrostatic gate requires the main resonance
of an RTD to be at very low bias, ways to influence the resonance position by band-gap
engineering are explored. At 4.2 K the I-V characteristics of the fabricated DMS RTDs
show up to five resonances between 0 V and 0.8 V bias, and a peak-to-valley current
ratio up to 2.5. Systematically increasing the quantum well width from about 5.3 nm to
15.2 nm, all other parameters being nominally constant, moves all resonances to lower
bias and decreases the voltage separation between consecutive resonances. Alloying
the quantum well with Cd reduces its band gap and thereby also reduces the resonance
voltages. Such RTDs with low bias resonances possibly allow for lateral confinement
of the quantum well state by the application of an electrostatic gate.

An alternative route towards 0D resonant tunneling is by replacing the DMS quan-
tum well with self-assembled CdSe quantum dots (QDs), as shown in [11, 21|. As
a prerequisite for such structures, the optical and structural properties of CdSe QD
ensembles embedded in ZnSe, (Zn,Be)Se, and (Zn,Be,Mn)Se barrier layers are studied
by PL and AFM. At small coverages (about 1 ML or less), the PL peak energy of
CdSe QDs embedded in ZnggBegSe barriers is higher than that of QDs embedded in
ZnSe. The difference is close to the band-gap difference of the barrier layers. At higher
coverages no influence of the barrier layers could be detected. Uncapped CdSe layers
show a high density (10'° — 10 ¢m™2) of shallow, abutting islands, independent of the
barrier material. Based on these results, magnetic and nonmagnetic QD RTDs with
self assembled CdSe QDs are fabricated. At low bias voltages their I-V characteristics
show pronounced resonance features due to tunneling through individual QDs. While
the resonances of nonmagnetic QD RTDs are hardly affected by an external mag-
netic field, those of a magnetic QD RTD show a clear splitting when a magnetic field
is applied. The Brillouin-like splitting suggests that it is due to resonant tunneling
through the spin-split states in single QDs. Interestingly, the resonances of magnetic
QD RTDs also show a finite splitting even when no magnetic field is applied, similar
to that described in [11].
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Chapter 1

Introduction

At the beginning of the 21st century, information technology has pervaded many as-
pects of life, society and economy in the western world. The ubiquity of computing
power, mobile devices, and fast data communication is made possible by the tremen-
dous miniaturization and cost reduction of microelectronic circuits, which has followed
Moore’s law for nearly 40 years!. In 1959 Richard Feynman pointed the way towards
nanotechnology with his famous lecture “There is plenty of room at the bottom”. For
the semiconductor industry this statement will soon no longer be true, since the size
of individual transistors on an integrated circuit rapidly approaches the size of indi-
vidual atoms?. At this size the true, quantum mechanical nature of materials and
particles dominates, putting a fundamental limit to further miniaturization. Thus a
new paradigm for information technology is required, if its progress is to be continued.

One idea is to harness the spin of the electron in addition to or instead of its charge to
process and store information [2, 3]. This approach is often termed spintronics, and it
is a dynamic area of physics research since the discovery of the giant magnetoresistance
(GMR) effect in 1988 [23]. GMR describes a spin-related resistance effect in metals,
but its remarkably successful commercial application, e.g. in hard drive read heads and
in non-volatile magnetic random access memory (MRAM), has spurred the interest in
semiconductor spintronics as well. It has also been encouraged by experiments showing
coherent spin transport over long distances [24] and long spin dephasing times [25] in
semiconductors.

The numerous possibilities opened up by semiconductor spintronics have been reviewed
in [4]. One potential advantage is operation speed. In conventional devices, which are
based on manipulating small quantities of electric charge to encode the basic bits
of information 1’ and ’0’, speed is limited by the device capacitance and the drive
current. In a spintronic device, which instead uses coherent switching of the electron

'“The number of transistors incorporated in a chip will approximately double every 24 months”,
Gordon Moore, Intel Corp. (71975). www.intel.com

2By 2011 the physical gate length of an individual transistor in a microprocessor has reached
24 nm, which is less than 50 times the lattice constant of crystalline silicon (0.543 nm) [22].
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spin between its two possible orientations 1 and |, the limit is given by the precession
frequency of electron spins in a magnetic field, which is in the GHz to THz range.

Adding ferromagnetic properties to semiconductors could also allow to integrate non-
volatile, magnetic data storage with logic circuits in the same material system. Mag-
netic solid-state memory technologies, like MRAM [26] or the “racetrack memory” [27],
can combine non-volatility (i.e. they don’t loose their memory when they are not pow-
ered) with fast write times and a long lifetime, and have the potential to become a
universal memory technique. Integrating them into semiconductor logic chips would
allow instant-on electronic systems on a single chip.

A long-term goal is the possibility to realize quantum computing using spins in semi-
conductors [28]. Quantum computing aims to drastically improve the performance of
many important computational algorithms, such as prime number factorization [29]
or searching [30], by exploiting coherent interactions between quantum mechanical
two-level systems. Using the two spin orientations of an electron confined in a semi-
conductor quantum dot or impurity has several potential advantages over other can-
didate systems for quantum computing, including scalability, their fixation in space,
and being able to address them electrically.

Since the conventional semiconductors like Si, Ge, or GaAs, are diamagnetic and of-
fer little means to influence electron spins, ways to polarize, manipulate, and detect
electron spins in semiconductors need to be developed, in order to realize the above
possibilities. Optical methods, where circularly polarized photons transfer their an-
gular momentum to electrons, are one possibility, but electric techniques would be
preferable for devices.

The currently most promising way is to make semiconductors magnetic by introducing
a small quantity of magnetic ions, such as Mn, Cr, Fe, or Eu. This has historically been
the realm of II-VI semiconductors, such as CdTe or ZnSe [1|. The resulting diluted
magnetic semiconductors (DMS) are known for a strong amplification of magnetic
effects due to an interaction of the magnetic ions with sp band electrons, causing
a giant Zeeman effect and Faraday rotation. However, these materials are usually
paramagnetic, and are limited to low temperatures. I1I-V semiconductors doped with a
few per cent of Mn, such as (Ga,Mn)As, are ferromagnetic, but their Curie temperature
is still far below room temperature [31, 32|. Developing ferromagnetic semiconductors
that retain their magnetic properties beyond room temperature is the goal of intense
research efforts going on world wide. Several candidates have been identified, but an
ideal material has yet to be found [33].

Until a viable room temperature ferromagnetic semiconductor is developed, II-VI di-
luted magnetic semiconductors can serve as a valuable test-bed to explore potential
spintronic device concepts and spin related effects. Examples of spintronic device con-
cepts already realized in II-VI DMS include the spin LED [5, 6], spin superlattices
|7, 8], spin injection into quantum dots [15], spin-dependent resonant tunneling diodes
[9, 10, 11, 12], and other spin-dependent tunneling structures [13, 14].
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Compared to (Ga,Mn)As, I1I-VI DMS have the advantage that divalent magnetic im-
purities like Mn are incorporated isoelectronically. This allows to control magnetic
and electric doping independently, which is important in heterostructure device de-
sign. Even though not a mainstream semiconductor, the materials properties and
growth techniques for high-quality crystals are relatively well known particularly for
ZnSe, in part due to past research activities directed towards developing ZnSe based,
blue-green emitting optoelectronic devices. The limitation of 1I-VI DMS to low tem-
perature may also not be a hindrance for some applications which promise sufficient
merit to make an operation at cryogenic temperatures economically viable. The su-
perconducting electromagnets employed in magnetic resonance imaging instruments
in hospitals all over the world are just one example of technology that is cooled to
liquid helium temperatures for daily operation.

It is the aim of the present thesis to improve existing and to explore new spintronic
devices using (Zn,Mn)Se based DMS, and to contribute to a better understanding
of the relevant semiconductor interfaces. Special focus is put on a new way to filter
electron spins using a single DMS tunnel barrier, and on resonant tunneling diodes,
which are further developed in a direction which will allow spin-dependent tunneling
through a semiconductor quantum dot.

Chapter 2 begins with a description of the basic structural, electronic, and magnetic
properties of the diluted magnetic II-VI semiconductor material system of
(Zn,Be,Cd,Mn)Se. The calculation of self-consistent band-diagrams of semiconduc-
tor heterostructures is briefly introduced, followed by a detailed discussion of tunnel-
ing in semiconductor single- and double barrier structures based on transfer matrix
calculations.

Chapter 3 provides an overview over the epitaxial growth of (Zn,Be,Cd,Mn)Se layers
by MBE, and over the characterization methods RHEED, XRD, AFM, PL, and ECV.
Particular emphasis is put on XRD, since it plays an integral role in the characteriza-
tion of II-VI RTDs. A short description of lithographic processing of these layers into
electronic device structures and their electric characterization is also given.

In chapter 4, selected properties of individual ZnSe epilayers, (Zn,Mn)Se DMS layers,
(Zn,Cd)Se quantum wells and (Zn,Be)Se tunnel barriers are presented. A systematic
analysis of the optical and structural properties of epitaxial CdSe quantum dots em-
bedded in (Zn,Be)Se and (Zn,Be,Mn)Se matrices follows. It is based on the diploma
thesis of J. Henke [34]. These layers form the building blocks for more complex het-
erostructures discussed in the following chapters.

Chapter 5 is a systematic study of the structural and electronic properties of n-ZnSe
/ n-GaAs heterointerfaces [17]. A new ZnSe growth start process is presented, which
markedly improves electron transport across such interfaces and may thereby allow
for higher spin-injection efficiency from ZnSe based DMS into GaAs. The results of
temperature dependent electric transport, ECV, and Raman measurements for inter-
face potential barrier height, depletion widths, and interface state density are modeled
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with a 1-d Poisson solver. It is concluded, that the proposed growth start method
leads to a reduction of the conduction band offset at the ZnSe / GaAs heterointerface.

Chapter 6 demonstrates a new device concept for electric spin polarization by spin-
dependent tunneling through a single DMS tunnel barrier. After theoretical consider-
ations on the basis of a coherent tunneling model, current-voltage and magnetoresis-
tance characteristics of a series of such devices are shown. The experimental results
are in good agreement with the model predictions and promise a high degree of spin
polarization. Some open questions remain concerning the variation of the magnetore-
sistance characteristics with barrier height and thickness.

Chapter 7 explores several aspects of II-VI RTDs, which allow voltage controlled
spin filtering by spin-dependent resonant tunneling through a DMS quantum well
or quantum dot. The complex diffraction pattern of tensile-strained, (Zn,Be)Se based
RTDs in HRXRD is analyzed, and it is shown how such measurements can yield precise
information about the quantum well and tunnel barrier thickness and composition [18].
Next, the influence of the variation of the quantum well thickness and composition on
the position of resonances in the [-V characteristics of such RTDs is investigated. The
chapter and the thesis close with the discussion of 0D resonant tunneling in RTDs
with self-assembled CdSe quantum dots.
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Chapter 2

Theory

This chapter begins by describing the basic structural, electronic, and magnetic proper-
ties of the diluted magnetic 11-VI semiconductor material system of (Zn,Be,Cd,Mn)Se.
The calculation of self-consistent band-diagrams of semiconductor heterostructures is
then introduced briefly, followed by a detailed discussion of tunneling in semiconductor
single- and double barrier structures based on transfer matriz calculations.

2.1 The (Zn, Be, Cd, Mn)Se Semiconductor Material
System

The base material for the semiconductor heterostructures fabricated in this work is
the wide-gap II-VI semiconductor ZnSe. Its crystal structure is depicted in figure 2.1
on the left. It has a zincblende crystal structure, in which each Zn-atom is tetra-
hedrally coordinated by four Se atoms, and vice-versa. Its room temperature lattice
constant is « = 5.6684 A [35] and it has only a small mismatch of 0.27 % to GaAs with
a = 5.65325 A. ZnSe can thus be grown with high quality on readily available GaAs
substrates. The electronic band structure of ZnSe is depicted in figure 2.1 on the right.
It has been calculated by Chelikowski et al. on the basis of non-local pseudopotential
theory [36]. ZnSe has a direct band gap at the I' point of 2.82 eV at low temperature,
and about 2.7 eV at room temperature [35]. The lowest conduction band is the I'g
band, which has s-like symmetry and an effective mass of m = 0.145mq [35]. The
highest valence band is the I's band, which has p-like symmetry and is split into a
heavy hole band with my;, = 1.04mg and a light hole band with my, ~ 0.145mq [35].

Figure 2.2 gives an overview over the lattice constant and the band gap of several
elemental and compound semiconductors, including the material system of the ITI-VI
“selenides” used in this work. Apart from ZnSe, this material system includes e.g.
BeSe, MnSe and CdSe. The latter are not necessarily stable as binary compounds,
but they can be alloyed well with ZnSe to vary the band gap and lattice constant.
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Figure 2.1: (a) Zincblende crystal structure. (b) Energy band structure of ZnSe ob-
tained by nonlocal pseudopotential calculations (adopted from [36]).

Compared to other technologically important semiconductors, such as Si, GaAs, or
CdTe, the II-VI selenenides have a relatively large band gap in the blue-green spectral
region. For a long time this property has made them the focus of research efforts
geared towards developing short-wavelength optoelectronic devices, but the attention
has faded somewhat when GaN was established as the material of choice for such
applications [37, 38|.

The addition of Be to ZnSe increases the band gap and reduces the lattice constant.
For Be concentrations higher than 46 % the band gap becomes indirect [40]. Be has
also been reported to have a lattice hardening effect on ZnSe, as discussed in [41].
The addition of Cd has roughly the opposite effect on the band gap and the lattice
constant. Adding Mn increases the lattice constant, but has a strong bowing effect
in the band gap. £, first decreases for low Mn concentration, reaches a minimum at
about 4 %, and then increases rapidly. Above all, the addition of Mn introduces a
wealth of magnetic effects due to the coupling of the half-filled Mn d-shell orbitals to
conduction and valence band states (see section 2.2).

Literature values for the band gap E, of the semiconductor alloys mainly used in
this work are listed in table 2.2. The lattice constants and Poisson ratios used in the
present work are listed in table 2.1. The energy gaps of alloy semiconductors containing
more than three constituents (e.g. quaternary Zn;_,_,Mn,Cd,Se) are calculated by
combining these relationships.
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Figure 2.2: Band gap versus lattice constant for a variety of elemental and compound
semiconductors [39].

GaAs ZnSe BeSe CdSe MnSe

a (A) 565325 5.6684 5139 6.077 5.93
v 0311 0387 0.297 0.381 0.405

Table 2.1: Room temperature lattice constant a and Poisson ratio v of several binary
semiconductors used in this work.

Material E,(z) Reference

Zn,Be;_,Se 2.82eV + 1.77eV -z + 1.1eV - 22 [42, 43]
ZooMng_,Se  2.826V — 0.1456V - = + 4.073eV - 22 [44, 45|
Zn,Cdi_,Se  2.82eV — 1.42¢eV - x + 0.35eV - 22 [35, 46]

Table 2.2: Fundamental band gap E, at about 4 K as a function of composition for a
number of ZnSe based ternary semiconductor alloys used in this work.
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When two semiconductor materials with different band gaps are combined in a het-
erostructure, the question of how the conduction and valence bands are aligned at the
interface is important for their electronic properties. A common rule of thumb states
that, at interfaces between materials with a common anion (e.g. GaAs / AlGaAs or
ZnSe / (Zn,Be)Se) most of the difference in band gaps occurs in the conduction band,
while at interfaces between materials with a common cation most of the difference oc-
curs in the valence band [47|. The conduction band offset (CBO) at ZnSe / (Zn,Be)Se
heterointerfaces is reported to be 78% of the energy-gap difference [48]. For ZnSe /
(Zn,Cd)Se heterointerfaces a CBO of 84 % is reported [46].

Even though p-type doping of ZnSe remains a challenge, it can be easily doped n-type
using Chlorine or Todine. lodine forms a shallow donor state in ZnSe with an ionization
energy of about 26 meV. Carrier densities in the low 10*® cm ™2 range can be achieved
135, 49].

2.2 Diluted Magnetic Semiconductors

In diluted magnetic semiconductors (DMS), a small fraction of the cations of the host
crystal is replaced by magnetic ions, such as Mn, Fe or Cr. The interaction of these
magnetic ions with each other and with states in the conduction and valence bands
leads to a wealth of magnetic effects, including a giant Zeeman effect [1].

The most extensively studied magnetic ingredient in semiconductors is Mn. In II-VI
semiconductors, the divalent Mn is incorporated isoelectronically and is not automat-
ically accompanied by acceptor states, as e.g. in (Ga,Mn)As . This allows to control
the doping density and the magnetic properties of layers independently.

A single Mn atom in the ground state has the electronic configuration [Ar]4s?3d°.
According to Hunds rules, the five electrons in the Mn 3d shell align their spins in
parallel, while the electrons in the other, completely filled shells align their spins anti
parallel, resulting in the total spin S = 5/2 for the Mn atom. When Mn is incorporated
in a II-VI zincblende crystal it contributes its two 4s electrons to the formation of the
crystal bonds, while the 3d electrons stay localized. A strong exchange interaction
couples the conduction and valence band states to the Mn d orbitals, and causes,
among other effects, a very large spin splitting of the bands when the localized Mn
spins are aligned by an external magnetic. The interaction is termed s/p-d exchange
interaction, referring to the symmetry of the conduction and valence band, and the
large spin splitting of the bands in an external field is reffered to as the giant Zeeman
effect.

The spin-dependent shift of the conduction band edge due to the s/p-d exchange
interaction in a magnetic field is

1
AECB = :|:5N00(.Z’ <Sz> y (21)



CHAPTER 2. THEORY 17

where the factor £1/2 is due to the magnetic quantum number m; = £!/2 of spin-up
and spin-down electrons in the conduction band, Ny is the number of cations (e.g.
Zn atoms) per unit volume, x is the fraction of Mn ions on cation places, and (S.,)
is the thermal average of the z-component of the Mn spins [1]. Ny« is the material
dependent exchange integral over the Mn d states and the conduction band states.
For (Zn,Mn)Se Nyoaw = 0.26 €V has been determined [50]. For the I's valence band the
expression is analogous, with m; = 43/2, £1/2 and with a different exchange integral
Nops = —1.31 eV [50]. In the following, the absolute value of AE¢g is referred to as
the spin splitting of the conduction band edge. The total separation of the spin-up
and spin-down sub level of the conduction band is 2AE¢p. The naming convention
for the spin-directions in this thesis is such that the energy of spin-down (spin-up)
electrons in the conduction band is reduced (increased) by the giant-Zeeman effect.

ITI-VI DMS are paramagnetic. The thermal average of the z-component of the Mn
spins (S,) in an external magnetic field follows a modified Brillouin function [51]:

>gupB )

k: B(T + Ty) (22)

(S2) = SeBs)s <

Here, Bs/, is the Brillouin-function for a spin of 5/2, g is the Landé factor of Mn (g —
2), 1 is the Bohr-magneton, kp is the Boltzmann constant, B is the applied magnetic
field, and T is the temperature. The quantities S.¢ and T, are phenomenologic pa-
rameters introduced to account for antiferromagnetic coupling between adjacent Mn
atoms: S represents the effective value of the Mn spins, which may be lower than
5/2, and Ty is a correction to the temperature. Both depend on the concentration
of magnetic impurities. For (Zn,Mn)Se with 8% Mn, Seg = 1.13 and Ty = 2.35 have
been determined [44]. The calculated spin splitting of the conduction band edge due
to the s/p-d exchange interaction is shown in figure 2.3 for Zng g2Mng gsSe and at three
different temperatures. At low temperatures and in a moderate magnetic fields of a
few Tesla, this exchange interaction induced spin splitting can easily be on the or-
der of ~ 10 meV. This is much larger than the normal Zeeman splitting or Landau
quantization effects, which are far below 1 meV under the same conditions.

Note that the above model only considers Mn ions situated on cation sites in the
zincblende lattice. Mn interstitials or antisites are not included.
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Figure 2.3: Spin splitting of the conduction band AEqcp due to s/p-d exchange in-
teraction as a function of the magnetic field B, calculated for ZnggoMng sSe at three
different temperatures. By convention, in the rest of this work spin | is defined as the
spin direction for which AFE¢sp is negative.

2.3 Semiconductor Heterostructures and Calculation
of Band Diagrams

Envelope function approximation The electronic properties of semiconductor
heterostructures in this thesis are described in terms of the envelope function approx-
imation. It states that “heterojunctions of dissimilar materials, both of which can be
well represented by the effective mass approximation, can be described by a material
potential, which derives from the band offsets” [52]. In other words, electrons and
holes in the conduction and valence bands of a layered semiconductor heterostructure
are assumed to obey the 1-d Schrédinger equation
n* 9

— oS U(E) + V()(2) = Bu(z), (23)
where m is the carrier effective mass, and V(z) includes a material dependent poten-
tial given by the band discontinuities at heterointerfaces between layers of different
materials. The microscopic details of the crystalline potential given by the individual
ionic cores are neglected and are replaced by the long range material potential. Con-
sequently, ¢ in equation 2.3 is not the full, microscopic wavefunction, but represents
an envelope function which only captures the long-range variation of the probability
density.
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The term “band-gap engineering” has been coined for the judicious combination of
layers of different semiconductor materials and doping profiles [53]. With this ap-
proach, artificial potential landscapes for electrons and holes can be created, which
allow electronic and optical devices with unique and novel properties. These include
quantum well and quantum cascade lasers, high electron mobility transistors, and
resonant tunneling diodes.

Calculation of band diagrams and carrier density profiles Band diagrams and
carrier density profiles of doped semiconductor heterostructures are calculated in this
work either purely classically based on Poisson’s equation, or by taking into account
quantization effects by self-consistently solving the Poisson- and Schrédinger equa-
tions. Both is done using the numeric semiconductor simulation software nextnano.
An overview of the calculation scheme and of the numerical methods employed by
nextnano can be found in |54, 55, 56).

In the following, a brief overview is given over the basic equations as well as the
computational procedure to calculate one-dimensional band-diagrams of doped semi-
conductor heterostructures. The starting point is the envelope function approximation
and the assumption that carriers are locally in equilibrium. The latter means, that
carrier can be described by a spatially varying Fermi level Fr(z), which is different
for electrons and for holes. The Poisson equation in a semiconductor material in 1-d
is given by

— é% [eoer(z)%} = —n(z) +p(z) + Nj(2) — N5 (2) (2.4)

where e is the elementary charge, ¢,.(z) is the material dependent dielectric constant,
¢(z) is the electrostatic potential, n(z) and p(z) are the densities of electrons and
holes, and N}, (2) and N (z) are the densities of ionized donor and acceptor impurities,
respectively. The density of ionized donors is related to the total donor density Np by

Np(2)
1+ gpexp { ZzEe L

N3 (2) = (2.5)

where gp = 2 is the degeneracy of donor levels (2 for spin), Fr(z) is the local Fermi
level of electrons, and Ep is the donor ionization energy. A similar relationship holds
for acceptors, with a higher degeneracy g4 = 4 (due to heavy hole / light hole band
degeneracy at the I' point) and with the Fermi level of holes. The electron current
density due to drift and diffusion current is given by

: 0 on
j(2) = —emn(:) 5 +eD, S,

where p, is the electron mobility, and D,, is the diffusion coefficient. Within the

(2.6)
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framework of a local Fermi level model this familiar equation is transformed to

52) = man(2) 2. (2.7)

In the steady state and in the absence of carrier generation or recombination the
current continuity equation is
dj
oz

It relates the local Fermi level to the local carrier density.

0. (2.8)

This system of equations, which is up to now purely classical, is solved iteratively by
alternately calculating the carrier density for a fixed Fermi level and then updating
the Fermi level for fixed carrier densities. A steady state is reached when consecutive
iterations lead to similar results.

The carrier densities are calculated either fully classically, or by using the quan-
tized states obtained from the Schrodinger equation 2.3. In the latter approach the
Schrodinger equation with the potential V' (z) = Ecp(z) — ¢(2) is solved numerically
during each iteration. The resulting Eigenstates are then populated with carriers ac-
cording to the Fermi distribution, and the local carrier density is composed of the
wavefunctions of the occupied states.

As an example, figure 2.4 shows the band-diagram of a 10 nm n-type (Ga,In)As quan-
tum well, calculated by self-consistent solution of the Poisson- and Schrédinger equa-
tions with nextnano [54]. Two bound states are found in the quantum well (thick
dots), only the lower one is below the Fermi level Er and is thus occupied. The band-
diagram obtained with nextnano is in good agreement with that obtained from more
detailed, non-equilibrium Greens function calculations.

The above model is limited to non-degenerate (i.e. low-doped) semiconductors and
to a vanishing current density j = 0. For degenerate semiconductors the impurity
states are no longer separated from each other and from the band edges, but they
form an impurity band which can merge with the conduction or valence band edge.
Equation 2.5 is thus no longer valid. As an approximation it is sometimes assumed that
all impurities are fully ionized, which corresponds to assuming a large and negative
impurity ionization energy. Usually Ep = —2 eV works well for nextnano.

The present work is focused on uni-polar, n-type heterostructures, where most of the
physics happens in the conduction band. For this reason, band mixing as treated in k-p
theory is neglected, and only the conduction band is considered in Poisson-Schrodinger
calculations.
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Figure 2.4: Band-diagram of a (Ga,In)As quantum well obtained from self-consistent
solution of the Poisson and Schrédinger equations with nextnano (solid line) and from
non-equilibrium Greens function calculations (dotted line). Adopted from [54].

2.4 Tunneling in Semiconductor Heterostructures

This section lays out a basic model for the description of coherent tunneling conduction
in single- and double barrier semiconductor heterostructures.

2.4.1 Transfer Matrix Formalism

The transfer matrix formalism provides a way to analytically calculate the probability
of non-interacting electrons to tunnel through potential barriers consisting of an arbi-
trary number of rectangular blocks, i.e. a piecewise constant potential. The following
introduction follows that in [57], but it is given in some detail here to correct a few
minor mistakes. For a one-dimensional piecewise constant potential V(z) = V,,, the
general solution of the stationary Schrédinger equation in each interval z, < z < 2,41
is a plane wave

Un(z) = Apexp{ik,z} + B, exp{—ik,z}. (2.9)

The complex wavenumber £k, is given by

k= \/2m(E, — V) /h (2.10)

where E, is the kinetic energy of the movement of the particle in z-direction and m is
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the effective mass. At the steps z, the boundary conditions

Vnt1(2n) = Pnlzn) (2.11)
dwn—&-l dz/}n
5, () == () (2.12)

relate the wavefunction coefficients A,, and B,, in the n-th interval to those in the next
interval n + 1. The (2 x 2) transfer matrix ¥,, is defined by

(521) == (5) 213

and after some algebra it is obtained from the boundary conditions

e
== (aka, i) 21

with the coefficients

1 k
af = 2 (14 Zottin (2.15)
2 mnkn+1
= exp i (kn — kna1) Zna1 (2.16)
Qn =exp{i(ky, + kni1) 2nt1} - (2.17)

The total transfer matrix ¥ for a given potential landscape is obtained as the inner
product of all individual matrices

T=Ty_ - Tyg-... Ty (2.18)

It relates the coefficients A; and B; on one side of the potential landscape to the coeffi-
cients Ay and By on the other side in an analytical (albeit often complex) expression.
For a particle incident from the left (n = 1) the following “scattering boundary condi-
tions” hold

A =1 By = 0. (2.19)

By eliminating the coefficient B;, the amplitude Ay of the wave traveling to the right
in the rightmost interval is obtained

A —z“—z—u (2.20)
N — 3«227 :

where T denotes the coefficients of the total transfer matrix. The tunnel probability
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T for a particle through the whole structure is the square of this amplitude

2

:3:12

T= 722

T — (2.21)

The right side of equation 2.21 is a complex but analytical expression, which only
needs to be calculated once for a certain potential landscape - preferably using com-
puter algebra software. The tunnel probability can be quickly evaluated for different
particle energies, barrier heights and thicknesses, effective masses etc. In the follow-
ing, transfer matrix results are presented for the tunnel probability of two selected
potential landscapes, which are of importance for the rest of this work.

2.4.2 Single Tunnel Barrier
Tunnel Probability

Applying the transfer matrix formalism to a single rectangular potential barrier of the
height ®, and thickness dj, yields the tunnel probability [58]

Tsp(E., ®, dy) = (1 + LE) sinh? {d” v2m(®, — E.) }) _ . (2.22)

AE,(D, — h

A simpler and more intuitive expression can be derived using the WKB approxima-
tion', which assumes that the potential is slowly varying in space

2m(®y, — Ez)}

- (2.23)

Tsp(E., Py, dy) ~ exp {—de
It is a good approximation to the exact transfer matrix solution in the limit of very
high and thick barriers, ®, — oo and d, — oo, and for E, # 0.

The tunnel probability according to these two equations is plotted in figure 2.5 as a
function of the incident electron energy F. (a), the barrier thickness d,, (b), and the
barrier height ®;, (c). The free parameters are close to those of the structures discussed
in chapter 6. As expected, the tunnel probability increases with the electron energy
E, and it decreases with the barrier height ®, and thickness d,. Over a large range
of parameters the agreement between the WKB approximation 2.23 and the transfer
matrix result 2.22 is good.

Some important features of the transfer matrix result that are not captured in the
approximation are (1) a vanishing tunnel probability for particles with E, = 0, (2)

LA good introduction can be found at
http://farside.ph.utexas.edu/teaching/qmech /lectures/node48.html
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Figure 2.5: Tunnel proba-
bility Tsp through a single,
rectangular potential barrier
with the height &, and the
thickness dp, calculated for
an electron with kinetic en-
ergy E, perpendicular to the
barrier.  The black, solid
lines correspond to equa-
tion 2.22, which results from
transfer matrix theory, and
the blue, dashed lines corre-
spond to the WKB approx-
imation of equation 2.23.
The inset of (a) shows that
both models are in very good
agreement for very high and
thick barriers.
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lower than unity tunnel probability for particles with E, = &, and (3) oscillations
of the tunnel probability as a function of E, for E, > ®;,. For very high and thick
barriers the WKB approximation approaches the transfer matrix result, as shown in
the inset of panel (a) of figure 2.5.

I-V Characteristics

Electron transport through a single, solid state tunnel barrier has been treated the-
oretically by C. B. Duke in |59]. His focus is on metal-barrier-metal tunneling, but
the calculated relationships are valid to a large extent also for semiconductor tunnel
barriers. They are widely used in the literature to describe electron tunneling through
semiconductor barriers at low bias voltages [57, 60, 61, 62, 63]. The current density
between two electron reservoirs, between which a voltage V is applied and which are
separated by an arbitrarily shaped tunnel barrier, is given by

J:—2i§;3 0 dEZT(EZ)/O AB| [f(E.+ B)) — f(B. + B +eV)].  (2.24)

Here, T(E,) is the tunnel probability of particles traveling with a kinetic energy E,
perpendicular to the barrier, and £ is the kinetic energy of in-plane movement. f
is the Fermi distribution f(E) = [1 +exp {(E — Er) /ksT}]™" at temperature T and
with a Fermi energy Er. The electron charge is denoted by e, and m is the effective
mass. The density of states in the contacts is assumed to be constant. This assumption
is valid when the tunneling electrons are emitted from a nearly 2-dimensional emitter,
which is the case for the structures described in chapters 6 and 7. Image charge effects
are also neglected, but they should only be relevant at very high electron densities,
e.g. for metallic contacts. If the tunneling conditions are spin-independent, a factor of
two has to be included on the right to account for the two electron spin orientations.
Since temperature is included via the Fermi distributions, equation 2.26 describes
tunneling conduction as well as thermally activated electron emission over the barrier,
and mixtures of both (thermally activated tunneling).

The integral over dE) in equation 2.24 can be solved analytically, resulting in the
electron supply function 59|

1+exp{—(FE,— Er) /kgT}
1+exp{—(E,— Ep+¢€V)/kgT}]|

S(E.) = kpT -In [ (2.25)

It describes the temperature and bias dependence of the density of electrons available
for tunneling between the two reservoirs. The current density without spin through
an arbitrarily shaped tunnel barrier is thus

em
2m2h3 J,

TAB.T(E.) S(E.). (2.26)
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To calculate the tunneling current through a particular potential barrier landscape,
the corresponding tunnel probability has to be inserted. Since the tunnel probability
generally depends on the applied bias voltage, it needs to be recalculated for each bias
voltage. In the case of a single, rectangular tunnel barrier and for low voltages, the
bias dependent tunnel probability can be approximated to first order with a reduced
barrier height

Dy — ) — —. (227)

For the tunnel probability either equation 2.22 or the approximation in equation 2.23
can be used. The current density without spin through a single, rectangular tunnel
barrier at low bias voltage is then

T o0
J = %/ dE, Tsp (Ez@b - %e&)
0

2m2h3
n |i 1+€Xp{— (EZ—EF) /I{ZBT}
l+exp{—(E,— Ep+eV)/kgT}|’

(2.28)

Figure 2.6 shows J-V curves calculated by equation 2.28 for different tunnel barriers,
and for EFr = 20 meV and T' < 1 K. The curves are ohmic for low bias V' < Ef, where
the number of electrons available for tunneling increases linearly with bias voltage, and
deformation of the tunnel barrier is still small. For higher bias, V > Ep, the number of
electrons is approximately constant, but the reduction of the barrier with bias voltage
is significant and increases the current exponentially.

Because of the strong dependence of the tunnel probability on the height and width
of the tunnel barrier, the current density and the general I-V characteristics also
depend critically on these parameters. Additionally, the effective mass of tunneling
particles, the Fermi energy in the emitter and collector layers, i.e. the doping density
in these layers, as well as voltage drop over these other layers may influence the I-V
characteristics. A higher effective mass reduces the tunnel probability and thus the
current density. A higher Fermi energy Er in the emitter increases the number of
electrons available for tunneling and reduces their effective barrier height, which both
increases the tunnel current density.

If the tunnel probability is not the same for both spin orientations, as it is the case
e.g. in the DMS tunneling structures described in chapters 6 and 7, electric transport
may be described as parallel conduction through independent spin-channels [64, 65].
The total current density is then

J=Jy+J (2.29)

where equation 2.28 describes the individual current densities J; and J| through the
two spin channels by including a spin-dependent tunnel probability.

In realistic tunnel devices, only a fraction of the total voltage applied between two
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Figure 2.6: Current density J calculated by eq. 2.28 as a function of bias voltage V
for single tunnel barriers of different height ®, and width d,. The Fermi energy is
Er = 20 meV, the temperature is 7' < 1 K, and the effective mass is m = 0.15my,.

contacts drops over the tunnel barrier. To account for this parasitic voltage drop over
the contact and emitter/collector layers, the voltage V in equation 2.28 is divided by
a lever arm a > 1 66, 67].

This ideal model only describes coherent tunneling conduction through a semiconduc-
tor barrier. Other transport channels, such as shortcuts in the barrier (e.g. due to
defects), parallel conduction on the sidewalls of vertical tunneling structures, resonant
tunneling through impurities in the barrier, or any effects that destroy coherence of
tunneling, are not considered.

2.4.3 Symmetric Double Barriers and Resonant Tunneling

When two potential barriers are placed next to each other at a distance comparable
to the electron deBroglie wavelength, quantization effects lead to the formation of
quasi-bound states between the barriers. Electrons with a kinetic energy equal to
the quantization energy of these states have a higher transmission probability up to
unity [58, 57]. The effect is similar to the transmission of photons with matching
wavelengths through a Fabry-Perrot interferometer [68]. In the following, the tunnel
probability of electrons through such double-barrier structures and its dependence on
quantum well and barrier properties is discussed, followed by a short description of
the corresponding I-V characteristics.
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Tunnel Probability

Figure 2.7 depicts the tunnel probability as a function of the incident electron energy
in the z-direction F., calculated by the transfer matrix method for three different
rectangular double-barrier structures. The barrier height is ®, = 0.2 eV, the thickness
is d, = 5 nm, and the effective mass is m = 0.15my, representing typical nominal
values for the structures fabricated in this work (see chapter 7). Calculations are
done for three different quantum well widths dgw = 0 nm, 5 nm and 7 nm. While
for dgw = 0 nm, corresponding to a single tunnel barrier of width 2d,, the tunnel
probability increases monotonically with energy (up to E, ~ @), sharp resonance
peaks occur at energies below the barrier height when dgw > 0. The resonances reach
T = 1 only for symmetric double barrier structures, and they narrow when the barrier
thickness is increased (see below). The tunnel probability in the “valley” between
resonances drops approximately to the value of a single tunnel barrier with the width
2dp,.

0.1F
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Figure 2.7: Tunnel probability T as a function of electron energy E, for symmetric
RTDs with the same barrier parameters (d, = 5 nm, ®, = 0.2 ¢V) and different
quantum well thickness dgy = 7 nm (solid black curve), 5 nm (blue dashed curve)
and 0 nm (red dot-dashed curve). The latter corresponds to a single tunnel barrier,
as described in the previous subsection, of 10 nm width.

The energetic position of the resonances corresponds to the quantization energy of
quasi-bound states in the quantum well. Figure 2.8 displays the calculated resonance
position as a function of the quantum well width for a double barrier RTD with the
above parameters. With increasing quantum well width, the energy of resonances
decreases and more resonances appear. For comparison, the blue lines in figure 2.8
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represent the energy of bound states in a finite quantum well with the same barrier
height and effective mass as the RTD. Both the RTD resonance positions and the
finite quantum well states are nearly equivalent over a large energy range. This indi-
cates that, under the selected conditions, the barriers in the RTDs provide sufficient
confinement such that leakage of the wavefunction through the barriers may be ne-
glected. Only for resonances at very high energies F, < @, a significant deviation of
the resonance positions to even higher energies can be observed, which may be related
to leakage of the wavefunction.
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Figure 2.8: The black dots indicate calculated resonance energies as a function of the
quantum well width for double barrier RTD structures with &, = 0.2 eV, d, = 5 nm,
and m = 0.15mg. The blue lines show calculated bound state energies in a finite
quantum well with the same barrier height and effective mass.

The effect of varied barrier thickness on the tunneling characteristics is shown in figure
2.9 . Again ¢, = 0.2 eV and m = 0.15my, and the quantum well width is dgw = 7nm.
For thick enough barriers d;, 2 1 nm the positions and the height of resonance peaks
are independent of d,. Increasing the barrier thickness leads to sharper resonances,
and to a reduced off-resonance tunnel probability. It should be noted that the tunnel
probability on resonance of a symmetric double-barrier structure is always equal to
1, even for extremely thick barriers and even though one individual barrier may have
a much lower tunnel probability. For asymmetric structures, either due to structural
asymmetry or due to inclination by an applied bias voltage, the tunnel probability on
resonance is below 1.

Unlike on resonance, the off-resonance tunnel probability depends strongly on the
barrier thickness. The tunnel probability at a fixed energy E, = 50 meV in the
“valley” after the first resonance is plotted in the inset of figure 2.9 as a function of the
barrier thickness. For thick enough barriers d, 2 1 it can be well approximated by an
exponential T oc exp{—2 -k -2d,}, with k = \/2m(®, — E,)/h? . This is similar to
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the WKB approximation for a single tunnel barrier 2.23, with the noteworthy detail
that the total thickness 2d, of both tunnel barriers enters the exponent.
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Figure 2.9: Tunnel probability T as a function of the incident electron energy FE,,
calculated by the transfer matrix method for symmetric double-barrier structures with
different barrier thickness 0.5 nm < d, < 7 nm. The quantum well width is dow =
7 nm, the barrier height is ®, = 0.2 eV. The inset shows the off-resonance tunnel
probability at E, = 50 meV as a function of dj, (solid blue line). For d, = 1 nm the
off-resonance tunnel probability decreases exponentially (red dashed line).

I-V characteristics

When such a double-barrier structure is embedded between two doped contact layers,
a bias voltage V' between the contacts tilts the band diagram and thereby reduces the
energy of the quasi-bound states F,, in the quantum well. This is depicted in figure
2.10. At low bias, when the energy of the electrons in the emitter is not enough to
tunnel resonantly through a quantum well level, the transmission and thus the electric
current is low (a). It starts to increase when the first quantized level is brought
into resonance with the Fermi level Er in the emitter (b), since the transmission
probability is then resonantly enhanced for a few electrons. The number of electrons
in a 3D emitter, which fulfill the resonant tunneling condition, increases linearly with
bias voltage. This causes an about linear increase of the current for ideal RTDs.
The maximum current is reached when the quantum well level is aligned with the
lowest electron energy in the emitter (c¢), since then most electrons are available for
transport. When the bias is further increased, the quantum well level comes out of
resonance and the current decreases abruptly (d), giving rise to the rare feature of
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negative differential resistance. At higher bias voltages, LO phonon assisted resonant
tunneling may cause a replica of the resonance peak, or a higher lying quantized level
may come into resonance.

For ideal, symmetric double barrier structures, it may be assumed that the applied
voltage drops only over the two barriers. Then only half of the applied voltage is
effective in reducing the energy of the quantum well levels by an amount AFE. In other
words, a lever arm o = ¢V /AF relates the applied voltage to the energy spectrum of
the quantum well, with o = 2 in the ideal case. In real structures the lever arm may be
much higher, since a considerable amount of the voltage drops over the contact layers
(compare e.g. o =12.75 in ref. [69]). This is especially true for low-doped contact
layers.

In principle, the I-V characteristics of double-barrier RTDs can be calculated with
the same model discussed previously for single tunnel barriers, using the relationship
2.26. The reproduction of experimental I-V curves with simulations, however, has
turned out to be challenging [57]|. Discrepancies are attributed to scattering, to charge
accumulation in the quantum well and to band-bending in the quantum well and in
the injector and collector layers.
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Figure 2.10: Top: Schematic band-diagrams of an RTD with two quasi-bound states
under different bias voltages (a)-(d). Bottom: measured current-voltage characteristics
of a GaAs / AlAs RTD, adopted from [57].
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Figure 2.11: I-V characteristics of
resonant tunneling through the
0D state associated with a single
donor impurity in a III-V RTD,
measured at 70 mK (sold line).
The theoretically calculated cur-
rent for single-electron tunneling
is shown as the dashed line. The
dotted line is calculated includ-
ing electron-electron interactions,
leading to a Fermi-edge-singularity
— enhanced current at the onset of
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Very different behavior and fundamentally new quantum transport effects arise when
electrons tunnel through a quantum dot instead of a quantum well [20]. One interesting
effect is the observation of atomic-like shell filling and Hund’s rules in the electric
transport characteristics of such 0D RTDs [19]. Another effect is Coulomb-blockade,
which causes a 0D RTD to act as an electron turnstile. It transmits electrons one-by-
one and thus allows single-electron transport experiments [70|. Third, the selection
and manipulation of electron spins by resonant tunneling through 0D states is also an
active area of research [71].

An example of the I-V characteristics associated with resonant tunneling through a
0D state in a double barrier RTD is shown in figure 2.11. The measurement has been
done by Geim et al. [67] on a single donor impurity embedded in the quantum well
of a ITI-V quantum well RTD. Electric transport through such a 0D system is limited
to one electron at a time due to Coulomb blockade. Therefore it may be expected
that a step occurs in the I-V curve when the 0D level comes into resonance with the
emitter, followed by a plateau with nearly constant current for higher bias until the
level drops out of resonance. This case is depicted by the dashed line in figure 2.11.
The measured [-V characteristics in figure 2.11 show that the current at the onset
of the resonance is significantly enhanced compared to the step-like increase. This
enhancement is attributed to a many particle interaction of tunneling electrons with
electrons in the emitter close to the Fermi energy, which is referred to as Fermi edge
singularity [67, 21]. It allows electrons of slightly mismatched energy to tunnel through
the structure, thus enhancing the current density and leading to a distinct peak in the
[-V characteristics of such 0D RTDs. Resonant tunneling through 0D states has, also
been studied by Dellow et al. [72] and by Itskevich et al. [73]. Both report distinct
peaks in the I-V characteristics in their RTD devices and associate them with a 0D
resonant state.
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Chapter 3

Experimental Methods

This chapter provides an overview over the epitaxial growth of (Zn,Be,Cd,Mn)Se lay-
ers by MBE, and over the characterization methods RHEED, XRD, AFM, PL, and
ECV. Particular emphasis is put on XRD, since it plays an integral role in the charac-
terization of II-VI RTDs. A short description of lithographic processing of these layers
into electronic device structures and their electric characterization is also given.

3.1 MBE of (Zn,Be,Cd,Mn)Se Heterostructures and
RHEED

3.1.1 General notes on MBE

Monocrystalline semiconductor layers of high purity are crucial for electronic and op-
tical applications which require a high mobility, a long quantum mechanical coherence
length or a long spin flip length of carriers. Quantum heterostructures, such as the
tunneling structures discussed in chapters 6 and 7, additionally require abrupt in-
terfaces on the order of a single monolayer between layers of different composition.
These requirements can be met by sophisticated epitaxial crystal growth techniques
such as molecular beam epitaxy (MBE), which is widely used in solid state physics
and advanced electronics research. In-depth reviews of MBE can be found e.g. in
[74, 75, 76, 77].

Figure 3.1 depicts a schematic illustration of a commercial MBE Riber MBE 32 cham-
ber, which is used in this work. It consists of an ultra high-vacuum chamber, several
evaporation cells containing very pure source materials (usually 99.9999 % purity),
mechanical shutters in front of each cell, a substrate holder including means for tem-
perature measurement and heating of the substrate, a movable vacuum gauge for
measuring the beam-equivalent pressure, and an electron gun in combination with a
phosphorous screen for in-situ reflection high energy electron diffraction (RHEED)
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Figure 3.1: Top-view schematic illustration of an MBE chamber of the type Riber
MBE 32. Adopted from [78|.

characterization of the growing crystal surface. During film growth the constituent
materials are evaporated thermally from the effusion cells, and the resulting molecu-
lar beams are directed towards the heated, monocrystalline substrate. The impinging
atoms diffuse laterally on the substrate until they are incorporated in the crystal, ide-
ally on a crystalline lattice position. The intensity of the molecular flux of individual
cells can be controlled by the cell temperature, and it can be shut off completely by
the mechanical shutter in front of the cell. By combining molecular beams of differ-
ent source materials and intensity, the composition and doping density of the growing
crystalline layer can be varied. Due to the relatively low growth rate of MBE of about
1 A/s (compare to a typical monolayer thickness of 2.83 Afor GaAs) complex layer
structures can be grown with precise control of thickness, composition and doping
density down to single atomic layers.

In this work, commercial MBE systems of the type Riber MBE 32 (see figure 3.1)
and Riber Compact 21 are used to grow ZnSe and GaAs based semiconductor het-
erostructures. The systems are part of a cluster of six MBE systems dedicated to
the growth of different materials including HgCdTe, NiMnSb and GaMnAs, which are
interconnected by a UHV transfer system (see e.g. |78, 79]). Most of the ZnSe based
samples grown in the course of this work are grown in a Riber MBE 32 chamber .
The commissioning of a new Compact 21 MBE chamber for ZnSe growth in the later
stages of this work is described in section 3.7. Data presented in this thesis, which

!Before being turned into a ZnSe MBE chamber in the late 1990s, this Riber 32 chamber had
served for CdTe epitaxy for several years, and it was still referred to as "CT chamber" until it was
decommissioned in 2010. Samples grown in this chamber are continuously numbered "cb####",
and the present work is based on samples numbered cb3107 through cb3543.
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is based on samples grown in the new Compact 21 chamber, is specifically labeled as
such.

The constituent materials Zn, Cd, Be and Mn, as well as Znl for n-type doping, are
evaporated from thermal effusion cells. Se is evaporated from a valved Se cracker
cell, which is operated in the non-cracking mode. Substrates are glued to Mo sample
holders with molten indium. The Mo sample holder is radiation heated from a Ta
heating filament beneath it, and its temperature is measured by a thermocouple in
contact with the back of the Mo block.

The intensity of the molecular beam is measured indirectly by a movable Bayard-Alpert
pressure gauge at the position of the sample. The beam-equivalent pressure measured
by the gauge is approximately proportional to the molecular flux emanating from
the effusion cell, but it also depends on the ionization probability of the evaporated
material [80].

3.1.2 RHEED

An important tool to characterize the surface roughness, the crystallinity, and the
surface reconstruction of a growing crystal layer during the MBE process is reflection
high-energy electron diffraction (RHEED) [81]. A typical RHEED setup consists of
an electron source providing a collimated beam of electrons with an energy of about
10-20 keV, the sample, hit by the electrons under a very shallow angle of incidence, and
a phosphorous screen facing the electron source on the opposite side of the chamber.
Since the electron deBroglie wavelength in that case (about 0.1 A) is much shorter
than the typical semiconductor lattice constant (about 5 A) and since the electrons
interact only with the topmost atomic layers, a streaky electron diffraction pattern can
be observed on the screen when the sample surface is atomically flat. When the surface
is rough on the atomic scale, which is undesired for most layers, a spotty diffraction
pattern is observed. The symmetry of the usually reconstructed crystal surface is also
reflected in the RHEED pattern, and oscillations in the specularly reflected electron
beam can be used to measure the growth rate in the layer-by-layer growth mode. This
renders RHEED one of the most important in-situ characterization methods for MBE
growth.

Examples of the RHEED patterns of a (2 x 4) reconstructed GaAs surface and a
(2 x 1) reconstructed ZnSe surface grown during this work are shown in figure 3.2.
The distinct streaks indicate that the surfaces are atomically flat.
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Figure 3.2: RHEED patterns of a (2 x 4) reconstructed GaAs surface (top) and a
(2 x 1) reconstructed ZnSe surface (bottom), observed with the electron beam along
the two azimuths [110] (upper row) and [110] (lower row).

3.1.3 Typical MBE growth procedure

All TI-VT layer structures fabricated in this work are grown on epi-ready [82|, Si-doped
(n-type) or undoped, (001) oriented GaAs substrates of a diameter of 2 inches. Full
wafers or pieces thereof are glued to a Molybdenum sample holder using molten indium.
Then the Molybdenum sample holders are introduced to the MBE system via a load
lock and are degassed in vacuum at 300 °C for about 10 minutes.

After degassing, the substrates are inserted into a III-V epitaxy chamber, where the
oxide layer, which covers the substrate, is thermally removed by heating to 620 °C
under an As pressure of about 10~° Torr. Then an about 200 to 300 nm thick GaAs
buffer layer is grown at a substrate temperature between 580 °C and 600 °C. The
Ga pressure is about 2.5 x 10=7 Torr. During growth the surface shows a 2 x 4
reconstruction and long streaks indicating flat 2D layer growth, as shown in figure 3.2.

The GaAs growth rate is measured using oscillations of the RHEED specular spot
intensity, and is typically 1.4 A/s.

After buffer growth, the substrate is cooled to 200 °C and is transferred to the ITI-VI
MBE chamber under UHV within about 5 - 10 minutes. In the II-VI chamber it is



CHAPTER 3. EXPERIMENTAL METHODS 37

( a) substrate temperature ( °C )
450 400 350 300 250 200
T T T T T T T
“ ................................................................................................
( \ (b) A c2x2)  (@x1)
/E \ \ and and
N . o _ weak weak
P v\ L 1x10° Tax)® @ @)t @x1y*
<3 \e S - - >
2 \ @x1y 3 ®
5 S 1x108 +
& LN ) S x ® @
51 L \ e - smooth 4 En ® [ )
S e 4 7 -
2 c(2x2) ~_ mixed T § 1x 10
g S~ & o ©
«g o rough < ®
£ s5x1054 ®
n
5
T T T l" T T T T T a Ix 104 : y H ; ’ ? p y :
3 0.7 112 17 20 4.0 ,
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 22 03 7 8010
inverse substrate temperature (1000/K) Se/Zn flux ratio

Figure 3.3: (a) Surface phase diagram during MBE growth of ZnSe, showing the
surface reconstruction as a function of the substrate temperature and the Se / Zn flux
ratio (adopted from [83]). (b) Defect density in ZnSe epilayers on the Se / Zn flux
ratio and surface reconstruction (adopted from [84]).

heated to 300 °C in a position which does not directly face the heated cells. To avoid
contamination of the GaAs surface, the cell shutters and the Se valve are closed at
this point. When the II-VI growth temperature of 300 °C is reached, the substrate
is turned to growth position and the surface is inspected shortly by RHEED, which
usually shows a clear, streaky 2 x 4 reconstruction of the As-terminated GaAs(001)
surface. When the starting surface is deemed to be suitable, II-VI growth is initiated
by one of several growth start procedures, which are discussed in detail in chapter 5.
Most of the structures discussed in this work are fabricated using a Zn-rich growth
start, which is optimal for a low density of defects in the II-VI epilayer. With the
exception of certain growth procedures used for the formation of self assembled CdSe
quantum dots, the substrate temperature is kept at 300 °C throughout II-VI MBE
growth.

The growth conditions for II-VI epilayers in this work are based on previous experience
available at the University of Wiirzburg and on studies such as those by Wolfframm
et al. [83] and Kuo et al. [84]. Figure 3.3 (a) shows the dependence of the surface
reconstruction and roughness of MBE grown ZnSe on the substrate temperature and
on the Se / Zn flux ratio as a phase diagram. For Se-rich growth and for substrate
temperatures around 300 °C, the surface has a 2 x 1 symmetry and is very smooth.
Figure 3.3 (b) depicts the defect density in such layers as a function of the flux ratio
and the surface reconstruction measured at a substrate temperature of 260 °C. The
lowest defect density can be achieved with a flux ratio of 2:1 and a corresponding
mixed 2 X 1 and ¢(2 x 2) reconstruction.

For ZnSe growth at 300 °C with a growth rate of typically 1 A/s the Se BEP in this
work is 2 — 4 x 107% Torr and the Zn BEP is 6 — 8 x 10~ Torr. For pure CdSe growth
and for ternary compounds containing a few per cent of Cd, the Cd BEP is on the
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order of 1 x 107" Torr. For the growth of Mn containing DMS layers with a few per
cent of Mn, the Mn BEP is typically on the order of 5 x 1078 Torr.

Except the very short period of the growth start procedure, growth is thus carried out
in a Se-rich regime, and the growth rate is limited by the group II fluxes. Unlike in
the AlGaAs material system, the sticking coefficient of the cation (group II) atoms
depends significantly on the substrate temperature [85]. This affects the II-VI growth
rate as well.

Growth interruptions of 30 seconds are inserted before and after tunnel barrier layers
in RTD and single-barrier structures. During a growth interruption all group II and
doping materials are shut off and the substrate surface is irradiated purely by Se.
In [86] it is shown that interruptions of such a duration significantly improve surface
flatness, which is attributed to prolonged diffusion and thereby a better incorporation
of free adatoms into crystalline positions.

When TI-VI growth is finished, all shutters except Se are closed, and the substrate is
cooled to 200 °C. Se flux is provided for the first ~ 20 s of this cooling step, to avoid
evaporating Se from the layer when it is hot. After growth the substrate is taken out
of the II-VI MBE chamber and either out of the UHV system by a load lock, or it is
transferred through UHV to an in-situ metalization chamber.

Many samples need low resistance ohmic contacts to n-ZnSe. Such contacts are reliably
formed by growing a very highly n-doped (N ~ 2 x 10®cm™3) ZnSe layer on top of the
II-VI layer stack, followed by in-situ deposition of 10 nm Al in the dedicated in-situ
metalization chamber. Al is known to form a low Schottky barrier with ZnSe [87].
To avoid oxidation, the Al layer is covered in-situ by a 10 nm Ti layer as a diffusion
barrier and a 30 nm Au layer on top.

3.2 High-Resolution X-Ray Diffraction

One of the most important characterization tools of epitaxial semiconductor het-
erostructures is high-resolution x-ray diffraction (HRXRD), since it allows to measure
thickness, composition, structural quality and other quantities in a nondestructive way
[88]. The x-ray wavelength of laboratory sources (about 1 A) is on the order of the
inter atomic spacing in crystals (few A), and thus interference between the elementary
waves, scattered from different crystalline planes, can be easily observed.

As depicted in figure 3.4, constructive interference of waves scattered from a set of
lattice planes occurs when the diffraction angle © satisfies the Bragg condition

2dhk1 sin (@) =\ (31)

Here, dyy is the spacing between the diffracting lattice planes which are described by
the miller indices {h,k,1}, © is the angle between the crystal planes and the incident
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and emergent x-ray beam, and A is the x-ray wavelength. For a cubic crystal dyy =
a/vh?+ k? + (2, where a is the lattice constant.
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Figure 3.4: Geometry of x-ray diffraction for a symmetric reflection illustrated in
real space (left) and as an Ewald construction in reciprocal space (right). © is the
angle between incident beam and diffracting lattice planes, 20 is the angle between
the incident and the diffracted beam, and w is the angle between sample surface and
incident beam. For a symmetric reflection © = w.

An equivalent formulation of the Bragg condition is the Ewald construction shown on
the right hand side of figure 3.4. An incident x-ray beam with the wavevector k; hits
the sample surface at an angle w, and the intensity of elastically scattered x-ray light
is recorded by a detector placed at an angle 20 from the source, defining the emergent
wavevector l;e. When the scattering vector ¢; = /;e — /;Z ends on a reciprocal lattice
point G of the sample, x-rays scattered from the corresponding equivalent lattice
planes {h, k,[} interfere constructively and a peak in the scattered x-ray intensity is
observed. The scattering vector is scanned through reciprocal space by varying the
angles w and 20, and different aspects of the reciprocal lattice of the sample can be
measured. Since the conversion from a real space lattice to a reciprocal lattice involves
a Fourier transform, XRD probes the Fourier transform of the microscopic structure
of a sample on the scale of the x-ray wavelength.

A Panalytical X’pert diffractometer equipped with a CuK,; source (A = 1.54056A)
and a Ge 4-crystal monochromator is used for HRXRD measurements in this work.
On the detector side either a receiving slit with an aperture of 0.15 ° or a two crystal
analyzer is used to limit the angle of acceptance.

Measurements are done in the vicinity of the symmetric 004 reflection and in two
principal directions (see figure 3.5): in w — 20 scans the scattering vector is varied
perpendicularly to the lattice planes and the sample surface, whereas in w scans it
is varied parallel to the surface. Figure 3.5 also shows the effect of different detector
acceptance angles on the two scan directions. While scans in w direction always require
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a small acceptance angle, since otherwise features offset in the ¢, direction appear in
the scan, w — 20 diffractograms of symmetric reflections can be recorded with a larger
acceptance angle without distortion as long as the layer peaks are not broadened in
qdirection.

A 020
q scan
direction

 scan

; direction
#Analyzer”
* crystal
i Ewald
Receiving .- Sphere
slit
q

Figure 3.5: Schematic of HRXRD scan directions illustrating the effect of a receiv-
ing slit and an analyzer crystal on the acceptance angle. The blue shapes outline a
symmetric reflection of a fully pseudomorphic, tensile strained epilayer (bottom) on a
monocrystalline substrate (top). The light and dark gray shaded regions sketch the
angle of acceptance of a receiving slit and a monochromator crystal on the detector
side.

3.2.1 w — 20 Scans

If the incidence angle w and the angle 20 between incident and emergent beam are
varied symmetrically such that ¢, is moved perpendicularly to the sample surface,
the Fourier transform of the crystalline lattice of the samples in growth direction is
probed. Examples of such w—206 scans are shown in figure 3.6 for a pure ZnSe epilayer
and a (Zn,Be)Se epilayer on GaAs(001). In the following the analysis of w — 20
scans is described based on kinematic scattering theory [88] to obtain information
on the thickness and composition of epilayers. A more accurate description of x-
ray diffraction is provided by the dynamic diffraction theory, which takes account of
multiple scattering effects [88]. The kinematic calculations below, however, are more
instructive and often provide a good starting point for dynamic simulations.

Composition Since the lattice constant of most semiconductor alloys is very sensi-
tive to their composition, the composition of epilayers is often determined by measuring
the lattice constant by HRXRD. For crystalline alloy materials A;_,B,, consisting of
materials A and B with the individual lattice constants as and ag, the alloy lattice
constant aap(x) is usually well described by a linear interpolation called Vegards law
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Figure 3.6: w— 20 scans in the vicinity of the 004 reflection of (a) a 167 nm thick ZnSe
layer and (b) a 152 nm thick Zng gg2Beg g3sSe layer, both on GaAs(001). Curve (b) in
this figure is vertically offset for clarity. The diffraction angle A© is given relative to
the most intense peak in the diffraction patterns, the GaAs 004 reflection.

aprp(z) = (1 —x)ap + zap. (3.2)

When a thin layer of a material with the relaxed lattice constant a, is grown epitaxi-
ally on a substrate with the same crystal structure, but with a slightly different lattice
constant a,, the layer becomes elastically deformed. This is exemplified in figure 3.7.
In the lateral direction it assumes the lattice constant of the substrate a; = a,, and
in the vertical direction the lattice constant a; depends on the Poisson ratio v of the
layer and on the relative lattice mismatch to the substrate. The thicker a strained layer
gets, the more elastic energy is accumulated. Once a certain critical layer thickness is
passed, the layer lowers its total energy by plastic relaxation through the introduction
of misfit dislocations.

The relationship between the relaxed lattice constant and the vertical and lateral

lattice constants of a tetragonally deformed epilayer obtained from elasticity theory is
189, 90]
1—v 2v

1+V(al_as)+1+y

(el = (a” — as) + ag. (3.3)

Assuming a| = a, for a fully pseudomorphic epilayer and using doos = a, /4 for the
spacing of 004 lattice planes in Eq. 3.1, a, can be determined from a measurement
of the corresponding Bragg angle

1—v 2\
rel — Us N —dg | . A
Grel = @ + 14+ v (sm(@004) “ ) (3-4)
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Figure 3.7: Sketch of two relaxed, cubic crystals with the lattice constants a,, and
as (left), and of a tetragonally deformed, pseudormorphic epilayer under compressive
strain, having different vertical a, and lateral a) lattice constants (right).

Since alignment problems make it difficult to measure diffraction angles on an absolute
scale, usually the relative angular distance A® between the Bragg reflection of an epi-
layer and the known Bragg angle of the substrate material ©gossub
(@004,GaAs = 3302590) is measured, and @004 = @004,5111) + AO.

w — 20 scans of a pure, 167 nm thick ZnSe layer and a 152 nm thick Znggg2Begg3s5€
layer, grown on GaAs(001), are depicted in figure 3.6. The lattice constant of ZnSe
is 0.27 % larger than that of GaAs, and the ZnSe 004 reflection is consequentially
at a lower angle than the GaAs reflection. By the addition of the small element Be
the lattice constant decreases, and the 004 reflection shifts to the opposite side of the
GaAs reflection.

The semiconductor alloys mainly used in this work are Zn;_,Be,Se, Zn;_,Cd,Se and
Zn;_,Mn,Se. The lattice constants and the Poisson ratios of the constituent materials
used to determine their compositions are listed in table 2.1 in section 2.1. The resulting
relationship between the Bragg angle of the 004 reflection and the composition of these
alloys is shown in figure 3.8.

Layer thickness The finite thickness of an epilayer manifests itself in several quan-
tities detected by an XRD w — 20 scan, such as the peak intensity, the peak width,
and interference fringes. The intensity and sharpness of a Bragg reflection increase
with increasing layer thickness, as long as the layer is pseudomorphic. Interference
fringes due to the finite thickness of a single epilayer can be seen e.g. in figure 3.6 as
the regularly spaced, small peaks around the Bragg reflection. The angular separation
90, of two adjacent fringe peaks of a symmetric reflection (such as the 004 reflection)
is related to the layer thickness d by the approximate formula

A

00 = 2d cos(©)

(3.5)
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Figure 3.8: Calculated relationship between the composition x of the ternary alloys
Zn;_.Be,Se, Zn,_,Cd,Se and Zn,_,Mn,Se, and the diffraction angle ©gy of the 004
reflection.

where ) is the x-ray wavelength, and © is the average diffraction angle of the two
fringe peaks [88]. This relationship allows to quickly determine the thickness of an
epilayer without any knowledge of material parameters. If more than one epilayer is
present, thickness oscillations of all layers superimpose and beat, resulting in complex
interference patterns. The thickness fringes can be suppressed by inhomogeneity or
by rough interfaces, and the number of fringe peaks observable for layers of identical
thickness is thus also a measure of relative layer quality.

Superlattice reflections A periodically repeated sequence of thin epilayers of al-
ternating material composition is commonly referred to as a superlattice. On the one
hand, these structures have interesting electronic properties, and on the other hand,
they limit the propagation of dislocations and improve the quality of epilayers grown
on top of the superlattice. X-ray diffractograms of such superlattices show sharp max-
ima occurring at regular angular positions, similar to the diffraction orders of optical
grids.

If one period consists of two layers with the thickness d, and dp and the lattice
constants a4 and ap, the Oth order superlattice maximum associated with the {hkl}
lattice planes occurs at an angle Oy given by the average lattice constant a =
(daas + dgap)/(da+ dg) . From the angular position of the Oth order of a superlat-
tice reflection, the average mismatch can be obtained simply from the Bragg law

P S (3.6)
Sin (@00470)

where the lattice plane spacing doox = Ggos /4 is used. From the angular position of
two adjacent superlattice reflections, Opy; and Opy 11, the period dg, = da + dp of a
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superlattice with the constituent layers A and B can be calculated

A

dgy, = - - )
L9 (Sln(@004,i+1) - 51n(®00471))

(3.7)

X-Ray Interference Very thin epilayers with a thickness on the order of a few
ML occur e.g. in the self-organized growth of nanostructures with highly strained
material systems, such InAs / GaAs or CdSe / ZnSe quantum dots. Characterizing
such layer directly by XRD is difficult due to their very small scattering volume.
Intricate microscopy techniques such as transmission electron microscopy or scanning
tunneling microscopy can be used, but they often require the destruction of the layer
structure and are relatively time-consuming.

An alternative, nondestructive way to characterize the thickness and composition of
thin epilayers is the analysis of x-ray interference (XRI) effects in special layer struc-
tures, sometimes referred to as “Bragg-case-interferometers” (see inset of figure 3.9).
The thin layer of interest is embedded epitaxially between thick cladding layers of
a material with a different lattice constant. In an XRD experiment, the interlayer
causes a phase shift between the x-ray wave fields diffracted from the upper and lower
cladding layers, and the analysis of the resulting interference pattern can yield infor-
mation on the thickness and lattice constant of the thin interlayer. A treatment of
XRI on the basis of the kinematic diffraction theory is presented by Tapfer and Ploog
[91] and by Holloway [92]. Prior et al. have applied the technique specifically to the
ZnSe / CdSe material system [93].

An example of XRI is depicted in figure 3.9. The blue curve is an w — 20 scan of
a ZnSe / CdSe / ZnSe Bragg-case-interferometer structure on GaAs, in the vicinity
of the 004 reflection. Comparing the diffractogram to that of a single ZnSe epilayer
(see e.g. figure 3.6) shows that, due to interference between the two cladding layers,
the ZnSe Bragg peak (at AO© =~ —808 arcsec) and thickness fringes are modulated
in intensity. The modulation depends on the phase shift and thus on the thickness
and lattice constant of the interlayer. A simulation of the diffractogram of the whole
structure, as represented by the red and the black curves in figure 3.9, can yield
accurate information on these quantities. Holloway estimates, that in certain III-V
semiconductor heterostructures the thickness of interlayers can be determined by XRI
with a precision of up to 0.02 A under optimal conditions [92].

The information obtained from XRI, however, is not necessarily unique. The two
simulated diffractograms in figure 3.9 reproduce the experimental data equally well,
even though they correspond to structures with interlayers of different thickness and
composition. The red curve corresponds to a 4.6 Athick CdSe interlayer embedded in
44 nm thick ZnSe cladding layers, and the black curve to a 8.5 Athick ZngsCdgsSe
interlayer, also with 44 nm thick ZnSe cladding layers. It is possible since the two
interlayers lead to the same phase shift. The increased interlayer thickness compensates
the reduction of the discrepancy between the lattice constant of the interlayer and that
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Figure 3.9: XRD w —20 scan (blue curve) showing x-ray interference in a heterostruc-
ture consisting of a few ML thin CdSe layer, in between thick ZnSe cladding layers (see
inset). The red and black curves represent simulations of the pattern with different
interlayers.

of the cladding layers. Additionally, since the phase shift due to the interlayer can
only be detected modulo 27, the same XRI pattern may arise for structures with very
different interlayer thickness and composition. A detailed treatment of these issues
can be found in [92].

In this work, XRI is mainly used to calibrate the growth rate of CdSe layers for the
growth of self-organized CdSe based quantum dots.

3.2.2 w Scans

If the scattering vector is varied in g direction over the Bragg reflection of a layer, the
lateral lattice constant and homogeneity of the layer is probed and information can be
obtained mainly on homogeneity, dislocation content, and degree of relaxation. For a
symmetric reflection this is approximated by an w scan, as depicted in figure 3.10 for
a 219 nm thick ZnSe epilayer on GaAs(001). It is recorded with an analyzer crystal
in front of the detector (triple axis optics).

w Peak Width In the vicinity of a symmetric reflection, an w scan corresponds to
a variation of the scattering vector in the lateral g direction (figure 3.5). Thus the
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Figure 3.10: HRXRD w scan of the 004 reflection of a 219 nm thick, pseudomorphic
ZnSe layer on GaAs(001).

lateral homogeneity of the lattice is probed, and for an ideal epilayer the peak width
is given by the resolution of the diffractometer. Any broadening of the layer peak is
an indication of structural imperfection of the crystal, such as dislocations, mosaicity,
inhomogeneity or bending of the sample. The w peak FWHM can thus be used as a
measure of crystalline quality of epilayers.

The resolution in w direction of the Panalytical X'Pert diffractometer used in this
work is limited to 6 arcsec. Using a phenomenologic model for the shape and angular
distribution of mosaic blocks around dislocations, the minimum detectable dislocation
density is estimated to be on the order of 106cm™2 [89]. Smaller densities of dislocations
can be measured with direct imaging methods, such as etch pit density measurements
|94], or with the analysis of the diffuse background described below.

Diffuse Background The shape of the diffraction profile shown in figure 3.10 can
not be described by a single Lorentzian or (Gaussian peak arising from a perfect het-
erostructure and a finite detector aperture. A relatively broad, low intensity back-
ground peak can be identified in the range —80arcsec < Af) < 80arcsec, and there
are additional small peaks at about AQ2 = +120 arcsec. The intensity of these features,
additionally, is highly anistropic: they are a lot more intense in omega scans taken in
the 110 direction, than they are in scans in the 1-10 direction.

Kidd and Fewster [95] have observed such features in omega scans of InGaAs epi-
layers, and have attributed them to the diffuse scattering of x-rays from the strain
field around dislocations. Ress et al. have studied this diffuse background in ZnSe
epilayers, and come to similar conclusions [96, 89]. Additionally, they explained the
azimuthal anisotropy of this type of diffuse background with the higher glide efficiency
of dislocations in one crystalline direction compared to that orthogonal to it, resulting
in a linear array of dislocations instead of a crossed one.
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The diffusely scattered intensity can thus be used as a measure for the crystalline
quality. According to Ress et al. this measure is about one order of magnitude more
sensitive than the analysis of the omega FWHM, in the ZnSe / GaAs material system
|96, 89].

3.3 Photoluminescence Spectroscopy

Photoluminescence (PL) refers to the emission of light from condensed matter sys-
tems after optical excitation. The energy spectrum and the intensity of the emitted
light yields information on the band gap, the nature and concentration of impurities,
quantum confinement energy in nanostructures, and on the homogeneity of the sample
|68].

The basic process of PL is sketched in figure 3.11 for a semiconductor quantum well
heterostructure. When a photon of an energy greater than the effective band gap
(including e.g. confinement energy) is absorbed in a semiconductor layer, an electron
is lifted from the valence to the conduction band, resulting in an electron-hole pair.
The pair relaxes to the respective ground state, and can further lower its energy by
forming an exciton (X) or other quasi-particles, e.g. biexcitons or charged excitons. It
eventually recombines after a certain lifetime, releasing its energy again as a photon
or via non-radiative channels. Before recombination, excitons diffuse through the
material and are localized at potential minima, such as impurities, quantum wells or
quantum dots. PL thus preferentially probes the minima of a potential landscape. In
a high-quality barrier / quantum well / barrier heterostructure, such as depicted in
figure 3.11, most excitons “fall” into the quantum well, and often no PL from the barrier
material is seen. In an inhomogeneous quantum well, excitons are better localized at
spots with lower ground state energy, thus giving more spectral weight to these spots
in the PL spectrum.
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Figure 3.11: Photoluminescence in a semiconductor quantum well structure.

The exciton binding energy in bulk ZnSe is about 20 meV [35]. When excitons are
confined in a heterostructure, their binding energy generally increases due to the higher
overlap of the electron and the hole wavefunction. It may reach up to about four times
the bulk value [97, 98].
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A schematic of the setup used for most PL experiments in the present work is depicted
in figure 3.12. Tt consists of a blue laser with hv = 3.06 eV for excitation, a Helium flow
cryostat with which temperatures below 10 K can be reached, a spectrometer with an
optical path length of 0.55 m, and a Si photo diode with a PC for sequential recording
of luminescence spectra. A system of lenses and a prism direct the excitation light
onto the sample surface (spot size ~# 1 mm?) and collect the emanating luminescence
light. The prism also serves the purpose of diverting spurious reflected excitation light
from the spectrometer. A longpass filter in front of the spectrometer further represses
the remaining, unwanted excitation light.

A more advanced setup is used for magneto-PL and PL excitation measurements by
the optics group at EP3. For magneto-PL measurements the sample is placed in a He
bath cryostat with a magnetic coil capable of producing magnetic fields up to 6 T.
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| e ~. f=550mT
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Figure 3.12: Schematic of the optical setup used for photoluminescence experiments.
Adopted from [99].

3.4 Electrochemical Capacitance-Voltage Profiling

Electrochemical capacitance-voltage (ECV) profiling allows to quickly measure the
doping density in layered semiconductor structures as a function of depth [100]. In
the present it is used work for the analysis of the carrier distribution in the vicinity
of heterovalent semiconductor heterointerfaces, and for the calibration of the doping
density versus doping cell temperature. In the following, the principles of ECV are
introduced briefly.

In the depletion approximation, the depletion width at an n-type semiconductor /
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metal Schottky contact is given by

w0y = \/QEUET (55_‘/)7 (3.8)

where ¢y and ¢, are the dielectric constants of vacuum and of the semiconductor
material, e is the elementary charge, ¢g is the Schottky barrier height, V is a (small)
applied voltage which lowers the barrier height in forward bias, and N4 is the donor
density in the semiconductor [101|. The diode capacitance is given by C' = gpe,A/wy,
where A is the contact area. When ¢g and &, are known, the donor density N, can
be obtained by measuring the capacitance of the Schottky junction. Since ¢g is rarely
very well known, the donor density is usually determined by additionally measuring
the derivative of the capacitance with respect to the bias voltage dC'/dV, and is then
given by
CS

2 ac -
Aegoe, 5

Ny (3.9)

The application of a reverse bias voltage to the Schottky contact moves the edge of the
depletion region deeper into the semiconductor material. Measuring the capacitance
and its derivative as a function of bias voltage thus yields a depth profile of the donor
density Ny(z), with the maximum depth limited by reverse bias electric breakdown. If
the metal is replaced by an appropriate electrolyte, the Schottky contact can be moved
into the semiconductor by etching its surface electrochemically. Iteratively etching the
surface and measuring the carrier density at a constant bias voltage allows to record
very deep carrier density profiles. While the maximum depth for conventional C-V
profiling is very limited, especially for highly doped material (e.g. about 20 nm for
Ny =~ 10'® em ™2 [100]), ECV profiling allows maximum depth up to several nm, which
is mainly limited by roughening of the etch front.

Eq. 3.9 is based on the assumption that no effects apart from charge carrier transfer
from the semiconductor to the metal or electrolyte contribute to the depletion region
wg, and that each impurity atom contributes one mobile charge carrier. In the presence
of interface or surface states, which can trap electrons and increase the depletion region,
or of compensation of donors by acceptor-type atoms, only the net density of mobile
carriers n(z) is probed.

Unlike Hall measurements, ECV neither requires contacts or lithographic structuring
of samples, nor a magnetic field. Additionally it allows to perform depth-dependent
measurements. However, Hall measurements are usually more precise, since inhomo-
geneous etching, etch front roughening or re-adsorption of removed material to the
etch front can reduce the accuracy of ECV measurements. Also, ECV is limited to
about room temperature, since the electrolyte would freeze at cryogenic temperatures.

In this work, ECV profiles are measured using a commercial BioRAD Polaron semi-
conductor profiler, which is described in detail e.g. in [100]. The general procedures
and the electrolyte for ZnSe (a 1:1 mixture of 1 molar NaOH and 1 molar NaySO;)
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are described in [102, 103|. Figure 3.13 shows the carrier density profile of an n-ZnSe
calibration sample measured by ECV. The sample consists of four, about 200 nm wide
n-ZnSe layers with constant doping density, separated by about 60 nm wide, nominally
undoped layers. It is grown on n-GaAs. The doping cell temperature is reduced step-
wise from 150 °C to 90 °C in steps of 20 °C. The profile in figure 3.13 clearly resolves
three plateaus with nearly constant carrier concentration, corresponding to the three
highest doping cell temperatures. The topmost plateau, corresponding to the lowest
doping cell temperature, is only partially resolved, since the depletion width in the
low doped material is very large and since some material may be etched before the
actual measurement is started. Also shown in figure 3.13 is a comparison of the carrier
density measured by ECV and by low-temperature Hall measurements on separate,
homogeneously doped samples. Both techniques yield very similar results, with the
largest deviation being about a factor of two at very high doping concentrations.
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Figure 3.13: Depth profile of the electron density n(z) in an n-ZnSe calibration layer
(sample ¢b3330) measured by ECV (left). Comparison of the carrier density as a
function of the doping cell temperature obtained by ECV and by Hall measurements
on separate samples (right).

3.5 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique, which al-
lows to map the surface topography of solids with nm resolution. It has been developed
in the 1980s by Binnig et al. [104], after the scanning tunneling microscope (STM).
AFM is more flexible than STM, since it can be used on both conducting and insu-
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lating samples, and under ambient air conditions. However, it usually has a lower
resolution [51].

A schematic of an AFM is shown in figure 3.14. A sharp tip is mounted on a flexible
cantilever bar and is brought into close contact with the surface of interest. At a range
of a few nm, different attractive and repulsive forces, such as the van-der Waals force,
act between the tip and the sample, and deform the cantilever. The tip is scanned
over the surface by means of piezo-electric actuators, or alternatively the sample is
scanned under the tip, and the topography of the surface is mapped by measuring
the deflection of the cantilever. Usually, a low intensity laser beam is reflected from
the back of the cantilever, and the position of the specular reflection spot on a photo
diode array is detected. Since this detection mechanism is sensitive enough to measure
cantilever deformations in the pm range, and since typical spring constants are on the
order of 1 N/m, the forces between tip and surface can be in the 10712 N range [51].

There are two modes of operation for AFM: the contact and the non-contact mode. In
contact mode, the static deformation of the cantilever is sensed as the tip is dragged
over the sample surface. To avoid crashing the tip into the sample, usually the tip-
surface distance is kept constant by a feedback controller. The surface topography is
mapped by recording the z-movement of the tip (or sample). In non-contact mode
the cantilever oscillates close to its resonance frequency. The distance between tip
and sample is slightly higher than in contact mode. The resonance frequency and the
quality factor are influenced by distance-dependent forces between tip and sample, and
the change of oscillation characteristics is used to construct an image of the sample
surface topography. The non-contact mode is usually less invasive than the contact
mode, since the tip-surface distance is higher and the involved forces are lower [51].

The resolution of AFM depends critically on the effective radius of curvature of the
tip. In the present work tips with a curvature of about 10 nm are used. Features on
the surface with a lateral separation lower than this tip diameter can not be resolved.
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Figure 3.14: Schematic of an atomic force microscope.
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3.6 Microstructuring and Electric Transport Measure-
ments

The heterostructures fabricated in this work are processed into device structures for
electric transport experiments using optical lithography, wet chemical or dry chemical
etching, and electron beam evaporation of metallic contact layers. Typical structure
sizes used in this work are on the order of 100 pm, which is well within the resolution
limit of optical lithography. Etching of ZnSe based materials is done either wet chem-
ically, using chromo sulphuric acid (H2SO4 + CrO3), or dry chemically with reactive
ion etching (RIE) or chemically assisted ion beam etching (CAIBE). Metal contacts
are evaporated either in-situ after growth in a metalization chamber, which is con-
nected to the MBE system via UHV, or ex-situ in a separate metalization chamber.
With in-situ evaporated Al / Ti / Au contacts, the contact resistance on highly doped
ZnSe (Ng =~ 2 x 10 em™?) is usually on the order of 1073 - cm, while the ex-situ
evaporated contact resistance is usually one to three orders of magnitude higher |66].

A typical structure used for vertical transport experiments on tunneling heterostruc-
tures (chapters 6 and 7) is depicted in figure 3.15. It consists of an about 100 um wide
quadratic pillar, which contains the active region and has an in-situ evaporated metal
contact layer on top, and a ring-shaped bottom contact around the pillar, which is
about 500 um wide. The bottom contact is evaporated ex-situ after etching the pillar,
and has a low resistance due to its relatively large size. A current is sent vertically
through the pillar by applying a voltage between the top and the bottom contacts. For
transport experiments through n-ZnSe / n-GaAs heterointerfaces, about 500 um wide
pillars are used, which contain the heterointerface. Indium, diffused into the n-GaAs
substrate, is used as a backside contact. For more details refer to chapter 5.

The structured sample is glued into a chip-carrier. The on-chip contacts are bonded to
contact pads on the chip carrier by using ultrasound bonding with Au wires. The chip
carrier with the sample is then inserted into a cryostat for low temperature electric
transport experiments. Transport experiments at varied temperatures between 300 K
and about 10 K are performed using an Oxford He flow cryostat with active temper-
ature regulation. Low temperature magneto-transport experiments are done in a He
bath cryostat equipped with a superconducting electromagnet.

Electric transport measurements are done either with a HP4145B semiconductor pa-
rameter analyzer (those discussed in chapter 5), or by using dedicated, low noise volt-
age sources and meters (chapters 6 and 7). Single and double barrier tunneling diodes
are characterized electrically by putting them in series with a resistor of well known
resistance, which is on the same order of magnitude as that of the device under study.
A stabilized voltage source is used to apply bias to this circuit, and two voltage meters
are used to measure the voltage drop over the series resistor (i.e. the current) and
over the studied device. For RTD structures, often additional precautions are taken
to prevent problems associated with oscillations due to negative differential resistance.
For I-V measurements of RTDs see also |66, 9].
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Figure 3.15: Optical micrograph of a typical mesa diode structure used for vertical
transport experiments in single- and double barrier tunneling heterostructures. The
about 100 x 100 pm? inner square is the pillar containing the heterostructure of interest.
It has an in-situ metal contact on top, to which a bonding wire is attached. The outer
square ring is the backside contact, also with a bonding wire attached.

3.7 Transition To New MBE Chamber and Calibra-
tion

Towards the end of this work, a new MBE chamber of the type RIBER Compact
21 was acquired as a replacement for the RIBER MBE 32 chamber ("CT chamber")
used for ZnSe growth until then. This section compares these two growth chambers
and describes the commissioning and calibration of the Compact 21 chamber for the
growth of high quality, TI-VI heterostructures. Aspects of the composition calibration
of (Zn,Mn)Se and of the elimination of certain kinds of defects in the early layers
grown in this chamber are detailed in the diploma thesis of M. Endress [105].

The general layout of a RIBER Compact 21 MBE chamber is illustrated in figure
3.16. Similar to the MBE 32 chamber (depicted schematically in figure 3.1), it is
equipped with a cryo-, ion-getter, and Ti sublimation pump for achieving UHV, with
means for manipulation and heating of substrates (up to 2-inch wafers), for the thermal
evaporation of source materials, and for in-situ characterization by RHEED. Substrates
are glued with indium onto solid Mo blocks, which serve as sample holders in the MBE
system. The main difference is, that effusion cells in the new chamber are arranged in
a circle at the bottom of the chamber instead of on a sidewall. This vertical geometry
allows that more cells can be installed (10 ports instead of 8), and it ensures that all
cell ports are equal in their position relative to the substrate.

Even though the layout of the new chamber is quite different, the cell and substrate
temperatures and the general process steps for II-VI growth are very similar to those
used in the old MBE 32 chamber. Figure 3.17 shows the beam equivalent pressure
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Figure 3.16: Photograph of an MBE chamber of the type RIBER Compact 21. Image
adopted from www.riber.com.

(BEP) of several materials as a function of the cell temperature, recorded in the MBE
32 and the Compact 21 chamber. The background pressure measured by the flux
gauge at closed cell shutter has been subtracted. The exponential decay of the BEP
with 1/T indicates that it is a thermally activated process, as expected for thermal
evaporation. For the Zn and Cd cells, the BEP in the old and in the new chamber are
very similar. For the higher temperature materials, Be and Mn, the BEP in the new
chamber is slightly lower, which may be related to the different geometry of the cells
or to their position the chamber. For Znl no BEP could be measured in the old MBE
32 chamber.

In the following the commissioning of the new chamber and its preparation for the
growth of high-quality, ZnSe based heterostructures are described. After the chamber
is installed, baked out, and the cells are filled with source materials, the temperature
controls of the individual cells and the substrates are optimized. The PID controllers
used for regulating the cell and substrate temperatures are tuned either automati-
cally or by hand ("Ziegler-Nichols" method) at their respective operating temperature.
Several pure ZnSe layers and "dirt samples" (all source materials deposited simultane-
ously) are grown, in order to passivate all internal surfaces and to stabilize the growth
conditions. The Zn cell is heated close to the melting point of Zn, in order to remove
an oxide layer on the material. Plain ZnSe layers are grown with a Zn and Se BEPs
of about 8 x 1077 Torr and 2 x 10~% Torr, respectively, and their layer thickness and
quality are determined by XRD. The ZnSe growth rate is adjusted if necessary to
about 1 A/s by changing the BEPs.

When the ZnSe growth rate is stable, the composition and growth rate of (Zn,Be)Se,
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Figure 3.17: Beam equivalent pressure as a function of the effusion cell temperature,
measured for different source materials. Solid symbols correspond to measurements
in the new Compact 21 MBE chamber, open symbols to the older MBE 32 chamber
("CT chamber").

(Zn,Mn)Se and (Zn,Cd)Se, as well as the carrier density in iodine-doped ZnSe, are
calibrated. Since the heterostructures discussed in this work typically need several
different Be concentrations in the range from 3 % to 30 % in different layers, a relatively
wide range of concentrations is covered in the calibration. Three or more (Zn,Be)Se
layers with a projected Be concentration in the range between 1 % and 10 % are
grown, and the thickness and composition are determined by XRD, using the materials
parameters described in section 2.1. Since the addition of Be can lead to a high tensile
strain, the thickness of these calibration layers is reduced for higher Be concentrations
to avoid relaxation. For about 10 % Be the calibration layers are typically about 40 nm
thick. For higher Be concentrations in the range of 20 % - 30 %, ZnSe / (Zn,Be)Se /
ZnSe triple layer structures are grown and analyzed by XRD, with the (Zn,Be)Se layer
being only a few nm thin. Making use of the x-ray-interference effect described in
sections 3.2.1 and 4.3 the thickness and composition of such thin layers is determined
by XRD. The (Zn,Be)Se growth rate usually increases proportionally to the added
amount of Be. As an example, the composition of (Zn,Be)Se layers as a function of
the Be cell temperature for both, the MBE 32 and the Compact 21 MBE chamber, is
depicted in figure 3.18. For both chambers the Be content shows a similar variation
with the Be cell temperature, but in the Compact 21 chamber about 20° C' higher cell
temperatures are required for a certain Be concentration.
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Figure 3.18: Composition of (Zn,Be)Se layers as a function of the Be effusion cell
temperature. Solid symbols correspond to measurements in the new Compact 21
MBE chamber, open symbols to the older MBE 32 chamber. The growth rate of the
basic material ZnSe in both cases is about 1.1 A/s.

For (Zn,Mn)Se and (Zn,Cd)Se, two to three calibration samples are grown and an-
alyzed by XRD. To calibrate the composition of (Zn,Mn)Se layers, M. Endress has
compared several analytical methods to determine the Mn concentration, including
XRD, magneto-PL, SIMS and XPS [105]. In principle, the Mn content can be deter-
mined directly and uniquely by measuring the shift of the near-band-edge PL line of a
(Zn,Mn)Se epilayer in a magnetic field [44]. However, this method is only sensitive to
Mn incorporated on cation lattice sites (Mn antisites or interstitials are not detected),
and some ambiguities are found when the Mn concentrations is higher than about 6 %
[105]. In the present work, the composition of (Zn,Mn)Se layers is calibrated using
the lattice constant determined by XRD on thick epilayers as a measure for the Mn
content. When all compositions, growth rates, and doping densities are calibrated,
the more complex heterostructures of interest are fabricated. They are continuously
characterized by XRD whenever possible, to detect any drift or accidental deviation
of the growth conditions from the calibration.
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Figure 3.19: SEM image (a) and energy-dispersive x-ray spectra (b, ¢) of a wafer with
macroscopic particle contamination, as found in early samples grown in the Compact
21 ZnSe chamber. Spectrum in (b) is taken on a clean spot of the wafer, spectrum
(c) is taken on the contaminated part. Additionally to the characteristic x-ray lines
of Ga and As, seen in spectrum (b), spectrum (c¢) also shows several lines indicating
that the particle consists mainly of W.

The first II-VI layers grown in the Compact 21 chamber had a high density of irregu-
larly shaped, macroscopic defects, in the range 10* —10” cm~2. An SEM image of such
a defect on a GaAs wafer is shown in figure 3.19 (a). Analyzing a number of them
by energy-dispersive x-ray spectroscopy (EDX) revealed a high content of tungsten
in the defects. Example spectra of a clean part of the wafer and of the defect in (a)
are shown in figure 3.19 (b) and (c), respectively. With this information, a defective
vacuum ion gauge in the load lock of the MBE system could be identified as the source
of contamination. After its removal and after thorough cleaning of the load lock, most
of the subsequently grown samples were contamination free.
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Chapter 4

Building Blocks for ZnSe Based
Spintronic Heterostructures

In this chapter selected properties of individual ZnSe epilayers, (Zn,Mn)Se DMS layers,
(Zn,Cd)Se quantum wells and (Zn,Be)Se tunnel barriers are presented, followed by a
systematic analysis of the optical and structural properties of epitazial CdSe quantum
dots embedded in (Zn,Be)Se and (Zn,Be,Mn)Se matrices. The latter is based on the
diploma thesis of J. Henke [34]. These layers form the building blocks for more complex
heterostructures discussed in the following chapters.

4.1 Pure and n-Type ZnSe Layers

This section describes basic structural, optical, and electric properties of ZnSe epilayers
grown in the course of the present work.

4.1.1 Surface Morphology

Figure 4.1 shows a typical AFM image of a 40 nm thick ZnSe layer on GaAs(001),
taken ex-situ in ambient air. The main features of this surface are long-range mounds
with up to 10 nm height and about 200 nm x 1um lateral extension, and large islands
of up to 80 nm height and up to 100 nm diameter.

The islands can usually be removed without trace by repeated scanning of are same
spot by AFM, and are thus attributed to post-growth contamination of the sample
before or during the ex-situ AFM measurement. One possible source of such a con-
tamination is a defective vacuum ion gauge in the load-lock of the MBE system, which
occasionally emitted small particles of tungsten. This is verified by energy-dispersive
X-ray spectroscopy on different samples (see end of section 3.7).
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Figure 4.1: AFM image of the surface of a 40 nm thick ZnSe layer grown on GaAs(001).

The long-range mounds are frequently observed on MBE-grown epilayers of ZnSe and
other zincblende semiconductors [106, 79]. They are clearly elongated in the 110
crystal direction. In [106] their emergence is attributed to island nucleation during
MBE growth in conjunction with a potential barrier at step edges. The latter hinders
mobile adatoms on top of an island from climbing down to a lower level, and thus
promotes growth on top of already existing islands.

The resolution of the available ex-situ AFM is not sufficient to observe individual
atomic steps. Apart from the mounds and the post-growth contamination the ZnSe
surface thus appears flat, as expected for a high-quality MBE-grown epilayer.

4.1.2 Photoluminescence Spectrum

A very sensitive probe of the material quality and impurity content in a semiconductor
is its luminescence spectrum. A high density of impurities or defects usually leads
to a high density of non-radiative recombination channels, or to donor-acceptor pair
recombination. Figure 4.2 depicts a near band-edge PL spectrum of a 100 nm thick,
undoped ZnSe layer on GaAs, taken at 1.6 K. The sample is grown in the Compact 21
ZnSe MBE chamber. Several sharp luminescence lines with a FWHM between 0.9 meV
and about 2.0 meV are observed at 2.800 eV, 2.807 eV, 2.811 eV, and 2.819 eV. The
literature value of the low-temperature band gap of unstrained ZnSe is about 2.82 eV.
The binding energy of free excitons is approximately 20 meV, that of biexcitons is
about 4 meV [35]. The small biaxial strain due to pseudomorphic growth on GaAs
increases the energy gap slightly (deformation potentials see e.g. [107]). The sharp
lines at 2.800 eV and at higher energies are therefore attributed to various free excitons
(e.g. excitons in the ground or excited states, biexcitons, charged excitons) and bound
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excitons. The broader, less intense line at 2.78 eV is attributed to donor-acceptor
pair recombination. The high intensity of the exciton lines compared to the donor-
acceptor pair recombination indicates good quality of the grown ZnSe material, and a
low density of impurities or defects.
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Figure 4.2: PL spectrum of a 100 nm thick ZnSe layer, taken at a temperature of 1.6 K
with excitation in the UV. The sample is grown in the Compact 21 MBE chamber.

4.1.3 Hall Measurements

Hall measurements are an important electric characterization method for doped semi-
conductor layers, since they provide precise information on the carrier density, the
type of conductivity (n- or p-type), and on the carrier mobility [101]. Figure 4.3 shows
the Hall resistance R,, and the longitudinal resistance R,, of a 200 nm thick ZnSe
layer as a function of the applied magnetic field. The layer is highly n-type doped
with Znl. It is grown on a thick multilayer buffer structure to shield it from the ZnSe
/ GaAs heterointerface below.

For Hall measurements, a constant voltage is applied longitudinally to a lithograph-
ically prepared Hall bar structure (depicted in the inset of figure 4.3) and a series
resistor, and a magnetic field is applied perpendicular to the layer plane. The Hall
resistance is obtained from the Hall voltage U,, measured between opposing contact
pads by R, = U,,/I, and the longitudinal resistance is given by the voltage drop U,
between two neighboring contact pads R, = U,,/I.
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With R,, = B/(d-n-e), where d is the layer thickness of 200 nm and e is the
elementary charge, the carrier density n = 1.60 x 10 ¢cm~2 is obtained. This is
in good agreement with the value of about 2 x 10 cm™ measured by ECV on
calibration samples, and is close to the maximum achievable density of 3 x 10* cm™3
Shibata et al. have reported for Iodine doped ZnSe in MOVPE [49|. The resistivity
of the present layer is p = 1.7 m{) - c¢m, which is also very close to the best value of
1.3 mQ2 - cm reported by Shibata et al.

The mobility p is given by R, =1/(b-d-n-e-pu). With I = 160 um, b = 40 um,
R,. = 345, and d and n as above, the mobility is y = 226 cm?/Vs. Ruda et al.
have calculated the electron mobility in bulk, n-type ZnSe as a function of the donor
concentration up to 3 x 10'® cm™3 [108]. A linear extrapolation of their total mobility
to 1.6 x 10 ¢m ™3 yields a value significantly below 1000 cm?/V s at 77 K, limited by
impurity scattering. The present value is slightly lower but is still considered to be in
good agreement with this theoretical limit.
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Figure 4.3: Longitudinal resistance R, and Hall resistance R,, of a highly doped,
200 nm thick n-ZnSe layer. The inset shows the geometry of the Hall bar. The sample
is grown in the Compact 21 MBE chamber.

4.2 Diluted Magnetic Semiconductor Layers

The giant Zeeman effect in II-VI diluted magnetic semiconductors is the main handle
for electron spin manipulation in the heterostructures studied in the present work. In
these structures, the giant Zeeman effect usually manifests itself in a change of device
resistance in a magnetic field or in a variation of I-V characteristics. It can be directly
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observed in optical experiments such as magneto-PL, where the large splitting of the
band edges and the relaxation of photo excited carriers to the respective lower spin
state leads to a pronounced, Brillouin-like shift of the band-edge luminescence to lower
energies.

Magneto-PL spectra of a 70 nm thick (Zn,Mn)Se layer fabricated in the Compact 21
MBE chamber are shown in figure 4.4. The nominal Mn concentration of the layer,
according to XRD measurements on calibration samples, is 8 %. The spectra are
measured at 1.6 K and in magnetic fields up to 6 T. At 0 T the luminescence spectrum
shows one peak at 2.843 eV with a FWHM of 3.2 meV. The literature value for the
band gap of unstrained ZnggoMng ogSe is 2.834 eV (see table 2.2), which is consistent
with the measured PL energy considering that significant compressive strain in the
layer slightly increases the band gap. In a magnetic field the luminescence line shifts
to lower energies following a Brillouin function, as shown in the inset. Due to the
high Mn concentration in this sample the shift is quite large, reaching - 60 meV for
6 T. At a small field of 0.25 T another luminescence peak appears at slightly higher
energies than the 0 T peak. It may be attributed to recombination involving carriers
from the energetically higher minority-spin level, which have not relaxed to the lower
majority-spin level before recombination.
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Figure 4.4: Near band edge magneto-PL spectra of a 70 nm thick (Zn,Mn)Se layer,
measured at 1.6 K. The inset shows the peak position as a function of the magnetic
field. The solid line is a fit to the data based on a modified Brillouin function (see
section 2.2), yielding a Mn concentration of 6.2 %. The sample is grown in the Compact
21 MBE chamber.
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4.3 Tunnel Barriers

Few nm thin layers of (Zn,Be)Se with a high Be content up to about 30 % serve as
tunnel barriers in the fabricated resonant and spin-dependent tunneling heterostruc-
tures. The high Be concentration leads to high tensile strain, which poses the risk of
plastic relaxation.

Figure 4.5 shows XRD w — 20 scans of two calibration samples containing thin,
highly strained (Zn,Be)Se layers (black curves). The (Zn,Be)Se layers are embed-
ded in thicker, nearly symmetric ZnSe cladding layers grown on GaAs (see inset), and
the layer structure thus forms an x-ray interferometer, as described in section 3.2.1.

The highest peak at A© = 0° is the GaAs 004 reflection. The double peak at lower
angles around A©® = —0.25° originates from the ZnSe cladding layers. The ZnSe
layer peak is split into two due to x-ray interference caused by the thin (Zn,Be)Se
interlayer. The broad peak with a maximum at a high angle A©® = 1.43° for curve
(a) and A® = 1.86° for curve (b) is the direct 004 Bragg reflection of the (Zn,Be)Se
interlayer. Since the interlayer is very thin, this peak is broad with a FWHM on the
order of 1°, and is low in intensity. The high frequency oscillations observed over nearly
the whole angular range in both scans are thickness oscillations from the ZnSe cladding
layers. Their angular separation corresponds approximately to the thickness of one
cladding layer (see equation 3.5). Since the layers are of slightly different thickness,
oscillations with slightly different periodicity superimpose, resulting in a beating in
their intensity.

The dynamic simulations in figure 4.5 (red curves) correspond to a 7.2 nm thin
Zng 77Beg23Se layer between 52 nm and 55 nm thick ZnSe cladding layers (a) and
to a 5.7 nm thin Zng71BegagSe layer between 66 nm and 69 nm thick ZnSe layers.
Since both, x-ray interference and direct Bragg reflection of the (Zn,Be)Se interlayer,
are observed, the simulations are unique with respect to the interlayer composition
and thickness. If only x-ray interference were observed, only the phase shift due to
the interlayer could be determined, resulting in an ambiguity in the composition and
thickness of the interlayer (see section 3.2.1). With these structural parameters the
simulations accurately reproduce all important features of the experimental scans,
including the x-ray interference, thickness oscillations, and the direct, low intensity
reflection from the (Zn,Be)Se interlayer.

The observation of thickness fringes and x-ray interference between ZnSe cladding lay-
ers, along with good agreement between simulations and measured scans, indicates
that the layer structures are of high structural quality and are fully strained. Plastic
relaxation due to the high tensile strain is negligible. The high density of dislocations
associated with plastic relaxation would destroy coherence of the lattice, thus suppress-
ing x-ray interference and thickness oscillations and leading to a discrepancy between
simulations and measured scans. Apart from investigating the structural quality of
potential tunnel barrier layers, such XRD measurements on test layer structures are
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used for the calibration of composition and growth rate of (Zn,Be)Se layers with a
high Be content up to 30 %.

intensity (counts per second)

X 0 1 2 3 4
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Figure 4.5: XRD w — 20O scans (black) and simulated diffraction patterns (red) around

the GaAs 004 reflection of two layer structures containing a thin, highly tensile-strained
(Zn,Be)Se layer between thicker ZnSe cladding layers (see inset).

4.4 Quantum Wells

An important building block for semiconductor quantum heterostructures is the finite
quantum well, consisting of a thin layer of a low band gap material sandwiched between
thick cladding layers of material with a higher band gap. Figure 4.6 shows the PL
spectrum of such a quantum well structure fabricated in this work. The structure
nominally consists of a 10 nm wide Zng ¢Cdg1Se quantum well embedded in 50 nm and
70 nm thick ZnSe cladding layers, grown on GaAs(001). Before and after the quantum
well layer a 30 s growth interruption is inserted to smoothen the heterointerfaces.

The PL spectra in figure 4.6 are taken at a temperature of 1.6 K, with low power
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Figure 4.6: PL spectrum of a 10 nm wide Zng¢CdggSe quantum well embedded in
ZnSe.

optical excitation in the UV (above the ZnSe band gap). The main PL line is at
2.719 eV and there are two LO phonon replicas (1LO and 2LO) at lower energies. The
main PL line is attributed to recombination of free or bound excitons in the quantum
well. Tts position is in good agreement with the effective quantum well band gap of
2.701 eV, calculated by adding the electron and hole quantization energy (42 meV
and 8 meV, respectively!) to the band gap of Zng¢CdySe (2.682 eV), and subtracting
30 meV to account for the exciton binding energy in the 10 nm wide quantum well (see
[42]). The remaining small energy difference may be due e.g. to compressive biaxial
strain or to atomic interdiffusion, which both increase the QW band gap, or due to
localization of excitons at impurities.

The low FWHM of the main PL line of 3.9 meV indicates a high lateral homogeneity
of the quantum well width and composition. A near-band edge luminescence from the
ZnSe barrier material is not observed. Together with the high intensity of the QW PL
signal this indicates that the ZnSe material is of a high purity, since excitons generated
in ZnSe have a long enough diffusion length to be localized in the quantum well before
recombination. The shoulder about 4 meV above the main PL line may be due to
excitons bound to different impurities or due to charged or excited excitons.

1 Using an effective mass of 0.15 mg for electrons and 0.8 mg for holes, and assuming a conduction
band offset of 84 %.
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4.5 Self-Assembled CdSe QDs

The MBE growth and the structural and optical properties of self-assembled CdSe
quantum dots (QDs) are described in this section. The focus is on the influence of
diefferent barrier materials on CdSe island formation and on the quantized states in
the QDs. The results have been obtained mostly by J. Henke in his diploma thesis
and are discussed there in great detail [34].

A general overview over growth and properties of self-assembled, epitaxial semicon-
ductor nanostructures in different material systems is given by Stangl [109]. For the
self-assembly of CdSe islands and quantum dots, a variety of different MBE-based
formation processes is compared by Mahapatra [79]. Variants of MBE, such as for-
mation of islands by thermal activation during in-situ annealing of a CdSe epitaxial
layer (see also [110, 111, 112]), as well as deposition and re-desorption of amorphous
Se or Te layers (see also [113, 114, 115]), have been shown to yield islands of different
size, density, and with different degrees of Cd / Zn interdiffusion. According to these
investigations, the deposition of a few ML of CdSe on ZnSe by “normal” MBE (i.e.
without additional process steps like in-situ annealing, capping / decapping with Se
etc.) typically results in a rough (Zn,Cd)Se layer with shallow (= 1 nm), abutting
mounds and with local variations in Cd content (usually less than 50 % [116]). The
potential fluctuations in such inhomogeneous quantum well layers act as QDs and con-
fine excitons and individual carriers three-dimensionally. The QD density measured
by u-PL is typically in the range of 10 — 10 ¢m~=2 [79].

The effect of Be or Mn in the ZnSe barrier material on CdSe QDs is the subject of
only a few studies. Kim et al. found that the PL energy of CdSe QD ensembles
embedded in Zn;_,Mn,Se is redshifted and narrowed with increasing x in the range
from 0 % to 25 % [117]. It was concluded that the presence of Mn in the barriers
increases the Cd content in the QDs, and has a positive effect on island homogeneity.
Lee et al. also found evidence for Mn in the barriers influencing CdSe island growth
[118, 119]. Be in the barrier material is reported to affect CdSe island formation even
in low concentrations of 3 % [120]. By PL and Raman measurements it was found
that the Cd concentration x in optically active QDs is increased from x = 0.42 — 0.43
for pure ZnSe barriers to x = 0.47 — 0.52 for Zng 97Begg3Se barriers. Also the lateral
size of the QDs is reduced by the addition of Be.

4.5.1 Growth of Self-Assembled CdSe QDs

As a part of this work, the structural and optical properties of self-assembled CdSe QDs
embedded in (Zn,Be,Mn)Se barrier materials of different composition are investigated,
with the prospect of utilizing such QDs in dilute magnetic 0D resonant tunneling
diodes. For this purpose, several series of samples with CdSe layers of varied coverage
and embedded either in ZnSe, in ZnggBepsSe or in Zng7oBegoMngggSe layers are
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fabricated. For the sake of simplicity the term “CdSe quantum dots” is used to refer
to the fabricated samples, even though Cd / Zn interdiffusion can not be excluded.

Since the QDs are intended to be embedded in resonant tunneling diode structures,
no prolonged annealing steps and capping / decapping procedures are used in their
fabrication. As side effects such steps might cause enhanced interdiffusion or introduce
additional impurities or defects, which is detrimental to the RTD structure. Instead,
QDs are formed by plain MBE following the method described in [121]. After the
growth of a ZnSe or (Zn,Be,Mn)Se layer at 300 °C, a 10 s growth interruption with the
substrate under Se flux is introduced to smoothen the starting surface. Then CdSe
is deposited by opening the Cd shutter. With a typical Cd BEP of 1.2 x 10~7 Torr
the growth rate is about 20 s / ML 2 (1ML CdSe ~ 3.3A). A clear transition of
the RHEED pattern from streaky to spotty upon reaching a critical CdSe coverage,
as observed for Stranski-Krastanov island growth in other material systems [122], is
not observed. A predominantly 2D 2 x 1 diffraction pattern is observed during and
after CdSe growth. This is consistent with the observation of S. Mahapatra for CdSe
QDs grown by MBE at 300 °C (|79], section 5.3). After CdSe deposition another 10
sec growth interruption is introduced, followed by growth of the capping layer. For
samples intended for AFM no cap layer is grown, but the sample is cooled immediately
and taken out of the chamber.

4.5.2 Morphology of CdSe QDs

Figure 4.7 shows AFM images of samples with 2 ML CdSe grown on (a) ZnSe and on
(b) Zng79BegaMnggsSe. For both samples clear islands can be discerned, which are
not present on a pure ZnSe surface (compare figure 4.1). These CdSe islands have a
typical base diameter of 30 nm, are about 1 nm high, and have a very high density in
the range 10'° — 10" cm™2. Exemplary height profiles are shown in figure 4.8. The
island morphology and density are similar to those frequently quoted for the CdSe /
ZnSe material system [79, 123, 124]. Furthermore, the islands are slightly elongated
along the [110] crystalline direction, perpendicular to the ZnSe surface undulations.
Such an elongation of self-assembled CdSe islands has also been observed in TEM
images [110] and by optical means [98, 125].

Comparing the images (a) and (b) in figure 4.7, a slight trend towards a smaller lateral
size of CdSe islands for CdSe grown on (Zn,Be,Mn)Se can be presumed. This trend is in
agreement with the findings in [120]. However, when evaluating the island morphology
statistically for 20 islands on each sample, no significant differences between CdSe
islands grown on ZnSe, on ZnggBeg2Se, and on Zng 72BegaMng ggSe are found [34].

2determined by XRI on reference samples (see section 3.2.1)
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Figure 4.7: AFM images of a 2 ML thick CdSe layer grown on (a) ZnSe and on (b)
Zng.79BegoMng ggSe. The color scale depicted on the right is the same for both images.
Both images were recorded by J. Henke [34].
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Figure 4.8: Height profiles of a typical CdSe island (highlighted in figure 4.7) in lateral
and longitudinal direction.
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4.5.3 PL of CdSe QDs Embedded in ZnSe and (Zn,Be)Se

To study the influence of the matrix material on the optical properties of CdSe quan-
tum dots, two series of samples with CdSe QDs of varied coverage O, embedded in (a)
pure ZnSe and in (b) thin layers of ZnggBegoSe are fabricated. The latter corresponds
to typical tunnel barrier layers in II-VI RTDs, with a nominal band gap of 3.22 eV
(see table 2.2). The layer structures and band diagrams are depicted in figure 4.9.

(a) (b) 6nm

40nm 40 nm 40 nm 40 nm

(Zn,Be)Se
(Zn,Be)Se
ZnSe

CdSe

=

Figure 4.9: Sketch of the band profile of undoped CdSe / ZnSe (a) and CdSe /
(Zn,Be)Se (b) heterostructures for PL.

Figure 4.10 depicts PL spectra of the two sample series. The spectra are taken at
T < 13K, B = 0T, and with an excitation energy of hv = 3.05¢eV (i.e. above the
band gap of ZnSe). They are normalized in intensity. For CdSe QDs embedded in
ZnSe (panel (a)) a single, pronounced luminescence peak with a FWHM of several
tens of meV is observed. Its energy depends on the CdSe coverage. It is attributed
to excitonic recombination in the CdSe layer. As the coverage is increased from 0.6
ML to 3.4 ML, the peak energy continuously shifts from 2.73 eV down to 2.21 eV,
reflecting the decreasing confinement energy of excitons in CdSe. At the same time
the luminescence peak shape changes from a rather irregularly shaped, narrow peak
with a FWHM of 21 meV and a low-energy tail, to a nearly Gaussian peak with a
higher FWHM of 51 meV. The latter corresponds to an ensemble of CdSe quantum
dots with a Gaussian distribution of islands size or Cd content. Luminescence from
excitonic recombination in the ZnSe layers is not observed in the spectra in figure 4.10
(a). This is an indication for the high quality of the fabricated layers, since it implies
that excitons have a long mean-free path before recombination.

PL spectra of CdSe QDs embedded in ZnggBeg2Se are shown in figure 4.10 (b). For
small coverages © < 1 ML the spectra are dominated by an about 15 meV wide lumi-
nescence line at 2.78 eV. This line is much weaker for samples with higher CdSe cov-
erage, but its energetic position is nearly independent of the coverage. It is attributed
to a recombination process in the ZnSe cladding layers, such as donor-acceptor pair
transitions or recombination of bound excitons [35]. Apart from this ZnSe lumines-
cence line, another peak is observed at different energies depending on CdSe coverage.
For the lowest coverage of © = 0.75 ML the peak is at a high energy of 2.92 eV, and is
very low in intensity compared to the ZnSe luminescence line. With increasing CdSe
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Figure 4.10: Photoluminescence spectra of ensembles of self-assembled CdSe QDs
with different CdSe coverage O, embedded (a) in a ZnSe matrix and (b) in about
6 nm thin ZnggBegoSe layers (structure see figure 4.9). The arrows in (b) indicate the
luminescence band from the CdSe QD ensemble. The spectra are taken at T' < 13K,
B =0T, and with an excitation energy of hv = 3.05eV. Spectra are normalized and
offset for clarity.

coverage it increases in intensity and monotonically shifts to lower energies. Between
1.0 and 1.6 ML it crosses the ZnSe PL line. Due to the clear dependence on the CdSe
coverage and due to its relatively high FWHM, this peak is attributed to the CdSe QD
ensemble. For higher coverages ©® > 1.6 ML, when it is energetically below the ZnSe
line, this CdSe QD luminescence dominates the spectrum, and the ZnSe line nearly
vanishes for © > 2 ML.

The strong variation of the ZnSe and the CdSe QD luminescence intensity for series
(b) can be understood as follows: For both sample series, the excitation light (hv =
3.05 eV) is absorbed in both, the ZnSe cladding layers and the CdSe layer. While
for series (a) excitons generated in ZnSe may easily diffuse into the CdSe layer and
contribute to the strong CdSe PL, this is hindered for series (b) by the presence of the
tunnel barriers. Because fewer excitons are lost to the CdSe, the ZnSe luminescence in
series (b) is stronger than in series (a), for © < 2.0 ML. For low coverages © < 1.0 ML,
the effective band gap in the CdSe QDs in series (b) is larger than the ZnSe band gap,
and the direction of exciton transfer is reversed. Excitons generated in the QD layer
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Figure 4.11: Measured PL energy of CdSe QD ensembles embedded in ZnSe and in
Zng sBegoSe as a function of the CdSe coverage ©(symbols). The dotted lines are model
calculations for finite quantum well of CdSe / ZnSe (black) and CdSe / ZnggBeg2Se
(blue).

may tunnel through the ZngygBey2Se barriers into ZnSe, which explains the rather low
intensity of the QD PL compared to the ZnSe PL for these coverages.

The QD ensemble PL peak energy is shown in figure 4.11 as a function of the coverage
for both sample series (a) and (b). While the PL peak energy of CdSe QDs embedded
in (Zn,Be)Se is significantly larger at low coverages, it decreases more rapidly with
coverage. For coverages © > 1.6 ML virtually no difference can be found between the
two sample series.

For both series the QD PL energy decreases continuously with CdSe coverage. An
abrupt transition of the PL to lower energies at a certain critical coverage, a hallmark of
island growth in the Stranski-Krastanow mode [126], is not observed. This is consistent
with other studies on the MBE growth of CdSe islands, e.g. [79] and references therein.
It is also consistent with the absence of a distinct 2-d to 3-d transition of the RHEED
pattern in these samples.

Also shown in figure 4.11 are calculated PL energies of smooth CdSe quantum wells
with ZnSe barriers (black dotted line) and with ZnggBegoSe barriers (blue dotted
line). The PL energies are obtained by calculating the single-particle electron and
the heavy hole ground states (considering the respective effective masses in CdSe
and in the barrier materials) in a finite CdSe quantum well with different barrier
materials, adding them to the CdSe band gap, and introducing estimated corrections
for lateral confinement (plus 50 meV) and exciton binding energy (minus 30 meV).
For details of the calculations refer to [34]. This simple model can by no means
be considered an accurate representation of self-assembled quantum dots, however,
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it is intended to capture the essential effects of the different barrier heights on the
quantized levels in the dots. The calculations overestimate the PL energy over the
whole range of coverages by several tens of meV. This may be due to an imperfect
estimate of lateral confinement energy or exciton binding energy, or due to the fact
that, for inhomogeneous confinement energies, PL preferentially probes the energetic
minima since excitons thermalize and are localized there.

For small coverages the calculations show that the PL energy of CdSe QDs embedded
in Zng gBegoSe is blue-shifted relative to QDs embedded in ZnSe, by an amount cor-
responding to the difference in the band gap of the barriers. This blue-shift is in very
good agreement with the measured values for small coverages © < 1 ML. For these
coverages the model of a smooth, finite quantum well may be more accurate than for
higher coverages, judging from the relatively narrow PL lines (see figure 4.10). For
higher coverages the model overestimates the effect of the barrier material. This can
possibly be explained by a different intermixing behavior of CdSe depending on the
barrier material, as reported in [120]. A higher Cd content for QD layers grown on
(Zn,Be)Se compared to such on ZnSe would lower the band gap in the QDs and can
thus partially compensate the higher band gap in the barrier. A lower tendency for
Cd intermixing may also be supported by the reported lattice hardening effect of Be
in ZnSe [127, 128].

Regarding the use of such QDs in resonant tunneling devices, where electron tunneling
through an individual CdSe QD is desired, two recommendations can be given based
on the results in this subsection: (1) If electron tunneling through the ground state
of a single QD is desired, a low coverage © < 1 ML should be used. In that case, the
majority of QDs have an electron ground state well above the ZnSe conduction band
edge, and only a small number of exceptionally large QDs are available for tunneling at
low bias. (2) Reducing the QD density by the application of alternate QD fabrication
techniques, such as those proposed in [79], may also help to distinguish individual QDs
in resonant tunneling transport.
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Chapter 5

Band Offsets and Carrier Distribution
at the ZnSe / GaAs Heterointerface

This chapter contains a systematic study of the structural and electronic properties of
n-ZnSe / n-GaAs heterointerfaces [17]. A new ZnSe growth start process is presented,
which markedly improves electron transport across such interfaces and may thereby al-
low for higher spin-injection efficiency from ZnSe based DMS into GaAs. The results
of temperature dependent electric transport, ECV, and Raman measurements for inter-
face potential barrier height, depletion widths, and interface state density are modeled
with a 1-d Poisson solver. It is concluded, that the proposed growth start method leads
to a reduction of the conduction band offset at the ZnSe / GaAs heterointerface.

At isovalent semiconductor heterointerfaces, such as GaAs / AlAs or Si / Ge, the
chemical band offsets, interface states and doping levels completely determine the
alignment and bending of the band edges. The electronic properties of heterovalent
heterointerfaces, such as GaAs / Ge or ZnSe / GaAs, however, are additionally influ-
enced by acceptor- and donor-type bonds across the interface [129]. A prototypical
heterovalent material system is the II-VI / III-V semiconductor combination of ZnSe
/ GaAs, which has the advantage of closely matching lattice constants allowing for
high quality epilayers. At such an interface, Zn-As bonds lack 1/4 of an electron on
average and act as acceptors, while Se-Ga bonds have 1/4 excess electron and act as
domnors. The effect of these bonds is twofold: on the one hand, an excess of one type of
bond over the other corresponds to n- or p-type planar doping, which can potentially
be as high as 3.1 x 10" cm™2, see Ref. [130]. Density functional theory calculations
show that such abrupt interfaces are thermodynamically unstable [16]. On the other
hand, even if both are exactly balanced in number, their spatial arrangement on an
atomic scale can lead to an electric dipole moment perpendicular to the heterointer-
face, which substantially affects and can even reverse the band offsets [16]. Applying
photoelectron spectroscopy, Nicolini et al. observed a variation of the valence band
offset (VBO) with the Zn / Se flux ratio employed during heteroepitaxy of ZnSe on
GaAs (001) [131]. Furthermore, any atomic intermixing across a heterovalent interface
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implies doping of the adjacent layers, and thus affects the carrier distribution and band
bending around the interface {132, 133, 134].

The heterovalent ZnSe / GaAs (001) heterointerface has been studied extensively as
part of the efforts to develop ZnSe-based optoelectronic devices. There the emphasis
was mostly on reducing the density of structural defects originating from the het-
erointerface, in order to increase device lifetime [135, 136]. It has been established
[137, 138, 139| that avoiding the reaction of Se with the GaAs substrate surface by
initiating ZnSe growth under Zn-rich conditions can yield defect densities as low as
103 cm~2. More recently, this heterointerface has played a role in spin injection from
ZnSe based diluted magnetic semiconductors into GaAs [5, 15] and in optical studies
of heterovalent coupled quantum wells in II-VI and III-V materials [140, 141]. The
functionality of such structures is very sensitive to band bending and band offsets at
the ZnSe / GaAs interface.

In this paper we present a comprehensive study of the electronic and structural prop-
erties of heterovalent semiconductor heterointerfaces, and of the influence of different
atomic composition profiles at the interface. As a representative material system we
studied n-ZnSe / n-GaAs heterointerfaces prepared by molecular beam epitaxy (MBE),
and we varied the interface composition by predeposition of Zn or Se in the fractional
monolayer (ML) range at ZnSe growth start. We find that the potential barrier height
at the heterointerface can be changed over several hundred meV in a controllable fash-
ion. We attribute this to a variation of the interface band offsets induced by electric
dipole moments and of band bending induced by a redistribution of acceptors.

The growth start process is monitored by reflection high-energy electron diffraction
(RHEED), and the structural quality of the epilayers is studied by high resolution
X-ray diffraction (HRXRD). Temperature dependent current-voltage (I-V) measure-
ments, electrochemical capacitance-voltage measurements (ECV), and Raman spec-
troscopy are used to characterize the potential barrier and carrier density at the het-
erointerface.

The paper is organized as follows: after listing details of sample fabrication and mea-
surements in section 5.1 and describing the particular growth start procedures in sec-
tion 5.2, the results of structural and electronic characterization are presented in sec-
tions 5.3 and 5.4, respectively. The results are discussed in section 5.5 in terms of a
band bending model including a varied conduction band offset and different distribu-
tions of acceptor states at or close to the heterointerface.

5.1 Experimental Details

Samples are grown on epi-ready n-GaAs(001) (Ng =1 — 5 x 10'8 em—3) substrates by
MBE in a system of interconnected III-V and II-VI chambers of the type Riber 32.
Wafers are glued with In onto Mo sample holders, and the substrate temperature is
measured by a thermocouple in thermal contact with the Mo block. After growth of a



CHAPTER 5. ZNSE / GAAS HETEROINTERFACE 7

200 nm thick n-GaAs buffer layer (Ng gaas = 3 X 10" cm™3) at 600 °C, the substrate is
transferred to the II-VI chamber under ultra high vacuum, keeping an As-terminated,
(2 x 4) reconstructed GaAs surface. In the II-VI chamber one of several growth
start procedures is applied, as described in section 5.2. The II-VI part is grown
at a substrate temperature of 300°C and nominally consists of a 200 nm n-ZnSe
(Naznse = 5 x 10 e¢m™2) layer and a 30 nm n*-ZnSe (2 x 10" cm™®) top contact
layer. Si and Znl, evaporated from effusion cells are used as n-type dopants in GaAs
and ZnSe, respectively. Even though the total ZnSe layer thickness is close to the
critical thickness for plastic relaxation in this material system, HRXRD confirms that
all samples are pseudomorphic.

During ZnSe growth the Zn and Se beam equivalent pressures (BEP) are 8 x 10~ Torr
and 3 x 107% Torr, resulting in a growth rate of 1.2 A /s and a (2 x 1) reconstructed
surface. For Se predeposition a reduced Se BEP of 1 x 107 Torr is provided by
opening the main shutter and leaving the Se cell shutter closed. Thereby the exposure
time required for a Se coverage of 1 ML is increased from less than 1 s to about 18 s,
allowing controllable submonolayer deposition by a meandering Se flux. The Se cell in
our system is a valved cracker cell operated in the non-cracking mode. During growth
the sample surface is monitored by RHEED, using an electron beam energy of 12 keV.

For I-V measurements across the interface, (500 um)? sized mesas are fabricated
lithographically. Ohmic contacts to the n™-ZnSe are prepared by in-situ evaporated
Al/Ti/Au, and to the n-GaAs substrate by alloyed In on the backside. Temperature
dependent I-V curves are recorded using an HP 4145B parameter analyzer and a tem-
perature controlled helium flow cryostat. The ohmic nature of the metal / n*-ZnSe
contact is confirmed at 300 K and cryogenic temperatures. ECV is carried out using
a BioRAD Polaron semiconductor profiler on samples whose in-situ metalization was
wet chemically removed before profiling. Raman investigations are performed utiliz-
ing an argon-ion laser (Coherent Innova 90, hv = 2.6 €V) as excitation source and a
SPEX double monochromator equipped with a multichannel detector as analyzer. The
samples are cooled to liquid nitrogen temperature in a coldfinger cryostat. HRXRD
is done using a Panalytical X-Pert diffractometer equipped with a Cu-K,; source and
a Ge analyzer crystal.

5.2 Growth Start

Five samples named A to E are fabricated using different ZnSe growth start procedures
on As-terminated, (2 x 4) reconstructed GaAs(001) surfaces, as listed in table 5.1.
The procedures differ in shutter sequences and substrate temperatures and aim at an
increasing amount of Se at ZnSe growth start from sample A to E. In order to be able
to detect any drift in growth conditions, the samples are grown in the sequence C, E,
B, D, A.

For sample A the substrate is exposed to Zn flux for 20 s at a low substrate temperature
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Sample Growth start t Aq /A Dy by Wd znSe Wd,GaAs
(nm) (%) (meV) (10 c¢m=2)  (nm) (nm)
A 20 s Zn, ALE | 200 70 550 £ 150 1.6 - -
B 20 s Zn 242 23 470 1.1 20 26
C 7 s Se 232 9 300 1.9 50 15
D 11 s Se 219 5) 280 1.4 41 16
E 15 s Se 207 24 73 1.3 37 16

Table 5.1: Summary of fabricated samples with different ZnSe growth start (see sec-
tion 5.2) and the results of structural, electrical and Raman characterization. ¢t is
the ZnSe layer thickness obtained from HRXRD and A4q/A; is the ratio of diffusely
scattered X-ray intensity to that under the ZnSe 004 Bragg peak. ®, is the potential
barrier in the conduction band at the n-ZnSe / n-GaAs heterointerface determined
by temperature dependent I-V measurements, > is the areal electron deficit at the
heterointerface obtained by integration of ECV profiles, wq znse and wg gaas are the
individual depletion widths on the ZnSe and the GaAs side of the heterointerface, as
determined by Raman spectroscopy.

of 230°C, then ZnSe growth is commenced in an atomic layer epitaxy (ALE) mode by
alternately supplying Zn and Se flux while the substrate is ramped to the final growth
temperature of 300°C. After approximately one minute this temperature is reached
and growth is continued in MBE mode.

For sample B the substrate is exposed to Zn flux for 20 s as well, but the starting
temperature is 300 °C and ZnSe growth is immediately commenced in MBE mode by
opening the Se shutter. Due to the higher starting temperature and the consequently
lower sticking coeflicient of Zn, the ZnSe / GaAs interface formed by this growth start
is expected to be slightly less Zn-rich than for sample A. The initial (2 x 4) RHEED
pattern does not change during Zn irradiation, but a quick transition to a 2D (2 x 1)
reconstructed surface is observed upon opening of the Se shutter.

For samples C, D and E the substrate at 300 °C is exposed to the reduced Se BEP of
1 x 1077 Torr at closed Se cell and open main shutter for different durations. Then
ZnSe MBE growth is initiated by simultaneously opening the Zn and Se shutter.

During Se exposure RHEED shows a gradual transition from the initial (2 x 4) surface
to an unreconstructed one, which is helpful in controlling the Se coverage. The RHEED
patterns observed with the electron beam parallel to the [110] crystal direction are
depicted in figure 5.1.

The top panel shows the GaAs (2 x 4) surface kept at 300°C in the II-VI chamber
with closed main shutter. Since the 2/4 streaks have about the same intensity as
the other fractional order streaks, the surface can be more specifically assigned to
type (2 x 4) — 3, according to Ref. [142|. The sample can be kept in this state for
several minutes. Upon opening the main shutter and thereby applying a Se BEP of
1 x 1077 Torr, the 2/4 order streaks weaken and disappear after 7 s. Then the 1/4
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Figure 5.1: RHEED patterns observed in the [110] azimuth before (top panel) and
during Se predeposition (7 s to 15 s). The bottom panel shows the pattern during
ZnSe growth at about 15 nm layer thickness.

and 3/4 order streaks disappear after about 15 s, leaving an unreconstructed surface
which does not change appreciably with further Se exposure. Samples C, D, and E
are grown with Se predeposition for 7, 11 and 15 s, respectively.

A rough estimate of the Se coverage can be obtained from the deposition rate |75]

R=-——L (5.1)

V2rmkgT

With p = 1077 Torr, m = 4 x 79 amu for Se4, a cell temperature of T = 250 °C,
the Boltzmann constant kp and assuming unity sticking coefficient, we get Rges =
8.6 x 102 cm 25! or 0.8 ML of Se atoms deposited within 15 s (neglecting element
dependent pressure gauge sensitivity). We therefore ascribe the transition to an unre-
constructed surface observed by RHEED to the deposition of Se in the fractional ML
range. This is consistent with scanning tunneling microscopy results of Li and Pashley
[143].

5.3 Structural Properties

HRXRD scans of all samples are measured in w — 20 and w directions. Typical results
are depicted in figure 5.2. For samples B to E HRXRD shows an 004 Bragg peak
of a fully pseudomorphic ZnSe layer with more than 10 thickness fringes in w — 20
direction (figure 5.2 (a)). The ZnSe 004 Bragg peak of sample A is slightly broadened
and thickness fringes are less pronounced than for the other samples. From a fit of a
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Figure 5.2: (a) HRXRD w — 20 scan in the vicinity of the 004 reflection of sample
E (black solid line) and dynamic simulation (red dashed line). Curves are offset for
clarity. (b) w scan of the ZnSe 004 reflection of the same sample (x-ray beam is parallel
to the 110 crystal direction), showing the narrow ZnSe Bragg peak and the broad, low
intensity background peak which is attributed to diffuse scattering at dislocations.

calculated curve to the w — 20 scans we determined the ZnSe layer thickness as listed
in table 5.1. We note that, although the growth duration and fluxes for all samples
are identical, the ZnSe layer thickness decreases continuously with Se predeposition
from 242 nm for sample B to 207 nm for sample E. The full width at half maximum
(FWHM) of the ZnSe layer peak in w direction (figure 5.2 (b)) is about 10 arcsec
for samples B to E, which is close to the resolution limit, and there is no significant
broadening relative to the substrate peak. Thus the structural quality of these layers
is very good and we find no sign of plastic relaxation. For sample A the w FWHM is
20 arcsec, which, together with the slightly inferior w — 20 scan data, indicates that
this sample is of lower structural quality. This may be due to a non optimized ALE
start procedure for this sample.

A more sensitive HRXRD based characterization of epitaxial layer quality is demon-
strated in Refs. [95, 96]. The intensity of the broad peak forming the background of an
epilayer Bragg peak in the w direction (figure 5.2 (b)) is attributed to diffuse scattering
from strained regions around dislocations. Thus, the ratio of integrated intensities of
the diffusely scattered broad peak and the narrow Bragg peak from the epilayer is a
sensitive measure of dislocation density. The intensity ratio is obtained by separately
fitting Gaussian profiles to the diffuse and Bragg peak. The results for all samples are
listed in table 5.1. Remarkably, samples with a moderate Se coverage at growth start
have a lower dislocation density than those with Zn-rich growth start. For our highest
Se coverage, however, the dislocation density increases sharply, as expected for growth
on Se-rich surfaces [138].
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5.4 Electronic Properties

5.4.1 I-V Characteristics

As a first measure of the electronic properties of the fabricated heterovalent heteroin-
terfaces we analyze the room temperature I-V characteristics measured across the
interface in (500 um)? mesas. The results are shown in figure 5.3. We first note that
all I-V curves are non-ohmic, which indicates that electron transport is limited by a
potential barrier. Second, the conductivity at a fixed bias voltage strongly depends on
the ZnSe growth start procedure. There is a monotonic trend towards higher current
density with increasing Se predeposition, which spans nearly five orders of magnitude.
This indicates that the potential barrier limiting the current is situated at the heteroin-
terface, and that its height and / or width are reduced by Se predeposition. However,
the resistance even of the best conducting samples is rather high. The differential re-
sistance of sample E is 83 k(2 at 0 V, while for purely diffusive transport the resistance
would be < 1. Third, we note that the I-V characteristics are asymmetric: when
ZnSe is on negative potential with respect to GaAs the current is higher than in the
opposite direction. The former polarity is denoted as V > 0 (forward bias) in figure
5.3. This is consistent with a type I band line-up, in which the conduction band (CB)
edge in ZnSe lies above that of GaAs (defined as positive CB offset). The asymmetry
is very pronounced for samples A and B with a Zn-rich growth start, and becomes
much weaker with increasing Se predeposition.

3,

10° T T T va
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Figure 5.3: Room temperature I-V characteristics measured through the n-ZnSe / n-
GaAs heterointerface for samples A to E in (500 um)? diodes. Positive bias corresponds
to electron flow from ZnSe to GaAs.

For a quantitative measure of the heterointerface potential barrier, I-V curves are taken
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as a function of temperature in the thermionic emission regime. In this regime the
following relationship between the "reduced current" I” and the applied bias voltage
V holds for small bias voltages [101]:

FZT(eXp{Iev b-1) OCGXP{;T(I;}’ (52)

k5T

with the current I, the temperature T, the elementary charge e and the Boltzmann
constant kg. In the model, which neglects tunneling, ®, is the potential barrier height
in the conduction band measured from the Fermi energy. In the experiment, tunneling
may reduce the energy needed for electrons to traverse the barrier, so ®;, rather cor-
responds to the activation energy for thermally activated tunneling. It corresponds to
the absolute height but is also slightly influenced by the shape of the heterointerface
potential barrier.

®, can be determined from the slope of In(/") when plotted over 1/7 in an Arrhenius
plot [144, 145|. This is shown in figure 5.4 for sample D at different bias voltages. For
T > 250 K I’ in figure 5.4 varies exponentially with inverse temperature, indicating
the thermionic emission regime, and it becomes temperature independent at low tem-
peratures where tunneling conduction dominates. The barrier height extracted from
the slope in the exponential region is shown in the inset of figure 5.4 as a function of
the applied bias. For each sample ®; is extrapolated to zero bias and the mean value
of the extrapolation from the positive and negative side is taken as the final barrier
height. In sample A, due to its high resistance and possibly also due to fluctuating
barrier properties caused by structural defects, the barrier height could only be deter-
mined at higher applied bias voltages and with a relatively large uncertainty. As listed
in table 5.1 we find a high barrier of about 550 meV for the ALE growth start sample
A, 470 meV for the conventionally grown Zn-rich sample B and a monotonic reduction
with Se predeposition, down to 73 meV for sample E. One of our main results is thus
that Se predeposition drastically and controllably reduces the potential barrier in the
conduction band at the n-ZnSe / n-GaAs heterointerface. It is remarkable that the
bias dependence of the barrier height ¢,(V) of samples C to E with low barrier is
rather symmetric, as shown exemplary in the inset of figure 5.4.
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Figure 5.4: Arrhenius plot of the reduced current I’ (definition see equation 5.2) versus
inverse temperature at different bias voltages for sample D. The interface barrier height
®;, determined from the slope of I’ is plotted in the inset as a function of bias.

5.4.2 Carrier Density Distribution

In figure 5.5 we show the electron density profiles n(z) of all samples measured by
ECV at room temperature. Close to the surface, the 30 nm thick, 2 x 10'® cm 2 doped
n*-ZnSe top contact layer can be seen, followed by the 5 x 10 cm ™2 doped "bulk"
n-ZnSe. At a depth corresponding approximately to the ZnSe / GaAs heterointerface
there is an about 40 - 60 nm wide depletion region, after which the carrier density
increases to the value intended for the n-GaAs buffer. We note that there is no
electron accumulation on the GaAs side of the heterointerface. The scattering of the
depth of the depletion region is mainly attributed to inaccuracy of the ECV etch
rate. Integrating the difference between the donor density Ng; (i = ZnSe or GaAs),
measured far away from the interface, and the electron density n(z) across the interface
region gives an integrated electron deficit

5 / Nus — n(2) d=. (5.3)

Evaluating this integral in the range 100nm < z < 300nm for all measured profiles
yields ¥ in the range 1.1 — 1.9 x 10" cm™2, as listed in table 5.1 for the individual
samples. We estimate experimental error bars for ¥ of £0.5 x 10¥ cm~2 based on
the reproducibility of the measurements and on the uncertainty of the heterointerface
position in ECV profiles. We thus find an average electron deficit ¥ = (1.5 & 0.5) x
10" cm™ at the studied heterovalent ZnSe / GaAs heterointerfaces, with no significant
variation with the growth start procedure. This electron deficit is often interpreted
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directly as the density of interface states [146]. In section 5.5 we will show that in
these n-doped heterovalent samples it is not only due to interface states, but also to an
extended distribution of acceptors or to a lack of donors (e.g. due to segregation) over
several tens of nm around the interface. Our measured value for ¥ is in remarkable
agreement, with the results of Kassel et al., who found an areal density 1.0 — 1.5 X
10" cm ™ of interdiffused Zn-acceptors in GaAs at ZnSe / GaAs heterointerfaces [133].
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Figure 5.5: Profiles of the electron density n(z) obtained by ECV for samples A to
E. The origin of the bottom axis corresponds to the ZnSe surface. Curves B to E are
subsequently offset by one order of magnitude.

For the determination of the individual depletion layer width on each side of the
ZnSe / GaAs interface, Raman spectroscopy is applied. As exemplary results, the
spectra in figure 5.6 show the inelastic light scattering intensity of the samples B
and E in the frequency range of the ZnSe and GaAs lattice vibrations. The peaks
originate from the longitudinal optical (LO) phonon modes (P10 zmse = 256cm™,
UL0.Gaas = 294cm™!) and from the coupled plasmon-LO-phonon modes (PLP), lo-
cated at UpLpznse = 207cm™" and Dpppgars = 272cm™!. They allow the individual
determination of the depletion layer widths wq znse and wg gaas, since only the depletion
layers give rise to the LO phonons. From the doped ZnSe epilayer and the doped GaAs
behind the interface the shifted peaks PLPy,g. and PLPgaas arise [147]|. Thus, the dis-
tinction between both depletion layers is enabled by the intensities of the LOz,qe and
LOgaas peaks. In ZnSe, the LO intensity is directly proportional to the wg znse, since
the regions with carriers instead emit coupled PLP modes at a different wavenumber.
The ZnSe material is transparent for the laser light (hv = 2.6eV < E;, = 2.8¢V). The
value of wg znse is obtained after intensity calibration with an undoped ZnSe layer of
well-known thickness. In the opaque GaAs (£, = 1.5 eV), light attenuation effects are
considered because of the finite penetration depth d, = 70 nm (see Ref. [148]). The
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straightforward procedure for the calculation of wg gaas is described in great detail in
Ref. [149].

The exemplary spectra of the samples B (Zn-start) and E (15 s Se predeposition)
in figure 5.6 show clear differences. Sample B gives a strong LOg,as together with
a rather weak LOgy,q.. In contrast, in sample E LOguas is reduced, while LOgz;ge
and PLPgaas are enhanced. The fitting results, also shown in figure 5.6, yield an
LOzuse enhancement factor of 1.88 for sample E with respect to B. As explained
above, the intensity of the LOy,s, peak is directly proportional to the width of the
carrier depleted region in ZnSe. After intensity calibration we obtain for sample B and
E the wqznge values of 20 nm and 37 nm, respectively. Considering the GaAs signals,
for the Se predeposited sample the ratio of the depletion-induced LOgaps intensity
and the doping-induced PLPg,as intensity amounts to Io/IpLp = 0.20, which means
a considerable reduction with respect to the corresponding value for sample B, which
is as high as 0.32. The evaluation of these results according to Ref. [149] yields
Wa,cads = 26 nm for sample B and wqgaas = 16 nm for sample E. For the other
Se predeposited samples C and D we observe the same trend as for sample E. The
corresponding depletion layer values are listed in table 5.1. Thus, throughout our
sample series the determination of the individual depletion layer thicknesses wq znse
and wg caas by Raman spectroscopy reveals a partial shift of the depleted interface
region from the GaAs side towards the ZnSe side with increasing Se predeposition.

As a third probe of the carrier density at the heterointerface we measured the ca-
pacitance of the mesa diodes already used for I-V measurements. Since, unlike in
ECV measurements, the metal / semiconductor contacts in these samples are ohmic,
their capacitance is determined only by the depletion region at the ZnSe / GaAs het-
erointerface. Accounting for possible parallel conductance of the mesas (especially for
sample E), we measured capacitances in the range C = 289 - 348 pF for all sam-
ples. In the total depletion approximation the capacitance is C' = e€gA/wq total, With
A = (500 um)? and wq ot being the total width of the carrier depleted region. The
dielectric constant e should be the appropriately weighted, harmonic mean between
the ZnSe value €7,5, = 8.6 and the GaAs value egaas = 12.9, reflecting the distribution
of the depletion region between the two materials. When assuming equal depletion on
both sides, € = 2/ (1/€znse + 1/€cans) = 10.3, depletion widths wg tota1 = 65 — 78 nm
are obtained for all samples. This range for wq ot is in fair agreement with the sum
of the individual depletion widths measured by Raman spectroscopy (table 5.1) and
the depletion width in ECV profiles (figure 5.5). For the Se-start samples C to E the
agreement of capacitance with Raman and ECV results is further improved when it is
considered that the larger fraction of the depleted region is in ZnSe, and therefore € is
smaller. Differences between the depletion width results obtained by the three applied
methods ECV, Raman and capacitance measurements, may be due to possible sys-
tematic errors and due to different limits to the electron density below which a layer
appears as depleted.
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Figure 5.6: Exemplary Raman spectra of samples B and E, taken with an excitation
wavelength of 477 nm (black solid curves). Each spectrum comprises the phonon peaks
LOznse and LOgaas, originating from the carrier-depleted near-interface region, and
the corresponding coupled Plasmon-Phonon modes PLPy,s. and PLP a5, originating
from the doped ZnSe epilayer and the underlying doped GaAs, respectively. Both
spectra are fitted by a superposition of four Lorentz functions (red dotted curves). At
the bottom, the Lorentz functions corresponding to the fit for sample B are shown
individually.

5.5 Discussion and Model Calculations

Our detailed results on depletion widths, carrier compensation and potential barrier
heights at the studied heterovalent interfaces obviously require a much more detailed
description than merely determining the chemical band offset given by the materials.
In order to develop a consistent picture of the electronic properties of the n-ZnSe /
n-GaAs heterointerface, which accounts for the observed electronic properties and for
their variation with predeposition of Zn or Se, we have considered band offsets as
well as band bending and have calculated 1-D band and carrier density profiles for
different models of the heterointerface using a Poisson solver !. Material data for ZnSe
and GaAs are taken from the literature [35, 150|, and the donor density in ZnSe is
Ny znse = 5 x 10® em™ and in GaAs Ny gaas = 3 X 10" cm ™. Calculations are done
for a temperature of 300 K. We assumed that all impurities are fully ionized, unless
noted otherwise.

Each adequate description of heterovalent semiconductor interfaces requires the pos-
sibility of a variable band offset. This is in contrast to isovalent interfaces, whose elec-

!Nextnano 3, see [55] and www.nextnano.de
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tronic properties are determined by fixed valence and conduction band offsets (VBO
and CBO), and for which a low density of interface states and effects like interface
roughness and atomic interdiffusion only smear out the band offset region, without
changing the offset value. At heterovalent heterointerfaces such as ZnSe / GaAs,
however, the band offsets can be varied significantly by an electric dipole moment per-
pendicular to the interface, which originates from the atomic arrangement of donor-
and acceptor type bonds across the interface. For ZnSe/GaAs, this contrasting behav-
ior is visualized by comparing the non-polar (110)-oriented interface with the polar one
on (001) planes. While the VBO at a non-polar ZnSe / GaAs (110) heterointerface is
close to 1.1 eV, effective VBOs between 0.72 eV and 1.75 eV have been calculated for
polar ZnSe / GaAs (100) heterointerfaces with different interface dipole moments (|16]
and Refs. therein). This range of VBOs implies CBOs between -0.45 eV and 0.58 eV,
considering that the ZnSe band gap is AE, = 1.3 eV wider than that of GaAs. The
possibility of variable band offsets is thus included in three heterointerface models with
increasing degree of sophistication concerning the acceptor state distribution, which
are described in the following subsections (a), (b) and (c).
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5.5.1 Model (a): Variable Band Offset and Interface State
Density

In panel (a) of figure 5.7 the calculated I's CB diagrams and electron density profiles
are shown for n-ZnSe / n-GaAs heterointerfaces with CBO = 0 eV (curve I) and
CBO = 0.75 eV (curve II). A finite CBO causes a barrier in the conduction band,
electron depletion in ZnSe and accumulation in GaAs. Even though barrier heights
comparable to those observed in this work can be easily caused by a CBO in the
range predicted in the literature [16], the corresponding electron density profiles are
in obvious disagreement with our results, as we observe no electron accumulation in
GaAs but an integrated electron deficit ¥ = 1.5x 103 cm~2. Accounting for this deficit
with an interface state density o; = 1.5 x 10" em™2 together with CBO = 0 (curve
III) or with CBO = 0.75 eV (curve IV) in both cases yields electron density profiles
that are in better agreement with our measured profiles. Even for a CBO as large
as 0.75 eV there is no electron accumulation on the GaAs side and the total width
of the depleted region is in fair agreement with the experimental results. However,
this model results in potential barriers of more than 1 eV, much larger than measured
in this work. Lower barriers can only be explained by assuming that > is not only
caused by a two-dimensional interface state density, but by acceptors distributed over
several tens of nm around the interface. This is in agreement with our previous work,
in which we have found evidence for an exceptionally large depletion region at n-
ZnSe / GaAs heterointerfaces [134]. Effects leading to such a spatial extension of the
depletion region are compensation of n-doping due to atomic interdiffusion across the
heterointerface [132], dissolution and segregation of As atoms from the As-terminated
GaAs surface at growth start, and segregation of iodine donors in ZnSe during MBE
deposition.

1 I I
CBO (V) 0 05 0
gi (102 e¢m=2%) | 3 1 0
NO,GaAs * AGaAs ( 102 cm™ ) 10 125 6.2
AGaAs (nm) 20 20 20
Nognse - Aznse  (10%cm™2) | 0 0 7.5
AZnSe (nm) 0 0 25
k (nm) 25 25 25

Table 5.2: Parameter sets used for the three simulations depicted in panel (c¢) of figure
5.7.
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5.5.2 Model (b): Interdiffusion and Segregation Modeled with
Box-Shaped Doping Profiles

The simulations in panel (b) include such a spatially extended electron deficit by
assuming exact compensation of donors with acceptors of the density N, = Ny in a
region of width dy,se in ZnSe and dgaas in GaAs at the heterointerface. The integrated
electron deficit in the interface region is then

Y= o; + dZnSe : Nd,ZnSe + dGaAs : Nd,GaASa (54)

with the nominal bulk donor densities Ny znge and Ny gaas. Outside this box-shaped
region the donor density equals the bulk values in the two materials. This assumption
of an exactly compensated region with abrupt transition to homogeneously doped bulk
layers on both sides of the heterojunction may seem arbitrary, but the exact doping
density profiles are not central to our discussion in this subsection. A more realistic
model is described in the next subsection. Together with a variable CBO and o; the
model thus includes four parameters, which are adjusted so that the resulting CB and
carrier density profiles agree with the measured quantities @y, wq znse, Wd,Gaas and X
for samples B and E, representing Zn-rich and Se-rich growth start, respectively.

Curves I and IT are both consistent with the experimental results for sample B. Curve I
is calculated with a vanishing CBO and a relatively high o; = 3x10'2 cm~2, while curve
I is calculated for a high CBO = 0.5 ¢V and a low 0; = 1x10'? cm™2. For curve I we use
dznse = 20 nm and dgaas = 26 nm, and for curve II dy,se = 20 nm and dgaas = 30 nm.
Since both parameter sets equally well reproduce all four measured electronic interface
properties within their respective uncertainties, answering the question of whether a
high CBO or a high interface state density produces the observed potential barrier
in the Zn-rich samples requires additional experimental information. We find such
information in the asymmetry of the I-V curves (figure 5.3): a symmetric barrier is
lowered nearly equally by an applied voltage independent of the polarity of the voltage,
and thus the resulting I-V characteristics are nearly symmetric. An asymmetric barrier
caused by a large CBO, on the other hand, is only lowered if the material with the
higher lying CB edge is on negative potential, while for the other bias direction always
a finite, nearly triangular barrier remains. The I-V characteristics of such a barrier is
also asymmetric, with the forward bias direction corresponding to the material with the
higher CB edge energy being on negative potential. Thus the markedly asymmetric
I-V characteristics especially of samples A and B indicates that the observed high
interface barrier for those samples is asymmetric and is caused by a substantial CBO.

Curve III is an adaptation to sample E and is calculated with CBO =0¢eV, 0; =1 X
102 em™2, dynge = 40 nm and dgaas = 19 nm. In order to obtain a low potential barrier
obviously both the CBO and o; need to be relatively low. The resulting potential
barrier is rather symmetric and thus is consistent with the low asymmetry of I-V
curves (figure 5.4) and of the bias-dependence of the barrier heights (inset of figure
5.4). For all simulations in panel (b) X is in the range 2 — 3 x 10" cm ™2, which is in



CHAPTER 5. ZNSE / GAAS HETEROINTERFACE 91

fair agreement with the value derived from ECV profiles. Thus we have shown that
the measured electronic interface properties @y, wq znSe; Wa,Gas, = and the degree of
asymmetry in the I-V curves can be consistently explained with a model including a
variable CBO and o¢;, and using box-shaped doping profiles to account for extended
depletion regions at the interface. The reduction of the interface potential barrier with
Se predeposition is ascribed mainly to a reduction of the CBO, based on a qualitative
evaluation of the asymmetry of I-V curves.

5.5.3 Model (c): Interdiffusion and Segregation Modeled With
Continuous Doping Profiles

In panel (¢) we show calculated band and electron density profiles based on a phys-
ically more intuitive model, where we assume exponentially decaying acceptor and
donor densities instead of the box-shaped ones in model (b), and allow for incomplete
ionization of impurities at 300 K. Interdiffusion of acceptor type atoms in ZnSe and
in GaAs is modeled as an exponentially decreasing acceptor density

—lz—2

Masle) = Nogexp { 5 (5.5)
1

where i=7nSe or GaAs, 2 is the interface position and Ny; and ); correspond to the

saturation density and diffusion length of interdiffused atoms. Furthermore, delayed

incorporation of iodine donors in ZnSe (z < 2) due to segregation is modeled as

Na(2) = Na znse (1 — exp {#}) , (5.6)

with Ngznse being the nominal bulk donor density in ZnSe, and k corresponding to
the segregation length. The integrated electron deficit is

Y = 0 + Noznse - Aznse + No,Gass - A\caas + & - Na znse- (5.7)

As done for model (b), we adjust the model parameters to give band and electron den-
sity profiles which best fit the measured electrical interface properties. The resulting
profiles for sample B and E are shown in panel (c) of figure 5.7 and the corresponding
model parameters are listed in table 5.2. Due to incomplete ionization the electron
density n in the conduction band is lower than the donor density Ng;. Such a lower
electron density is in good agreement with the PLP mode frequencies observed by
Raman and infrared spectroscopy (not shown here).

The Zn-rich sample B can be described by a vanishing CBO and a relatively large
interface state density o; (curve I), resulting in a nearly symmetric barrier, as well as
by a large CBO = 0.5 €V and a smaller o; (curve II), resulting in an asymmetric barrier.
As explained in (b) only the latter is consistent with the shape of the I-V curves. Such
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a large CBO is predicted in Ref. [16] for an atomic interface configuration with a pure
Zn plane and a subjacent mixed anionic plane with a composition of 50 % As and 50 %
Se. It is depicted in figure 5.8 under the title “Mixed anionic plane”. This interface
fulfills the charge neutrality condition (neglecting a small 0;), and is the most stable
of the configurations calculated in Ref. [16].

For the Se-rich growth start sample E (curve III), the CBO and o; both have to be
small. A systematic parameter variation in our model calculations shows that the
observed small potential barrier ®, = 73 meV limits the possible values of model
parameters to about CBO < 0.1 eV and 0; < 2 x 102 cm~2. A small interface state
density o; may be explained considering that predeposition of Se on GaAs leads to
some donor-type Ga-Se bonds, which partially compensate acceptor-type interface
states. A small CBO is related to the formation of a heterointerface with a vanishing
electric dipole moment, as it is calculated in Ref. [16] for interfaces with two mixed
atomic planes. Such a configuration is shown in figure 5.8 under the title “T'wo mixed
planes”. The (2 x 2) interface containing a mixed anionic plane with 75 % Se and
25 % As on top of a cationic plane with 25 % Zn and 75 % Ga has a CBO as low
as 80 meV, in agreement with our measurements, and a rather high stability [16]. It
contains a high proportion of Se at the heterointerface and thus is reasonable for an
interface formed by Se predeposition. This high Se concentration may stabilize Zn
atoms incorporated in the cationic Ga plane underneath, and thereby ensure charge
neutrality of the interface.

110 Abrupt Mixed anionic plane Two mixed planes

001

W Se
B 7Zn
® As
O Ga

— Acceptor
bond

+ Donor
bond

Figure 5.8: Atomic configurations of the ZnSe / GaAs heterointerface leading to dif-
ferent electric dipole moments p and interface charge densities o, as calculated in [16].
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The areal density Ny gaas - Agaas Of interdiffused Zn acceptors in GaAs is higher for I
and IT than for 1T, which is reasonable regarding that during a Zn-rich growth start Zn
considerably diffuses into GaAs. Agaas is 20 nm, in reasonable agreement with detailed
studies on Zn diffusion in GaAs at higher temperatures [151]. For all three curves the
segregation length k of iodine donors in ZnSe is taken as k = 25 nm, consistent with
ECV measurements on reference samples. The areal density of acceptors in ZnSe is
0 in T and IT and is finite in III. This can be understood in terms of a replacement
of As atoms by predeposited Se at the GaAs surface, and their subsequent partial
incorporation in the growing ZnSe layer as acceptors. In a Zn-rich growth start this
As replacement is largely prevented. Such a complex growth start mechanism may
also affect the MBE growth rate in the early stages of growth, and thereby cause the
significantly reduced total layer thickness for longer Se predeposition (compare table
5.1). A reduced growth rate for several minutes after growth start is also directly
observed by in-situ XRD studies of ZnSe / GaAs heteroepitaxy [152].

In this section we have shown that our experimental values for the potential barrier
height, the individual depletion widths and the electron deficit at ZnSe / GaAs het-
erointerfaces can be consistently modeled using reasonable parameters for band offsets,
interface state density, atomic interdiffusion and segregation of dopants.

Our observation of a reduction of the CBO with Se predeposition may seem in contrast
to literature results. For ZnSe growth with a wide range of Zn/Se flux ratios, a
reduction of the VBO with increasing Se flux was reported [131]. For comparing these
studies with ours, it should be noted that two strongly different growth procedures were
applied: (i) in our case ZnSe epilayer growth with a fixed Zn/Se flux ratio, optimized
for structural quality and transport properties. Our only variable parameter is the
amount of predeposited elementary Zn or Se at the interface prior to the ZnSe epilayer
growth start; (i) in Ref. [131] growth of interface and ZnSe epilayer with a constant
Zn/Se beam pressure ratio (BPR), which was varied in a wide range (0.1 < BPR < 10).

These different procedures with their specific growth kinetics in terms of e.g. interdif-
fusion and desorption may well lead to different atomic configurations at the interface.
From theoretical modeling it was shown that different interface configurations with
comparable formation energy exist, which have opposing electric dipole moments, i.e.
different CBO values [16]. Furthermore, it should be noted that the VBO for close-
to-stoichiometric ZnSe growth start conditions in Ref. [131] is 0.98 £ 0.14 eV, which
corresponds to a CBO = 0.32 £ 0.14 eV. This value fits well between our results for
Zn predeposition (sample B) and the lowest Se predeposition (sample C).

A more detailed quantitative comparison of our results, derived essentially from trans-
port experiments on doped "thick-layer" heterostructures, with literature VBO values,
derived from photoemission spectroscopy on extremely thin epitaxial layers, is ham-
pered by possible additional, process-dependent sample properties, such as densities
of dopants and defects, or a reduced effective ZnSe band gap at the interface. The
impact of these effects may be quite specific for the various experimental methods.
Therefore, for this purpose a combined analysis of the same samples first by electron
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photoemission spectroscopy and subsequently by our characterization methods after
ZnSe overgrowth would be required for the various growth start procedures.

5.6 Conclusion

We have studied the electronic and structural properties of MBE-grown n-type ZnSe /
GaAs (001) heterointerfaces, a prototype of heterovalent semiconductor interfaces, and
their variation with predeposition of Zn or Se in the fractional monolayer range at ZnSe
growth start. Temperature dependent I-V measurements across the heterointerfaces
show that the potential barrier in the conduction band is reduced from about 550 meV
for a very Zn-rich growth start, to 73 meV for our highest Se coverage. Based on
the increasing symmetry of I-V curves, we attribute this to a reduction of the ZnSe
/ GaAs conduction band offset by an electric interface dipole moment. The lower
offset manifests itself in a drastically reduced resistivity of the interface. Independent
of the growth start ECV shows a carrier depleted region of about 50 nm width at
the heterointerface with a constant electron deficit of 1.5 x 10 cm™2 | while Raman
spectroscopy measurements reveal that the depletion region is partially shifted from
GaAs to ZnSe with Se predeposition.

Taking account of a variable band offset, interface state density, atomic interdiffusion
and segregation is necessary to give a detailed description of the band bending and
carrier distribution at heterovalent heterointerfaces. The effects of variable band off-
sets and interdiffusion leading to compensation or doping at the interface are general
properties of heterovalent heterointerfaces. The extent of these effects depends on the
material combination, epitaxial growth conditions and especially on the sequence of
the molecular deposition.
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Chapter 6

Single DMS Tunnel Barriers

In this chapter a new approach to spin filtering in diluted magnetic semiconductor
heterostructures is described. It exploits the different tunnel probabilities of spin-up
and spin-down electrons through a single (Zn,Be,Mn)Se DMS tunnel barrier, which is
embedded in non-magnetic n-ZnSe contact layers. In contrast to resonant tunneling
diodes, single tunnel barrier structures do not require a specific resonance voltage to be
applied in order to act as a spin filter. Additionally it may be envisioned that such a
structures can also serve as a spin detector, using the spin electromotive-force technique
mentioned in [65].

J. C. Egues in 1998 proposed a spin-filter using a single, band gap matched (Zn,Mn)Se
layer between n-type ZnSe contacts [153, 13]. While for B — 0 the conduction band
in the treated structures is essentially flat, the paramagnetic (Zn,Mn)Se layer acts
as a tunnel barrier for electrons of spin-up orientation and as a quantum well for
electrons of the opposite orientation when a magnetic field is applied. The conductivity
of spin-up electrons is then exponentially suppressed and oscillations occur in the
conductivity of spin-down electrons. The same concept has been studied theoretically
by A. Saffarzadeh, with an emphasis on the effect of different Mn concentrations and
barrier thicknesses on the spin polarization of the tunneling current [14].

Even though spin filtering by resonant tunneling in I1I-VI DMS heterostructures has
been demonstrated and studied extensively, no experimental realizations of spin filters
utilizing a single DMS tunnel barrier have been published, to the best of the authors
knowledge. As a part of this work such structures are fabricated, and their properties
are described in this chapter. They show considerable negative magnetoresistance of
up to -64 % at 4.2 K, in good agreement with calculations of spin-dependent tunneling
conduction through a single DMS barrier.

Such structures are different from the widely studied magnetic tunnel junctions, in
that they don’t rely on ferromagnetic emitter- and collector layers [154]. As all-
semiconductor devices they potentially allow spin injection into non-magnetic semicon-
ductors. Spin filtering by tunneling through a DMS tunnel barrier also differs from the
well known spin alignment by diffusive transport in thick DMS layers [5], in that it can
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be fully coherent and thus potentially useful for applications in spin-based quantum
computing [28]. Additionally it may be envisioned that the spin-dependent tunneling
probability can also be used to sense spin polarization in an electron reservoir adjacent
to a DMS tunnel barrier, similar to the concept described in [65] as spin electro motive
force.

6.1 Device Structure and Functional Principle

The layer stack and a self-consistently calculated band diagram of the fabricated single
barrier structures are schematically depicted in figures 6.1 and 6.2, respectively. On
a GaAs(001) substrate an about 200 nm thick GaAs layer and a partially doped,
pseudomorphic (Zn,Be)Se multilayer buffer are grown. The latter serves the purpose of
shielding the sensitive tunneling transport layers from the ZnSe / GaAs heterointerface,
and is described in more detail in [134, 155]. On the (Zn,Be)Se multilayer buffer, a
100 nm thick, highly n-doped (N; = 2x10%cm3) ZnSe bottom contact layer is grown.
It is followed by the active region, which consists of the (Zn,Be,Mn)Se DMS tunnel
barrier embedded in a nearly symmetric emitter / collector structure with shallow,
undoped ZnSe pre-wells and low doped (N; = 1 x 10%¢cm™3) Zng g7Beg g3Se barrier
layers. It is capped with a 30 nm thick, highly n-doped (N; = 2 x 10%m™3) ZnSe
top contact layer. Ohmic contact is made to the top layer by in-situ evaporation of
Al Ti and Au, as described in chapter 5. About 100 x 100 um? mesas are prepared
by optical lithography, and the bottom contact is made to the lower 100 nm highly
doped n-ZnSe layer by ex-situ evaporation of Au. Electric transport is then measured
vertically through the structure by applying a voltage between the top and bottom
contacts.

The emitter and collector in the fabricated structures incorporate a shallow, undoped
quantum well, which has been developed previously for RTD structures in the same
material system [121]. From self-consistent Poisson-Schrodinger calculations the lowest
sub energy is estimated to be about 7 meV below the Fermi energy EF (see green line
in figure 6.1).

Several single DMS barrier samples are fabricated by MBE, with varied zero-field
barrier height and thickness. Their main parameters are listed in table 6.1. The
addition of Be to the DMS barrier layer increases its band gap, and thereby ensures a
finite conduction band barrier height ®, for both spins at zero field. Using literature
values for the band offsets (see section 2.1), the barrier height measured from the ZnSe
conduction band edge in the emitter is ®q = 112meV for 7 % Be and 8 % Mn.
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Figure 6.1: Left: Schematic of the layer and mesa structure of a single DMS tunnel
barrier sample for vertical transport. The current path is indicated by the green
dotted line. Right: self-consistently calculated conduction band profile (black line) of
the structure on the left, and probability density function of the quasi-bound electron
state in the emitter and collector pre-wells (green line). The energies are given relative
to the Fermi level Er. The DMS tunnel barrier height due to the conduction band
offset is @y (measured from the emitter conduction band edge). In an external magnetic
field and at low temperatures, the s-d exchange interaction in the DMS tunnel barrier
causes a spin splitting of the barrier height of up to 2AE¢p ~ 20 meV (compare figure
2.3), leading to a spin-dependent tunnel probability.

Sample Be % Mn % d, (nm)

ch3475 7 8 11
ch3476 7 8 8
ch3502 7 8 20
cb3514 7 8 24
ch3515 4 8 26

Table 6.1: Summary of the fabricated single DMS tunnel barrier samples. The nominal
concentration of Be and Mn in the tunnel barrier are denoted by 'Be %’ and 'Mn %’,
respectively. d; is the barrier thickness.
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6.2 Model Calculations of Magnetoresistance and Spin
Polarization

The composition of the tunnel barrier is chosen such that the band offset causes a
finite barrier height ®, of the order of about 100 meV in the conduction band. When
an external magnetic field is applied, the s-d exchange interaction leads to gradual
splitting gradual splitting in the conduction band 2AEcp of up to about 20 meV (see
section 2.2). The barrier height is then spin-dependent

eV
Oy =Dy — - + AFEcp, (6.1)

causing a spin-dependent tunnel probability of electrons. The term eV//2 is included
to account for the reduction the tunnel barrier height with bias voltage in the low
bias regime e - V < ®;. The tunnel probability T obtained from transfer matrix
calculations (see section 2.4.2) for typical values of the barrier heights &, = 80 meV,
®; =70 meV, &4 = 90 meV (estimated for a Mn content of 8 % and B ~ 6 T) and
for a typical barrier thickness of 20 nm is plotted as a function of incident electron
energy F, in figure 6.2. For an incident electron energy of E, = 10 meV the ratio of
the tunnel probability for spin-up and spin-down electrons 7| /7} is about 25.

0.001 F

10 12 I I ! ! ! L L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Ez eV

Figure 6.2: Calculated tunnel probability T as a function of the incident electron
energy E, for three different barrier heights of 70 meV (@), 80 meV (®() and 90 meV
(®4) . The calculations are done without bias and for a barrier thickness of 20 nm.

In section 2.4.2 the current-voltage characteristics of single semiconductor tunnel bar-
riers are discussed theoretically. The spin-up and spin-down current densities J;+ and
J, can be calculated from equation 2.28, using the spin-dependent barrier height in
equation 6.1. The total current through a device of the cross-section A is then

I = A(JT + Ji) (62)



CHAPTER 6. SINGLE DMS TUNNEL BARRIERS 99

\%4

and its resistance is R = AT -

The magnetoresistance describes the change of the resistance with the magnetic field
relative to the zero field resistance, and is given by

R(B) — R(0)
R(0)
2. J(AEgp = 0)
B Jrd) -

MR =

1. (6.3)

It is plotted in figure 6.3 for different barriers, as a function of the conduction band
shift AFEcp. As a guideline, for B = 6 T and for a Mn concentration in the tunnel
barrier of 8 %, AEcp = 9.8 meV is calculated, using the appropriate parameters
Ser and Tg (see section 2.2). Most importantly, MR is negative, i.e. the device
resistance decreases with the magnetic field. For &, = 85meVl and a barrier thickness
of d, = 20nm, the magnetoresistance reaches -63 % at AEcp = 10meV, and about
-93 % for AEcg = 20meV . For very small AEcg < 1meV the magnetoresistance is
close to 0, since the variations of J; and J| nearly compensate each other. For larger
AEcp MR is negative, and it approaches -100 % for very large AE¢p. The effect is
stronger for thicker and lower barriers, as long as AF¢cp does not become larger than
(®o — 5)-

Since the proposed devices are envisioned as spin-filters, the main quantity of interest
is the spin polarization of the current

_ L=

= . 6.4
JJ,—l—JT ( )

It is plotted in figure 6.4 as a function of AFEspg. In contrast to the magnetoresistance,
the spin polarization increases about linearly from Ecp = 0, and converges to +100 %
for high AFEcp. Again, the effect is stronger for thicker and for lower barriers.
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Figure 6.3: Magnetoresistance MR as a function of the spin splitting of the conduction
band AFE¢p , calculated for single DMS tunnel barriers of different height and width.
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Figure 6.4: Spin polarization « as a function of the spin-splitting of the conduction
band AFE¢p , calculated for single DMS tunnel barriers of different height and width.
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6.3 I-V Characteristics

Figure 6.5 depicts the I-V characteristics of the single DMS barrier sample ¢b3502,
measured at 4.2 K and with a magnetic field between 0 and 6 T applied parallel to
the growth direction.

1E-4 3
1E-5F .
< 1E6F E
i 50 ]
<o
1E-7F =T E
.50 3
r /o ‘ T=42K ]
i -50 0 50 ch3502 |
V (mV)
1E—8 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1
-60 -40 -20 0 20 40 60
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Figure 6.5: Left: I-V characteristics of a single DMS tunnel barrier sample (cb3502,
contact 6 to D), measured at 4.2 K and in different magnetic fields with B || I. The
inset shows the same data plotted on a linear scale.

First we note that the I-V characteristics are ohmic for very low bias V' < 10mV/, and
that the current increases superlinearly for higher bias in the investigated range up
to 70 mV. This general behavior is in good agreement with the theoretically expected
characteristics discussed in section 2.4.2.

Secondly we note that the curves are very symmetric with respect to bias voltage,
indicating that the potential barrier limiting the current is reduced by bias voltage
irrespective of its polarity. This is consistent with the expected symmetric shape of
the ideally rectangular DMS tunnel barrier and the n-type emitter / collector structure.
If the current in the device were limited by an asymmetric potential barrier, e.g. a
roughly triangular Schottky barrier at one of the contacts, this asymmetry would be
reflected in the I-V curves.

Finally, and most importantly, the device shows strong negative magnetoresistance,
as expected for spin-dependent tunneling through a DMS barrier. For B = 6 T the
tunneling current at low bias is about a factor of three higher compared to B =0 T.
For higher bias the effect is reduced but still significant. A more detailed analysis of
the magnetoresistance is given in the next section.
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These characteristics are shared qualitatively by the samples cb3514 and cb3515, the
zero-field I-V curves of which are shown in figure 6.6. For sample cb3414, which nom-
inally has a 20 % thicker barrier than the above studied sample ¢b3502, the resistance
is more than an order of magnitude higher than for cb3502. For sample cb3515, which
has an even thicker but significantly lower barrier (due to much lower Be content), the
resistance is slightly smaller than for sample cb3502. The first samples ch3475 and
¢b3476 have ohmic I-V characteristics with a very low resistance of less than 1002 at
4.2 K, and they show no change of resistance in a magnetic field. This is interpreted as
the tunnel barrier being too thin, such that transport is limited by a series resistance
(e.g. in the contact layers) and not by the tunnel barrier. The change of the barrier
height then only has a negligible effect on the total resistance.

1

1001 T T T T T T T T T T T T
r cb3515
10%F .
10° - cb3502 2
< M E
S W E ch3514 3
10°F 3
10°F T=42K 3
o B=0T ]
-7 | 1 1 |
10 -60 60

V (mV)

Figure 6.6: Comparison of I-V characteristics of different DMS tunnel barrier samples,
measured at at 4.2 K and at 0 T (see table 6.1).

The experimental I-V curves can be reproduced to good accuracy with the theoretical
model described in sections 2.4.2 and 6.2. The model is based on coherent intraband
tunneling of electrons from an emitter Fermi sea with a constant density of states,
through a tunnel barrier and into a collector Fermi sea. A finite, voltage-independent
lever arm is allowed to account for partial bias voltage drop over the contact layers.
It neglects electron scattering, band bending, and other forms of electron transport,
such as hopping transport over impurities. Figure 6.7 shows I-V curves calculated from
equations 2.28, 6.2 and 6.1, with parameters manually tuned to fit the experimental
curves measured for sample ¢b3506 at B = 0 T and 6 T. Table 6.2 lists the parameter
sets used for two I-V curves. Both curves are described very well by the model calcu-
lations up to a current of about 30 uA (= 300 A/cm?). At higher currents the model
overestimates the current through the device. This deviation may e.g. be due to a
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Parameter B=0T B=6T

dy 20 nm 20 nm
P 62 meV 62 meV
AFEcp 0 7.9 meV
r 1.45 1.45
Er 15 meV 15 meV
T 4.2 K 4.2 K

Table 6.2: Parameters used for the calculation of the I-V curves shown in figure 6.7.

series resistance or due to band-bending, which both essentially influence the lever
arm r, or due to heating of the Mn spin system [156], which reduces the spin-splitting
of the barrier and thus increases the device resistance in a magnetic field.

The barrier thickness d, and the temperature T used for the calculations (table 6.2)
are set to the nominal experimental values. The Fermi energy in the emitter Er is
hard to measure independently, but the used Er = 15meV is close to the values
obtained from self-consistent Poisson-Schrédinger calculations. The barrier height &,
is lower than the value of 112 meV estimated from band-offsets. This may be due to
confinement in the emitter pre-well (compare figure 6.1), to interdiffusion of Be into the
surrounding layers, or even due to the image charge effect [62]. The lever arm r = 1.45
implies that a fraction 1 / r = 0.69 of the total voltage drops over the barrier. This is
quite reasonable regarding the fact that, in the fabricated structures, the emitter and
collector layers are relatively highly doped right up to the active region, and voltage
drop especially over the depleted collector layer is relatively small.

The most important conclusion from the fits in figure 6.7 is that both the 0 T and
the 6 T I-V curves can be approximated with the same set of parameters, differing
only in the conduction band splitting AEcg. The value AEcg = 7.9meV is in good
agreement, with that expected for ZnggoMnggSe in a magnetic field of 6 T and at a
temperature of 4.2 K (see figure 2.3).
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Figure 6.7: Comparison of measured I-V curves of sample cb3502 with calculated ones
for magnetic fields of 0 T (blue) and 6 T (violet) at 4.2 K.

6.4 Magnetoresistance

The magnetoresistance (MR) at different bias voltages, obtained from a series of I-V
curves taken in different magnetic fields with a step size of 0.25 T, is shown in figure
6.8 for sample cb3502. For 10 mV, 25 mV, and 50 mV, the MR is negative, and it
decreases monotonically with B. It appears to saturate at very high fields, reaching
up to -64 % at 6 T and at low bias. This general behavior is in good agreement with
model calculations of the dependence of MR on the conduction band spin splitting
AFE¢g (figure 6.3), keeping in mind that AE¢p is related to B via a Brillouin function
(section 2.2). At very low bias voltage the picture is more complex. For V.= 1 mV
MR is positive at low fields, it reaches a maximum at B ~ 0.77 before decreasing
into the negative range, with low-amplitude oscillations superimposed on the decrease.
This behavior suggests that other MR effects, such as classical MR, weak localization,
effects related to Landau quantization or the effects described in [157] specifically for
DMS, may play a role as well. However, since vertical transport in thin, large-area
layer structures is studied here, resistance effects related only to diffusive transport in
the active region, are unlikely to be significant.

The simple model discussed in sections 2.4.2 and 6.2 predicts a stronger MR effect for
lower barriers. In a first approximation, a bias voltage reduces the barrier height, and
therefore it may be inferred that the magnitude of MR should generally increase with
the bias voltage. This trend is seen in a limited range of B < 2 T, and for V' < 25 mV.
For higher fields and bias voltages, the magnitude of MR decreases with increasing
bias voltage. One explanation for this opposite trend may be a reduction of AEsp
due to heating of the Mn spin system by the increased current at higher fields or bias
voltages.
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Figure 6.8: Magnetoresistance MR of sample ch3502 for different applied bias voltages.

Another fundamental effect that may play a role is a spin-dependent splitting of the
Fermi level Er in the emitter, similar to the effect causing a low efficiency of electron
spin injection over interfaces with a large conductance mismatch [64, 65, 158]. If J;
through the barrier is significantly larger than J;, then the Fermi level of electrons of
this spin orientation right before the barrier Er is lower than Eps. The opposite,
Er, > Epy4, is the case in the collector. This Fermi-level splitting is opposed to the
spin splitting of the barrier heights, and can thus, in principle, pose an intrinsic limit
to the magnetoresistance in these devices.

Assuming 1-d diffusive transport in the emitter, the local current density in one spin-
channel J; (2) in the emitter is linked to the gradient of the respective local Fermi
level Ep4 (2) via the (spin-independent) conductivity o

_O’ 8EF,T¢
e 0z

Ji(z) = : (6.5)
The current densities in the emitter are related to the tunneling current through the
barrier due to the continuity requirement. Similar to the discussion in [158], it is
further assumed that the variation of the Fermi level in the emitter is given by a linear
and an exponential component, governed by the spin flip time 7. The spin-splitting of
the Fermi level right in front of the tunnel barrier (z = 0) can then be derived as

ThT

em

[Err — Eryl, o= — [Jr = i) (6.6)

Since the current densities depend on the Fermi levels in front of the barrier in a
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non-trivial way (see dependence of J on Ep in equation 2.28), this is an implicit
equation which can not be solved analytically. To get a rough estimate of the possible
magnitude of the Fermi-level splitting in the present structures, we assume a spin-
flip time of 7 = 100 ns and a current density difference of [J; — J] _, = 1A/em®
(compare I-V curves in figure 6.5 and consider the mesa size of 100 x 100 pm?).
This yields a Fermi level splitting of about 10 meV, which is comparable to the s-d
exchange interaction splitting of the barrier heights and may thus play an important
role in the limitation of the MR. The estimate of 100 ns for the spin flip time has to
be taken with care. Reliable data on the spin flip time of electrons in semiconductors
is rare, and often the distinction between spin-flip time and the spin-coherence time
in an ensemble of magnetic moments is not very clear. Dzhioev et al. have measured
a spin-flip time of up to 100 ns in n-GaAs, with a non-monotonic dependence on the
doping density [159]. Awschalom et al. also report spin lifetimes of 100 ns in GaAs
and 60 ns in ZnSe [160, 161].

The I-V characteristics of sample ¢b3502 and its magnetoresistance at intermediate
bias can thus at least be qualitatively understood in terms of the above described
model. With a large, negative MR in moderate magnetic fields it shows the desired
behavior of a single DMS tunnel barrier. As listed in table 6.1, samples c¢b3514 and
cb3515 are grown with thicker and / or lower tunnel barriers, and should thus show
even larger MR. However, even though the zero-field resistances of these samples (see
[-V curves in figure 6.6) are in qualitative agreement with the nominal variations of
the barrier height and thickness, their magnetoresistance is somewhat surprising. In
figure 6.9 the MR of these samples is shown for a bias voltage of 10 mV and at 4.2 K.
Apart from slightly stronger oscillations observed at low fields for sample cb3514, the
three samples show only marginal differences in MR. The MR of sample cb3515, which
has a 30 % thicker and a significantly lower barrier than cb3502, closely follows the
MR of the latter sample in the whole range of magnetic fields studied. The highest
value of MR reached at 6 T is thus about -64 %, independent of the height and width
of the tunnel barrier.
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Figure 6.9: Magnetoresistance ratio R(B) / R(0T) for three single DMS tunnel barrier
samples with different barrier height and width, measured at 4.2 K and at 10 mV bias.

Solving equation 6.6 numerically using reasonable parameters shows that the splitting
is essentially proportional to the total current density J;+J;. It should thus be smaller
for samples with a higher resistance, meaning that this model of a Fermi level spin
splitting can not explain the limitation of MR for tunnel barrier samples with widely
varying resistance (figures 6.6 and 6.9). The limitation of the MR to about 64 %
independent of the barrier height and width thus remains an open question.

In contrast to the magnetoresistance, the spin polarization of tunneling electrons «
can not be directly measured with the present experimental setup. From the measured
magnetoresistance MR = -64 $ and from the calculations in figure 6.3, a high value
a =~ 90 % can be estimated. The spin polarization can potentially be probed directly
in optical experiments relying on the rotation of the polarization direction of light
by spin-polarized electrons, such as the Faraday-effect (in transmission) or the Kerr-
effect (in reflection) [68]|. Alternatively, the polarization of light emanating from the
recombination of electrons transmitted through the DMS tunnel barrier with optically
or electrically injected, unpolarized holes could be detected. The latter experiment
would be similar to that described in [5].
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Chapter 7

DMS Resonant Tunneling Diodes

This chapter explores several aspects of 1I-VI DMS RTDs. The complex diffraction
pattern of tensile-strained, (Zn,Be)Se based RTDs in HRXRD is analyzed, and it is
shown how such measurements can yield precise information about the quantum well
and tunnel barrier thickness and composition [18]. Next, the influence of the variation
of the quantum well thickness and composition on the position of resonances in the I-V
characteristics of such RTDs is investigated. The chapter and the thesis close with the
discussion of 0D resonant tunneling in RTDs with self-assembled CdSe quantum dots.

Resonant tunneling through double potential barriers in semiconductor heterostruc-
tures has been first reported by Chang, Esaki and Tsu in 1974 [162]. Since then a lot
of progress has been made in optimizing the structures for high peak-to-valley current
ratios (PVR) and high current density, and PVRs as high as 30 at room temperature
[163]and current densities up to 10°A/cm? have been reported [164]. Based on their
unique property of negative differential resistance, the related multistability in the I-V
curves, and the low dwell time of electrons in the tunneling state, RTDs have several
potential applications in high frequency signal generation and high speed switching
[57]. However, the high sensitivity of their I-V characteristics to layer thickness and
composition fluctuations, as well as the still relatively low current densities and the
lack of high frequency amplifiers, have hindered a widespread technological application
of RTDs.

The above noted applications and effects have been realized mostly in the III-V ma-
terial system of GaAs / AlGaAs. Other semiconductor material systems in which
resonant tunneling has been reported include Si/SiGe [165], GaN/AlGaN [166], and
the II-VI materials of HgTe/HgCdTe [167|, CdTe/CdMgTe , ZnSe/BeTe [168], and
ZnSe/(Zn,Be)Se [9)].

From a fundamental physics perspective resonant tunneling in semiconductor het-
erostructures also allows to study a wealth of mesoscopic and spin-dependent trans-
port effects. If the dimensionality of the resonant state is reduced from 2D (quantum
well) to 0D (quantum dot) the RTD essentially constitutes an artificial atom with elec-
tric leads attached. Electrons are transported through such structures one-by-one due
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to the Coulomb-blockade effect [70]. In 0D III-V RTDs fundamental single-electron
transport effects such as atomic-like shell filling and Hund’s rules have been observed
[19, 20]. Realizing such 0D RTDs in the II-VI dilute magnetic semiconductor material
system allows to amplify the spin-dependent effects in such experiments by the s/p-d
exchange interaction. This promises interesting spin-resolved single electron transport
experiments and possibly new spintronic devices.

In TI-VI semiconductors, the possibility of including of DMS layers in the tunneling
heterostructure allows to exploit the large energy separation of spin states due to the
s/p-d exchange interaction. This opens the possibility of different spin filtering and
manipulation concepts based on a spin-dependent tunnel probability. Voltage con-
trolled spin-filters based on II-VI DMS RTDs, which allow purely electrical switching
of the spin orientation of an electron current, have been reported by Slobodskyy et
al. in 2003 [9] and by Fang et al. in 2007 [10]. In 2006 Gould et al. reported reso-
nant tunneling through a CdSe QD in a DMS RTD with clear splitting of the narrow
resonance peak in a magnetic field [11]. Remarkably, the splitting remained finite
even at zero field. This was interpreted as spin dependent tunneling through a single
magnetic polaron, in which electrons in a QD mediate an effectively ferromagnetic
interaction between adjacent Mn ions. In 2009 Rueth et al. found a Fermi edge singu-
larity enhancement of resonant tunneling transport in a CdSe / (Zn,Be)Se QD RTD,
a many particle effect related to the coulomb interaction between tunneling electrons
and electrons in the emitter [21].

As a part of this work, II-VI semiconductor RTDs are fabricated and characterized
with the focus on developing structures that allow to study 0D tunneling transport in
magnetic environments. This goal is pursued on two routes:

On the one hand, quantum well RTDs suitable for fitting with a lateral gate to provide
electrostatic confinement of the tunneling state from 2d to 0D are fabricated. An
important requirement of such RTDs is that their intrinsic first resonance (without a
gate voltage) is at very low energy, since a negative gate voltage required for lateral
confinement drastically increases the resonance energy and therefore the required bias
voltage. Different ways to reduce the resonance energy of II-VI RTDs are investigated,
and it is found that resonances can be shifted from typically over 150 mV bias to close
to 0 V by the admixture of Cd to the quantum well. Increasing the quantum well
width also reduces resonance voltages, but only to a limit of about 100 mV.

On the other hand, II-VI RTDs including self-assembled CdSe QDs instead of a quan-
tum well are fabricated, which allow to study 0D tunneling transport without the addi-
tional fabrication effort needed for electrostatic gates. As a prerequisite, the structural
and optical properties of CdSe QDs embedded in (Zn,Be,Mn)Se tunnel barriers are in-
vestigated (see section 4.5). With the knowledge gained, self-assembled QD RTDs are
fabricated, showing a rich variety of magneto transport effects, including 0D tunneling
transport and possibly spin splitting of resonance peaks without a magnetic field.

Additionally, a method for non-destructive, XRD based characterization of the active
region of (Zn,Be)Se based double-barrier RTDs is developed, which improves growth
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control of the sensitive structures.

In section 7.1 the basic structure and I-V characteristics of the fabricated (Zn,Be,Cd,Mn)Se
RTDs are introduced. In section 7.2 XRD w — 20 diffractograms of such structures
and the method to extract layer parameters of the active double-barrier region are
presented. Sections 7.3 and 7.4 present the investigations on influencing the resonance
energies in quantum well RTDs by varying the width and the depth of the quantum
well, respectively. RTDs with self-assembled CdSe QDs and the structural and optical
properties of such dots are treated in section 7.5 .

7.1 Basic Properties of II-VI DMS RTDs

Figure 7.1 depicts the nominal structure of a basic (Zn,Be,Mn)Se quantum well RTD
fabricated at the beginning of this work. The basic layer sequence with ITI-V and IT-VI
buffer layers, contacts and emitter- and collector layers with a shallow pre-well, has
been developed in previous works on DMS RTDs in Wuerzburg [169, 155, 66, 121].
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Figure 7.1: Left: Nominal layer structure of a typical II-VI DMS RTD. The nominal
doping densities are n = 10%c¢m™ and n™ = 2 x 10%m 3. Right: conduction band
diagram obtained from self-consistent Poisson-Schrodinger calculations for the same
structure, assuming fully ionized donors (black line). The squared wavefunctions of
the quasi-bound states in the main quantum well (red lines) and in the emitter and
collector pre-wells (green lines) are drawn at their respective energy levels. Energies
are given relative to the calculated Fermi energy Ep.
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On top of a GaAs(001) substrate a (Zn,Be)Se multilayer buffer is grown, as described
in section 6.1. The RTD structure, grown on top of the buffer, consists of a 100
nm thick, highly doped (N; = 2 x 10¥cm™3) ZnSe bottom contact layer, low doped
(Ng = 1 x 10™®cm™3) emitter and collector layers forming a shallow quantum well
(“pre-well”), the double barrier structure, and a 30 nm thick, highly doped (N; =
2 x 10%cm™3) ZnSe top contact layer. MBE growth of this structure is followed by
in-situ deposition of 10 nm Al, providing good ohmic contact to n-ZnSe, 10 nm Ti as
a diffusion barrier, and 30 nm Au to prevent oxidation. Square mesas of typically 100
nm lateral size and reaching down into the n-ZnSe bottom contact layer are processed
lithographically, and a thick layer of Au is deposited ex-situ in a ring around the mesa
for backside contacting. A basic double-barrier resonant tunneling structure, which
was the starting point for the further investigations done in this work, consists of 6
nm thick (Zn,Be)Se tunnel barriers with a Be content of about 25% and a 7 nm wide
(Zn,Mn)Se quantum well with 8 % Mn.

The conduction band profile of such an RTD structure, calculated by self-consistent
solution of the Poisson and Schrodinger equations using nextnano |54, 55|, is shown in
figure 7.1. In the calculations it is assumed that all donors are fully ionized, leading
to very high Fermi energy in highly doped regions. The effect of Mn on the band
gap in the quantum well was neglected. Between about 350 meV high tunnel barriers
three quasi-bound states are found at the energies of 16 meV, 102 meV and 251 meV
above the Fermi level (indicated as red lines in figure 7.1). In the emitter and collector
pre-wells the electron ground states (green lines) lie about 10 meV below the Fermi
level. The pre-wells serve two purposes: first, they contribute to sharper resonances
because they narrow the energy range of electrons available for tunneling. Secondly,
the Fermi level in the pre-wells is given mainly by the well controlled height of the
shallow Zng g7Beg g35e barrier. It is relatively independent of the doping density in the
contact layers, which may be subject to larger variations from sample to sample.

Figure 7.2 shows the I-V characteristics of such an RTD at 4.2 K without a magnetic
field. Positive bias corresponds to electrons tunneling from the top to the bottom of
the layer structure. For negative bias a first resonance with clear negative differential
resistance occurs at about -0.15 V, and a second one around -0.5 V. For positive bias
the resonances occur at slightly higher voltages and they are generally less expressed
than for negative bias. This slight asymmetry may be caused by growth related effects
like segregation of dopants or alloy materials, or by small differences in the emitter
structure atop and below the double barrier structure.

The highest PVR achieved with the II-VI quantum well RTDs fabricated in this work
was 2.4 at 4.2 K (sample c¢b3400). This is lower than the PVR of 6.0 at 4.2 K reported
in Ref. [168], and even more so compared to PVR > 30 achieved in III-V systems even
at room temperature [163]. However, an exceptionally high PVR was not of primary
concern for this work.

At bias voltages several tens of mV above a resonance another weaker peak is often
observed (see e.g. the shoulder at -0.24 V in figure 7.2), which is attributed to LO-
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Figure 7.2: I-V characteristics of two mesas on a (Zn,Be,Mn)Se RTD wafer with the

nominal structure depicted in figure 7.1, measured at 4.2 K and without a magnetic
field .

phonon assisted resonant tunneling [170]. By comparing the voltage difference between
the main resonance and the phonon replica to the LO-phonon energy (31 meV for
ZnSe), a lever arm relating the voltage drop over the first tunnel barrier to the total
applied voltage can be calculated. For an ideal symmetric RTD with no voltage drop
over collector and emitter layers and contacts, the lever arm would be exactly 2. For
most of the structures fabricated in this work it was usually in the range between 2
and 3.

Finally, figure 7.3 depicts the I-V characteristics of an RTD with a (Zn,Mn)Se quantum
well at low temperature and with a magnetic field of 6 T applied parallel to the growth
direction. The resonance, situated at 159 mV at 0T, is split into two peaks separated
by several tens of mV by a high magnetic field. This clear splitting is attributed to
resonant tunneling through the two spin sublevels in the DMS quantum well, which
are split by tens of meV due to the s-d exchange interaction (see subsection 2.2 and
|9, 66]). The current on the two peaks should therefore be spin-polarized. Since the
polarization of the current can be switched by simply tuning the applied voltage, this
is the central feature of DMS RTDs.

A question that is not treated in detail in this work is the shape and width of the
resonance peaks. The intrinsic width of the resonances calculated by the transfer ma-
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Figure 7.3: I-V curve of an RTD with a DMS quantum well at 4.2K, without and
with an external magnetic field of 6 T applied parallel to the growth direction. The
magnetic field splits the resonance into two peaks, which is interpreted as resonant
tunneling through the two spin sublevels in the DMS quantum well .

trix method for typical parameters is on the uV scale, while the measured resonances
have a width of several tens of mV. Effects contributing to such a broadening include
inhomogeneity of the resonance energy due to well width or alloy fluctuations, the
Fermi energy in the emitter, or scattering and breaking of k-conservation.

7.2 Determination of RTD Layer Parameters by High-
Resolution X-Ray Diffraction

The current density in semiconductor tunnel devices generally depends exponentially
on the barrier thickness and height, because of the corresponding dependence of the
tunnel probability (see sections 2.4.2 and 2.4.3). In RTDs the quantum well layer
thickness and composition also drastically influence the I-V characteristics, especially
the resonance position. Good control over these parameters is therefore vital for
reproducible sample fabrication, and the direct determination in final samples is very
helpful.

The double barrier structure in an RTD wafer is typically less than 20 nm thick, and is
usually embedded in an about 1 pm thick, complex buffer and contact layer structure.
The scattering volume of the active layers is therefore comparatively small, and it
seems unlikely that an experimental technique like XRD, which integrates over the
complete layer structure, can yield useful information on the relevant double barrier
parameters. However, the high lattice mismatch of (Zn,Be)Se tunnel barrier layers of
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(a1 — asup) /asuy = —1.6% (for a Be content of 20 %), allows to obtain such information,
since it separates the diffraction features of the tunnel barrier layers from those of all
other layers (which have a Be content < 10 %).

The procedure described below to extract barrier and quantum well layer parameters
of strained RTDs from high-resolution x-ray diffractograms is similar to that presented
in [171] for RTDs fabricated in the (In,Ga,Al)As material system on InP substrates.

w — 20 Diffractogram of a (Zn,Be)Se Double Barrier Structure

Figure 7.4 shows the w — 20 diffraction pattern of two II-VI heterostructures, which
both contain few nm thin, highly strained (Zn,Be)Se layers. Curve (a) corresponds
to a single, 7.2 nm thin Zng 77Beg.235e interlayer, which is sandwiched between about
50 nm thick ZnSe layers (same data as in figure 4.5 (a)). Curve (b) results from a
complete II-VI RTD structure with two (Zn,Be)Se tunnel barrier layers, which both
have the same nominal composition and thickness as the interlayer in curve (a). In
the range 0.8° < AO < 2.4° curve (a) clearly shows a broad Bragg peak resulting from
the (Zn,Be)Se layer. In the same angular range, curve (b) shows a complex beating
pattern consisting of at least three individual peaks of identical width. This beating
pattern is the result of x-ray interference between the two (Zn,Be)Se tunnel barrier
layers in the RTD structure. In the following it is shown that a detailed analysis of
this beating pattern can yield accurate information on the tunnel barrier and quantum
well thickness and composition in a finished II-VI RTD structure.
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Figure 7.4: w—20 scans of (a) a thin (Zn,Be)Se layer embedded in thick ZnSe cladding
layers, and of (b) a complete II-VI RTD structure. The two tunnel barrier layers in
(b) are nominally have the same composition and thickness as the single (Zn,Be)Se

layer in (a).
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Figure 7.5 shows simulated and measured XRD w — 20 diffractograms of several
strained II-VI double barrier RTD structures. Curve (al) is a simulated scan for a sin-
gle, d, = 6.6 nm thick (Zn,Be)Se tunnel barrier layer with a Be content of x;, = 21% on
a GaAs(0 0 1) substrate. Curve (a2) is a simulated scan for a (Zn,Be)Se / (Zn,Mn)Se /
(Zn,Be)Se double barrier structure, with the same parameters as (al) for the (Zn,Be)Se
layers.
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Figure 7.5: Measured and simulated HRXRD w — 20 scans of the 004 reflection of
strained single and double-barrier II-VI structures. (al) and (a2) are simulations of
a single (Zn,Be)Se layer and a (Zn,Be)Se/(Zn,Mn)Se/(Zn,Be)Se double barrier struc-
ture, respectively. z;, and dj, denote the composition and thickness of the barrier layer,
zqw is the thickness of the quantum well layer. (bl) is the measured scan of a complete
RTD structure including contact- and buffer layers, and (b2) is a fitted simulation. (c1)
and (c2) are experimental and simulated scans of another RTD structure, where unin-
tended variations in growth lead to higher x;, and d,. The curves are shifted for clarity
and the intensity scale is that of curve (bl). On the bottom, distinctive features in
the diffraction patterns are assigned to different parts of the layer structure.
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As is derived analytically by Haase et al. [171], the w — 20 diffractogram of a single
tunnel barrier layer (al) forms an envelope, under which that of a symmetric double
barrier structure (a2) describes a beating pattern resulting from x-ray interference
between the upper and the lower barrier layer. In contrast to the “conventional” x-
ray interference described in section 3.2.1, where interference between thick cladding
layers separated by a few nm thin spacer layer is observed, here the interfering layers
themselves are only a few nm thin.

Since the envelope corresponds to the w — 20 diffraction pattern of a single tunnel
barrier layer, its peak position and width are given only by the parameters of the
tunnel barrier d, and x, as described in section 3.2.1. They are not influenced by the
quantum well layer.

The periodicity of the double-barrier beating, i.e. the angular spacing between two
consecutive minima O, ; and Omnin 11, is related to the sum of dj, and dqw and the
X-ray wavelength \ by [171]

A
2 (sin (@min’i+1) — sin (@min,z’))

dy + dow = (7.1)
This relationship is identical to that for the angular spacing of superlattice satellite
peaks (eq. 3.7), and in that sense a symmetric double barrier RTD can be thought
of as a superlattice with a total thickness of only 1.5 periods. Finally, the angular
position of the beating maxima and minima, or the phase of the beating, is influenced
by all four double barrier parameters including the composition of the quantum well
layer zqw.

Curves (bl) and (cl1) of figure 7.5 show w — 20 scans recorded on two complete II-VI
RTD structures including contact and buffer layers, with nominal structures similar
to that sketched in figure 7.1. At low angles A© < 1° the diffraction patterns are
dominated by the nearly lattice matched contact and buffer layers. Throughout the
diffraction pattern, but mainly in the range 0.4° < A© < 1°, superlattice reflections
from the 5 x (ZnSe/ZngoBey1Se) multilayer buffer are observed. At higher angles
AO© 2 1° the beating from the thin double-barrier structure is clearly resolved. From
this beating the layer parameters of the double barrier region can be deduced by the
following procedure:

1. The w — 20 pattern of a single, strained (Zn,Be)Se layer on GaAs is simulated
and is adjusted to the envelope of the recorded double-barrier beating, to obtain
starting values for d;, and x;.

2. From the beating period and from d;, the quantum well width dqw is determined
using equation 7.1.

3. The w— 206 pattern for a double barrier structure without contact layers is simu-
lated, with the above determined values for dy,, x; and dgw as input parameters.
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By varying also the last remaining parameter, xgw, the simulation is adjusted
for best agreement with the measured pattern.

4. The complete layer structure including all contact and buffer layers is simulated
iteratively, and the agreement with the experimental pattern is optimized.

This procedure yields the parameters d, 3, dgw and zqw with varying degrees of
certainty. d, and x;, can be considered rather hard parameters, since on the one hand
they are deduced from the envelope independently of the quantum well properties,
and on the other hand they enter the phase and periodicity of the beating. dqw is less
certain, since it is determined indirectly from the beating periodicity and the barrier
thickness using eq. 7.1. Finally, zqw cannot be determined unambiguously from
HRXRD alone since it only influences the phase of the beating, which is determined
only modulo 27. A direct signal from the quantum well layer is hard to detect in these
structures, since it is concealed by the similarly strained contact layers. However, in
the low concentration range zqw < 0.1 the band gap of the (Zn,Mn)Se quantum well
material is nearly constant due to bowing, and the resonance position and the I-V
characteristics are only weakly influenced by the Mn concentration zqw.

The curves (b2) and (¢2) represent complete simulations of the two experimental curves
(b1) and (c1). For sample (b) the obtained RTD parameters d, = 6.6 nm, x, = 21
%, dow = 8.1 nm and zqw = 8 % agree well with the intended values. For sample
(c) the analysis yields d, = 7.0 nm, z, = 28.2 %, dow = 10.0 nm and zqw = 8
%. Due to accidental variations in growth conditions the barrier thickness and the
beryllium content (corresponding the barrier height) for this sample are both about
20 % larger than intended, which lead to a drastic reduction of the tunneling current
by about five orders of magnitude. This underlines the need for independent and direct
determination of double barrier layer parameters for such sensitive devices.

As an example, the above analysis is applied to a series of RTDs where one parameter
is systematically varied, while the others are kept constant. The series consists of five
samples with the quantum well width dgw varied between 5.0 nm and 13.0 nm in steps
of 2.0 nm. The other parameters are nominally constant, with d, = 6.0 nm, x;, = 25%,
zow = 8%. In one sample (cb3388) the Be content is nominally lower, z, = 20%.

Figure 7.6 depicts w — 20 scans of the series. At low angles, where the nominally
identical contact and buffer layers dominate the pattern, the scans are very similar.
At higher angles, all scans show a clear double barrier beating pattern. As expected
from eq. 7.1, the angular separation between successive beating maxima decreases
with increasing dgw. The position and the width of the beating pattern, however, are
not influenced by the variation of the quantum well width. This is consistent with
them being given only by the tunnel barrier properties.
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Figure 7.6: HRXRD O-2T scans of RTD wafers with nominal quantum well width
between 5 and 13 nm, and nominally similar barrier thickness and barrier and quantum
well composition. The QW width is indicated on the right. The curves are offset for
clarity.

The results of complete simulations of these scans are summarized in table 7.1 and are
compared to the respective nominal values. While there are slight deviations between
the nominal and the measured values for dj,, z;, and zgw, there is no systematic
variation in these parameters in the series. The systematic increase in dgw, however,
is well reflected in the results. For the sample with the lowest dgy the measured
value of 5.3 nm is very close to the intended 5.0 nm. For samples with higher dow
the measured values are consistently higher than the intended values by about 10 %
to 21 %. Since the measured barrier thickness for these samples is also consistently
higher than the intended values, and the Be and Mn concentrations are lower than
intended, this suggests that the ZnSe growth rate in these later samples in this series
was larger than the calibration value.
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Sample dp(nm) dqw (nm) (% Be)  xqw(% Mn) dy, + dgw(nm)
nom. XRD nom. XRD nom. XRD nom. XRD nom. XRD

CB3388 6.0 6.0 5.0 5.3 20 18.0 8.0 6.0 11.0 11.2

CB3402 6.0 7.2 7.0 8.5 25 19.3 8.0 7.0 13.0 16.1

CB3403 6.0 6.8 9.0 9.9 25 19.3 8.0 7.0 15.0 16.8

CB3404 6.0 73 11.0 129 25 19.0 8.0 6.8 17.0 20.5

CB3405 6.0 6.8 13.0 15.2 25 19.3 8.0 6.0 19.0 23.1

Table 7.1: Comparison of the nominal active region parameters of a series of RTD
wafers with the values obtained from XRD analysis of grown structures.

Reproducibility of Scans and Homogeneity of RTD Growth

The angular range A© needed for an w — 20 scan of a II-VI RTD to cover the full
double-barrier beating pattern as well as the contact layer signals, is typically about
4 -5 °. At such high scan ranges, a small misalignment of the diffractometer at the
center of the scan, and thereby a deviation of the scan direction from the g direction,
can have a strong effect at the higher angles. This poses the question of reproducibility
of such w2 — © scans.

Figure 7.7 shows three w—20 scans taken at different positions on the same RTD wafer
and under different azimuths. The diffractograms are nearly identical, indicating that
(1) scans can be taken reproducibly even though a large angular range is scanned, and
(2) that growth of double barrier structures is homogeneous in the sampled area. The
good reproducibility of these scans indicates that the alignment is sufficiently good.
It may also be helped by the relatively wide angle of acceptance of the rocking curve
detector optics, which makes it relatively insensitive to small misalignment.
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Figure 7.7: XRD Q — 20 scans taken at three positions of an RTD wafer (cb3448).
The similarity of the scans indicates good homogeneity of the layer growth .

Correlation with Transport Measurements

To validate the above analysis the structural parameters obtained by XRD for different
RTD structures are correlated with I-V characteristics. In a simple model describing
the background tunneling current at low bias as proportional to the transmission
probability in the WKB approximation (equation 2.23), the following dependence on
the barrier thickness d, and height &, is derived

2mo
IV:const X exXp {_2 72 b (de)} (72)
Here m = 0.15 my is the effective electron mass in ZnSe and 2d, is the total barrier
thickness for off-resonance tunneling. The barrier height @, is calculated from x; using

literature values for the (Zn,Be)Se band gap at low temperature and a conduction band
offset of AEc = 0.7TAEq,

®y, = 0.7(1.83x, + 0.9777) eV. (7.3)

The Fermi energy in the emitter (estimated 10 meV from self-consistent Poisson-
Schrodinger calculations) and barrier lowering due to the applied voltage at 40 mV are
neglected, since they are both small compared to the typical barrier height of 300 meV.
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Figure 7.8: Plot of the current I at a fixed bias of 40 mV in the valley regime of several
II-VI RTD structures versus the product /®,2ds, which is calculated from the barrier
thickness d, and composition x;, obtained by HRXRD. The dotted line represents the
exponential relationship in equation 7.2.

Figure 7.8 depicts the measured current at a fixed bias voltage of several RTD struc-
tures versus the product /®,2d,, which is calculated from the parameters d; and z
obtained by HRXRD. The structures have nominally identical barrier parameters and
a quantum well additionally alloyed with Cd to engineer the resonance position to low
bias (see section 7.4). The resonance related to the first QW subband is at 15-30 mV
in all samples. The background current shown in figure 7.8 is measured at about 40
mV in the valley above the first resonance. The error bars are calculated from esti-
mated uncertainties Ad, = +0.3 nm and Az, = +1 %. A grading of Be, Mn or Cd
content at the interfaces strongly affects the electrical RTD characteristics but it is
not detectable by HRXRD, as long as the depth scale of grading is small compared to
the layer widths. A systematic error in the barrier height due to uncertainty in the
literature data on the lattice constant, band gap, and band offset in the (Zn,Be)Se
system is not included in the error bars, since it should affect all data points in a
similar manner.

While most of the nominally identical structures indeed show similar barrier properties
and current density, the data point at /®,2d, = 9.2veVnm corresponds to a sample
where unintentional growth variations lead to a drastic change in current density of six
orders of magnitude. Within error bars all data points follow the exponential relation-
ship of Eq. 7.2 (dotted line) and thus it is concluded that HRXRD of complete IT-VI
RTD structures can II-VI RTD structures can yield valid active region parameters,
which determine the electrical and spin transport characteristics of such devices.

To illustrate the effectiveness of such analysis figure 7.9 shows the -V characteristics
of two RTD structures where HRXRD analysis has facilitated an improvement. Curve
(a), showing no clear NDR and a large background current, is taken from a sample
where the barriers are too thin and low, as determined from HR-XRD. The sample of
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Figure 7.9: Current—voltage characteristics of RTDs with non optimized (a) and opti-
mized (b) barrier parameters.

curve (b) has been fabricated subsequently with the Beryllium content increased by
3% and the barrier thickness increased by 1.6 nm, which leads to clear NDR and a
reduced background current.

7.3 RTDs with Varied Quantum Well Width

One of the main characteristics of RTDs are the positions of resonances on the voltage
scale. They are influenced by the energy of resonant levels in the quantum well, by the
lever arm, i.e. the fraction of the applied voltage which effectively brings the quantized
levels into resonance with the emitter, and by emitter properties, such as the doping
level and the Fermi energy. The resonance voltage is an important parameter when
RTDs are to be fitted with lateral gates to control resonant tunneling transport. Since
the voltages which can be applied to such a gate are very limited, e.g. because of gate
leakage, the resonant energy levels need to be at relatively low bias.

In this subsection the influence of a variation of the quantum well width dgw on the
resonance position of DMS ITI-VI RTDs is investigated. From simple QM considerations
it is expected that a wider dgw lowers the energy of quantized levels and moves them
closer together (see section 2.4.3). For this purpose, a series of II-VI RTDs with a
systematic variation of dgw is fabricated. The general layer structure of buffer and
contact layers is displayed in figure 7.1. The barrier and quantum well thickness and
composition determined by HRXRD from the finished samples are listed in table 7.1.

I-V characteristics of the RTD series are shown in figure 7.10. The curves are survey
measurements over a large voltage and current range. With the experimental setup
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Figure 7.10: Low temperature (4.2K) I-V characteristics of a series of RTDs with
varied QW width dgw. The values for dgw determined by XRD for the individual
RTD wafers are listed on the right.

only currents higher than about 10nA can be measured with an acceptable signal-to-
noise ratio. All RTDs show several resonances, with a PVR as high as 2.0 (sample
cb3402). Since not all I-V curves show distinct resonance peaks and valleys, the
curves are differentiated with respect to bias voltage to identify resonance positions.
It is common practice to define the local minima (maxima) of the second derivative
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of the current with respect to voltage d*I/dV?, as the resonance position in positive
(negative) bias direction [172, 173].

olgF———r——— T T T T T

1E-3

1E-4

1E-5

abs (1) (A)

1E-6

1E-7

1E-8 ——

di / dv

Z Z:- /\ x20
Ng 0.0 /\ N\ /\n\fJ\/\/ \/F’\
od” N T T
0

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
V (Volt)

Figure 7.11: Low temperature (4.2 K) I-V characteristics (top), first derivative df/dV
(middle) and second derivative d?I/dV?(bottom) of RTD sample ¢b3405. The main
resonances, obtained from the local minima (maxima) of the second derivative for
V >0 (V < 0), are indicated by arrows. Note that the top panel shows the absolute
value of the current abs(I), while the other two show the derivatives of the true current
I. The maxima of abs(l) at V' < 0 correspond to minima of the true current (since
I < 0), and therefore coincide with maxima of d?I/dV? .

In figure 7.11 the I-V curve and its first two derivatives are shown for the RTD with
the highest dgw c¢b3405. For positive bias there are four distinct local minima in
the second derivative d?I/dV? at 0.107 V, 0.220 V, 0.374 V and 0.567 V. They are
attributed to resonant electron tunneling through consecutive excited states in the
15.2 nm wide (Zn,Mn)Se quantum well. Another local minimum exists at 0.645 V,
which is smaller in magnitude compared to the preceding minimum at 0.567 V. The
voltage difference of 77 mV between them translates to an energy difference of 31.2 mV
when a typical lever arm of 2.5 is assumed for the sample. This value closely matches
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the acoustic phonon energy at k=0 in ZnSe, and thus this minimum is attributed to a
phonon replica of the preceding resonance.

For negative bias, five resonances are found at -0.098 V, -0.160 V, -0.280 V, and -
0.435 V. Compared to the corresponding resonances in positive bias direction, they
are at slightly lower bias voltages, and the I-V curve is therefore weakly asymmetric.
Since the barrier / quantum well / barrier structure itself is nominally symmetric,
this asymmetry has to be either due to the asymmetric emitter and contact structure
(see figure 7.1), or to effects related to the MBE growth direction, such as segregation
or interdiffusion of Be, Mn or I during growth. At bias voltages of about +0.04 and
-0.06 V, features in the I — V and the d?I/dV? curves suggest that there might be
further resonances at these voltages. However, the low currents I < 10nA in this bias
range make it hard to clearly distinguish resonance peaks from current noise with the
given experimental setup. Thus at least four (five) resonances are identified in the bias
range 0 V to +1 V (0 V to -1 V) for the II-VI RTD with the widest quantum well
dQW = 15.2 nm.
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Figure 7.12: Measured resonance voltages Vs (dots) of a series of RTDs and calculated
bound state energies E,, of a finite quantum well (dotted lines) as a function of the
quantum well width dgyw. The quantum well width of the RTDs has been determined
by XRD (see table 7.1). The energy levels have been calculated for a barrier height of
®, = 0.293 eV (corresponding to a Be content of xg, = 19 %), and an effective mass
of m = 0.15 my. A constant lever arm of 2.5 is assumed to connect the energy axis on
the right to the voltage axis on the left. Lines between the symbols are guides to the
eye.

The resonance voltages thus obtained from the d*I/dV? characteristics for all RTDs of
the series are plotted in figure 7.12 as a function of the quantum well width measured by
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XRD. As expected, increasing dgw decreases resonance voltages monotonically, and
leads to a reduction of the voltage separation between subsequent resonance levels.
The first resonance that could be clearly resolved for positive (negative) bias is shifted
from +0.270 V (-0.329 V) down to +0.107 V (-0.098 V), as dow is increased from 5.2
nm to 15.2 nm. The number of resonances in the bias range 0 V to +1 V (0 V to -1
V) increases from 1 to four (five).

To compare this data to a simple quantum mechanical model, the energy levels
E,calculated for a finite quantum well with the barrier height ®, = 0.293 eV and
effective mass m = 0.15 mgare plotted as a function of the dgyw in the same graph
(figure 7.12).

To relate the calculated bound-state energies F,, to the bias voltage V of the measured
resonances, a constant lever arm | = V/E, = 2.5 is assumed. Such a lever arm
is typically measured for the fabricated RTDs from the voltage separation between
main resonances and LO phonon replicas. The used barrier height corresponds to the
conduction band barrier for (Zn,Be)Se tunnel barriers with a Be content x,19 %, which
is measured by XRD for most of the structures (compare table 7.1). Band-bending and
series resistance effects are included indirectly via the lever arm. The finite thickness of
tunnel barriers is neglected in the calculations, since the barriers should be sufficiently
high and thick that leakage of the wavefunctions does not influence the energetic
position of the quantized levels (compare figure 2.8). Increasing inclination of the
initially symmetric band profile with bias voltage, and the resulting variation of the
transmission characteristics and energy levels of quasi-bound states is another effect
which had to be neglected in this simple model.

The calculated QW energy levels for n > 1 agree fairly well with measured resonance
positions. Considering the simplicity of the model, the agreement is surprisingly good.
However, in the vicinity of the lowest calculated energy level n = 0 no clear resonances
could be observed.

Close examination of the I-V characteristics in figure 7.10 shows small features in the
voltage range below +0.1V, especially for samples c¢b3388, ¢b3402 and cb3405. These
features indicate that there may be possible further resonances corresponding to n —
0. However, since they do not show up as clear peaks in the d?I/dV? curves, and since
they are close to the current resolution of the used setup, they are not regarded as
clear resonances in this work. A more precise measurement of the I-V characteristics
in the positive and negative low bias range is required to clarify whether these features
are resonances or noise, and thus whether the agreement between model and theory
also includes the n = 0 states.

The assumption of the lever arm being constant over a large bias range may be an
oversimplification, since the underlying effects of charge accumulation and depletion in
the emitter and collector layers are not necessarily linear in their voltage dependence.
However, even for the higher excited states even at bias voltages over 0.5 V, the
agreement between measured and modeled resonance positions is surprisingly close.
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In conclusion, in this section the dependence of resonance positions of II-VI RTDs
on the quantum well width has been investigated. Increasing dgw clearly shifts all
resonances to lower bias voltage and moves them closer together. The resonance
voltages can be modeled to surprising accuracy by a simple, finite quantum well model,
including a lever arm [ = V/E,, = 2.5 which is independent of bias voltage.

7.4 RTDs with Cd in the Quantum Well

In this section the fabrication and the electrical and optical properties of II-VI double
barrier RTDs with Cd added to the central DMS quantum well are described. Cd
reduces the band gap of the quantum well (see figure 2.2), and should thus shift
quantized levels to lower energy, and consequentially, current resonances to lower bias
voltage.

Table 7.2 summarizes the nominal and measured (XRD) structural parameters of four
selected RTDs with a Zny_,_,Mn,Cd,Se quantum well. The general growth recipe,
and the emitter and contact structure are the same as those used for other RTDs in
this work (see figure 7.1). The barrier thickness dy, its composition zy, the quantum
well thickness dgw and and the Mn content in the quantum well x are kept constant.
Since the composition of the quaternary quantum well cannot be uniquely determined
by XRD alone, only the nominal Cd and Mn concentrations are given in table 7.2 .
There is a minor deviation between the nominal values and the values determined by
XRD for some parameters. Since there is no systematic trend within the series, these
deviations are neglected in the following analysis.

To add different amounts of Cd to the quantum well, the Cd effusion cell temperature
is varied to yield different Cd BEPs. The Cd concentration in the RTDs thus obtained
is calibrated by comparing the employed BEP to reference samples containing thick
Zn;_,_,Mn,Cd,Se epilayers, the composition of which is determined by XRD and PL.

The I-V characteristics of this series measured at 4.2 K are shown in figure 7.13.
Limited electric transport data only allows to analyze the first resonance at negative

Sample dy (nm) zp (% Be) dow (nm)  z (% Mn) y (% Cd)

nom. XRD nom. XRD nom. XRD nom. nom.
ch3418 6.0 6.0 25 215 7.2 7.5 8 0.0
cb3437 6.0 5.9 25 215 7.2 8.1 8 2.9
cb3436 6.0 5.5 25 220 7.2 7.2 8 5.9
cb3461 6.0 5.6 25 21.1 7.2 7.5 8 7.1

Table 7.2: Nominal (nom.) and measured (XRD) structural parameters of a series of
RTDs with varied concentrations of Cd in the Zn;_,_,Mn,Cd,Se quantum well.
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Figure 7.13: Left: low temperature (4.2 K) I-V curves of a series of RTDs with varied
concentration of Cd in the quantum well. The curves are offset for clarity. Right:
voltage V' of the first current peak as a function of Cd concentration y (crosses), and
the variation of the peak voltage with y calculated from equation 7.4 (black line). For
V,es < 0 resonances can’t be observed, hence the dashed extension.

bias in detail. Other resonances, as far as transport data is available, show similar
behavior. For 0 % Cd a first resonance peak appears at 0.177 V, with a PVR of
1.88. A second peak attributed to an LO phonon replica of this resonance is seen at
0.248 V, yielding a lever arm of 2.3. The same lever arm is also obtained from the first
resonance at 2.9 % Cd. With increasing Cd content the resonance is monotonically
shifted to lower bias voltages, down to about 0.015 V for 7.1 % Cd. Concomitant
to the reduction of the resonance voltage, the PVR as well as the peak current are
reduced by the addition of Cd. Since the emitter and the double-barrier structure
are optimized for a high PVR for resonances at high bias, their parameters are not
necessarily optimal for the lower bias resonances. A lower PVR is thus not surprising.

The peak voltage V., obtained from the extrema of the second derivative d*I / dV?is
plotted on the right in figure 7.13 as a function of the Cd concentration. The error bars
are based on an estimated uncertainty of 15 % for the Cd concentration (mainly due to
the BEP measurements) and 5 mV uncertainty of the peak position. For comparison,
the variation of the peak voltage due to the variation of the band gap (black line) is
calculated by the following semi-empirical model equation

V(y) = Vies(0) —0.84 - [ - (Egzns(a - EanCdSe(y»' (7.4)

Here Vie5(0) is the measured resonance voltage for 0 % Cd, [ = 2.3 is the lever arm
measured for 0 % (and for 2.9 % Cd), the factor 0.84 corresponds to the fraction of the
band offset between ZnSe and (Zn,Cd)Se occurring in the conduction band (see section
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2.1), and E; ;.¢, and E} ;, c4q. are the literature values for the band gaps of ZnSe and
(Zn,Cd)Se, respectively (see section 2.1). This simple model neglects differences in
the quantum confinement energy due to different barrier heights, effects of Cd on the
effective mass in (Zn,Mn)Se, and a variation of the lever arm. Within error bars the
model describes the peak voltage for these RTDs reasonably well, with a trend of
underestimating the voltage for higher Cd concentrations. One possible explanation
for this deviation shall be given in the following.

Since only the band gap in the quantum well is reduced and that of the emitter
layers stays constant, the quasi bound states in the quantum well can drop below
the Fermi level for high Cd concentrations. In that case electrons are permanently
transferred from the emitter layers to the quantum well, leading to charge accumulation
and increasing the potential energy of electrons in the quantum well. This potential
increase partially compensates the energetic reduction of the quasi-bound levels caused
by the addition of Cd. As a result, the variation of the quantum well subband energy
with Cd content is smaller when the first level is below the Fermi level compared to
above the Fermi level.

0.4 15 T T T T T
y:O% l

0.2f 10

Energy (eV)

4 6
y (% Cd)

Figure 7.14: Left: Self-consistently calculated conduction band profiles (black
solid line) and first quasi-bound state (squared wavefunction, red solid lines) for
Zn0.785Be0,215Se / ZHQ_gg_yMﬂolggcdxse /Zn0.785Be0,215Se RTDs with y = 0 % and 10 %
Cd. The energy is given relative to the calculated Fermi energy Fr (blue dashed lines).
Right: Energy Ej of the first quasi-bound state as a function of the Cd content y. The
energy is given relative to the Fermi energy Er . Note the change in slope that occurs
when FEycrosses the Fermi energy.

This effect is illustrated in figure 7.14, which shows the self-consistently calculated
first quasi bound state in 6 nm Zng 7ssBeg2155€¢ / 7 nm Znggs—yMngpsCd,;Se / 6 nm
Zng 7s5Beg o1559¢ double barrier RTDs at zero bias as a function of the Cd content in
the quantum well. For low Cd concentrations, when FEjy is above Ep, the variation
of Ey mainly follows the change of the band gap. When Ej is below Ep, the slope
is reduced by the partial compensation of the reduction of the band gap by charge
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accumulation. Such a change in slope in principle can explain the relatively high
resonance voltages observed for y > 2.9 %, but it can be hardly confirmed due to the
limited number of data points (figure 7.13). Since the structures simulated in figure
7.14 contain heavily doped, degenerate layers, a quantitative evaluation of the results
should be taken with care. They are shown here merely to qualitatively illustrate the
effect of charge transfer into the QW.

Another characteristic of the I-V curves, which is related to the shift of the resonance,
is the differential resistance Rqg = 1/(dI/dV) in the vicinity of 0 V bias. The values
for R4ifs obtained from a linear fit to the I-V curves in the range -5 mV to + 5 mV
are listed in the following table.

y (% Cd) Rdiff

0 > 2 MQ
2.9 435 k€2
5.9 36 k)
7.1 3.6 k)

While for the RTD without Cd only a lower limit of the resistance of 2 M€2 can be
given, it decreases monotonically down to about 3.6 k€2 for the highest Cd content
of 7.1 %. This low resistance, together with the ohmic nature of the I-V curve in a
relatively broad voltage range nearly up to the first current peak, supports the claim
that the resonant energy level for the highest Cd concentration is already below the
Fermi energy.

Since the purpose of II-VI RTDs in the context of this work is their potential use
as voltage controlled spin filters, figure 7.15 shows the I-V characteristics at external
magnetic fields 0 T and 6 T of another RTD with 7.6 % Cd and 8 % Mn in the
quantum well (sample ¢b3451). While for RTDs with higher resonance voltages the
resonance usually splits into two peaks in an external magnetic field, as shown in
figure 7.3, which are attributed to the two spin channels, the resonance in figure 7.15
appears to shift only to higher energies. This can be understood considering that the
external magnetic field shifts the energetically lower spin level to below the bottom
of the energy spectrum of electrons in the emitter. Thereby it removes its availability
for resonant tunneling. The disappearance of one spin channel may also explain the
slightly decreased background current at non-resonant bias voltages, as well as the
reduction of Rgiyr around 0 V bias by more than a factor of 2.

As a complementary method of analysis, the RTDs of the present series have also
been investigated by photoluminescence spectroscopy. The most interesting signal
here is that of carrier recombination in the DMS quantum well, since on the one hand
it allows to further characterize the electronic properties of the grown quantum well
heterostructures, and on the other hand it may allow to access the resonant energy
level optically also during electric transport experiments.

Figure 7.16 depicts low temperature (T < 13 K) PL spectra taken of the RTDs of
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Figure 7.15: Low temperature (4.2K) I-V curves at B = 0 T (black solid line) and B
= 6 T (blue dashed line) of an RTD with 7.6 % Cd in the quantum well (cb3451).

this series. They are measured on pieces of the RTD wafers different from those used
for transport experiments, and from which the in-situ metal layer had been removed
wet chemically. The excitation energy is either 3.05 ¢V or 2.88 eV - both are above
the band gap of the ZnSe and Zng¢7Bego35e contact layers and below that of the
tunnel barrier material. In the range between 2.795 eV and 2.805 eV all spectra show
a conglomerate of one or more, several meV wide luminescence peaks. Based on their
energetic position and on the observation that they change only slightly in moderate
magnetic fields (compare spectra of sample 7.1 % Cd), they are attributed to neutral
or charged excitons bound to different impurities in ZnSe [35]. The distribution of
spectral weight between these luminescence lines varies with the Cd content of the
samples.

Besides this ZnSe related luminescence, most spectra show another luminescence line
(marked by arrow) in the displayed energy range, which depends on the Cd content in
the quantum well. For 0 % Cd a small peak at 2.840 eV is found, which is absent in
the other spectra. For 5.9 % and 7.1 % Cd strong peaks appear at 2.759 eV and 2.729
eV, respectively. For the sample with 2.9 % Cd no additional luminescence peak is
observed. The fact that these lines appear at successively lower energy with increasing
Cd content suggests that they are related to carrier recombination in the (Zn,Mn,Cd)Se
quantum well. To prove this, magneto-PL spectra are recorded for the samples with
0 % and 7.1 % Cd in magnetic fields up to 6 T. The magneto-PL spectra at 2 T, 4
T, and 6 T of the 7.1 % sample are shown in the lower part of figure 7.16. While the
luminescence line previously attributed to ZnSe is only marginally influenced by the
magnetic field, the additional line in question is clearly shifted to lower energies by
the magnetic field. It follows a Brillouin-like function up to AE = —45 meV for 6 T.
For the 0 % sample a similar shift is observed for the peak at 2.840 eV. This large,
Brillouin-like reduction of the luminescence energy is a clear indication that the peaks
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Figure 7.16: Low temperature PL spectra of a series of RTDs with a Zn,_,_,Mn,Cd,Se
quantum well with varied concentrations of Cd. The luminescence lines attributed to
carrier recombination in the Zn,_,_,Mn,Cd,Se quantum well are marked by arrows.
Unless indicated otherwise on the left, the spectra are taken without an applied mag-
netic field. The excitation energy is 3.05 eV for the samples with 0 % to 5.9 % Cd,
and 2.88 eV for the sample with 7.1 % Cd. The QW luminescence line of the latter is
not influenced by this change of excitation energy.

result from carrier recombination in the DMS quantum well of the RTDs (compare
subsection 2.2).

Figure 7.17 shows the energy of the quantum well luminescence as a function of the
Cd content. The horizontal error bars are based on an estimated uncertainty of 15 %
for the Cd content, and the vertical ones correspond to the FWHM of the PL peaks.
For the sample with 2.9 % Cd the center of the ZnSe peak presumed to conceal the
quantum well luminescence is taken as the peak position, and the error bar spans the
FWHM of this broad luminescence line. Also plotted in figure 7.17 is the direct band
gap Eg of Zng.g2—yMng 0sCd,Se, which has been calculated from literature values for
the (Zn,Mn)Se and the (Zn,Cd)Se band gap by linear interpolation (see table 2.2). To
fully reproduce the measured data the exciton binding energy in the quantum well,
quantum confinement of electrons and holes, strain effects and possible many-particle
effects due to the presence of a 2DEG in the quantum well, would all have to be treated
correctly, which goes beyond the scope of this work. However, it is clear that the PL
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Figure 7.17: Peak energy of the quantum well luminescence line of RTDs with
a Zngge—yMngsCd,Se quantum well as a function of the Cd concentration y
(crosses). The solid black line represents the literature value of the band gap of
Znolgg_yMH0.0SCdyse (table 22)

peak energy goes parallel to the variation of the (Zn,Mn,Cd)Se band gap over a large
energy range of over 0.1 eV. This substantiates the notion that the peak emanates
from the (Zn,Mn,Cd)Se quantum well. The data points for 0 %, 2.9 % and 5.9 %
Cd lie less than about 5 - 10 meV higher than the corresponding (Zn,Mn,Cd)Se band
gap value. This can be due e.g. to quantum confinement (which is about 30 meV for
electrons and heavy holes combined) or due to the compressive strain of the quantum
well layer.

The observation of a photoluminescence signal emanating from the quantum well of
a DMS RTD is quite interesting from several perspectives. First of all, the width
of the PL peak allows to judge the quality and homogeneity of the quantum well.
For 0 % Cd the QW PL linewidth is about 6.4 meV, while for 5.9 % it is 10 meV
and for 7.1 % it is 11 meV. Thickness fluctuations of 1 ML of a finite quantum well
corresponding to sample cb3461 can be calculated to lead to a minimal PL peak width
of 4.6 meV (similar to [174]). Since the incorporation of Cd to the quantum well
introduces additional inhomogeneity, a higher luminescence linewidth is expected for
RTDs with Cd compared to the RTD without Cd. Altogether, a PL line width of up to
11 meV indicates very good homogeneity of layer thickness, composition and interface
abruptness of the quaternary, diluted magnetic quantum wells.

Secondly, a luminescence signal from the quantum well opens up the possibility of
optically influencing or probing the resonant energy level during resonant tunneling
transport. Combined optical and electric transport experiments on the same sample,
similar to Ref. [175], could yield information about the dynamics of charge and spin
transport by resonant tunneling.
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In summary, in this section MBE growth and the electrical and optical properties
of II-VI DMS RTDs with up to 7.1 % Cd admixed to the quantum well has been
discussed. The addition of Cd to the quantum well in the studied series results in
a reduction of resonance position from 0.177 V for 0 % to about 15 meV for 7.1 %,
and an accompanying reduction of the PVR. The reduction of resonance bias can be
understood based on the variation of the quantum well band gap weighted with the
conduction band offset and a constant lever arm of 2.3. A lower PVR can be explained
since the emitter and barrier layers are not optimized for lower bias resonances. For
Cd contents higher than 5.9 % in the quantum well, a clear photoluminescence signal
could be observed due to carrier recombination in the main (Zn,Mn,Cd)Se quantum
well. From the PL peak width good structural and compositional quality of the grown
heterostructures can be inferred. Additionally, such RTDs may allow for simultaneous
transport and optical experiments, in which spin and charge level in the QW are
influenced optically.

7.5 Resonant Tunneling through Self-Assembled CdSe
QDs

This section describes the growth and properties of II-VI RTDs which contain a layer
of self-assembled CdSe quantum dots instead of a quantum well. The 0D quasi-bound
states associated with self-assembled QDs are an alternative way to study 0D resonant
tunneling in a DMS environment, which does not need an electrostatic gate for lateral
confinement.

The layer structure of such a QD RTD is shown in figure 7.18. The buffer and contact
layer structure is identical to that of the previously described quantum well RTDs,
including the emitter and collector design with shallow pre-wells. Since the incorpo-
ration of Mn into self-assembled CdSe QDs is difficult to control, and since this work
is intended to reproduce and further explore the results in [11], Mn is inserted in the
tunnel barrier material.

The CdSe coverage is chosen with the aim of making the dots large enough to provide
sufficient lateral localization, while at the same trying to keep the electron ground
state energy in the majority of the QDs above the Fermi level. If the coverage is too
small, the resulting layer is merely a relatively flat and homogeneous wetting layer,
with only weak lateral localization. On the other hand, if the coverage is too high,
many QDs will have energy levels at or below Fr. Many of those will then be in
resonance at low bias voltages, making it hard to distinguish their resonance peaks in
[-V curves. The PL studies of section 4.5 are used as a rough guide to judge the QD
properties, and a coverage of 1 ML has been selected for the present structures. It was
calibrated using x-ray interference measurements on ZnSe / CdSe / ZnSe calibration
samples, as described (see section 3.2.1).



CHAPTER 7. DMS RESONANT TUNNELING DIODES 136

nm Material

30 Au

10 Ti

10 Al

30 n+ZnSe

15 n ZnBe(3%)Se

10 ZnSe

5,6 ZnBe(30%)Mn(4%)Se
1ML CdSe

5,6 ZnBe(30%)Mn(4%)Se

10 ZnSe A

10 n ZnBe(3%)Se
100 n+ZnSe i W= .
300 n+ ZnBe(3%)Se

20 ZnBe(10%)Se

50 ZnSe } 2
200 n+ ZnBe(3%)Se
270 GaAs

GaAs (001)

Figure 7.18: Typical layer structure of a dilute magnetic II-VI RTD with self assembled
CdSe QDs.

The pillar size of a processed RTD is about 100 x 100 um?. Using the island density
of 10'% — 10" ¢m™ measured by AFM (section 4.5) for the density of QDs, about
105 — 10" QDs are expected per RTD pillar. Even though there are many QDs in one
RTD pillar, transport is still expected to be dominated by the largest QDs, since those
are tuned into resonance first at low bias voltages and since they form weak spots in
the tunnel barriers (see [21] and refs. therein).

In the following paragraphs the I-V characteristics of a nonmagnetic and a dilute
magnetic QD RTD are shown and briefly discussed. Both show clear peaks due to
0D resonant tunneling. The magnetic RTD additionally shows a large splitting of the
resonance peaks in an applied magnetic field, indicative of pronounced s-d interaction
induced effects on the tunneling process.

Nonmagnetic QD RTD Figure 7.19 shows I-V characteristics of the nonmagnetic
QD RTD. Its nominal structure is that depicted in figure 7.18, but no Mn is included
in the tunnel barriers. The characteristics are measured at a temperature of 4.2 K and
with magnetic fields 0T < B < 6 T applied parallel to the growth direction. Other
mesa diodes processed from the same wafer show qualitatively similar characteristics,
but the details of the curves are individual to each mesa.

First the I-V curve at 0 T shall be discussed. Around 0 V bias the current is negligible,
which indicates that no quantized level is available for resonant tunneling at low bias.
At 12 mV and 33 mV bias two distinct resonance peaks occur, with a peak current of
about 200 pA and a FWHM of about 3 mV. Before and after the peaks the current is
nearly constant (excluding some fine structure), with the current after the peak being
about 100 pA higher than before. The current increase above 40 mV is probably due
to further QDs coming into resonance, and possibly also due to tunneling through
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Figure 7.19: Low-temperature (4.2 K) I-V curves of an RTD with self-assembled CdSe
QDs without Mn (sample cb3474) in magnetic fields from 0 to 6 Tesla.

excited states in the QDs already responsible for the lower bias resonances.

The peaks and the current plateaus can be understood qualitatively as described in
section 2.4.3 (see page 32). Each peak marks the onset of resonant tunneling via a
quasi-bound state in a single QD. When such a level becomes aligned with the Fermi
energy Er in the emitter, the current is strongly enhanced by a Fermi-edge-singularity,
causing a sharp current peak [67, 21]. When the bias voltage is increased further, the
resonant level is reduced, but as long as it is on the same energy level as occupied
states in the emitter, electrons tunnel through the QD one at a time. The current is
then approximately constant, with a slight increase possibly due to the deformation
of the barrier by the applied voltage. In this single electron transport regime, the
time it takes for one electron to travel through the double barrier structure can be
calculated from the magnitude of the current step Al at a resonance. With 7 = e/Al
and AI ~ 70 pA we get a transit time of 7 ~ 2.5 ns. For comparison, Geim et
al. calculate a transit time of 2 ns for single electron transport through their 0D RTD
structure [67]. Assuming that transport is limited by the lifetime of an electron in the
resonant state !, Geim et al. estimate the intrinsic linewidth AF of the resonant state
from the uncertainty principle AE - 7 &~ h. Doing this for the present data yields a
linewidth AE ~ 2.6 x 10™7 eV, or 3 mK.

When the QD level drops below the lowest subband in the emitter, the current is
expected to drop to zero. Such a drop is not observed here, probably since another

LOther effects, such as a finite attempt frequency of electrons in the emitter, are negelected
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Figure 7.20: I-V curves of an RTD with 1 ML of self-assembled CdSe QDs and 4 %
Mn in the tunnel barriers (sample ¢b3503) in magnetic fields from 0 to 14 Tesla.

state in the same or a different QD comes into resonance. Scattering of the tunneling
electrons may also prevent the current from dropping to zero after a QD level is pulled
below the emitter.

Additional fine structure can be seen in the current plateaus, e.g. small "wiggles"
around 23 mV. Such fine structure may be related to variations in the local 2D density
of states in the emitter, for which the 0D resonant energy level acts as an energy
spectrometer [176].

The B-field dependence of the I-V curves of such non-magnetic II-VI QD RTDs is
described by Rueth et al. [21]. Here we simply note that at 4.2 K the main resonant
tunneling peaks, which are related to the Fermi-edge singularity, are only weakly
affected by a magnetic field. The fine-structure on top of the current plateaus, as
well as the features at higher bias > 40 mV, however, show systematic variations in
a magnetic field. A detailed analysis of this behavior goes beyond the scope of this
thesis.

Magnetic QD RTD The I-V characteristics of a magnetic quantum dot RTD, with
the structure depicted in figure 7.18, are shown in figure 7.20. The curves are taken
at 1.4 K and in magnetic fields up to 9 T.

As for the nonmagnetic QD RTD, the I-V characteristics show negligible current
around 0 V bias. At about 40 - 45 mV a clear resonance peak marks a step increase
in the current, and more resonances are observed at higher bis voltages. The first
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resonance is split into two peaks, with a voltage separation of about 5 mV. When an
external magnetic field is applied the peaks further separate, following (approximately)
a Brillouin curve, and they saturate for fields higher than about 6 T. Increasing tem-
perature counteracts the effect of a magnetic field and also reduces the separation of
peaks at 0 T. This is consistent with the behavior expected for s-d exchange splitting
of resonant levels (see figure 2.3).

The remarkably clear splitting of resonance peaks in an external field can be under-
stood as Fermi-edge singularity enhanced tunneling through individual spin sublevels
in a CdSe QD, which are split by several meV due to s-d exchange interaction with Mn
ions in the barriers (see section 2.2). Even though Mn is not directly incorporated in
the CdSe QDs, such an interaction is reasonable, considering that the wavefunctions
of electrons, which are confined in the relatively small QDs, extend significantly into
the barriers. The Brillouin-like shift of the two peaks with magnetic field and the
reduction of the splitting by increasing temperature support the picture of tunneling
through individual spin-sublevels. The remarkably clear separation of the very sharp
resonance peaks suggests that the tunneling current through the spin sublevels has a
high degree of spin polarization.

Even more remarkable than the clear spin separation achievable in this QD RTD is
the fact that the two resonance peaks do not completely merge at zero magnetic field.
In [11] a similar zero-field splitting is explained in terms of an effectively ferromagnetic
interaction between the Mn ions on the outskirts of the QD and electrons in the QD. As
an intriguing consequence, such dilute-magnetic QD RTDs act as voltage-controllable
spin filters without the need for an external magnetic field.

To further substantiate the notion of zero-field splitting of resonance peaks, more I-V
curves of other mesas on the same DMS QD RTD wafer are depicted in figure 7.21.
The green curve corresponds to the mesa studied in detail previously. In the other two
curves the current is negligible as well up to the point where the first QD comes into
resonances. Two closely adjacent peaks are observed when the QD level is close to the
Fermi level and transport is enhanced by FES. For the green and the black curved B-
field dependent measurements show that the peaks move in opposite directions when
a field is applied. Therefore, zero-field splitting of resonances is clearly observed in
several DMS QD RTDs.

In principle, these structures should also exhibit spin splitting of the barrier height in
a magnetic field, similar to that discussed in chapter 6. Since not only the energy level
in the QD, but also the tunnel barrier is reduced (increased) for the lower (higher)
spin-sublevel electrons, the corresponding resonance peak in the I-V curve should thus
be enhanced (decreased) due to the higher (lower) transmission probability. However,
the tunnel barriers in these RTD structures are on the order of 300 meV and are
significantly higher than the s-d exchange interaction induced spin splitting (see figure
2.3). The effect is thus expected to be rather weak.

A third feature of tunneling magneto-transport in the magnetic QD RTD (figure 7.20)
is the shape and height of resonance peaks at very high magnetic fields. The lower
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Figure 7.21: I-V curves of different mesa diodes on a QD RTD wafer with 4 % Mn
in the barriers. No B-Field is applied and the temperature is 4.2 K. The inset shows
a higher resolution I-V curve of the mesa represented by the black curve at a lower
temperature and with a magnetic field of 6 T. For each mesa diode the onset of the
first resonance consists of two close but separately resolved peaks, consistent with a
zero-field spin splitting in all these mesas.

spin-sublevel resonance strongly increases in high fields > 6T, while the upper spin-
sublevel resonance further splits into two peaks. This high-field behavior is beyond
the scope of this thesis.
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