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Résumé

Ce travail expérimental et théorique porte surjéotion tunnel de photoélectrons a
partir de GaAs vers des surfaces métalliques spdevers des surfaces magnétiques. On y
présente la premiére mise en évidence de la dépeadan spin du courant tunnel vers une
surface magnétique. Ce travail comporte deux sadiigtinctes :

lere partie :
Cette partie est consacrée a l'étude de linjectde charge et de spin de

photoélectrons a partir de microleviers de GaAaqgminte) sous pompage optique, vers des
surfaces nonmagnétiques d’or et magnétiques ddtcabadépendance du courant injecté
vers une surface d'or en fonction de la tensionliapg@e sur le levier et de la distance
levier/surface métallique est en accord avec lédiptions d’'un modéele original.

A l'aide d'une cellule de Pockels, le méme montage utilisé pour moduler la
polarisation de spin des électrons tunnel et poudiér la dépendance en spin du courant
tunnel dans des couches de cobalt. Ce travail ¢bada premiere mise en évidence de la
dépendance en spin de l'effet tunnel de photodlestivers une couche magnétique. Le
retournement de la polarisation de spin des élesttonnel par rapport a I'aimantation de la
couche magnétique induit une variation de 6% duradutunnel, alors que la valeur
maximale observée pour une couche non magnétiquiederdre de 0.1%. On observe une
diminution de ce signal en fonction de la tensippliguée qui est attribuée a la diminution
de la vitesse de recombinaison de surface. Ledtatsgont en accord quantitatif avec les
prédictions théoriques.

2e partie :
Cette partie regroupe deux études distinctesahsport de charge et de spin faisant

appel a I'imagerie de luminescence polarisée pawaatériser les propriétés de spin. Cette
technique nouvelle d'imagerie a été mise au panisde cadre de ce travail.

La premiere étude analyse les propriétés de spipothtes de GaAs qui pourraient
étre utilisées ultérieurement pour I'imagerie dungraagnétisme, dans le but de prédire le
taux de polarisation de spin des électrons injed@ésutilisant des mesures sur des couches
planaires équivalentes et en modélisant la diffusle charge et de spin dans la pointe, on
montre que I'on peut s’attendre a obtenir des EaAtons de spin atteignant 40%.

Par ailleurs, la microscopie de luminescence ps#arpermet d’étudier le transport de
charge et de spin dans des couches minces de Gmfisctivement oxydées et passivées. On
montre que la recombinaison de surface joue unardigial pour la diffusion de charge et de
spin, car la diminution de la vitesse de recomisimaide surface de 1@m/s & 18 cm/s
induite par la passivation fait passer les longsielar diffusion de charge et de spin dqugi
et 1.3um respectivement a 1j#n and 0.§um.

Mots-Clés Spintronique, pompage optique dans GaAs, injeatie charge et de spin, effet
tunnel, cantilevers, diffusion de charge et de ggiifusion, recombinaison de surface,
jonctions meétal-isolant-semi/conducteur.



Abstract

This thesis describes experimental and theoretigak concerning photo-assisted
tunnelling between optically pumped GaAs and mietalrfaces. In particular, the first
evidence for the spin dependence of the tunnelgohiotent into a magnetic surface is
presented. The thesis is made up of two separédte pa

Part 1:

Reports studies of charge and spin injection oft@dlectrons from an optically
pumped, tipless GaAs microcantilever into both fnagnetic) Gold and (magnetic) Cobalt
surfaces. A new model, which is used to analyse hi@s, tunnel distance and spin
dependence of the tunnel photocurrent, correctidipts the behaviour observed on the Gold
surfaces.

With the addition of a Pockels’ cell, the same ekpent is used to modulate the spin
polarisation of tunnelling electrons and to thensggpendence of photoelectron injection into
Cobalt. A reversal of the relative spin polarisataf the photoelectrons to the magnetisation
direction of the Cobalt results in a 6 % variatiarthe tunnel photocurrent. This compares
with a value of 0.1 % observed on nonmagnetic Goldaces. A reduction in this variation
with increasing applied bias is attributed to auetbn in the surface recombination velocity.
An extension to the model developed for chargectga which accounts for the spin
polarisation of the photoelectrons describes thpeamental results well.

Part 2:

Reports studies on charge and spin transport iAs@Gsing an original polarised
photoluminescence microscopy technique.

This technique is firstly applied to photoluminasoe imaging in GaAs tips to be
used in imaging studies of nanomagnetism, in otdeestimate the expected electronic
polarisations at the tip apex. In combination wstiudies on equivalent planar geometry
samples and by numerically solving the charge and gdiffusion equations, polarisations
approaching 40 % are predicted.

Independently, polarised luminescence microscopysedd to investigate charge and
spin transport in planar oxidized and passivatedftims. Surface recombination is shown to
play an important role in determining the effectslgarge and spin diffusion lengths. The
effect of an increase in the surface recombinatiefocity between the passivated and
oxidized sample from £ocm/s to 10 cm/s reduces the charge and spin diffusion lengths
from 21pum and 1.3um, to 1.2um and 0.8um respectively.

Key-words spintronics, optical pumping in GaAs, charge apah injection, tunnel effect,
cantilevers, charge and spin diffusion, surfacemdmination, metal-insulator-semiconductor
junctions.
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Chapter 1: Introduction

This thesis describes experimental and modellingkwaimed at experimentally
proving that the tunnel photocurrent current frortia, optically pumped GaAs plate or tip
into a ferromagnetic surface depends on the relapin orientation of the two sides of the
tunnel junction. To our knowledge, despite beimstfproposed more than 20 years agis
has never been conclusively shown. This is in esttwith the inverse case; spin dependent
electron tunnelling from a ferromagnet into a semductor, that was demonstrated by
measuring the degree of circular polarisation efltminescence emitted under excitation of
GaAlAs by tunnelling electrons from a Ni ferromatjoeip.”® A tunnel current dependent
spin polarisation as large as 50 % was measuradilaBl, electrical spin injection from
ferromagnets into semiconductors has been studigttbeoreticall§ and experimentally.

Spin dependent tunnelling across solid junctiorass very well documented and, in
the form of tunnelling magnetoresistance (TMR), Heeen proposed as the successor
technology to GMR read heall©f more particular interest in the context of ttigsis is
that spin polarised electron tunnelling from magneips has become the basis for the
burgeoning field of spin polarised scanning turninglimicroscopy (SPSTM) and has been
exploited to great effect in a number of stunnirpgrs in which magnetic imaging at the
atomic scale is reportéd. Piercé first described an alternative type of SPSTM based
optically pumped GaAs tips and foresaw two mainaadages over the ferromagnetic tip
method:

Independent investigation of topography and magnetin order to separate these

two sources of tunnel current variation it is su#fnt to rapidly modulate the spin

polarisation of the tip since this does not chatigepart of the tunnel current related to the
topography. In the case of ferromagnetic tips thisst be done with a small coil close to the
tip,? but modulation frequencies are limited becausta@finductance of this coil and are not
easily compatible with typical STM scan rates. @tteehniques such as image subtraction

! D.T. Pierce, Physica Scrip@8, 291 (1988)

2S. F. Alvarado and P. Renaud, Phys. Rev.88t1387 (1992)

®S. F. Alvarado, Phys. Rev. Léts, 513 (1995)

“ A. Fert and H. Jaffrés, Phys. Rev6® 184420 (2001)

®Y. Ohno, D. K. Young, B. Beschoten, F. Matsukdr&Dhno, and D. D. Awschalom, Natw#@2, 790 (1999)

® M. N. Baibich, J. M. Broto, A.Fert, F. N. Vanddu, Petroff, P. Etienne, G. Creuzet, A. Friederieind J.
Chazelas, Phys. Rev.Lditl, 2472 (1988)

" M. Bode, Rep. Prog. Phygs, 523 (2003)

8 R. Wiesendanger, Rev. Mod. PI8/.1495 (2009)



Chapter 1: Introduction

must be used to obtain magnetic informatioMore recently an elegant but sample
dependent technique has been developed that expiodwn spin dependent/independent
parts of the tip or sample density of states t@assdp topographic and magnetic information.
In contrast the electronic spin polarisation inypet GaAs is a non equilibrium phenomenon
with typical spin lifetimes in the nanosecond rahgad standard optical components (e.g.
Pockels’ cells) can be used to switch polarisatiahsrequencies in the 4Hz range.
Separation of topographic and magnetic informagiomt-by-point during acquisition is then
possible.

Negligible tip-sample magnetic interactioRor typical focused optical excitation

powers in the mW range, spin polarised photoelacttensities fall in the 6 cm™ range,
more than ten orders of magnitude smaller tharethevalent electron densities in metals.
Thus the fringing fields are negligibly small comgé to a ferromagnetic tip and tip/sample
magnetic interactions are negligible. This is arpamant point for the imaging of soft
magnetic materials in particular. Although thisuissas recently been addressed via the use
of anti-ferromagnetic tip5,only GaAs tip SPSTM offers a simultaneous solutiorall the
problems outlined here.

Throughout the 1990s several attempts were mad®uigh'® and Japanese
groups to observe spin dependent tunnelling frolAsaaps into ferromagnets, but with little
success. In particular, a relative spin orientatiependence of the tunnel current of several
percent was observed not only on ferromagnetia@asad, but also on non-magnetic surfaces
such as Gold. The origin of this parasitic effeat lbeen ascribed to the optical excitation
geometry® and the experiments described in this thesis aneaived to avoid such effects.
As described in Fig. 1.1, the Dutch group usedtation from the side of the tip while the
Japanese investigators excite the tip across tmeitra@sparent sample. These two
configurations result in direct excitation of thp fpex. This poorly controlled geometry
which has been found to induce a polarisation-dégen modulation of the electron

concentration at the apéX.In the present work we have chosen to excite ihent a

° K. Zerrouati, F. Fabre, G. Bacquet, J. BandetFtandon, G. Lampel and D. Paget, Phys. Re87B1334
(1988)

1 M.W.J. Prins, D. L. Abraham, and H. van KempenMagn. Magn. Mater121, 109 (1993); Surf. Sci.
287/288 750 (1993); M. W. J. Prins, H. van Kempen, H. @&oken, R. A. De Groot, W. van Roy and J. De
Boeck, J. Phys. Condens. Mat#®19447 (1995)

1y, Suzuki et al., J. Mag. Mag. Ma®8 540 (1999)

12\W. Nabhan et al., Appl. Surf. SE45 570 (1999)

13D, Paget, J. Peretti, A. Rowe, G. Lampel, Bra®d, S. Bansropun, French patent # 05 053%d fon the
27" May 2005 (Thales and Ecole Polytechnique)



Chapter 1: Introduction

controlled way from the planar rear surface, aretefore to separate the zone of excitation,

at the rear of the tip, from the zone of injection.

— A i?

Crt ittt et Mttesetttidit] [Artiditttiiit]

Present

Nijmegen Japan work

Fig 1.1: Injection configurations used by previous reséuas,'® ' *?compared with the one of the
present work.

In order to avoid direct excitation of the p-type, its height must be larger than the
absorption length. Thus diffusion plays a key foletransferring the photoelectrons from the
rear of the tip to the apex. Most of the resulisspnted here therefore rely on the description
of the evolution of electron concentration and ggiarisation under diffusion in the injector,
taking account of surface recombination. The dpson of charge and spin diffusion is
summarized in Appendix A and will be used througttbis work.

Another major challenge is the fabrication of timgectors which requires the
development of a new clean room process. This bBas bndertaken by our collaborators at
Thales R & T, the University of Clermont-FerranddatEMN Lille. Their efforts are
summarized in this thesis. For the charge andigp@otion experiments reported here, tipless
GaAs cantilevers have been used since fabricahdnrderpretation of the results is simpler.
GaAs tips on transparent GalnP cantilevers have hken fabricated and their spin
dependent properties are investigated using luro@mee microscopy.

The manuscript is organized as follows. Partdadicated to the description of charge
and spin injection into metallic and magnetic scefa from tipless cantilevers. This part
contains the following chapters:

-Chapter 2: Theory of charge and spin injectiorpbhgto-assisted tunnelling

-Chapter 3: Description of the experimental sethe, procedure for spin-polarised
injection and of the technology for injector falation

-Chapter 4: Charge injection into nonmagnetic galdaces

-Chapter 5: Charge and spin injection into (maighebbalt surfaces



Chapter 1: Introduction

Part Il of this thesis presents luminescence ingatbns (under circularly-polarised
excitation) in which one measures the luminesceleggee of circular polarisatiahgiven by
[, —1

@=|+ + I: =R tip (n+ _n_)e_ | dV/.[tip (n+ +n‘)e_ dv (1.1)

where I, is the intensityof the o* polarised component of the luminescence, is the

absorption coefficient at the luminescence enexgythe direction of light excitation ané

= 0.5 is the initial polarisation which dependstba matrix elements for recombinatianis
therefore related to the average of the electran pplarisation over the measured area.
Chapter 6 presents a luminescence microscopy igaéish of GaAs tip injectors. Chapter 7
presents an investigation charge and spin tranggodiffusion. Both chapters use a novel
technique consisting of imaging the luminescence % polarisation with a microscope
objective.

It is hoped that the experimental results and rsodescribed herein will prove to be

a stepping stone to successfully performing GapSBSTM.



Chapter 2: Theoretical description of charge and spin
injection
l. Introduction

In the past, photoexcited scanning tunnelling nscapy (STM) studies have been
conducted with the semiconductor material as timept® but also more recently as the tip
material** Although the present system is a metal-insulaéonisonductor (MIS) structure
for which the thickness of the interfacial layer adjustable, the understanding of the
photoinjection properties is still far from compet

Some studies have been performed in STM configuratiwith a limited theoretical
discussiort®> Other investigations have considered MIS silicasdsl components of
controlled insulator thickness, with an emphasisfamvard;® or zero bias! Perhaps the
most detailed investigations of charge injectionthbtheoretical and experimental, were
performed by the Nijmegen group who developed a ehadlled below the Nijmegen
model*®1%?°|n this model, to be described in Sec. Il belowe tunnel current spectra are
interpreted considering both the characteristicshef space charge layer formed at the tip
surface and of the tunnel barrier itself. The predns are compared with results obtained for
GaAs tips and gold or cobalt metallic samples. Thi@del can account for a number of
observed phenomena for a small tip bias, up totahéuwV.

The use of films excited from the rear brings twadifications to the understanding
of the results. Firstly, the injected photocurremiginates from electrons created in the
semiconductor bulk after diffusion from the reanface and, unlike the front surface
excitation configuratioA: does not directly depend on the width of the dépielayer.
Secondly, the use of a film rather than a tip iases the contact surface. Although one could
expect that there results inhomogeneities in thadldistance, it will be shown in Chapter 4

that after correction the metal-semiconductor fatsr can be considered as planar.

13, Grafstrom J. Appl. Phy81, 1717 (2002)

*F F. Fan, and A. Bard, J. Phys. Cha#B1 97 (1993)

®H. C. Card, Solid State Electronits, 881 (1975)

"H. C. Card, Solid State Electroni2$, 971 (1977)

8 M. W. J. Prins, R. Jansen, R. H. M. Groeneveld® Aian Gelder and H. van Kempen, Phys. Rea8, B090
(1996)

M. W. J. Prins, R. Jansen, and H. van Kempen, .FRgs. B53, 8105 (1996)

2R, Jansen, M. W. J. Prins, and H. van Kempen, FRge. B57, 4033 (1998)

“LW. G. Gartner, Phys. Ra\.6 84 (1959)



Chapter 2: Theoretical description of charge an¢hspjection

It will be shown that the Nijmegen model cannoerptet our experimental results,
obtained for a reverse bias up to 1.5V. The expi@anas that this model does not consider

surface recombination and its bias dependence.

II. Background

I1.1 Generalities

| first recall a very general framework concernai@rge and current distributions in a

MIS structure under light excitation.

Insulating layer

Metal < Semiconductor
X Jp — Ea&
®, / i
¥ i BV
I, | SV
Jte T2 qVv, i sc
v -i ------- Pl th i-----f(r----- E-
q j ..... > : -
EM th L. /. > E B
F J s i

d,gt W, &c

Fig 2.1: Metal-Insulator-Semiconductor structure. A posithias (inverse) applied to the metal and a
negative value of surface photovoltaggasv/created by a flux of photons of energy .

The metal-insulator semiconductor structure desdrib Fig. 2.1 is composed of a p-
type semiconductor and a metal to which a potemtia applied, separated by an oxide or
insulating layer of thicknesd and dielectric constant.?? Here ®_ is the metal work
function and y is the semiconductor affinityV is the width of depletion zone created at the

surface interface of semiconductor which has digteconstant,.. Light excitation creates a

22 1t will be seen in the following chapter thatre@verse bias, a voltage is in fact applied to $keeniconductor.
| have chosen here for clarity to shift the metalrhi level. The energy shift for a negative biapleggl to the
semiconductor is negative and corresponds to reveias.
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population of photoelectrons in the conduction bamdi a photocurrent densityy. The
departure from equilibrium caused by light excagatand application of the bidsgenerates

a voltageVsand a Schottky current given by
Jo = Jsa{equ%s) —1} (2.1)

where q is the negative electronic charge. It will be s¢leat the form of the saturation

current J_. depends on the model used. Héres the temperature ardis the Boltzmann

sat
constant. In this equation, which will be justifisdmore detail below, it is pointed out that
the Schottky current does not directly depend anhias applied to the metal, but to the
change of the band bending described \Wy(which for V = 0 is identical to the usual
photovoltage)

The electron tunnel current densitly, is the sum of all elementary contributions
between a given occupied state at the semicondaattace, at enerdgy with respect to the
semiconductor Fermi level, and an empty state@st#ime energy in the metal. This current
density is given by

Je = D K(E)n(E) 2, (E) f,(E)1~ f,,(E))expt-2«(E)d] (2.2)
where f(E )and f_(E ) are the respective occupation probabilities ofdtade at energi

in the semiconductor and in the metal. A similalehcurrent densityJ,, from unoccupied
metallic states can be defined. HeE) is a constant related to the tunnel matrix element
pn(E), p.(E)are the densities of states of the metal and sewcttor surface at the

corresponding energll. x(E)is related to the electron massand the spatially-averaged

barrier ® by

h’k(E)? /2m=® (2.3)
In this equation, the electron kinetic energy stobk replaced by its sole component
perpendicular to the surface. The tunnel curreatsariginate from the conduction band, the
valence band, or from surface states. In orderaloutate them, three equations can be
written. The current conservation equations foctetens and for holes are respectively

Jp=Jde =3, (2.4)

J.=J, -3, (2.5)

2. G. Simmons, J. Appl. Phgg, 1793 (1963)
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where the recombination curred,, is often overlooked. Rather than writing the abov

current conservation equations, some works simphsicler that the tunnel current is the
product of the corresponding current in the solidh® tunnel probability?

The third equation is the charge conservation egiagiven byQ,, +Q,. +Q.= 0
where Q,,, Q., andQ,, are respectively the surface charge densitielseatrietal and at the

semiconductor surface and in the semiconductoretiepl layer. Since this equation is
verified at equilibrium (zero applied bias and he tdark), we shall write a conservation

equation concerning the bias and light —inducechgis of the above charges.
Q, + AN, + Q=0 (2.6)

Until now, the framework based on the three corsém equations (Eq. (2.4-6)) has

not been considered completely. | explain now savaodels which present a simplified or

partial approach.

1.2 Expression for the photocurrent (GartAgr

In this classic work, the photocurredyf of a metal-semiconductor structuegcited
from the front sides separated into two contributions. All electiomie pairs excited in the
depletion layer are collected by the Schottky contdhe second contribution to the
photocurrent comes from the part of the photoaedestrcreated out of the depletion layer,
which reach the depletion zone during their lifetignd are then collected by the contact.
The final expression for the photocurrent, giventbg resolution of the one-dimensional
diffusion equation, (in the same way as in Appenfixs

oW
J, = qcb{l—“mj (2.7)
where a is the absorption coefficient ard is the photon flux,L is the diffusion length of
minority carriers.J, depends on bias via the widtfiof the depletion region. As a result, the
photocurrent increases with reverse bias, becaumse 8/ increases, more electrons are
created in the depletion layer. F@W>>1, the photocurrent is constant since all
photoelectrons are collected by the contact.

*H, C. Card, Solid State Electronits, 881 (1975)
S W. G. Gartner, Phys. Ra\.6 84 (1959)

10
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This dependence of the photocurrent on bias styammplicates the interpretation of
the experimental data. It will be seen below tlmathe present case for excitation from the

rear of the cantilever, the photocurrent does rettly depend on bias.

1.3 Reichmaf®

Reichman has considered the photocurrent in a @-gsgmiconductor-electrolyte
junction under above bandgap light excitation. His tmodel, tunnel currents from surface
states are neglected, so that only tunnel currieots the conduction or valence bands are
considered. In the same way, the effect of surfaates on recombination and photovoltage
are neglected. An attractive idea is to consider inority carrier concentration at the
beginning of the depletion layer as an adjustablaipeter, to be determined from the current
conservation equation. Recombination in the depidtyer is also introduced.

Expressions for the current density as a functiophmtovoltage are obtained. These
expressions cannot account for the experimenta ttatbe presented in chapters 4 and 5
because no distinction is made between photovoltagk applied bias, and because the

dependence of injected current on light excitagower is not considered.
1.4 Jansen et ai"?®

a. Surface statistics

The main originality of Nijmegen’s model is the aié#d description of
semiconductor surface statistics under light exoia

Figure 2.2 is the energy band scheme of the MI§tion as proposed in Nijmegen’s
model. The surface is assumed to be at thermodynaquilibrium so that it is possible to

define an electronic quasi Fermi levgl,. Because of the barrier modification caused by the
presence of the photovoltagp/,, the surface charg®,is modified so thatE., is shifted
from its position at equilibrium by a quantifyg . The surface barrier, defined as the energy

difference between the top of the valence banbdeastirface and in the bulk is given by

¢b :¢o +A¢_qu (2.8)

%6 3. Reichman, Appl. Phys. L&6, 574 (1980)

2’ R. Jansen, M. W. J. Prins, H. van Kempen, Phys. &7, 4033 (1998)

%M. W. J. Prins, R. Jansen, R. H. M. Groeneveld? Avan Gelder, H. van Kempen, Phys. Re%3B3090
(1996)
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Chapter 2: Theoretical description of charge anthspjection

where ¢, is the equilibrium value of the surface barriethout applied voltage and photon

excitation. Because of the large doping of the dampsed, the energy difference between

the Fermi level in the bulk and the top of the makeband in the bulk will be neglected.

Metal \ Semiconductor

SC
<« e ECB

Surfacg barrier

1

iy :

E,EA O'/ZTS b !
1

1

d, & Wo

Fig 2.2: A MIS structure under Nijmegen’s description in whitthe surface band structure is
determined by the surface photovoltagea¥d the variation of surface barriéx@ . The energy: of a given
surface state with respect to midgap correspondstergy E with respect to the metal Fermi level.

In agreement with the thermionic theory of the aheemiconductor junctiof?, the

Schottky currentJ, is the sum of two terms. The majority carrier eutris equal to

A**Tzexp(—¢b/kT):N*Tzexp(—¢°+AfT_qV5) where A" is the Richardson constant.
There is also a compensating minority carrier aurreoming from the quasi Fermi level at
oo @, t A : . ,
the surface and equal &0 T exp(—T) . The final expression fod, is
Ag \Y/
J, =J,exp——)| ex =) -1 2.9
= 3,000 9) exp(l) 1 2.9)
where
J,=AT? exp(—¢—°) (2.10)
KT

is the usual saturation current density.

29 E. H. Rhoderick “Metal-semiconductor contacts* @&adon (Oxford) 1978.
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b. Assumptions

The simplifying hypotheses of the Nijmegen modet ar

i) Unlike Reichman’s model, one assumes that tim@elicurrent flows via states at
the semiconductor surface rather than from the ectieh or valence band.

i) The recombination at the interface and in thacge charge region is not considered,

so that Eqg. (2.4) and Eg. (2.5) reduce to a siagleation, further neglecting,;,

Jp=Jde = (2.11)

iii) The density of states of the semiconductorfae is assumed to be independent of
energy. This assumption is valid providAg is smaller than the width of the distribution of

surface states, which is probably the case in daasal. papers where applied biases less
than 0.5 V are used. As a result, neglecting tlas dependence of the height of the tunnel
barrier, integrating over occupied states lying v@ahe metal Fermi level at the
semiconductor surface, Eq. (2.2) becomes

J,. =3°q(V -V,) exp(-2«d) (2.12)
iv) The reciprocal distance&(E is assumed independent on the height of the tunnel

barrier and on the bias value.

c. Calculation of the photoassisted tunnel curiem surface states

Eq. (2.11) and the charge conservation equation(Z£6) enable the calculation of

both Ag and qV, and finally an expression for the tunnel curr&d. (2.6) can be rewritten,

by considering only changes of the charges indigelight excitation and bias. The charge

of photoelectrons in the depletion region is negiécso that the decreasg — ¢, of the

surface barrier induces a decrease of the netimegditarge of ionised acceptors, given by

Rsc = W a)C (4, —9o) = A/ A)C, (AP —-qV,) (2.13)
whereq is the negative electronic charge and
C,= e/ W (2.14)
is the capacitance per unit area of the depletigar| taken constant to first order. One also
has
Q, =C,V-V,) (2.15)
where
C,.= &s&dd (2.16)

13



Chapter 2: Theoretical description of charge anthspjection

is the capacitance of the tunnel gap. Finally, \tlign above approximations, one has
RQss = AN AP (2.17)
where N; is the density of surface states per unit areapameV. The charge conservation

equation Eqg. (2.6) becomes

C(V =V,) + A/ q)C, (B¢~ QV,) + qN; Ag = 0 (2.18)
from which we obtain
Ag =-ya(V -V,) +y.aV, (2.19)
where
C C
|2 = Vs > (2.20)

" C,+C+0*N, " C,+C +a’N;
In reverse bias conditions, with the semicondugramunded, the bias applied to the

metal is positive an¥, is negative qV < 0and qV,>0), and one has
AP >0 &R, >0 &R, <0 (2.21)
Resolution of the current conservation equatign 2.11) using Eqg. (2.18) for the

photocurrent will then give the value ofs and of the tunnel current from surface
states.[Eq.(2.12)]

d. Application of Nijmegen’s model to our case.

In the geometry used by Jansen et al., the intejpra is complicated by two facts.
Firstly, since the light excitation is from the fitp in agreement with Eq. (2.7), the
photocurrent directly depends W Secondly, Jansen et al. take account of thereldizld
configuration underneath the tip apex and multg@yh the tunnel and Schottky currents by a
bias-dependent numerical factor. In the presen¢ these complications do not occur: i)
since the excitation is from the rear, the secenchtof Eq. (2.7) is negligible and the injected
photocurrent can be considered as constant. ii) iffection geometry for our tipless
cantilevers is two dimensional. Application of tNgmegen model has simple solutions in
the extreme cases of small and large tunnel current

At large distance, or for a small light excitatipower, the tunnel current is small
compared to the photocurrent so that this regimecafled photovoltaic. Assuming

thatqV, >> KT, Eq. (2.11) and Eq. (2.19) become, respectively

A V.
3, exp(—k—f) exp%) =J, (2.22)

14
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J
qv,=—— 2 qu s KT e (2.23)
(1_yt_ys) (1_yt_ys) 'JO

so that, as seen from Eq. (2.12), the tunnel cturiereases linearly with bias and is

proportional to the log of the excitation power the opposite (photoconductive) regimk,
is not negligible compared td, and all the photoelectrons tunnel to the metdaser The
tunnel current is then constant and equal foand is proportional to the light power.

In the general case, the bias dependence of theeltwurrent, obtained from a
numerical resolution of Eq. (2.12) and (2.23),hewn in Fig. 2.3 for several values of the
photocurrent® As predicted above, the tunnel current first iases linearly as a function of

bias (and logarithmically as a function of lightver) before saturating al,. It is then

independent of bias and increases linearly as etitmof light excitation power. Fig. 2.3
shows that the switching between the photovoltaid photoconductive regimes is quite
abrupt and occurs in a bias range smaller tharV0.1e

Unlike the prediction of Fig. 2.3 the observed hiependence of the tunnel current
will be shown in Chapter 4 to be far from lineartbat the Nijmegen model cannot account

for the results.

) ' ) ' ) ' ) )
_an8
2.0x10° F J,710 .
10
1.5x10" | .
1.3 x 10°
E
I 1oxi0'f 107 .
= X 3
7x 10
5.0x10° |- 4y 10° .
X \
3
1|X 1q 1 1 1 1 1 1 1
25 20 -15 -10 -05 00

Bias(qV)

Fig 2.3: J-V characteristic as a function of photocurrentsiéy as predicted by the Nijmegen model.

% In this calculation, the work function of metarface is assumed to be 5 eV, the density of susfates N

is taken as10®*m™eV™ and the concentration of acceptors in the semicotatubulk is fixed atl0?*m™.
The dielectric constant is taken as 1 for the tligag and 13 for GaAs.
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I1.5 Effect of bias dependence of tunnel barrieighe(“Advanced Nijmegen model”)

| have first brought a simple refinement to theniNigpen model, by taking account of
the known bias dependence of the tunnel barrigghtheirhe tunnel barrier which appears in
Eq. (2.3) is thespatial averagef the microscopic barriéf.Neglecting image charge effects,
the barrier with respect to tleemiconductor Fermi leve$ the average of the energy of the
vacuum levels of the metal and of the semiconduétsiseen in Fig. 2.2, the vacuum level of

the metal lies at an energy equal @g,+ qV where ®_ is the metal work function, and
changes linearly with bias. The energy of the sendactor vacuum level isg; +Eg + x,
where y is the semiconductor affinity, and dependsvorand Ag throughy, .

For a given surface state, defined by its energyth respect to midgap, the tunnel

barrier is then given by

=0 +dv-v)+22
2 2

where @, = %((Dm +x+¢,) and ® - @ is the part of the tunnel barrier which depends on

bias and on the energy of the surface state. Theesgion fork, given by Eq. (2.3), to first

order in(® - )/ ®_ is given by

Kd [ v ]
where d, =7%/+/2m is a distance times the square root of an enégge. has exp(-&d) =
A exp{— V-v,)+ap- 25]} where A= exp{— 2d,/ /dOJ and wherew, = ik—T
2d, NIOR

is the reduced distance. The tunnel current, obthlby integration between the electron quasi

Fermi level and the metal Fermi level, is given by

v £,
J =N, (O)Aexp{— } LM oy Ks (E)0 (E) exp(zk—T)dg (2.24)

where N; (0) is the surface state density and the endgyith respect to the metal Fermi

level is given b =&-A¢+qV_—qV. In the case of gold, wherg, (E is)a constant and

K(E)is equal to the matrix eleme#t, for surface states, integration of Eq. (2.24) gives

31J. G. Simmons, J. Appl. Phyel, 1793 (1963)
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J = —2N; O)(KT /20,) AK o, exdw, Ag I KT}SH[q(V -V, )]w, / KT}
whereA¢ is given by Eq. (2.19) and, in the photovoltaiginee, qV, is given by Eq. (2.23).

In the framework of the Nijmegen model [Eq. (2.19 depends linearly on bias
and photovoltage and the predicted bias dependehtiee tunnel current is exponential,
whereas nonexponential dependences are observagtéCd and 5) at small distances. This
shows that, for the large bias range used hererntbegy dependence of the surface density of
states must play a role in Eq. (2.24). In additibre, dependence of the tunnel current as a
function of light power is not in agreement withetlexperimental results. Assuming that
—[a(v =V, )]Ja, >>KkT, only one exponential term of the hyperbolitescan be retained. Using
Eq. (2.23), one finds a power-law dependence, withan
exponent,[1+y, +y.][1- ¥ - y.]= w,. Sincaw, =10 and sincey, and y, are typically
smaller than several percent, the exponent is rtlaa a factor of 10 smaller than the
measured quantity. As will be seen in the followssgtion, these results suggest that, unlike
assumption i) of the Nijmegen model, tunnellingnfrelectrons in the conduction band plays

a dominant role.

lll. Model for charge injection

The key points of the present model are:

- Inclusion of tunnelling from the conduction bawtiich, although neglected in the

Nijmegen work, has already been found to be donif@ntunnelling from silicon tips?
Also considered is the modification of tunnellingprh the valence band by the light
excitation.

- Quantizationof electronic states in the depletion layer ndwr surface. (This is
important forp” GaAs.)

- Inclusion of a surface recombination velocdgependent on the density of surface

states at the quasi Fermi levélssuming that, at equilibrium, the surface Feftevel is

pinned at the maximum of the density of stateésg €0), the increase oA¢ results in a

decrease of which should induce an increase of the tunnelenurfrom the conduction
band.

- Inclusion of the bias dependence of the tunnetidra closely following the

treatment of Sec. 11.5. (“Advanced Nijmegen model”)

32 A. C. H. Rowe and D. Paget Phys. ReV¥5B115311 (2007)
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It will be seen below that, at large distance, lifes dependence of the tunnel current
is rather determined by the bias dependence ditieel barrier, while at small distance, the
change ofS becomes dominant. Because of this variation, ketrenic concentrationg at
the beginning of the depletion layer is considessdan unknown parameter. The three

conservation equations (2.4) (2.5) and (2.6) aeel tis calculateyV,, Ag, andno.

While a completely general model can be made, wkerttee following assumptions:

i) In order to obtain analytic expressions for thenel currents, these currents are
assumed smaller than the Schottky and photocurrentghat we limit ourselves to the
photovoltaic regime defined in Sec. Il.4. Furthereyausing Eq. (2.9), the two conservation
equations Eq. (2.4) and (2.5) become respectivgly(Z11) which we reproduce here

J.=J, exp(—i—?){exp%{s) —1} =J, (2.25)

and
‘Js = 'Jr

i) We define a thermodynamic quasi-equilibriumacdcterised by electron and hole
quasi Fermi levels, for which the energy differeatéhe surface is equal tfvs. We further
assume that the energies of these levels are coribtaughout the space charge layer. As
discussed elsewhet®,® this approximation holds if the carrier diffusitengths are larger
than the space charge layer width and if photoatsrand recombination currents in the
space charge layer are sufficiently small. The hodacentration at the semiconductor

surface, is related to the surface barpigoy

%
Ps =(N, +ny)e (2.26)

For a strongly-doped material, the concentratignis that in the lowest quantised

state. This state lies at an enefgy above the bottom of the conduction band at theasarf

where it has been showWrthatf is between 0 and 1 and approximately related tctiniace

electric fieldE_ by

1 qzthz 1/3
f "= ¢—{2—*eﬁj [377'/4]2/3 (227)
b m

One then has

% . Kronik, and Y. Shapira, Surf. Sci. R8, 1 (1999)
% C. G. B. Garret and W. H. Brattain, Phys. FR8y376 (1955)
% . He, M. Chan and Y. Wang, |IEEE trans. El. ¥8/.2082 (2006)
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-1y

ng=ne (2.28)

lii) While it has been found that the density offface states is generally strongly
peaked near midga,it is assumed for simplicity that this densitystéites is exactly peaked
at midgap and that consequently the barrier irddr& is equal to half the bandgap.

Shown in Fig. 2.4 is the one dimensional energgradian for our planar tunnel metal -
p type semiconductor junction. In section Ill.1dye] the key quantities of the system, (S
ne) are expressed as a function&p. Ag is then obtained from a resolution of the charge

conservation equation.

Metal Tunneling Semiconductor
gap
A
A . . .
X Light excitation
J, «_ N\
——
A
CDm v
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N "'E__?/’ " """ B $A¢ ‘qu Fe
\_? Esc
A (t"
qVv E p N\ ' F
0
A 4 vy — >
E::A \4 ‘]s
W
d 14

Fig 2.4: Description of the MIS structure under light extida

% E. W. Kreutz, Phys. Stat. Sol. &6 687 (1979)
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[11.1 Surface photovoltage and surface recombinatrelocity

a. Expressions fovs and for the photoelectron concentration

| first calculate the injected photocurrent density a function of the surface
recombination velocity. As shown in Appendix A, asolution of the one-dimensional

diffusion equation in the semiconductor bulk gives

n, =4 N, (2.29)
J, =an,S=0gBN,S (2.30)
where
B=@1+S/v,)*? (2.31)

Here N, and v, do not depend on recombination velocByor tip bias. Their
expressions are given in Appendix A. The effecglextron concentratioiN,is proportional
to the light excitation power and the diffusionaaty v, is proportional to the rati® /L of

diffusion constant and diffusion length.

aVs

Using Eq. (2.25) and further assuming it >>1, J, =dBN,S gives

qV, =qV. +Ag +KkTLod1- f] (2.32)

The quantityVs , defined by

qV. =kTLogqv,N,/J,)
is equal to the usual value of the photovoltaga.og(J,/J, in Yhe limit whereS>>vy.
Note that, with respect to most studies perfornuedight excitation at the front surfadéthe
transmission geometry strongly simplifies the espren for the effect of surface
recombination on the photovoltage value.[given gy .32) in the case wheye= 0]

Further use Eq. (2.26), Eq. (2.28) adigd=gn,S, yields

AT ? ) AT?[ gsn 1"
n, = 05 exp(-f @, /KT) = %S {2**1_02} (2.33)

In the absence of quantizatioh,0) ns only depends on the excitation power via the

quantity 168 This result implies that the increase wf caused by the increase in light
excitation power is compensated by the decreasxp@, / KT) caused by the increase\bf

Quantization introduces an extra dependence; @n the excitation power. The expression

37L. Kronik, and Y. Shapira, Surf. Sci. R8p, 1 (1999)
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2

for exp(f'g,/KT) = {2 _:_3} is obtained using Eq. (2.8) for the surface baraed Eq.
(2.32) for the photovoltage.

b. Expression for the surface recombination vejocit

It is assumed, as discussed in Appendix C, thatddmsity of surface states has a
maximum at midgapN, (0) and a relative dependendX¢), as a function of energy
difference from midgap, of typical half width at half maximurna of the order olo= 0.1-0.2

eV.® These states induce a recombination current edtilin Appendix B [Eq. (B.16)]

and takes the form of an integral over the shadade of energies shown in Fig. 2.4.
AY] _
J. =aN; (0) .[—qVS+A¢ D(‘s)apvp[ns P — nf] n.'de (2.34)

Here o, is the hole capture cross section, for a holeailov,. Applying elementary

semiconductor statistics to the surfAtayhere the hole and electron quasi Fermi level
avs—f ¢, aqvs—f &y
energies differ byqVs, one finds,p,-n’=n?e X -1l|l=n’¢ ¥ . Since the

occupation probability is close to unity for allatts lying between the two quasi Fermi
levels, the only states which contribute to surfemsombination are in a relatively narrow

range of typical widtlkT situated neaEr,. One has

5 NiD(@g) ™ YCe NID(Ag)
~'Jr0 _‘JrO 2
n AT

S

qSekT (2.35)
where J,, = qv,n, (argap) and N; = N, (0)kT/a is an equivalent volume concentration of

the relevant centres. The effective thicknesef the surface only plays a role for the
homogeneity of the expressions fili and J,,and cancels in Eq. (2.35). Usidg=J, , one

finds finally

S=S expl —¢)/ D(A@) (2.36)

% E. W. Kreutz, Phys. Stat. Sol. &) 687 (1979)
% D. Aspnes, Surf. Sdi32, 406 (1983)
“OR. A. Smith, Semiconductors, Second Edition, CidigétUniversity Press, Cambridge, 1978.
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Po
where the equilibrium surface recombination velpa#t given by S, = (35 /gN;J,,) ek .

This expression is not modified by quantizatiorsofface electronic states. It will be used in

Eqg. (2.33) to findn, .

c. Charge densities

Two modifications are brought to the simplifiedache conservation equation (Eq.
2.18) of the Nijmegen model. First the charge dgn¥ss at the semiconductor surface is
obtained by an integration of surface states. Rereixpression of the charge of the depletion
layer, 6Qsc We take into account both the charge of ionizedeptors and of conduction
electrons. This calculation is given by Kronik aBidapira’’ The total charge in the depletion

layer is equal tasE_, where E_ is the surface electric field and is the semiconductor
dielectric constant. This electric field is obtainby integrating the Poisson equation over
distance where the electronic concentration at \gergidistance is in thermodynamic

equilibrium with the bulk.

Removing terms at equilibrium, for which the sunzéso, Eq. (2.18) becomes finally

C.lv+Wag, -4, +qV\6NA[ J[ﬂ1+|:_ﬂ _1]

+aN; (O, D(e)de =0

(2.37)

Here W, is the equilibrium value of the depletion layerditi and Na is the acceptor
concentration. Sinceg, and n, which appear in this equation are functiondA@f numerical
resolution of this equation will giv&¢ . Using Eqg. (2.36), Eq. (2.32) and Eq. (2.8), dmnt

obtainsS, Vs and ¢,. The structure of the calculation is summarisethéfollowing inset.

“LL. Kronik, and Y. Shapira, Surf. Sci. R8p, 1 (1999)
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Current
Charge i
_ conservation
conservation _' Equations
Equation (2.37) q(2 25)

Structure of thecalculation of the tunnelcurrents

A

J, (247)
J (244

J,, (246)

[11.2 Tunnel photocurrents and photoassisted turmoetents

a Tunnel photocurred, from the conduction band

Calculation of this current requires integrationepwall conduction electrons of

energye. above the conduction band edge at the suffaGensidering the perpendicular and

parallel componentk; and k, components of the momentum, it is known from first

principles that the parallel component is conseinetthe tunnel process, and is therefore the

same in the tunnel gap and in the metal. The péipelar momentax in the tunnel gap and

k' in the metal are then determined by energy coaserv. It is then straightforward to

impose continuity of the wavefunctions and theirid®ives at the semiconductor/vacuum

and the vacuum/metal interfaces.

For a given electron, assuming tbap(-2«d) << , &ne finds that the tunnel

probability is proportional t&(&,) exp(-2«d Wwhere

G(&,) =£, 1

K [+ ko 1k f + (ke ik + K 1k

(2.38)

“2|n the case of quantisatios, is composed of a part related tg ostly determined by the potential energy of

the quantised states and of a second part duenttikienergy parallel to the surface.
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As discussed iiEq. (2.2), the tunnel current at a given eneggglso depends on the

product of the tunnel matrix element, of the metalensity of states and of the concentration

of electrons of energy, at the semiconductor surface.

The tunnel barrier® is computed in the same way as for the advanc@udegen

model. [Sec. II.5] The surface concentration ofnelfing electrons at kinetic energg, is
W(gc)p(ac){nS exp(—lf—fl_)} where the multiplication by the widW(&, o) the space charge

layer at £, converts a volume concentration to a surface amk @&, )is the density of

states. One finally has
Jy, = Kng exp(—2dx/$/d0)x

o[ Ecd & (2.39)
o pm(E)W(gc)G(gc)p(gc)eXpd()ﬁ kT)dgc

SinceW(&,)G(&, ) is zero fore, = Oand increases witls,, one can assume that the

majority of tunnel electrons have a nonzero enengitten for simplicityfg, such that

%, End _ & - _f¢,
KJ'O W(SC)G(‘EC)p(gC)expﬁ kT)dtsC KW, ex;{ kT} (2.40)

where K is a constant. Because of the dependence of timeltyrobability on energy, the

tunnelling electrons can be at an energy largen tha lowest quantized state, so thata

f
priori larger tharf , given by Eq. (2.28). Usingxp{ kf_?b} = {28_?’2} the tunnel current is

expressed as the product of an exponential depeadene to the bias dependence of the
barrier height, and of an effective concentratibfS , which depends on the surface

recombination velocity:

. wqV
Jip = IpN'(S) exx{—%} (2.41)
* ke D f +w(l-2af)
N'(9) = W[A"SH (2.42)
q
where
w=3 KT (2.43)

2, Jol,

24



Chapter 2: Theoretical description of charge an¢hspjection

is the reduced distance. As found from the valdgkework function given in Appendix C,

its typical value is several To for d=1nm. One

haslp = K,p0,[E] exp - 209} + 3022000 | g [0, + x-E, +@-2f)4,]/2. Eq.
do 2dy+[®;

(2.43) also contains the parameter £,/ £,. This quantity is not known but does not play

an important role because of the small value ofw= 5x107 for d=1nm)

b. Tunnel photocurrerds from surface states

The tunnel current from surface states, given by E924), can be rewritten,

introducing the energy dependence of the densisudfice statd3(¢ and taking account

of the expression fov, of Eq. (2.32)

W, B A £,
v vs)+A¢]}jA¢+q(v_vs)KS(E)pm(aD(e)exp(Zk—T)de

_N, (O)Aex;{— Qv }{qs—ﬂ [ K (B)o,(EID()exni)e

kT J 0 g+a(v-Vs)

Je =N, (O)Aexp{—
(2.44)

where it is recalled thaf = expl— 2d/ @ /doj. Sincea, defined in Sec. Il.5s generally

much smaller than unit)(,qug,/JO)“’s weakly depends both on power and bias.

In summary, the tunnel photocurrents, defined by(E¢2) and (2.44), are expressed
as a function of the applied big¥, of the quantityn, which depends on the light excitation
power, and of the surface recombination velocitye Value of this velocity is related by Eq.
(2.36) to the quantitydp, and is found from the resolution of the chargesewvation

equation Eq. (2.37).

c. Dark current

The calculation of the dark current will not be kxped in detail.
For a forward biashe expression of the ideality factor has beemdolly separating

the interface states into a fractigrof the total number of states for which the occtigpa
follows the metal statistics and a fractiony 1which are rather coupled to the

semiconductof® ** Including residual processes which induce a deperelof the barrier on

43 H. C. Card and E. H. Rhoderick, J. Phys4[1589 (1971)
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bias, such as image charge effects and tunnelfihgles across the barrier, one finds to first
order

n C,t&/W+qgN; (0)

where a,is the contribution of the residual processes. 3&eond and third terms of Eq.

(2.45) are equal to the derivatives of the barasra function of the bias applied to the

semiconductor (hergV, —A¢) due to the corresponding procéss.

For a reverse biasne defines\g and qV, in the same way as under light excitation.

Current conservation implies that the dark tunnetent, defined by Eq. (2.44¥is equal to
the Schottky current. For the Schottky currentdose of the large value of the applied bias,

the first order approximation for a forward biagseplaced by a second order approach where
the barrierg, , defined in Eq. (2.8), is replaced y= ¢, + a,(qV, —Ag) +a', (qV, —Ag)*.
In the condition for charge neutrality of Eq. (2.3@ne must first makes=0 in 6Qs. The

third term 0Qss must take account of two types of states and besom

a/7N; (O)J'OA‘I’D(‘E)dg—q(l—q)NT (O)J':F D(¢)de. The current and charge conservation

equations are nonlinear and must be solved nuntigrioaa coupled way to obtaidhg and

gVs and to calculate the tunnel current.

For a forward bias the ideality factor dependsrpomand a,. The dark current under
reverse bias also depends afj and on the tunnel matrix elemey defined in Eq. (2.44).
Since the expression of the tunnel current usepritductKs N; (0) , the quantityN, (O)will

be replaced by an effective density of st&tés . (@)the same way as for the Nijmegen
model under light excitation, the dark current hedar exhibits two regimes. At large
distance, in the voltaic regimegVs is nearly independent on bias, so that the bamdtste of

the semiconductor at the surface does not follevniletal Fermi level. At short distance, in
the conductive regimejVs ~ qV so that the semiconductor surface band structli@afs the
motion of the Fermi level of the metal. In this €aghe top of the valence band at the surface

lies approximately agV — @, .

 Under light excitation, since capture processeplodtoelectrons increase the kinetics of establesttnof
equilibrium with the semiconductor, it is not a bebroximation to assume thgtO0.

“5E. H. Rhoderick “Metal-semiconductor contacts* @adon (Oxford) 1978.

“8 The dark tunnel current from the valence band bélishown in Chapter 4 to be negligible with respedhat
from surface states.
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Chapter 2: Theoretical description of charge an¢hspjection

d. Photoassisted tunnel currdptfrom the valence band.

A mechanism for photoassisted tunnelling is thénthgduced modulation of the

tunnel current from the valence band. This mecmamssillustrated in Fig. 2.5

Metal \ Semiconductor Metal \ Semiconductor

d.g W d.& W

Fig. 2.5: Energy band structure of a MIS junction withouthligexcitation (left) and under light
excitation (right). The photoelectrons generatedhia bulk flow toward the contact interface theduee the

surface barrier. When —qV¢b , there appears an electron tunnel current fromoanupied level in the valence

band to unoccupied states at metal surface. Thigentiis quenched or reduced in the dark becausthef
variation of the barrier.

Described in the left panel of Fig. 2.5 is the batrdcture schematic in the dark in the
case where the valence band edge at the suEgelies below the metal Fermi levé)' .
This corresponds to the conductive mode explaimethé preceding section. Under light
excitation,(right panel of Fig. 2.5) because of phetovoltage, this positioEJght , Which lies
at an energyy, below the bulk Fermi level, may lie abdgf . As a result, the tunnel current
of valence electrons situated betweg}i" and E} is quenched under light excitation and

contributes to the photoassisted tunnel current.
This current appears as soon-g¥> ¢p. This contribution is an integral over the

energye, below the valence band edge, and is given by
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; :Joex{_quV} asn |
v kT | J,

(2.46)
V=g, 4w €,
i " Gue)Pn(EID(E, exp- = o) e,
where
d KT
W, = ————— (2.47)
2d, w/(D;
o, =0, +x+Eg +8,]/2 (2.48)
2d./®P;
J° :Kvexp{— d V] (2.49)
tv do
and
* \3/2
D(z,) :z(z+)ﬁ— (2.50)

where 7 is the coherence length, is the density of staggsunit surface and per eV in the
valence bandK, gives a measure of the tunnel matrix element anthe same way as in

Eq. (2.38),

_k 1
)=y [k, 1k F + kK, +K 1)

(2.51)

In the same way as for surface states, the depeedsrthis current as a function of

light excitation power is given by the third factfrEq. (2.46) and is of the formi;* where
w, is smaller tharw, because of the large value of the tunnel barimethe same way as for

surface states, the photoassisted tunnel current the valence band weakly depends on

light excitation power.

I\V. Physical processes for photoassisted tunnelling

The description of the preceding section consitleese possible photoassisted tunnel
processes (tunnelling from the conduction bandnfreurface states or from the valence
band) and two main mechanisms for the bias depeedef the tunnel current (bias
dependence of the tunnel barrier height or of thiéase recombination velocity).

The relative importance of the tunnel processeesebn the knowledge of the

respective tunnel matrix elements, which are ndt-kvewn, so that the discussion of this
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issue relies on the experimentally observed depwedef the tunnel current and will be
postponed to Chapter 4.

In the present discussion, we consider the relamneortance of the bias dependence
of the tunnel barrier height and of the surfacendgination velocity. For specificity, we take
reasonable values of the parameters from the titexaThese values are given in Appendix

C. The density of surface staths  (@iil be chosen to be 6x1&V'm?, as justified in Sec.

V. 2b of Chapter 4 from the experimental results.

It is shown here that, at large distance, the photent bias dependence occurs
mainly because of the bias dependence of the tupvereier while, at small distance, the
change of surface recombination velocity is domindimese issues are directly related to
pinning of the electron quasi Fermi level by thadvaf midgap surface states: As long as the
Fermi level is pinned by the band of surface stafgg<< o, the density of states at the
quasi Fermi level does not strongly change. Thes-lmduced change of surface
recombination velocity is small so that the biapatelence of the photocurrent is dominated
by that of the tunnel barrier. In the opposite cafsenpinning, the electron quasi Fermi level
lies outside of the main band of surface statethabthe resulting strong decrease of the
surface recombination velocity plays a dominang.rol

The change ofA¢ is determined by the bias-induced change of tiasel charge
X, Which is determined by the charge conservatioratgu Eq. (2.37). As seen from the
shape of this equatiord¢@ is obtained by a graphical resolution consistimgliotting as a

function of Ag the quantityy, =-V , where

. kT R, , K
=V, +—Log(l-pB)+——>=+-—_=
A =V q 9@~ p) c. ‘¢

(2.52)
Shown in Fig. 2.6 is the distance dependenceApffor several values &,. For

illustrative purposes, one neglects here the poesefielectronic quantised states. (f.e=0)

Also shown in the figure are the dependenced@f/C_, and Q. /C,, as a function ofAg

in the case of Curve .
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Fig. 2.6: Dependence of the quantity defined by Eq. (2.52) as a function®fp . For a given bias V,

the value ofA¢ is the one which givesAV. As an example, for a bias of -0.4V, the valtd\@ for curve i
is found of 0.33 eV. The biaseg/Q, and QJ/C,, are indicated by red dot3.he values ofy/C,, for the various

curves are given in the table.

At large distance the maximum value &§ for Curve a, of 30 meV, is smaller than
the width o of the surface density of states, so that thetrelequasi Fermi level is indeed
pinned near midgap. This implies that the changeuwface barrier is small so that the
change o6Qn (which is small because of the small value of thpacitanc€, ) is mostly
compensated by that 6Qss Since A¢ is small,dQ,andoQssare approximated by Eq. (2.15)

and (2.17), (Nijmegen model) and one finds

ap=—yidv-v]= % (2.53)

In this pinning situation the surface recombinati@hocity is still larger thawy so that Eq.
(2.31) givegr<<1.

Conversely, at small distance, the value &p is larger thano which induces

unpinning of the surface Fermi level. There redalteording to Eq. (2.36)] a strong decrease

of the surface recombination velocity, which implen increase of the electron concentration
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ns that can be as large as three orders of magnitbde.a very small distance one

haﬁ&QSJ >> |&gss| ,

V. Calculation of spin-dependent tunnel photocurren
In Chapter 5 one measures for a given surface ntiagtien the tunnel photocurrent

| " as a function of excitation light helicity, and onlatains the asymmetry factor defined as

10" =10
1P (@) +17(07)

(2.54)

We shall limit ourselves here, for concisenessthe contribution of the dominant tunnel
current from the conduction band.[Eq. (2.41)] Assugnihat tunnel transitions preserve the
spin, one finds
A:(ﬁ.;@}ﬂ (2.55)
K po)n

where the symbafX will denote, throughout this section, the diffeserof the quantitx for

S

electrons of + and — spin. Recall thats the tunnel density matriy, is the density of states

of the metal and thatn,/n, is the spin polarisation of electrons tunnellimgnfi the

conduction band at the surfatle.
The model of section Il predicts a strong variatiof the surface recombination

velocity with bias at small distance. Sinde, / n_ is a balance between spin lattice relaxation

and recombination in the bufR this polarisation should also depend on biashis section,

we evaluatedn, /n, . Since one assumes that the tunnel current isgitdg with respect to

the photocurrent,dn,/n,does not depend on the shape of the metal densSitstates,

determination of%+@can be performed independently and will be takemmfrthe
P

literature in Chapter 5.

“If one neglects the spin lattice relaxation in thepletion layer, the electronic spin polarisationosld be
independent of the energyin the depletion layer.
8. Favorskiy, D. Vu, E. Peytavit, S. Arscott,Agetand A. C. H. Rowe , submitted to Appl. Phys. Lett.
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V.1 General framework for calculation of the spimrents

The spin dependence of the tunnel current betwediace states and a magnetic
surface under injection of spin-polarised photoenitris summarized in Fig. 2.7 and has

already been considered by Jansen“dt al

Metal 1 1 Semiconductor
: : +
J -
p
+ J
Jo ///’// :
J, {
J-tl- V: J rel
R V;
= - EZ*
J N\~ _——— H
N - AN
""""""""""" JoTT e
+
« . > W >

Fig 2.7. Diagram of the spin-polarised currents in a femagnetic/semiconductor junction under
optical excitation. Arrows indicate the electronvl and their widths correspond to the relative nmiagtes of
the currents. The spin dependence of the tunnetitiis determined by the polarisation of the mdignetates
of the metal at the energy of injection and byspia polarisation of electrons at the semicondustanface.

This picture considers the + and — spin reservapaiately so that, because of the
distinct concentrations of injected electrons @nd — spin, the quasi Fermi levels of the two
electron spins are at distinct positions. This ieplihat the photovoltage and therefdre
depend on spin.

The current conservation equations, written seplgréte the two types of spins and

neglecting the tunnel current, are

I 43I +35 =0 (2.56)

rel

“9R. Jansen, M. W. J. Prins, H. van Kempen, Phys. R&7, 4033 (1998)
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J,+J.+J, =0 (2.57)
where J_ are the injected photocurrent densities for + spili are the Schottky currents

and J:

rel

are the losses by spin relaxation. The expresditimeoSchottky currents is simply,

using Eq. (2.9)

*=1, exp(—%){equk%\f) —1} =A'T? exp(—%) (2.58)

Since the Schottky barrier for holeg, = ¢, + Ag —qV, this barrier obviously does not
depend on the electronic spin one has =0, so that Eq. (2.56) and (2.57) give by

difference

s
d]rel

lq+a,/q=0 (2.59)

V.2 Expressions for spin injection and relaxationreats
The model of Sec. lll is extended here by considetivo spin dependent valugs®
of 4¢ for the two electronic spins. The spin-dependerfcth® surface quasi Fermi level

position implies a spin dependence of the surf@oembination velocity. For an exciting
light helicity such thatn; >n,, one hasA¢” >A¢~ so thatS,< S which further increases
the electronic spin polarisation. This spin depewrdenf the surface recombination is taken
into account by taking the derivative of Eq. (2.86th respect to spin, which gives
&__o49)

= 2.60
s c (2.60)
where the energy is given by
1_1 ,9D49) 2.61)
¢ KT Do(Ag)

For a given initial spin polarisation, the steatgts spin in a given electronic state
depends on a balance between spin relaxation ieldogronic state and recombination in this
state. Thus, the spin-dependence of the surfacemt®oation velocity modifies the
polarisation of injected electrons.

The spin polarisation of injected electrons andsghie@ photocurrents are calculated in
Appendix A from a resolution of the spin and chadgéision equations, using Eq. (2.60) in
the boundary condition. The result is

Ay /My = No B I N, B+ (L= B.)o(Dg 1 ¢) 12 (2.62)
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where N, and S, are the spin equivalents &, and S . The first term of this equation can
be simplified since, as shown in Appendix (Eq. A,28)
Nos _ (9. —9.) |7, SHZ/L)
NO (g+ + g—) r S"(E/LS)

The corresponding value of the polarisation is withhe multiplicative factor

Sh/ /L
( ) equal to the valueM —=

She/Ly)’ (9. +9.)

(2.63)

obtained in the case of a large surface

recombination for a thin sample. The second teragpf(2.62) expresses the increase of the
polarisation due to the spin dependence of thesenfecombination.
As shown in Appendix B, the spin photocurrentiieg by

A, /q=Sdn, —n,So(Ap/¢)/2 (2.64)

For the expression of the spin relaxation curreve, consider the surface states
situated in an energy rangk at energys above midgap. A fractiorf * of these states is
occupied by + electronic spins, while a fractionf1- f = is unoccupied. The relaxation

current for these states is given by

XS /q= NTd‘S(f — ) (2.65)

rel
1

whereT?is the relaxation time of electronic spins trappéthe surface. For integration over

energy, it is considered that states situatedd@t<e<dg® are fully spin-polarised
(

polarisationf * — f ~. This gives

f*—f“=1), and that states situated belowy are characterized by their

&2, 1q="Nrl? 5(A¢)+M [ D(e)de (2.66)
and finally, Eq. (2.;9) becomes 1

S, -1, S5 16)12= N2 5(ag) + NTA_¢(T‘:_ ) (2.67)
where R 1

Ag=|." D(e)de (2.68)

The quantity f * — f ~is calculated in Appendix B. The result is
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oV, T :yoh

fr-f = —
o.V,PpsT +1 ng n

s (2.69)

S
so that the spin polarisation in the surface sgatke product of the initial polarisation, equal

to the polarisation of conduction electrons at sheface, times a dynamic factprwhich

includes the spin relaxation ratéT,*> and the capture rat v, p,of valence holes.

Since the width of the space charge layer is narohller than the electronic spin
diffusion length, the argument already made for ¢hargé® allows us to assume that the

energy of the spin Fermi levels is constant throughthe space charge layer, so that

i
n® =n;eX anddng/n, =3dn,/n,. Eq. (2.67) finally gives

sngl )= St “MN; A 2.72)
" ST+ N;D(Ag)¢
and
Jns - 5“0 - NOsﬁs 1+ (1_,*83)(S_VA¢ ) (273)
ng  ng Ny Bss+2¢ D(AP) + (1- L)
where the dimensionless parametes defined by
s=ST°n, /( N;KT) (2.74)

and ¢’ andA_¢* are the values of andA_¢ in units ofkT. The second term of Eq. (2.73) is

proportional toT,® and represents the effect of the spin-dependefacgurecombination. It

will be seen in Chapter 5 that this term is negligiwith respect to the first one.

VI. Conclusion

The present chapter presents an original pictoreléscribing both the intensity and
the spin dependence of the photoassisted tunna&ntifrom a semiconductor into a metal.

For the intensity of the tunnel current, the keyuaion is the charge neutrality
equation, Eq. (2.37). This equation enables oneatoulate the shift of the electron quasi
Fermi level, A¢g, from which the photovoltage, the surface barréard the surface
recombination velocity are obtained quite simplieTspin dependence of the tunnel current
is determined by the asymmetry factor given by [2¢p4), where the spin polarisation of the
tunnelling electrons is given by Eqg. (2.73).

0 C. G. B. Garret and W. H. Brattain, Phys. R&y376 (1955)
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Chapter 2 : Useful equations

Charge
Surface barrier @, =@, AP —qV, (2.8)
Photovoltage qV, = qV. +Ag +KkTLod1- f] (2.32)
B=@1+S/v,)*? (2.31)

* % 7

Electron concentration, surface_ = AT { qfno } (2.33)
qS | A'T?

beginning of depletion region, = 8 N, (2.29)

Ag
7)/D(09) (2.36)

Charge neutrality equatiopdQ,, + Q.. + Q. = 0] [Eq. (2.37)]

cm{v Ry, -k_qT Log(l- ﬂ)} + qV\éNA[\/{ﬂ}{H&H} —1] +aN; (O] D(e)de =0

Recombination velocityS = S, exp(-

P, N, &,
Tunnel current from the conduction band
Jp, =IIN(S) ex{——“fﬁr\’j (2.41)
. A\**T 2 S f+w(1-2af )
N'(S) = s WO[,Z”?Z} (2.42)
__d KT (2.43)

2, o,

Ideality factor for a forward bias

1_,_&/W+ql-7)N; (0 _a, (2.45)
n C,t+&/W+agN; (0)

Cn is the capacitance of the tunnel gap andccounts for residual processes )

Spin

Measured asymmetry factoA = (i +@) N, (2.55)
K p)ng
Spin polarisationdns = Noo/s 1+ (1_'*83)(3_VA¢ ) (2.73)
N, NS | Bss+2¢ D(Ag)+(1-5)
s=ST°n, /(N;KT) (2.74)
oV, pT°

V:Lpssl (2.69)

oV, P I +1

-1

C* =1+ kTM (2.61)

Do(Ag)
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Chapter 3: Experimental setup for investigation of charge and
spin tunnel injection

l. Introduction and background

At the beginning of my Ph.D. work, the existingteys (operating in air) was adapted
to atomic force microscopy (AFM) and to photo-aesls spin-unpolarised tunnel
experiments. This system, described in Fig. 3.1, pvasiously used to investigate injection
of spin unpolarised photoelectrons from silicorstipto nonmagnetic gold surfacgsThe
relative position of tip on the surface of the séamp controlled by two piezoelectric tubes.
The first tube (#1) modifies the position of the @ip the surface sample while the second one
(#2) determines the tip-surface distance. Fordbkerl excitation, we use the collimated output
of a polarisation-preserving optical fibre, giviagtypical power of 5 mW at 780 nm. This
beam is focused onto the rear of the tip to a spatinimum diameter 2@im by a lens with

f = 23 mm focal lengtf? In addition, a non-polarizing beam splitter is dige direct the

laser beam reflected from the cantilever to a castdshotodiode for AFM measurements.

piezoelectric excitation
tube #2 _\ / light

lens
%beamspliﬁer

/S
cantilever and tip—" L quadrant

photodiode

'___|

sample

piezoelectric
tube #1 \

Fig. 3.1: Spin unpolarised photo-assisted tunnel system

While the sample is grounded and a bias is appbeithe cantilever, a preamplifier
monitors the cantilever current, and a conventideatlback system, using proportional and

integral settings, enables to stabilize the tigeszg distance in order to obtain a constant

*L A. C. H. Rowe and D. Paget, Phys. Re¥5B115311 (2007)

2 The size of the laser spot can be made smalledelayeasing the focal length, but then the lens rbest
installed between the beam splitter and the cargile which strongly reduces the sensitivity of AFM
measurements.
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tunnelling current. For the investigation of the ofassisted tunnelling current the
experimental procedure is described in Fig 3.2.imduea timeT,, the tip-surface current is
stabilised in the dark at a nominal vallg while a tip biasV,, is applied. The relation
betweenlg and the actual current is given in Fig. 3.3. Thedfeck loop is then opened
during an acquisition timé&, + T, (with T, =T,). During this time, two voltage bias scans are
rapidly performed, the first under laser excitateord the second in the dark. A time-resolved
current measurement gives the bias dependencit afinnel current under light excitation

light @and in the darkqan. The difference of these signals gives the tunheltqrurrent,pn.

This sequence can be repeated a number of timedén @ increase the signal-to-noise ratio
(S/N ratio).

measurement
1000 T T T T T
V=0 : 1= 10 x exp(l_/2090)
tip bias
V=V, 100 4
g
;E, 10 i
T g
excitation light E
1 -
on off off on
feedback
0,1 1 1 1 1 1
-6000 -4000 -2000 0 2000 4000 6000
T, T, T, T, I

set

Fig. 3.2 Experimental procedure for investigation of spirkig. 3.3: Value of the tunnel current imposed
unpolarised photoassisted tunnelling. After stabiiion of by the feedback loop as a function of the
the tip-surface distance in the dark, the feedbldp is parameter

opened and two bias scans are rapidly performed,fitst

one under laser excitation and the second onedrdtrk.

In this chapter, | describe the modifications o #xperimental setup required for
spin-polarised photoassisted tunnelling measuresnent

- Sec. Il is devoted to the circular polarisatiortteé laser and to its switching from
og'too’.
- Sec. lll describes the experimental procedure.

- Sec. IV analyses the application of a magnetiafiatger than the coercive field

of the magnetic surface under investigation.

- Sec. V and Sec VI discuss respectively the teclyicdb aspects for cantilever and
sample fabrication.
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lI. Controlling the polarisation of the excitationight

For spin injection investigations, it is necessryswitch the circular polarisation of
the laser fromo * to 0 . Since relatively small spin dependent effects expected, great
care has been taken in order to have as perfecagsgmmetric as possible helicities of the
laser. We have chosen to insert into the laser ke#mngitudinal KD*P Pockels cell (Linos
CPC12). This cell (PC) of length 2 cm, has a quawi@re voltage of the order of 2500 V at
the energy of excitation. The high voltage of the B@plied between the top and bottom
windows of the cell, is delivered by a home madegrosupply and can be switched by a
TTL level between two independently adjustable valdéne experimental setup is shown in
Fig. 3.4.

——Optical Fibre

s
Laser

“' —

Polarizer

ﬂh

‘ _|i<— bckels cell

Piezoelectric ‘
Ceramics'#2

Beamsplitter

A—— Quadrant
| ] /‘ photediode

Fig. 3.4: Experimental setup for tunnel injection.
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This figure shows the laser head, the PC and th&etsvior the high voltage of the
Pockels cell. In order to avoid electromagneticapaes, the switch, the Pockels cell and the
cables between the two are carefully shielded lgyoanded permalloy box. Also shown in
the figure is a linear polariser cube used toHix polarisation of laser beam at the entrance of
the PC.

[1.1 Aligning the PC:
In the absence of an applied voltage, the PC isi-axial crystal with the direction z
of light propagation as its axis. As described iig. B.5, a voltageV, is applied between the

two faces via transparent electrodes. Under thecefdf this electric field along the z
direction, the PC becomes a biaxial crystal witl fvincipal axes denoted asandy. One

considers the case when the laser is not perfatitjged with the PC axis.

Fig 3.5: Representation of the Pockels Cell for which tias s applied between the front and the back
faces. The misalignment of the incident laser bedth respect to the crystal axis is characterized 7]
and¢ . The dashed ellipse represented in the entranceepisiuthe cross section of the index ellipsoid gy th

plane orthogonal to the wave vectlr . Its principal axes are rotated by an angle given by Eq. (3.7).

The refractive indices along x and y Hre
n, =n, +An®
n, =n, —An® (3.1)

Here, N, = 1.5001 is the ordinary index of refraction @&md° given by

An®® =indr.V, /L (3.2)

3 T. Dartigalongue and F. Hache, J. Opt. Soc. /120, 1780 (2003)
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is the electro-optic birefringence which dependgtee electro-optic coefficiertiy; (rg; = 25
x 102 m/V for KD*P). For a PC of lengtl. = 20 mm and for a excitation wavelength
(A =780nm), the phase shift between the x and y sadright is

Ag =4man*(L/A) =2mirV, 1 A (3.3)

For the production @* and o~ circularly-polarised light, one must have an inaide

light polarised along the bisector of x and y ang =+r/2, from which one finds

An®® =107° and a voltage ¥, , where

Vira = A1(40,°rg;) (34)
equals to 2.35 kV for KIP. As seen in Fig. 3.5, the components of the lasee vector k
are
k, =k, sinfcosg
k, =k, singsing (3.5
k, =k, cosd
where ¢ is the angle of the projection kfin the xy plane with respect to the y directian. |
can be shown thaf, to first order, the principal axes of the PC a@ated with respect to x
and y by an angle,
= an” gzﬁ
AAn* k2

(3.6)

and the modified phase shift is given in a way Eimio Eg. (3.3). In this case, the optical
index in the z direction, given bf, = n, + An"where An" is the natural birefringence of

KD*P will play a role. The polarisation of the outpbeam for an incident beam at angle
with the z direction can be calculated quite simply
AP = 4m\n*" (L1 A) (3.7)
where An®°is replaced by
An®" = 2An* + An"#? cos (2¢) (3.8)
Since An" = 004is about three orders of magnitude larger thaffi,> it is crucial that the

alignment be perfect. In the general case of antibpam for which the linear polarisation is

misaligned by an angle with respect to the bisector of the axis x anthg, misalignment

** T. Dartigalongue and F. Hache, J. Opt. Soc. An20BL780 (2003)
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with respect to the modified principal directiosssi—a . The electric field of the input beam

can be written, omitting the'“ factor
E, :co{%+s—ajf<ﬂ +sin(37ﬂ+ s—aj;“/a (3.9)

where X, and Y/a are the unit vectors along the modified principasaForV; =+V,,,, the
phase shift, given by Eq. (3.7) (3.8) and (3.4gdsal to>

—_ ]TVZi

A + 4775 An"6? cos (2¢) = i]—2T+ 20* (3.10)

Al4

This polarisation is defined by the following elecfield

E:, =6 .+(ta-s-io*)e,, (3.11)

where € ; and &, , given by éL‘Rz(llx/E)(f(aHya) and &, :(1/\/5)()20490)
correspond to circularly-polarised light of righticaleft helicities. The polarisation of the

output beam is left(right) circular with a smalighi(left) component arising from the

misalignment. The rates of admixturesr —s—id* must be complex conjugates, implying
that

An" An" )
O=qg = k k /k?)=——8@%sin(2 3.12
2 neo( Xy 0) 4Aneo ( ¢) ( )
0=5"+5 = an(k2 -k2)=0 (3.13)
- = 2-k2)= _

otherwise parasitic intensity modulation effect®e da polarisation-dependent reflexions or
transmissions will be present at the cantileveesehtwo equations suggest several important
comments. Because of absence of the asitile PC does not need to be perfectly at 45°. In
the same wayAn®does not appear in Eqg. (3.13) so that the exaatevaf the applied
voltage is not so important. The only importanttdiea determining the asymmetry is the

alignment of the laser beam with respect to theiz which introduces non zero valuesoof

(Eq. 3.6) and values dhg®" —Ag proportional to(An"/An*)8>. It is therefore important

to minimised to less than a very small fraction dhn" / An® =102,

*> The quantityb_i (-O_i) is the phase shift for light along x (y), whidles using Eqg. (3.1) the factor 2 in the
value of A@°™
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[1.2 Optical alignment procedure

Shown in Fig. 3.6 is the alignment procedure, tgkior clarity a horizontal laser
beam. One uses a polariser at 45° to the PC axigfusive plate and an analyzer crossed
with the polariser. The role of the diffusive paperto give rise to a large range of wave

vector directions, defined andg . As shown in the figure, wheéw, = 0, one observes on a

screen placed at some distance a series of coitcdatk circles as well as a dark cross.

Pockels Cell

A b
@ )..: . '-

Laser

Polarizer Diffusive paper

Fig. 3.6: Optical alignment procedure of the PC. The linggblarised laser after being diffused by a
paper gives an image which reveals the axes dP@gAfter Ref. (56)]

In the case wher&n®* = ,(q. (3.8) shows that the principal directionstaf cell for

a given beam are at and ¢+n /2 and that the birefringence &n,_,6>. The dark cross

corresponds to directions for which the polarigatidirection =0 and ¢+ 71 /20)

coincides with the principal axis of the cell, battthe polarisation is not modified by the PC.
The concentric circles correspond to beams for lwhie phase shiftstJT%Anvzoé?2 are

multiples of 272 so that these beams are also blocked by thezamaly

By placing the direct laser beam at the centrénefdark cross and dark circles, one
can achieved smaller than severdl0™. Once the laser beam has been aligned with the PC,
one removes the diffusive paper in Fig. 3.6 andtstto measure the intensity after the
analyser.

The principal polarisation directions of the PC #ren determined by looking for the
direction of the linear polarisation of the inciddight such that the intensity after the
analyser does not depend on the PC voltage. Ormds fiwo perpendicular directions

coinciding with the x and y axis.

* T. Dartigalongue and F. Hache, J. Opt. Soc. An20BL780 (2003)
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The polariser is then rotated by 45°, so that thiargsation vector of the laser beam
coincides with the bisector between two principaés®’ For an arbitrary value of,, the
polarisation of the output beam is elliptic and theasured intensity depends on the angle of
the analyzer. When the total electro-optic deplwagnt 71/2, i.e. whenV, is equal to the
quarter wave voltage the polarisation is circulad #he intensity is independent of analyser
angle. Finally, in order to decrease the ellipfi@f the output light, the whole procedure is
iterated, thus completely optimising in turn thergmaeters 8,¢ and the quarter-wave
voltages.

The quality of the circular polarisation of the gixg light, obtained after completing
the above procedure is finally evaluated by comtirsly turning the analyzer and by

calculating

— Jmax = lin. (3.14)

where Imax and Imin are the observed intensity extremBs= 0 when the exciting light is
perfectly circularly polarised and = 1 if the polarisation is linear. One can approxiehy
decompose the elliptic polarisation into a comborabf left and right circular polarisations.

The electric vector which responds to the polaiesadf the light can be rewritten

E= ((H 2 C(_sz)j =o' +e0” (3.15)
@-¢&)sin(at)
wherees =P? . (3.16)
A(nm) HV(KV) | Tnad{MW) | Inin(MW) P £
-2.45 16.35 15.75 1.8% 0.03%
780 0.01 33.5 0.01 99% 99%
+2.5 16.2 15.9 2.8% 0.08%
-2.07 17 16 3% 0.09%
635 0.09 30 0.01 99% 99%
+1.92 17 16 3% 0.09%
Table 3.1: The quarter wave voltage for two different wavetbagand their polarisation
properties.

Table 3.1 summarizes the valuesl gf andl, obtained at the end of the alignment
procedure foik = 780 nm and also for = 635 nm. The obtained quarter-wave voltages are
indeed proportional tad. Also shown in the table are the value?and £ . The polarisation
of the exciting light at the rear of the tip coldd slightly different from the above values

because of the diffraction of the light passingtigh the lens. However, the asymmetry of

>" Slight errors in this setting correspond to nomzealues of s in Eq. (3.10) and produce an ellitiof the
final polarisation which is the same for the pogtand negative values of the high voltage.
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the effective light ellipticity between the two @pal settings, of* — ™ ~10* is well below

expected spin signals.

lll. Electronic control system and experimental pcedure:

The overall scheme for the control electronicstifier injection experiment is shown in
Fig. 3.7. It is composed of a generator fabricaingltage ramp and a synchronisation signal
used for driving the laser power supply, the swibElihe PC, the feedback system and for
generating the voltage applied to the cantileverlf@) curves. The corresponding control

signals are generated by an in-house made modsieslaown in this figure.

f ON/OFF
0
_]1“ Laser
Control o - FEEAE &%
MM cg'/o" | HT ( °\
Module '
Switch
ON/OFF |
+
Iset -
Feedback £3
4 2 Preamplifier
) Scanning 7 i
Voltage ?
Y channel
Trigger
X channel
Data
Acquisition
Card

Fig. 3.7: Electrical configuration for injection experiments

The experiment is controlled as described in Fi§. Bor spin injection, one uses two
acquisition cycles of the type shown in Fig. 3.2edfor o’-polarised light, one for a
o polarisation. At the top of the figure is the tugmmar voltage ramp applied to the

cantilever, at frequencyfg® as well as two synchronisation signals at respedtiquencies

*8 The injection processes described in Chapter & aloserved under reverse bias, by applying a negdtias
to the cantilever.
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fo andfy/2. The two measurement cycles, defined by the sidisalbling the feedback loop,
are separated by an adjustable time, larger thatirtte constant of the feedback loop, during
which the feedback loop is closed. In the same asyor Fig. 3.2, a constant, adjustable
voltage Vst is applied to the cantilever when the feedbackola® on. As a result, the
cantilever bias must be switched between the ramapVa.:over the acquisition cycle. The
laser beam is on during the first ramp of each stipn cycle, and off during the
stabilisation time when the feedback is on.

Note finally that the switching of a high voltages high ast2.4kV, will inevitably
generate an electro-magnetic field and also indiisterbances because of the small value of
the tunnelling current. As shown in Fig. 3.8, tonmiize the disturbance, this switching
defined by the change of the TTL level controllitng HV switch, occurs after the end of
each measurement cycle, so that any resulting iparasgnal occurs when no data
acquisition takes place.

For most experiments described in this thesisfrémuencyfo was adjusted to a value
between 40 Hz and 70 Hz. Experimentally, changing tantilever voltage to higher
frequencies induces an error signal at the outpuhe preamplifier, which is likely to be
large when the sign of the voltage scan is reverBeid signal may alter the feedback control
and generate artefact data at the beginning ofvitiage sweep. On the other hand the
acquisition frequency should be sufficiently higbh that the overall measurement is
performed faster than the characteristic time aiSgae instabilities of the tunnelling current.

The difference signal from the quadrant photodistiewn in Fig. 3.1 was also
monitored in an independent acquisition channelis Tignal allows us to characterise

mechanical contact.
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Fig. 3.8: Timing diagram of electric components.

IVV. Application of a magnetic field:

As mentioned at the beginning of this chapter, thafiguration of our system
requires a magnetic field in order to reverse timase magnetisation of the sample under
investigation. Experimentally, the coercive fieltlthe samples investigated here is of the

order of 200 G. Application of this magnetic fiedilould not induce any parasitic motion

since the whole system is made of non magneticrmakte

Because of the small space available and in omlenihimize the heating of the
piezoelectric tube, it was decided to use a magmetie placed inside the piezo-electric tube

(#1). As described in Fig. 3.9, this magnetic fidccreated by a remote coil of 3500 turns

and of resistance 100 and guided to the sample by a soft iron core.

Fig. 3.9: Magnetic source installed in the injection expemméhe coil is separated from thansple
plate because of the piezo-electric tube. The magfield is guided to the sample holder by a &woft core.
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In the left panel of Fig. 3.10 the magnetic fieltsdifferent distances to the sample
holder surface are shown. The reduction of thedfiith the distance ensures that the
magnetic field makes a reduced effect on the @emtror mechanic components of the
system. Experimentally, the thickness of a sanmgpbround 1 mm. As shown in the left panel
of Fig. 3.10 for a distanag from the top of the soft iron core equal to 2 nome can create a
magnetic field up to 600 G by a current of 0.9 Ahte coil.

When such high power is dissipated in the colil, hleat generated could induce a
significant thermal expansion of the piezo-electube, possibly larger than the capacity of
the feedback control system. As a result, thisezurshould be passed only over a limited
time otherwise drift effects such as those showthéright panel of Fig. 3.10 occur. In the
first 100 s, i.e. before application of the magndield, the current is stable under the effect
of the feedback loop. Th&tart pointin this figure is the moment when the currentasged
through the coil. As little as 20 s later, the gdigbof the system vanishes and after 50 s the
feedback control is out of function. Because o$,thve have chosen to apply the current for
times less than 20 s.

unstable T

Magnetic field (G)
Tunneling current(nA)

-100 - 4

-120 I .

T v T T T T T T T T -140 L L L 1 I
0 200 400 600 800 1000 0 50 100 150 200

Current(mA) Time(s)

Fig. 3.10: Magnetic field calibration: (Left) Magnetic fieldsaa function of distance to the magnetic
core; (Right) the time variation of the tunnel eemt due by thermal effects when a 1A current isliegp
through the coil.(feedback off)

V. Cantilever fabrication

In Chapters 4 and 5, | have used tipless GaAsleaaits fabricated by S. Arscott et.
al>® at the Institut d’Electronique et de Microélecimre et de Nanotechnologie (Lille).
These cantilevers are shown in Fig. 3.11. They isbmd thin (3um) GaAs patches of p
GaAs, fixed on silica substrates. These substexsetallized so that an ohmic contact can
be established to the patch.

9'S. Arscott, E. Peytavit, D. Vu, A. C H Rowe and&get, Journal of Micromechanics and Microengiriegr
20, 025023 (2010)
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GaAs
Cantilever

Metalized
fused silica

~ GaAs Patch

300um

Fig. 3.11:Images of a GaAs microcantilever on a silica suppor

The process used to fabricate the microcantilessshown in Fig.3.12:

8) .
02
9) .
02
Fig. 3.12: Fluidic assembly process sequence for the falidoatof the hybrid MEMS

microcantilevers:1) Epitaxial growth of a GaAs/GRlheterostructure; 2-6) free pre-patch GaAs defimit 7-
9) Fluidic manipulation and assembly onto a Pt-esametallised silica suppdrt

49



Chapter 3: Experimental setup for investigatiortlofirge and spin tunnel injection

First, (Stage 1) an epi-ready semi-insulating Gaager (2 inch diameter, orientation
(100)) is used to grow a 100nm thick layer of notemntionally doped lattice-matched
Gays1lnoadf at 520°C. The future cantilever is then growntam of this GalnP layer, as a
layer of um carbon-doped at 10'*cm™GaAs. In Stage 2, photolithography and wet etching
are then used to pattern then3thick GaAs layer.

Stages 3 to 6 lead to liberation of patches irgolaent.

Stage 3 and 4: After being turned upside downwater surface is glued to another
silicon substrate by another photoresist. The b@elds substrate now is on top of the
structure. The back GaAs substrate is then conipledenoved. At this stage, as shown in
Fig. 3.13, the densely packed mesa patches carbsmved from underneath tH®0nm
thick GalnP layer.

Stage 5 and 6: The GalnP layer is removed. This istselective to the GaAs mesa
and leaves then embedded in the photoresist adhlesier. The patches are finally liberated
by dissolving the photoresist bonding layer.

Finally, using micropipettes, a single patch is oged from the solution and placed
onto the edge of a rectangular metallized silicapsut, along with a drop of liquid. The
samples are then annealed in order to achieve mmcatontact between the patch and the

metal.

Fig. 3.13: Densely packed GaAs patches observed underneathith&alnP layer after back etching
of the GaAs substrate.
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VI. Preparation of metallic and magnetic films

For the charge injection studies described in Glraft | have used a (nonmagnetic)
gold surface since its density of empty statesniependent of energy. The film was
deposited electrochemically onto silicon substrates the surface roughness is on the atomic
scale®

For investigating spin injection the spin polarnisatof the photoelectrons, parallel to
the direction of light excitation, is perpendicutarthe surface of the sample. This means that
only samples with out-of-plane magnetisation caruged to investigate the spin dependent
tunnelling injection. Experimentally, another regunent of the sample magnetic behaviour
is that the coercivity be in the range of the maigrfeeld produced by the system.

| have chosen thin (4 to 8 monolayers) cobalt filahesctrochemically deposited on
gold, as described by P. Prod’hometeal®* Since our system operates in air, in order to
avoid the contamination which would oxidize the @lbliilm and destroy the magnetism, the
sample is passivated by a carbon monoxide layds f&ssivation has been found by Math
et. al.not to destroy the magnetic properfiés.

The fabrication procedure is described in Fig. 3Risst, a ~60 ML (14 nm) thick Au
(111) buffer layer was electrodeposited onto anetitnated Si (111) substrate under
potentiostatic mode at -2 V. The substrate is thennted in another electrochemical cell to
epitaxially grow a continuous Co(0001) layer. F&j14 shows the voltage and current
variations as a function of time in the cell durgm@wth.

s, Warren, P. Prod’hommé&. Maroun, P. Allongue, R. Cortes, C. Ferrero-L. Lee, B. C. C. Cowie, C.
J.Walker, S.Ferrer, J. Zegenhagen, Surf. §@R 1212 (2009)

1 p. Prod’homme, F. Maroun, R. Cortes, P. AllonglieHamrle, J. Ferré, J.P. Jamet, N. Vernier, J. Mag
Magn. Mater.315 26 (2007)

62 C. Math, J. Braun, and M. Donath, Surf. S182-485 556 (2001)
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Fig. 3.14: Electrode potential (bottom curve) and current (tpve) as a function of time during the
fabrication of a Co/Au sample.

At the beginning of the procedure a constant pa@kmtf -0.8 V is fixed on the
electrode. A potential of -1.6 V is then appliedtba electrode for 30 s in order to deposit a 4
ML-thick Co layer. At the end of the depositiongtélectrode potential is ramped to -1.15 V,
where Co neither grows nor dissolves and the cturseconstant. When the potential is still
maintained in the stabilisation level, CO is buldbtarough the cell. The presence of an
adsorbed CO layer on the surface reduces the ¢unméihthe CO covers the entire surface.

The hysteresis loop of a sample fabricated by Hwva process was measured using
the Magneto-Optical Kerr effect. In this experimeahe polarisation rotation of linearly
polarised laser beam reflected off the sample sanf®monitored as a function of the applied
perpendicular magnetic fiefd. This rotation is formally equivalent to the presies of the
electric field vector of the light around the matisetion vector of the surfacé.Typical
results for the as-prepared Co thin films are showhig. 3.15. The magnetisation is found
perpendicular to the surface plane, with a coerfiedd is found to be around 200 Oe, within

reach of the experimentally accessible fields @nitfection experiment.

3 K. Sato, J. Phys. Soc. J@8, 719 (1977)
®p. Bertrand, C. Hermann, G. Lampel, J. Peretti dn®afarov, Phys. Rev.@®}, 235421 (2001)
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Fig. 3.15: Normalized hysteresis loop measured for a CO/CML)AU(30ML)/Si sample, showing
the magnetisation perpendicular to the surface.

VII. Conclusion

In this chapter, | have presented the setup anfigtmation of the experiment for spin
and charge injection as well as an analysis shottiagspin-polarised effects can be detected
to within a fraction of a percent.

Four key points have been discussed:

-The alignment of the PC is crucial because ofléinge longitudinal birefringence.
Even a slight misalignment of the laser can affibet spin polarisation of the injected

photoelectrons. We have obtained an ellipticityhef exciting light and an asymmetry of this

ellipticity for o* and o~ less than 0.1%. This value is much smaller thgmeeted spin-
dependent tunnelling signals.

- The electronic control system for the experiment.

- A magnetic field larger than the coercive fieldtloe sample is created in a transient
way by a current up to 1 A passing through a awildt maximum time of 20 s in order to
minimize the heat generated by the coil.

- The technology for the fabrication of the cantieand of the metallic and magnetic
surfaces has been discussed. The experimentsedporChapters 4 and 5 will be performed
(respectively) on non magnetic gold surfaces andhagnetic cobalt thin films for which the

magnetisation is perpendicular to the surface.
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Chapter 4: Photoassisted tunnelling into nonmagnetic metals

[. Introduction

The purpose of this chapter is to analyse the nmesims of photoassisted tunnel
injection from GaAs thin films (without tips) intonetals. The understanding of these
mechanisms is crucial in order to clarify the gpiection process described in Chapter 5.

In order to aid the interpretation of the spin degent experimental results on Cobalt,
| chose to first investigate injection into (honmetc) gold films for which the density of
empty states is nearly independent of energy. Adhause of a tipless cantilever simplifies
the interpretation of the results since the ingattgeometry is planar and electric field
focussing effects are avoided. On the other hamatact between the metallic surface and the
tipless cantilever could induce lateral variationsthe tunnelling distance. It will be seen
below that these variations can be characterisddansequently corrected for.

| have investigated the dependence of the tunnefoghrrent as a function of bias,
cantilever/surface distance and excitation lightv@o This dependence is analysed using the
model of Chapter 2. Unlike the Nijmegen moftfethe tunnel photocurrent is found to
originate from conduction electrons. Its bias dejggrte at large distance is caused by the
bias dependence of the tunnel gap while at shetamies it is due to a change of the surface
recombination velocity induced by the unpinningted surface Fermi level. These results and
their interpretation have been recently submittedfiblication®®

The outline is as follows.

- In Sec. Il, | present the experimental results iolehon gold surfaces with the
tipless cantilevers described in Chapter 3.

- Sec. Il is devoted to the interpretation.

- Sec. IV is a discussion of the validity of the appmations.

ll. Experimental results on nonmagnetic gold surfas

[I.1 Experimental results

Photoelectron injection was investigated using phecedure described in Fig. 3.2.

The biasVsetwas -1.5 V. This was performed as a functioh@fvhich, according to Fig. 3.3,

®5R. Jansen, M. W. J. Prins, and H. van Kempen, .FRge. B57, 4033 (1998)
® D. Vu,S. Arscott, E. Peytavit, R. Ramdani, E. &ilAndré, S. Bansropun, B. Gérard, A. C. H. Rand, D.
Paget, submitted to Phys. Rev B.
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determines the dark current\at= Ve For the results presented below a total numb&O0of
measurements was performed. For each measureneergsihits of 10 acquisition cycles, as
defined in Chapter 3, were averaged thereby coorelipg to a total measurement time of 2 s
at a frequency of 40 Hz. As stated in Chapter 8 signal from the quadrant photodiode and
the tunnel current were measured in parallel. Suilmses 1-4 are devoted to the explanation
of the various results, while Subsection 5 presarmsrrelated analysis of these results.

For the present experiment operating in air therosiey of the interface is not well-
controlled and as such, the tunnel current fromeasil tips into gold surfaces has been found
to exhibit instabilities. These instabilities habeen interpreted as due to a change in
thickness of the silicon oxide covering the tip doeincorporation or removal of single
molecules in the tunnelling g8pand give rise to well-defined multi-valued tunire|
currents. For this reason, we first show the biegeddences of tunnel current and tunnel
photocurrent with an emphasis on interscan rep#igyatf the signal.

The results folset = -2500 are shown in Fig. 4.1. The top panel showgiple dark
current scans in blafkwith the total tunnelling current under light etation in red. Along
with the dark current, the tunnel photocurrentjrést as the difference between the two, is
shown in logarithmic units in the bottom panel b€ tfigure (red curves). For a reverse
(negative) bias the tunnelling photocurrent coroesis, as described in Chapter 2, to the
injection of minority carriers and gives rise to amponential bias dependence of the
tunnelling current. In forward bias the dark cutrén due to injection of holes while the
positive tunnel photocurrent is due to an increzgbis current caused by the presence of the
photovoltage. The tunnel photocurrent is zero atag of about 0.25 V which is generally
taken to be the photovoltage. The fluctuationsheftunnel photocurrent from one scan to the
other are of the order of 10 %. The large majooityhe scans is coincident and corresponds
to a fixed exponential behaviour although thereame variation at small bias values. Note
that the variation in the tunnel photocurrent iggéa than that observed in the dark current

scans because feedback stabilisation is performied the dark current.

7 A. C. H. Rowe and D. Paget, Phys. ReV¥5B115311 (2007)
% Because of a preamplifier offset which was sulbéin Fig. 4.2, the measured value of the darkentrat V
= Vidoes not correspond exactly to the one obtained fra@m. 3.3.
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Fig. 4.1: The top panel shows the bias dependence of the tdanel current (black lines) and the
tunnelling current under light excitation (red lisleobtained for ;= -2500. The bottom panel shows in

logarithmic units the absolute values of the turptedtocurrent (red lines), defined as the diffeeebetween the
two, and of the tunnelling dark current (black k)e

The bias dependence of the photocurrentlfgr= 3000 is shown in Fig. 4.2. In
contrast with Fig. 4.1, the bias dependence oftiheel photocurrent is not exponential. At
low bias one observes two distinct groups of cuwkgh will be interpreted below (see Sec.
[1.1) as arising from a bistability of the mechaalicontact. This bistability cannot be due to
incorporation or removal of single molecules in thanelling gaf® because the relatively
large contact area averages out this type of faimno. It is also pointed out that individual

bias scans are performed at a frequency higherttrerof the instabilities which will allow
us to remove their effects.

89 A. C. H. Rowe and D. Paget, Phys. Rex5,815311 (2007)
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Fig. 4.2: The top panel shows, in black, the bias dependeftiee dark tunnel current obtained for
lse= 3000 and, in red, of the current under light ¢ation. The absolute values of the tunnel photcmnirand
of the dark current are shown in logarithmic unitsthe bottom panel. The scans for the tunnel photent
can be divided into two groups, labelled and g, thus showing the existence of instabilities ie tontact.
These groups correspond to a distinct combinatibdistance and contact area, and approximately dhe
same dark current value observed in reverse.

We now summarise the experimental results for tlected values offse: The bias
dependences of the tunnelling dark current are shiawig. 4.3. As expected, these curves
show a rectifying behaviour with a current whiclereases with increasinge: In forward
(positive) bias the current increases exponentidiyalitatively, the slope increases with
increasindse: This finding is in agreement with Eq. (2.45) amith the experimental results
of Ref. (70) according to which the ideality facttgcreases with increasing capacita@ge
of the tunnel gap.

It is concluded that an increase lgf induces a reduction of the cantilever-surface
distance. In reverse (negative) bias at large nlists (i.e. negativé,) the dark current
increases exponentially while its dependence atl sfisiances is closer to linear. This is
qualitatively similar to that observed elsewh&r@n acquisition cycle of the bias dependence
of the additional current under light excitatiorsilsown in Fig. 4.4 for selected valuesl Qf

As already suggested by Figs. 4.1 and 4.2, theseggan be separated into two groups.

OH. C. Card and E. H. Rhoderick, J. Phys4[D1589 (1971)
"'H. C. Card and E. H. Rhoderick, J. Phys4[D1602 (1971)
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Fig. 4.3: Tunnel dark current from a cantilever into a nonmagc gold surface as a function of

applied voltage for different values bfs; The slope of the nearly exponential behavioufoimvard (positive)
bias gives the ideality factor.

- At large distance (-2500 kg < -1000), in the same way as for Fig. 4.1, the cairve
are exponential with a slope which decreases wiiaice.

- For smaller distances (® Ise< 1500) there occurs, as for Fig. 4.2, a fasteremse
of the signal at large bias which eventually tetwdsaturate. The departure from exponential
behaviour is quite small fdee;= 0 and progressively increases with increasigFor lset =
2000 and 3000 the exponential behaviour is no lowgéle at low bias.

The dependence of the tunnel photocurrent as difunef light excitation power has
also been investigated. Shown in Fig. 4.5 are #peddences of the tunnel photocurrent on
light power for a bias of -1.5 V. A power law deplence is observed with an exponent of the

order of 0.5. The exponent seems to increase Blighth increasing distance from a value of
0.44 at small distances to 0.66 at large distances.
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Fig. 4.4: Tunnel photocurrent from a cantilever to a nonmadigngold surface as a function of bias for

different values ofy,

E} |_,=-3000--©--1_=-2000 N :
|, =-1000-71_=3000 = ]
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Tunnel photocurrent (arb. units)
(at Vv

Light Power (mW)

Fig. 4.5: Tunnel photocurrent as a function of exciting ligbtver for different distances. All curves
were taken under the same conditions as the caoreipg curves of Fig. 4.4. The applied bias is \L.5
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I1.2 Discussion

It is now shown that the bias dependence of thedluphotocurrent, the dark current
and the instabilities at low bias and small distaare highly sensitive to the geometry of the
mechanical contact between the tipless cantilemer the metal surface. Existence of the
mechanical contact is first determined from thematoforce between the metal and the
cantilever which can be measured using the quagfastbdiode. As seen in Fig. 4.6, up to a
value ofls situated between 0 and +1500, this force is cohstad equal to a value taken as
zero (red squares). A repulsive force appearsdigel values ofs so it is concluded that
this threshold corresponds to mechanical contaetden the cantilever and the metal.

Once in contact, the open squares of Fig. 4.6 teweadistinct values of the atomic
force and therefore demonstrate some degree ofan@et bistability. Since the atomic force
and the injected current have been measured isaime experiment, this bistability has been
found to be correlated with the bistability of tlwanel photocurrent shown in Fig. 4.2 as well
as of the ideality factof’ The largest atomic force corresponds to the cuayeshile the

smallest atomic force corresponds to the curyes a

Bistability

IN
T
O
Il l

w
T
|

g 4

/%\5/ \: /;E/% Repulsive
I T -

Attractive
1 " 1 " 1 " 1 " 1 " 1

-3000 -2000 -1000 O 1000 2000 3000
| set

Relative Atomic Force (UN)
[ N
I I
1

Fig. 4.6: Atomic force as a function af.) measured using the reflected laser beam and tlaglrqnt
photodiode. For negative values gf theatomic force is approximately constant and takeaex®. It increases
for positive | situated between 0 and +1500. This regime corredpado mechanical contact between the
cantilever and the surface. In this case a bistghdf the distance leads to the observation of distinct values
of the atomic force.

"2 For 1,=3000 the ideality factor changes from 1.64 to1].Between Curves;aand a of Fig. 4.2,
respectively This implies a slight bistability iartilever-sample distance during the measurement.
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The observed bistability implies a correlated cleofjdistance and total contact area
for a constant value of the dark current at theresfce biad/se: This hypothesis is shown
graphically in Fig. 4.7. Panel c indicates thatmechanical contact, the injected current
comes from two zones: one in direct mechanical aminand another slightly out of
mechanical contact. The bistability concerns thatiree areas of the two zones and gives rise

both to a modification of the bending of the cawdr and of the total injected current.

a b C

o

Non contact Approach Contact

Fig. 4.7 Geometry of the cantilever fogl= -2500 (a), -1000 (b) and 2500 (c). Shown in giewan
interface layer, which determines the tunnellingtance in contact. The red arrows correspond tedtipn in
the non contact regime, while the blue arrow iscdje to injection in contact and corresponds tobms
dependence summarised in Fig. 4.8.

These ideas are verified by a comparison of atdorice, ideality factor and tunnel
photocurrent bias dependence as a functioh@fThese distinct measurements show two
correlated regimes, approximately before and aftechanical contact.(The limit between the
two corresponds the= 0)

Before mechanical contacthe decrease of the ideality factor as a functidn
increasinglse; (seen from the slope of the dark current in fodMaias in Fig. 4.3) reveals a
decrease of the cantilever-tip distance. The dsere&the tunnel distance is also revealed, as
will be seen below, from the decrease of the expualeslope of the tunnel photocurrent
between the curves hti= -2500 ande:= -2000 (shown in Fig. 4.4).

After mechanical contacthe constant value of the ideality factor revessxpected

a constant cantilever-metal distance. The valudkisfdistance and of the capacita@gare
probably determined by a residual interlayer whaasteire will be discussed below. However
as seen from Fig. 4.4, the tunnel photocurrent deendence does not saturate. The strong
change of current magnitude with increaslggcan be given the same explanation as the
instability: this change is due to the increasethe relative fraction of the cantilever in
contact.

The dark current and tunnel photocurrent data imtaczi will now be corrected in

order to extract the contribution from the solet mdirthe cantilever in mechanical contact. It
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will be assumed that the bias dependence of th®grgust out of contact (red arrow of panel
c in Fig. 4.7) is homogeneous in space and coiscwi¢gh the one of the smallest distance
giving an exponential dependende.(= -1000). In this context it will be shown thatist
possible to decompose all data curveddgr -1000 into the sum of a fractienof the signal
obtained alse: = -1000 and of a signal for which the shape da#sdepend on the value of
Iset-

Fig. 4.8 shows the calculated contributions of ¢batact to the tunnel photocurrent
for various values oflset As expected, these curves are almost coincidattiinva
multiplicative factor. In the same way, as showrFig. 4.9 all the corrected dependences of
the dark current folse;> O are identical within a multiplicative factdrhe values obtained for
a, given in Table 4.1, decrease for increadiag thus revealing the increase of the relative
fraction of the tunnel area in mechanical contkot.ls.=3000, the value of corresponding

to Curves a of Fig. 4.2, is larger than for Curveg avhich indicates that theontact area is
smaller.

T T T T T T T T T T T
0 1,=30002)x20 v I_=2000 100
2 1000 O Ise(=3000(l) x6 <O Ise(=1500 E E
< q 1,=0
= s O N
c XY
[¢)] O = 10 : e
= 100 B0y < 3
3 O =
g 5 © 5
£ o £
o > ]
@) 3]
[ = [
p= @
S 4 Q 01f O 1,=3000x 10 U
= m E O 1_=2500x 4 7 Q]
A (@ (]| v N set_
2 X< [ I_=2000 x 2 % J
001F Vv I=1500 & A4
L& N F ,set | , | 1
16 -12  -0.8 0.4 0.0 0.4 -1.6 -1.2 -0.8 -0.4 0.0
Bias (qV) Bias (qV)

Fig. 4.8: Corrected dependences of the tunnkig. 4.9 Corrected dependence of the dark current.
photocurrent in the mechanical contact regime. F@reverse bias)
lset= 3000 the two curves;aand g of Fig. 4.3 have
been included in the correction.

I set

3000 (a)

3000 (a)

2500

2000

1500

0

a

1

0.7

0.8

0.85

1

1

Table 4.1:The parametes gives a measure of the relative fraction of thentl area out of contact. As
expected this value decreases with increasing |
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The right panel of Fig. 4.10 shows the correctedk darrent behaviour for a forward
bias, to be compared with the uncorrected one shiownre left panel. The uncorrected curves
show a non exponential behaviour for a bias sm#il@n 0.2 V arising from the admixture of
the noncontact (smaller slope) component. This xjomeential behaviour has completely
disappeared after correction thus revealing a h@megus contact geometry and an improved
exponential behaviour over as much as 4 ordersagiitude.

These results show that, in mechanical contacttuieel current can be modelled by
two contributions: one characterized by a non adirtanfiguration close to that found flag;
= -1000 and homogeneous in space. The other oaeaatbrized by a fixed cantilever/metal
distance, defines the bias dependences of theseeasd forward bias dark currents and the
tunnel photocurrent which are independeni,@fThese curves are shown respectively in Fig.
4.8, the left panel of Fig. 4.10 and in Fig. 4.:eTdependence of the ideality factor as a
function of Is¢t is shown in Fig. 4.11. This value increases frag under contact to 2.9 at
large distances. This behaviour is similar to tbhtained by Card and Rhoderick for

controlled MIS structures based on siliddn.

M T M T M T
—=—1_=0
set

100 F —o—1_=1500 ng
[ —A— | =2000 ON
[ set VA’O
—— Iset=2500 N0 o
10F —o—1_=3000 vﬂZ%’ODD

Darkcurrent (nA)

0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 0.2 0.3 0.4 0.5
Bias (qV) Bias (qV)

Fig. 4.10 Forward bias dark current dependence before )laftd after (right) the correction which
removes the effect of the tunnel area out of canfds correction improves the exponential chaeadif the
current for forward bias.

BH. C. Card and E. H. Rhoderick, J. Phys4[D1602 (1971)

64



Chapter 4: Photoassisted tunnelling into nonmagnetetals

The bias dependences of the tunnel photocurrena dsnction of distance are
summarised in Fig. 4.12. This figure groups the suezd results for the noncontact situations
wherelset < 0 along with the curve characteristic of mechdrscatact [we have taken curve
(3000) (1) of Fig. 4.8 as a representative for raeawal contact]. These results will be

compared with the model in the following section.

3.0 LI T T T LI T — 1.5
-D -
25 41.0
c Q
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Q (3]
S 20F 405 OB
2 3
© i O b
O (s}
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= 15} ngO—O—O—O H0.0
D/D~D_D
iobr0r — . 1105
-2000 -1000 O 1000 2000 3000
Iset

Fig. 4.11: Dependence of the ideality factor as a functionisgfFor ls= Othat is, in the contact
regime, the ideality factor is found nearly congtakiso shown in red are the values of the tunaglacitance
used in the fits of Sec. lll. There is a qualitatagreement between the variations of the two diest
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Fig 4.12 Interpretation of the experimental tunnel photoeunt (left panel) and dark current (right
panel) into nonmagnetic gold surfaces using theehotiChapter 2. The solid lines are calculationada with
the parameters outlined in the text. The curve lladecontact presents the corrected data fQr= 3000 after
subtraction of the contribution from the non contamnel current.
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lll. Interpretation

The purpose of the present section is twofold:

- To determine which of the components of the phsssted tunnel current is
dominant among the three possibilities considenedChapter 2 (tunnelling from the
conduction band, from surface states or from thencz band)

- To determine the relevant mechanism for its llapendence. As discussed in
Chapter 2, this process can be the bias depend#nitee tunnel barrier height or of the
surface recombination velocity.

These issues are analysed successively in subse@iand 3, while subsection 4 is

devoted to the fits of the experimental resulta &snction of distance.

[1l.1 Values of the parameters used in the intetatien

Before discussing physical processes, it is cruciassign values to the parameters
used in the model. Since there is a relativelydargmber of parameters, in order to obtain a
qualitative picture we have taken reasonable vaiuges the literature without attempting to
adjust them. These values are given in Appendix C.

Apart from these values, three semi-adjustablerpaiers were kept constant for all
spectra. The density of surface stalés  wdl) be chosen to be 6xi%V'™m? as justified
in Sec. 1l.3 below. As seen in Appendix A, the centrationNy is estimated from a
resolution of the diffusion equation. Using EQ.4@. which expresses the dependence of
tunnel photocurrent on the excitation power, weetake0.38 which is close to the measured
exponent in Fig. 4.5. For simplicity we also tdkef ".”* The surface recombination velocity
S was taken as £on/s.

The only completely adjustable parameters for esméctrum weres,/Cy, and o,
defined respectively by Eq. (2.16) and Eq. (2.43)icw are both proportional to the
tunnelling distance. The respective proportionatitpstants arg and®, , neither of which is
well-known since they depend on the interfacialnsiséry. Also unknown are the tunnel
matrix elements for tunnelling from the conductamd valence bands as well as from surface

states.

" Recall that f defined by Eq. (2.27) defines the energy of tiseduantised state in the depletion layer, while
f, defined by Eq. (2.40), defines the kinetic eparfthe tunnelling electrons from the conductiamd.
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[11.2 Negligibility of the photoassisted tunnel cemts from surface states or from the

valence band.

The observed tunnel photocurrent cannot come fruarfiace states or from the valence
band for two distinct reasons:

- As discussed in Sec. 11l.2 of Chapter 2, the podependence ol is very weak
and cannot explain the experimental results. Ajdatistances one hfs<< 1 so that, as seen
from Eq. (2.44), this dependence is dominated lay miNf. Ford = 1nm one findsvs =
5x10° which is one order of magnitude smaller than tkpeemental value. Even larger
discrepancies are found at smaller distances. Tmesreasoning also holds for the
photocurrent from the valence band, defined by Badl6), where the larger tunnel barrier
height results in values af, even smaller thams,

- The bias dependence df, and J,,cannot explain the experimental results. Fig. 4.13
shows a comparison with experimental data using (Egl4) and Eq. (2.46). The tunnel

current from surface states is dominated by th@eaptial terms so that at large distance the

experimental data can be fitted. At shorter distantowever, the exponential bias

dependence o, cannot fit the experimental datd, shows a very strong bias dependence

near the threshold voltage (i.e. at low bias) ihaiot observed in the experiment.

J, andJ,, are small with respect th) because their respective tunnel barriers are

larger than for conduction electrons, or possibécduse of their relatively small tunnel

matrix elements and coherence length for J,, in Eq. (2.46). In agreement with these

conclusions, the tunnel current from the conductiamd of n-type GaAs is known to be
larger than that from the valence bdRtoreover, no tunnel current from defects is found o
oxygen covered GaA$.

[11.3 Comparison of the model with experimentaladat
The calculated dependences of the tunnel photoduinem the conduction bard, ,
shown in Fig. 4.12, are in very good agreement with experimental results. The obtained
values of C, and « are given in Table 4.2. The same parameter valiggs enable us to

quantitatively explain the power dependence ofghetocurrent shown in Fig. 4.5 because

the value off used in the model is close to the exponent ofpbver dependence. Also

S R. M. Feenstra, Phys. Rev5B, 4561 (1994)
®R. M. Feenstra, and J. A. Stroscio, J. Vac. Sethfiol. B, 923 (1987)
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shown in Fig. 4.11, along with the experimentalresl of the ideality factor, are the values of

e/ C,,. The qualitative agreement between the two questitill be interpreted in the

following section.
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Fig. 4.13: Calculated bias dependences of the tunrig. 4.14: Identification of the dominant mechanism
currents for the processes discussed in Chaptek 2: for bias dependence of the tunnel photocurrents Thi

_ . . figure shows the calculated bias dependences of the
and J,,. While the relative amplitude of thesgtors exp(- wqV /KT) and N'(S) of Eq. (2.41)

currents, which depends on the relative matijescribing the bias dependence of the tunnel barrie

elements, is not well-known, the bias dependencey@ the effect of surface recombination, respelgtive

these tunnel currents can not fully explain thghile the former effect is dominant at large dis&n

experimentgl results for all of noncontact (cirdlesd (Ise=-2500) in contact =3000) after correction the

contact regimes (squares). bias dependence of the tunnel photocurrent is
determined by the changes of surface recombination
velocity.

Recalling EqQ. (2.41) and Eq. (2.42), which we relmee here taking << f

_ . wqV cem  ATT? qsn '
Jp = JoN(S) eXF{_Fj N (S) = as W, T

the bias dependence of the tunnel barrier heightsponsible for the exponential factor of

Jy, While the surface recombination velocBymodifies the effective electron concentration

N’(S). The bias dependences @ip(— a)qV/kT) and of N"(S ) are shown in Fig. 4.14 for
I ... =—2500 and in the contact regime.

set —

At large distancethe linear variation ofA¢g shown in Section IV.2 of Chapter 2

induces an exponential dependence of the phototuwfehe type exp{/Vyn), where

KT _ y, +w (4.1)

The first term in this expression, defined in EB.58), reflects the bias dependent

change of concentratioN (S ciused by the change of the recombination veloSityce at
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large distanceS >>v,in Eq. (2.42),Sn, does not depend on bias and its value is obtained

using Eq. (2.53). This is equal ©,,/gN; (@nd is proportional to’. The second term of

Eq. (4.1), proportional td, expresses that of the tunnel barrier. The obsledeerease of the
slope for decreasing distance betwegir -2500 andse;= -2000 implies that the exponential

increase of the tunnel current is determined byhias dependence of the tunnel barrier so

thaty, <w. The subsequent increase betwégn=-2000 ands =-1000 suggests that d is

now small enough thgf > w.

l'set Contact -1000 -2000 -2500
EJCm(nNm) 0.009 0.18 0.46 0.85

w 0.011 0.017 0.027 0.043
a, 10°VY) 30 <2 <2 irrelevant

Table 4.2:Values of the capacitance of the tunnel gafE=@. (2.16)] and of the reduced distaneoe
[EqQ. (2.43)] for the model calculation shown in Figlza;, is used for calculating the dark current.

The condition ); =w implies that the value ofe is given by the measured
exponential slope at large distance. Using theeshf C_ . and « given by Table 4.2, one

finds thatgN, (Oshould be of the order of several46V'.m” which is indeed the case.

In_contact,as shown in the top panel of Fig. 4.14, the effd#cthe tunnel barrier
variation on the bias dependence of the tunnekatiis negligible, so that this dependence is

almost entirely caused by the bias change of tHaseirecombination velocity.

V. Discussion

IV.1 Interface chemistry
The values of the parameters used in the compangtn data obtained for Au
suggest that the natural oxide layer originallyspre at the GaAs surface has been partially
removed. Indeed for a Schottky barrier composedadfl deposited on naturally-oxidized
GaAs, one finds a value @&/Cy, = dle; = 1.5 that is about 2 orders of magnitude largen tha

the one measured here in contdch possible explanation for this result is that théde has

""N. L. Dmitruk, O. Yu Borkovskaya, and O. V. Fukservacuums50, 439 (1998)
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been at least partly removed by an electrochem@zadtion at cathodic potentials, similar to

that previously observed on IfP.

Taking ®, =~ 4 eV as discussed in Appendix C, one finds usigg(E.43) that the

distanced ranges between realistic values of 1.1 nm to Am5n the non contact regime and
is about 0.28 nm under contact. The value of te&ediric constant of the interfacial layeis
shown in Fig. 4.15 as a function of distance. ledwial to:” ~ 30 in contact which suggests
the formation of a partial molecular film of watglielectric constant 80 and thickneds~
0.28 nm) between the semiconductor and the metat ghown in Fig. 4.15 is the expected
distance dependence of the effective dielectricstaomt as a function of distance for the non
contact regime wheré> d. The correspondence between the calculated cadiéha data is

unexpectedly good.

0.8 | 9\\ 4
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+ 1/n (Experimental)
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Distance (nm) &/C,,

Fig. 4.15: Calculated dependence of the dielectrigig. 4.16 Measured inverse values of the ideality factor
constant out of contact as a function of distancead a function of the inverse capacitance (blaclsses).
assuming that the metal is covered by a laydihe open squares are the valuespyptthe fraction of
probably mainly water, for which the dielectricurface states following the metal statistics. Adkown
constant and thickness are the values obtained (bpen circles) are the values ofud-the inverse ideality
comparing the model with the data obtained factor corresponding to residual mechanisms. The
contact. The data points correspond to the dieiectequality between-aq (solid line) and i was imposed in
constant and distance used in the model for the tha calculation according to Eq. (2.45).

of contact curves.

®N. C. Quach, N. Simon, |. Gérard, P. Tran Van Anétcheberry, J. Electrochem. S@61, C318 (2004)
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IV.2 Dark current

The model of Chapter 2 (Sec. Il. ¢) also allowsniative analysis of the ideality

factor and of the dark current under reverse bgisguthe same parameter values. These
quantities depend on the following additional peegers: iy7, i) a and a;, iii) the
effective density of statdé’ (O)aken here as ON, (DRecall thaty is the fraction of
surface states which follow the metal statisticd trat (1-a, )'* would be the ideality factor

corresponding to additional process€sPnder forward bias, the behaviour of the ideality
factor in Fig. 4.11 is clearer in Fig. 4.16 whidipo®/s the dependence wf as a function of

e/ C,. Since the above analysis shows thatW << q(l—/7)NT (0) andC,, <<ngN; (0), Eq.
(2.45) simply becomes”' = —-a,.

The reverse bias dependence of the dark curreotlaeed by imposing—a, =n™,
accounts very well for the experimental result$iof. 4.12. The values of and1-a, are
also shown in Fig. 4.16. As shown in Table 49@ has very small value, of the order of*10

V! apart from the contact regime. This analysis alsggests that, as expect@dhe quantity

n decreases with increasing distance from a valugbofit 0.84, while the residual ideality
factor 1-a,)™ decreases from 1.20 to 1.04 so that the lattezgsses are only significant

in contact.

IV.3 Effect of quantisation of surface states.

The kinetic energygy, of the relevant tunnelling electrons is found froime power
dependence of the tunnel photocurrent which give6.4. This value gives an upper limit to
the parameter” which yields the energy of the first quantisedele®hown in Fig. 4.17 is the
bias dependence of the valuef ofalong with that of the surface barrier in the emhtegime.
This value was calculated using Eq. (2.27) negigctine modification of the surface electric
field due to the photoelectrons in the depletioyetaOne sees that ranges from 0.38 to
about 0.25, which is smaller than the measuredevaff ~ 0.4.In view of the numerous
quantities which play a role in defining the valokf, the agreement is considered quite

" The presence of two distinct types of surfacestand the bias dependence of the bar¢ér have not been

taken into account under light excitation. Thigéasonable since i) photoelectron capture procegserease
the kinetics of establishment of equilibrium witte tsemiconductor, ii) because of the photovoltage,
correction term, proportional ta\¢ —qV,, is smaller under light excitation than in therkla

8H. C. Card and E. H. Rhoderick, J. Phys4[D1589 (1971)
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satisfactory and one can consider f. The small difference between the two parameters
could be due to the effect of the electric field the conduction electrons in the depletion
layer. It is concluded that the tunnelling electdrave a nearly constant energy quite close to
that of the first quantised state in the depletayer.

0.8 T T T T T T T 0.5

Surface barrier (eV)

0.3 — 0.0
-1.6 1.2 -0.8 -0.4 0.0

Bias (qV)
Fig. 4.17: Bias dependence of the surface barrier, as founthfthe model calculation of the tunnel
photocurrent in the contact regime. Also showresduantity T, defined by Eq. (2.27), which characterises the

position of the lowest quantised state in the depldayer near the surface. This factor rangeaiir6.4 to 0.28
and is slightly smaller than the exponent for thevpr dependence of the tunnel photocurrent.

IV.4 Validity of the approximations made

Image charge effects, which have been neglectelgin(2.41), might modify the
tunnel photocurrent bias dependence at small distafiowever, the characteristic energy for

evaluating the magnitude of these effectsqin(2)/(87z,d , of)ithe order of 0.4 eV fog, =
& andd = 1 nm, is one order of magnitude smaller than éffective tunnel barrier

height®d, . As proposed by Simmofi5these effects mostly induce an effective reductibn

the tunnel distance. This effective distance ineesawith increasing bias and should therefore
lead to a super-exponential dependence of the kystm&ocurrent on applied bias. This
however is at variance with the experimental resaitsmall distance so image charge effects
are negligible.

In order to obtain analytical expressions fly, this current was assumed to be
negligible with respect to the photocurredy) @nd Schottky currentdd. This assumption is

81J. G. Simmons, J. Appl. Phyel, 1793 (1963)
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certainly valid at large distance but in contabe photocurrentd, = gN,S/v, decreases

because of the reduced surface recombination ¥glaod could become a lower limit value
for the tunnel photocurrent. However, this posgibtdan also be excluded because the tunnel

photocurrent in Fig. 4.12 does not saturate at bigs and the power dependencelqfis

quite different from that predicted in Eq. (2.30).

V. Conclusion

This chapter contains an experimental study of lars@d photoelectron injection
from a tipless GaAs cantilever into a (nonmagnajimld surface. It has been shown that as
soon as mechanical contact is established, thedejsndence of the injected tunnel current
is composed of a noncontact part and of a contadt the ratio of which depends on the
geometry and bending of the cantilever againstrtbtal.

The bias, distance and power dependence of theeltyshotocurrent, the ideality
factor and the dependence of the dark current ured@rse bias are well interpreted by the
model described in Chapter 2 using identical patarsainder all experimental conditions. It
Is shown that:

- In agreement with the power dependence of thadluphotocurrent, the dominant
contribution to this current comes from conductabectrons.

- In the noncontact mode, the exponential depeseleh the tunnel photocurrent is
due to the bias dependence of the tunnel barrier.

- The bias dependence of the tunnel photocurrettieé contact mode is a result of a
decrease in the surface recombination velocity.

These results have been obtained in spite of ttietiiat i) the matrix elements for
tunnelling from the conduction and valence bandd &atom surface states are not well-
known. ii) The tunnel conditions of our experimémtair imply an imperfect knowledge of
the parameters of the contact (width and dieleciigstant of the tunnel gap). However, the
fact that the experimental results can be quaivigt interpreted using values of the
parameters of the model taken from the literaturee gus confidence in the above
conclusions. The present picture will be usedHerinterpretation of the spin injection results

in the following chapter.
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Chapter 4 : Summary

* Injection of charge from a tipless cantilever undechanical contact can give rise to
inhomogeneities in the tunnel photocurrent biaseddpnce. These inhomogeneities
are corrected, so that the tunnel photocurrent degendence is given by Fig. 4.12.
Unlike the case of a tip, the contact is approxetygplanar.
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* In agreement with Eq. (2.41), at large distances ttimnel photocurrent increases
exponentially with bias because of the bias depereleof the tunnel barrier. |n
contact, the sub-exponential increase of the tuphetocurrent is due to the change

of surface recombination velocity.

* The tunnel photocurrent mostly comes from conducgiectrons.

« The model also accounts for the power dependentteedtinnel photocurrent, for the
values of the ideality factor in forward bias armmat the dark current under reverse
bias.
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Chapter 5: Charge and spin injection into a magnetic surface

[. Introduction

This chapter is dedicated to the presentatiorheffirst results on spin dependent
tunnel injection of photoelectrons into a (magne@iobalt surface.

The density of unoccupied electrBd states probed by this injection has been studied
before, mostly using inverse photoemission. Aceaydio Ref. (82) the exchange splitting
between the minority-spin 3d band and majority-sginband of a hexagonal-closed packed
(hcp) Co(0001) thin film is 1.05 eV. Independently, Math et. al. have performed spin-
resolved inverse photoemission anafiysigith the results shown in Fig. 5.The experiment
and theory for normal electron incidence on Co (QO@eveal a peak at 0.24 eV
corresponding to the majority-spin band and a segwmak near 0.7 eV corresponding to the
minority-spin band. After passivation by gaseous @@ich will also be used on the Cobalt
samples used in this work) the majority-spin pesa&liminated and the minority peak is little
affected. It has been found that this spin dependensity of states is only slightly affected
by the thickness of the Cobéftso it will be assumed that Fig. 5.1 representstiafaatory
description of the density of states of the Colajers used here. The solid triangles of the
top panel of Fig. 5.1 will be taken as the densitgtates., while the open triangles will be
taken as that fags., thus defining the relative difference in the dgnef statesdo/ p = (o« -
Yo+ ).

In Sec. I, | present the results of charge in@tinto magnetic Cobalt surfaces along
with their interpretation, made using the same apghn as for the Gold surfaces in Chapter 4.

Sec. Il is devoted to the estimate of the electrapin polarisationdn,/n, using

photoluminescence.
In Sec. IV, | show the absence (presence) of sppeddent tunnelling for Gold
(Cobalt) surfaces. For tunnelling into Cobalt, sgependent tunnelling asymmetries

Az[dws/ns][ép/p] of the order of 6% are observed. The bias depasdeh A will be
interpreted as being mostly due to thatdof/n,, which in turn is the result of the bias-

induced decrease of the surface recombination ¥glsee chapter 2).
While the experimental results unambiguously dernrates the spin-dependence of

the tunnel effect, a more detailed analysis of ¢hetilever/surface distance dependence

82 G. J. Mankey, R. F. Willis and F. J. Himpsel Piysyv. B47,190 (1983)
8 C. Math, J. Braun, and M. Donath, Surf. S8B2-485, 556 (2001)



Chapter 5: Charge and spin injection into a magostirface

requires better control of the chemical stabilifytloe Co-GaAs interface which currently

limits the dynamic range of the variation of tharel gap.
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Fig. 5.1: Spin-resolved inverse-photoemission spectra of @Hi(Pat the centre of the Brillouin zone:
clean surface and surface exposed to 1L CO (dgrdifice spectra (b) [After Ref.( 2)].

ll. Charge injection into magnetic Cobalt layers

[I.1 Characterisation of possible instabilitiestbe interface

The presence of a polar CO layer on the Cobalasarfenders it more hydrophilic
and therefore less inert than the Gold surface.ifitegface chemistry could then give rise to
a slow re-oxidisation of the surface and hence twenfrequent instabilities in the atomic
force and in the photocurrent. Fig. 5.2 (panelhmwss the time evolution of the dark current
and of the photoassisted tunnel current directigradx-situ growth of the Cobalt layer. Here
lset = - 4000. The successive scans show a slow irergage tunnel photocurrent, seen in
more detail in the time evolution of the tunnel fdowurrent at a bias of -1.5 V (panel b). The
current progressively increases with time and téodsturate after about 30 s.

Panel b of Fig. 5.2 also shows atomic force resdlte increase with time of the
atomic force between the cantilever and the surfpagel b) shows that mechanical contact
is already established at the beginning of the exm@mt. According to the arguments
presented in chapters 2 and 4, the non-exponeatitgahcter of the tunnel photocurrent bias

dependence (panel c) also indicates the establighomhenechanical contact.
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Fig. 5.2: Panel a shows the dark (dashed black lines) ardhtinto-assisted tunnel currents (solid red
lines) for a Cobalt surface atgl= -4000. Panel b shows the evolution from one scaanother of the tunnel
photocurrent at -1.5 V (dark squares). Also showmpet circles) is the relative variation of the atorforce
between the cantilever and the surface. In panebch of these scans is interpreted by compari$dheobias
dependence of the tunnel photocurrent with the ofd@hapter 2 (see Sec. Il. 3). Also shown in pdns the
dependence of the inverse tunnel capacitance asaion of the scan.

We tentatively suggest that the observed evolutiothe tunnel photocurrent and
atomic force at the beginning of the experimentdu® to the formation of an interfacial
dielectric layer between the CO and the cantileV¥éis hypothesis will be verified in the
following section from comparison of the tunnel faurrent bias dependences (panel c)
with the model described in Chapter 2. The fornratbthis layer induces a deflection of the
cantilever and an increase of the dielectric conisté the interface which, according to Eq.

(2.53)% increases\@ and therefore the tunnel current. Consequentlyt mesisurements on

8 Although this equation is valid at large distanite,qualitative implication according to whicig increases
with &, is also true in contact.
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Cobalt surfaces are performed in mechanical coniditt the interfacial layer so that a

change ol induces a change of the contact area rather thidne dunnel distance.

1.2 Results

The charge injection results are shown in Fig.fér3he dark current and in Fig. 5.4
for the tunnel photocurrent. For a givieg relatively stable bias dependences were obtained,
gualitatively similar to those obtained in Chaptefor Gold surfaces in mechanical contact.
Since the cantilever is in mechanical contact, gkaninlse only slightly affect the bias
dependence of the current. Unexpected exceptiottigare most likely due to instabilities
on a time scale longer than that of the measuresment

In reverse (negative) bias, the bias dependendbeoflark current is generally sub-
exponential. For a forward (positive) bias, thekdaurrent bias dependence is exponential
above about 0.2 V. Apart from= 1.9 obtained fotse; = -1000, the ideality factor is larger
than for Gold (in the 4-15 range).

100.00 p—r——r——r——rs f——————1—7

«—-3000
«—2000 (x2)
«—1000 (x4)
<0 (x2) 2
«—1000 (x4) 4

O Do O 4

Darkcurrent(nA)
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001 b—u v iy
-16 -1.2 -08 -04 01 02 03 04 05

Bias (qV)

Fig. 5.3: Dark currents in forward (positive) bias as a fuoat of tunnel distance. This is used to
determine the ideality factor.

Similarly, the bias dependence of the tunnel phatent only weakly depends dg:
and is approximately exponential apart froggg= 1000, at which a clear sub-exponential
dependence is found. Finally, Fig. 5.5 shows thevgwodependence of the tunnel
photocurrent at a bias of -1 V for several valuédsg The curves show a power law

dependence with an exponent close to unity, abmeé with the results obtained on Gold
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surfaces. As in Chapter 4, this exponent is astauatiaith the factof describing the energy

of tunnelling electrons at the semiconductor swf@ee chapter 2).
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Fig 5.4: Tunnel photocurrent on Cobalt surfaces: bias deleeces for various values Qf;!
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Fig. 5.5: Power dependence of the tunnel photocurrent ata bgual to -1 V for selected valuesf |

The dotted line presents a linear dependence afdiushotocurrent on exciting power. All curves steopower
law dependence with an exponent approximately etguhl(~ f)
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In summary, Fig. 5.3, 5.4 and 5.5 show that thelte®f charge injection on Cobalt
critically depend on the interfacial layer rathdran solely on the tunnel distance.
Qualitatively, in order to have a fixed tunnel @nt as imposed by the feedback loop, the
decrease of tunnel current induced by the inteafaldyer must be compensated by an
increase in contact area. A more detailed undeistigrof the interface properties, such as
tunnel distance and dielectric constant, requibetéer control of the environment and should
be attempted in a future work. After the beginnirfighe experiments reported here (the first
10 minutes or so) a small number of instabilitigk gccur on time scales larger than those
required for measurements. As such each indivichedsurement is free of instabilities and

can be analysed in more detail using the modelhaiper 2.

11.3 Discussion

The interfacial layer can affect the electronicgadies of the cantilever surface, for
example the surface barrier at equilibriggand the surface recombination velo&ty°As a
result, the concentration of photoelectrons in diepletion layer may be different than for
Gold and may therefore modify the quantisationhie tlepletion layer. This may be the

reason for the larger value of’

Forf ~ 1 the metallic density of states shown in Fid. &oes not strongly affect the
bias dependences of the tunnel photocurrent wibed to the results obtained for Gold
surfaces. The reason is illustrated by the banérsehpresented in Fig. 5.6. The injection

energy E, - (1- f)@, (with respect to the semiconductor bulk Fermi Ipie constant and

equal toEy sincef = 1. Thus, as shown in the figure, under applicabbma biasV to the
semiconductor there occurs a rigid syt of the metal density of states. For a bias larger
than about -1 V (right panel of Fig. 5.6) it is fstiEnt to consider that injection occurs to an
energy-independent density of states since tumgelticcurs into the tail of the majority

carrier states.

% It has been found [M. Passlack, M. Hong, R. L.t@pJ. P. Mannaerts, and J. R. Kwo, Appl. Surf. Sci
104/105 441 (1996)] that Gallium Oxide can passivate GaAs surface.

%Another difference between Gold and Cobalt lieshim larger value of the Cobalt work function, shoiwn
Appendix 3. This should not strongly affect then&lrcurrent which, as shown by Eq. (2.44), depandshe
square root of the work function.

87'We cannot exclude that tunnelling of conducticeciebns occurs through surface states resonant thigh
conduction band. [N. Ishida, K. Sueoka, and R. Benstra, Phys. Rev.&), 075320 (2009)]
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Fig 5.6: Energy band structures for spin injection into Cthbdhe injection energ)Eg-(l-f)gz)tJ is
shown along with realistic representations of tlensities of states of the majority (black) and mitycspins
(red). The left panel represents the case wherebias is applied, so that the spin-polarised conaurct
electrons are injected in the top half of the 3aanity spin band. The right panel shows the bartteste for a
bias of -1 V applied to the semiconductor.

The effect of the metallic density of states on Hi@s dependence of the tunnel
current is summarized in Fig. 5.7 which shows thengasured data and the same data after
division by the spin-averaged metallic density w@ites at the injection energy. This density
of states is approximated by a Lorentzian shapeeak energy 0.75 eV and half width 0.6
eV, superimposed on a constant background of amdglibne order of magnitude smaller. It
is seen that, as expected from the schema presenteid. 5.6, the effect of the metallic
density of states is only significant at small bias

We have compared the bias dependences of the tphatcurrent in Fig. 5.4, of the
dark current in Fig. 5.3 and of the ideality facteith the model. Unlike Gold, these
calculations have been done without performing raection for the contribution of the non
contact part of the surface, since in the caseretatively thick interfacial layer the contact
area must be large in order to ensure that the tdarkel current be equal to its set value. As

suggested by the power dependences of the tunn&qirrent, we have takér 0.9% The

8 As seen from Fig. 5.5, the exponent of the powpendence of , f71.1, is slightly larger than the value
f, £70.9 used for the present analysis. The value df cannot be completely explained by quantisatiothn
depletion layer. Explanations could include tunimgjlvia surface states or of electrons lying sliglabove the
bottom of the conduction band in the bulk and ndlt be considered in detail here. However, thefeddhce

(f, —1) ¢b between the energies of injection is comparabll Wit and quite small.
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values of the parameters used in the calculatiershown in Table 5.1 along with the values
used for the spin-dependent results of Sec. IV.riffpam the surface recombination velocity
(S), all other parameters have constant values icirtt those used for Gold. The value used
for Sis a factor 2 smaller§y= 5 x 10 cm/9 in order to qualitatively account for the larger

value off. For the dark current we have takif (0) = 4x10m?/eV.
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Fig. 5.7: Effect of the density of states on the bias depmwlef the tunnel photocurrent from the
conduction band at two different valueslg§: The dashed lines are calculated by applying astamt DOS

(Gold surface), while the dots correspond to a Intz&an distribution (Co surface), all other paramest being
equal.

The results of the calculations are shown in Fig.@nd 5.4 along with the data. Both
for the tunnel photocurrent and for the dark curréime correspondence is very good. The
values of the tunnel capacitanCg and of w are almost independent kf:as expected for
mechanical contact. These values approximatelyespand tad between 1.2 and 1.5 nm, i.
e. larger than for the Gold sample in contact, amd10. Forlse: = O, the smaller values of
both wand £,C, suggest that the thickness of this layer is smaleabout a factor of 2.5.
The ideality factor is also accounted for by thedelexcept fotse; = -10002° For I =0 the
large ideality factor for a relatively small tunrgiktance can be due to a larger value of the

first order correctionsd,) due to the processes which produce a bias depeed# the

Schottky barrier. Second order corrections Y due to these processes are quite small.

8  Complete interpretation forsd= 0 might require adjustment of the surface deasitbf states. Such

interpretation of an isolated result would not lwreliable and was not attempted.
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The value of the dielectric constant suggeststtiatnterfacial layer could be a partial
layer of water & ~ 80) or due to partial oxidation of Cobalt£12.9)% The thickness of the
starting Cobalt layer is evaluated to be about 1 sorthat formation of 1 nm of Cobalt oxide
must leave some unoxidised magnetic Cobalt of ab&ubm thickness.

- 3000 | -2000 | -1000 0 1000 ~1000
(Fig. 5.13)
£/Cm(nm) | 0.15 |  0.145 0.16 0.065 0.12 0.074
” 0059 | 0057 | 0062 | 0025  0.047 0.033
n 6.2 4.9 1.9 8.4 6.6 02
n 0.3 0.21 0.21 021 | 0.15 0.18
% 0.14 | 0.01 0.01 0.085| 0.01 0.085
”d(ll;"3v' 0011 | 0011 | 0011 0.02 | 0011 0.02
(n-a)™ 6.2 4.8 4.8 8 6.6 10.5

Table 5.1:Values of the parameters used for fitting the &irdark current bias dependences of Fig.
5.3 and the tunnel photocurrent of Fig. 5.4 anchspsymmetry dependences of Fig. 5.13. Also showheis
ideality factor (measured at a forward bias largdsan 0.2V and the fitting parameters ay, and @’y as a
function oflse: Correct fit of the ideality factor implies nzay)™.

The tunnel photocurrent bias dependences of Figwere also calculated, as shown
in panel c using the same parameter values@nd0. Panel d shows the time dependence of
the values ofy/C= d/e; found for each scan. It is seen that the increéski® quite similar
to the change of the atomic force and of the tumietocurrent at -1.5 V (panel b). The
maximum value ofl is found to be of the order of 0.7 nm, i.e. conapé with the values
obtained in Fig. 5.4. It is concluded that the slewolution of Fig. 5.2 corresponds to the

formation of the interfacial layer.

lll. Spin-polarisation of injected electrons

One can anticipate that, fop" GaAs at room temperature, the average spin
polarisation of photoelectrons is of the order 6%4"* Evaluation of the effect of diffusion
on the spin polarisation has been performed in AgpeA and is illustrated in Fig. A1. This
shows that surface recombination can increasedlaigation up to its initial value (50 %) in
extreme cases where both the diffusion length gl diffusion length are larger than the

cantilever thickness.

K. V. Rao, and A. Smakula, J. Appl. P86.2031 (1965)
L K. Zerrouati, F. Fabre, G. Bacquet, J. BandetFdandon, G. Lampel, D. Paget, Phys. Rev3B 1334
(1988)
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In order to determine the actual spin polarisatadnphotocarriers created in the
cantilever used in the present experiments, we haeeformed an independent
photoluminescence experiment using a conventiogsles. A circularly-polarised laser
beam of energy 1.59 eV and power 3 mW was focuséalthe surface of the cantilever. The
reflected photoluminescence spectrum was measutbhdhe results summarised in Fig. 5.8.
The top panel of this figure shows the spectréhefat * ando” -polarised components of the
luminescence for a fixed helicity of the excitatibght. As expected for heavily p-doped
GaAs?? these spectra exhibit a band-to-band emission peakEg = 1.42 eV and a second
peak near 1.39 eV due to electron-acceptor recatibim As seen in this figure, the two
intensities,l ., of the components are different and correspond iamanescence degree of
circular polarisation,l¢ - 1.)/(1+ + 1), of approximately 7 % at the luminescence pedkoA

shown in the bottom panel of the figure are thecBpeof @ = (I, - 1.)/(1. + |.) for " ando

polarised excitation. As expected, the polarisatibave opposite signs for the two excitation
polarisations, with the value of the polarisatianlycslightly dependent on energy above 1.40
eV. It reaches 10% for an energy larger than 1\M5 e

For light emission along the z direction, the meeduluminescence polarisation,
given by Eq. (1.1), is an average over the spimnsdtions over the whole thickness of the
cantilever and therefore only qualitatively reprasethe polarisation of injected electrons
since this occurs at z = 3um. As shown in Appemixhe polarisation at z = @m can be
calculated from a resolution of the charge and gpffusion equations. The values of
diffusion length, spin diffusion length and surfaeeombination velocity are taken from the
literature and given in Appendix C. By matching tedculated luminescence polarisation
with the measured value, it is possible to exteactestimate for the spin lattice relaxation
time, T; = 0.16 ns. In view of the material dependent dati@en time for spin-lattice
relaxation, this value is in satisfactory agreemaith direct measurements of fpf doped
GaAs, which giveT,~ 0.08 ns”

%2H. D. Chen, M. S. Feng, P. A. Chen, K. C. Lin and/JWu, Jap. J. Appl. Phy&3 1920 (1994)
% K. Zerrouati, F. Fabre, G. Bacquet, J. BandetFdandon, G. Lampel, D. Paget, Phys. Rev3B 1334
(1988)
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Fig 5.8: The top panel shows th€- and ¢ - Fig. 5.9: Calculation of charge concentration and of
polarised components of the luminescence from #lectronic polarisation as a function of the distarfrom
cantilever under excitation by @ -polarised laser the photoexcited surface (z = 0).

at 1.59eV. The bottom panel shows the degree of

circular polarisation fors" and s excitations.

Figure 5.9 shows the calculated values ofrm. andn, - n. (calculated usind@; =
0.16 ns). The concentration and polarisation ofghetoelectrons tunnelling from the front
face of the cantilever into the metal aet+ n. (z= 3 um) andP (z = 3um), respectively. At
the injection face (z = @m) we note thaP ~ 16 %, from which we expect a spin dependent
tunnel effect of the order of several percent. Mailsie will be taken as the polarisation value,
defined by the model [Eq. (2.73)], f&x¢ = O i.e. for a non-reduced surface recombination

velocity.

V. Spin-dependent tunnelling

IV.1 Absence of spin dependence for tunnellingnotumagnetic surfaces

It is crucial to verify that the tunnel currentornonmagnetic Gold surfaces does not
depend on the excitation light helicity as has bpesviously observed and attributed to
helicity-dependent scattering of the light excitthg tip apexX?

We have first investigated injection from a silicop at the end of an AFM-like Si
cantilever into a Gold surface. The tunnel curiisrfound to be very stable. Shown in Fig.
5.10 are 10 black curves showing the asymmetrypor 1000 individual measurements (as

defined in Fig. 3.8) with a red curve showing thererage. The averaged asymmetry is less

% R. Jansen, R. Schad, and H. Van Kempen, Journ. Mag. Mat.198 668 (1999)
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than 0.1 %. A similar analysis was performed usB@As cantilevers on Gold surfaces.
Again, as shown in Fig. 5.11 for an average ovér d€ans, the residual asymmetry value is
less than a fraction of a percent and independdits.

In summary, we have observed only very weak pacaggymmetry signals on non
magnetic surfaces which are more than one orderagiitude smaller than previously. This
is proof that, although requiring more elaborateht®logy described in Chapter 3, optical
pumping of the rear planar cantilever face enabtesto accurately control the geometry of
light excitation and therefore to strongly redute parasitic signals.

0.8 |- — 8 I- 1

Asymmetry (%)
o

Asymmetry (%)

08| Average of 1000 measurements . 8}
Average of 10000 measurements Average of 100 measurements
L 1 L 1 L 1 L n 1 n 1 n 1 n 1 n 1
-1.6 -1.2 -0.8 -0.4 0.0 -1.6 -1.2 -0.8 -04 0.0 0.4

Bias (qV) Bias (qV)

Fig. 5.10: Injection of photoelectrons from a SFig. 5.11: Very weak asymmetry of the tunnel
cantilever into a nonmagnetic Gold surface. Singe photocurrent from a GaAs cantilever into a Gold
spin signal is expected, possible asymmetries @sgface.

defined by Eg. 2.54) are due to parasitic effdetsch

individual curve is averaged over 1000

measurements. No signal is observed, while theenois

gives a maximum spin sensitivity better than 0.1 %.

IV.2 Spin-dependent tunnelling into a Cobalt sugfac

We now show the results on spin dependence olitiveet process, limiting ourselves
to lset = -1000 for which the observed instabilities hdeen found to be the smallest. For
other values ofs it has also been possible to extract spin depdrtdenelling data from
individual scans. Since, as shown in Table 5.2 fittieg parameters vary only weakly with

lses the results are quite similar to those presehézd.
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Fig. 5.12: Spin polarisation of the tunnel photocurrent betwa@eGaAs cantilever and a magnetic Co
surface for {;= -1000. The magnetisation of the Co surface igched from + to - by applying a magnetic field
# B, larger than the coercive field of the sampls.ekpected, this produces a change of sign of shmmetry
without modifying its bias dependence. Shown intdipepanel are the tunnel currents in the dark amder
light excitation.

The top half of Fig. 5.12 presents for reference llas dependences of the tunnel
currents in the dark and under light excitatiomiwWidual scans almost coincide and are quite
close to those shown in Fig. 5.4. The bottom hélthe figure shows the asymmetry bias
dependence after application of a positive magriid.(M*) Each line shows the results of
10 measurements, as defined in Fig. 3.8. The ageshthese curves, shown in blue, exhibits
a clear signal of about 6 % at zero bias, whichrelses with applied bid3.The red curve
presents the equivalent results obtained afterrseng the Cobalt magnetisation via the
application of a negative magnetic field. As expdctor a spin-dependent tunnel effect, the

asymmetry has the same absolute value and biasdiEpee but an opposite sign.

As seen from Eq. (2.55) and neglecting the asymymaftrthe matrix element, the

decrease of the asymmetry= (Jpo/ p)(,/n,) as a function of bias can come from the

decrease in the asymmetry of the metallic dendistaies, shown in Fig. 5.1 and Fig. 5.6, or

% The signal-to-noise ratio is smaller at zero biascause of the vanishingly small value of the tlnne
photocurrent.
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from that of on,/n,. Shown in Fig. 5.13 are the averages of dark our(epen circles),

tunnel photocurrent (open squares, defined asitfezahce between the light on and light off

curves of Fig. 5.12) and asymmetry (open circles).

Tunnel injection concerns states at energies laiger 1.5 eV above the Fermi level,
i. e. the high energy tails of the metallic densitystates for which™"p™ is of the order of
3 or smaller. The relative bias dependencépty is shown in Fig. 5.13 using, as shown in
Fig. 5.6, a constant injection energy for the tuimg electrons, equal to the bandgap. This
evaluation, which only depends on the metallic dgnsf states, predicts thaip/p only

decreases by about 30 %, whereas the experimeotabrved decrease is of a factor of 3.

It is therefore proposed that the spin polarisadmrin, of injected electrons also

decreases as a function of bias because of theatog surface recombination veloc8y

This idea has been suggested in Sec. V of Chaptdre2increase ofA¢ gives rise to a

decrease of the concentration of surface statéiseatlectron Fermi level [Eq. (2.73)]. The
resulting decrease db induces an increase of the effective lifetime t#cwons in the

conduction band and therefore to a loss of polanisaby spin-lattice relaxation. From the
experimental results and using the bias-inducededse obip/p, this decrease should be of

about a factor 2 over the bias range.
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Fig. 5.13: The top panel shows the averaged bias dependentte dfinnel dark current and tunnel
photocurrent of Fig. 5.12, (squares) while the bott panel (circles) reproduces that of the asymmetry
Calculated values of these quantities are showsdb lines in the two panels. Also shown in thédio panel
are the normalised contributions gh_/n_ anddp/p to the asymmetry bias dependerités concluded that the

dominant reason for the decrease of the asymmatignbias is the change &h_/n. .

We have calculated the bias dependences of the nasys) of the tunnel
photocurrent and of the dark current using the rhoti€hapter 2. As justified in Sec. IV.3
below, for the calculation of the asymmetry biapatelence we only consider here the effect
of the decrease of the surface recombination onptiarisation, thus neglecting the spin
sensitivity ofS[second term of Eq. (2.62)]. Hence

Ny Nyg Vg (S+Vy)

N, N Vg (S+Vy)

S

(5.1)

is not sensitive to the poorly known spin charasties of the trapping centres. In the same
way as for Sec. Il above, all parameters are fiaed, the Cobalt density of states is taken as
identical to that described in Fig. 5.1.

The values ofv and £,Cy,,, and the parameters used for the dark curremt,sélswn in
Table 5.1, are quite close to those of the curvdsfp= 0 of Fig. 5.4. The calculation of the
spin dependence of the tunnel photocurrent use oné spin-related parameter, the spin

diffusion length Ls, which is taken to belLs = 0.6 pum i.e. close to the value
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L7./7 = 066 um found using the values df andr given in Appendix C and, obtained

above. At large bias for whicB <<v,, and S<<v, one hagn,/n, = N, /N,.

The results of the calculations for charge and spéction are shown in Fig. 5.13 and
correspond very well with the experimental resultise predicted ideality factor, shown in
Table 5.1, is also close to the measured valueirwidxperimental uncertainties. The

calculated and measured asymmetry vahiemero biasare also very close. At low excitation

power, the polarisation of injected electrog,i =%E=16% found in Fig. 5.9, gives an
o Vd

nS
asymmetry valugon,/n,)(dp/ p )f 11% i.e. about a factor of 2 larger than theesbed
one. This is because, even at zero bias, the surémombination velocity is reduced for the

large excitation power used hee thatdn, / n is smaller than 16 %.

In summary, the experimental results show the encst of spin dependent tunnelling
and strongly suggest that its decrease as a funofibias is due both to the decrease of the
spin asymmetry of the metallic density of statesl 4o the decrease of the electronic
polarisation induced by the motion of the electquasi Fermi level. Unambiguous proof of
the origin of the bias dependence of the asymmetouyld require investigations in a

noncontact regime which should give rise to smalkmreases @h,/n,.

IV.3 Discussion

We first justify the fact that spin sensitive swdarecombination can be ignored by
evaluating the second term of Eq. (2.62). To dd sonecessary to estimate the cross section
o, for hole surface recombination atite spin relaxation tim@is at the surface. Both of
these quantities are not well-known but it seemasagrable thalis is smaller than the value
of 0.16 ns used for conduction electrons. A maximuatue ofy is found by taking for
T10.16 ns, andg, = 2x10™ m? corresponding to the maximum room temperatureevalu
among a wide variety of bulk defects in GaAdJsing the calculated value of the surface

hole concentratioms, one findsy < 2 10°. Subsequentlydn, /n_ differs fromN, 3./ N,

by less than a few percent, thereby justifyingdh@pping of the second term in Eq. (2.62).
We now discuss the possible spin-polarised tunigebs from surface states. As seen
from Fig. 5.5, the spin asymmetdp/p of metallic states at the midgap energy of the

semiconductor is larger than for the conductiorctetes. However, the small value of

% C. H. Henry and D. V. Lang, Phys. Rev18 989 (1977)
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obtained here reveals, as seen from Eq. (2.69),awnleak spin polarisation of surface states.
This implies that the tunnel current from surfataes should also be weakly spin-polarised,
so that observation of a large asymmetry is coagiswith the dominant role of conduction
electrons in the tunnelling process.

Note that the spin dependence of the tunnel matement JK/K, has been neglected
in the analysis of the data. This quantity is nebwn precisely and could play a role in the
value of the asymmetry. Having said this, the gagteement between the calculation and
the experimental data &=0 and as a function of strongly suggest thatkK/K<< dplp.

Investigations in the non contact regime for whifa/ n, should be independent of bias are

expected to clarify this point.

V. Conclusion

The results concerning spin-polarised injection imagnetic) Cobalt surfaces are:

i) Tunnel photocurrent asymmetries of the orde6%f at zero bias are observed in
good agreement with the theory. The sign of thigrasetry is reversed when the Cobalt
magnetisation is reversed. In contrast, an asynynadtiess than a fraction of percent is
observed for spin polarised tunnelling into nonnegnGold surfaces.

il) The asymmetry is reduced by a factor of aboby & bias of -1.6 V. This reduction
cannot be entirely due to the decrease of theagymmetry of the metal density of states, as
estimated by independent spin-polarised inversgogmassion experiments. It is proposed
that a significant contribution arises from the mese of the polarisation of injected
electrons. As shown in the model of Chapter 2, iappbn of a bias decreases the surface
state concentration at the quasi Fermi level whethuces the surface recombination velocity
thereby decreasing the electronic polarisationdiy-kttice relaxation.

iii) The asymmetry was measured in contact so vesification of the above ideas
requires further experiments in which the widthtlodé tunnel gap can be varied. Given the
difficulties associated with the formation of ameiriacial layer, this may require experiments

to be performed in ultra-high vacuum or in an iiepdid.
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Summary of Chapter 5.

The bias dependence of the charge injection betadgress GaAs cantilever and a

Cobalt surface passivated by CO shows that thesii less inert than for Gol
There forms an interfacial layer (Fig. 5.2) whigHikely to be water or Cobalt oxid

Because of this layer the non contact regime cabeaittained.

A clear spin dependence of the tunnel current usidp which changes its sign if tk
magnetisation of the Cobalt is reversed : (Fig3p.1

-
---‘-Q

O Photocurrent
1E o Darkcurrent

F Callculation |
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Asymmetry (%) Tunnel currents (nA)
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The decrease with bias of the spin asymmetry ibgisty not due to the change in
polarisation of the metallic density of states taiher due to the decrease in spin
polarisation of tunnelling electrons. This causgdHz decrease of the surface

recombination velocity induced by unpinning of fwface Fermi level.
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Chapter 6: GaAs tips for spin injection

[. Introduction

In previous chapters, | have discussed the tunmatiogurrent and its spin dependence
from cantilevers without tips. These results denaes that injection of spin polarised
electrons from GaAs into metals is possible asakedeby spin-dependent tunnelling into a
magnetic metal. In order to achieve magnetic imggihatomic or nanometric scales, it will
be necessary to use an injector with a GaAs tipexiend of the cantilever. A schematic of
this injector is shown in Fig. 6.1. The cantileweust be transparent to the light excitation so
that its thickness (and therefore its stiffness) ba adjusted without introducing additional
light absorption. Ideally the tip must be as shasppossible for maximum spatial resolution.
This type of spin injector has been fabricated biyanllaborators at Thales R & T and | have
investigated optical pumping in the tip in orderetealuate the electronic concentration and
spin polarisation at the apex. The results of ¢hpter have been published in the Journal of
Applied Physics’

light excitation

cantilever

photon absorption zone /’

photoelectron diffusion to tip apex /

Fig. 6.1: Principle of a spin injector, composed of a GaAssetkcited by light from its rear and situated
at the end of a cantilever which is transparenthet energy of light excitation.

The main challenge encountered here is that tieegectronic spin polarisation inside
the tip is difficult to measure via the luminescerpolarisation since it is perturbed by total
internal reflection from the tip facets. | haverigfere determined the spin-lattice relaxation
time and bulk recombination time by comparison witanar films of identical doping for
which total internal reflection is negligible. Tletermination of the electron concentration
and polarisation at the apex is then obtained lgarically solving the diffusion equations.

The chapter is organised as follows:

°"D. Vu,R. Ramdani, S. BansropuB, Gérard, E. GilY. André, A. C. H. Rowe, D. Paget, J. Appl. Phgs,
103101 (2010)
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- In Sec. Il, I explain the technology for the fizlation.

- Sec. Il shows the results of the photolumineseanvestigation of the tip.

-In Sec. IV, | show that the small value of the Inascence polarisatior (L.5 %) is
caused by total internal reflection at the tip facnd that this does not modify the electronic
spin polarisation. Using a numerical solution ¢ thffusion equations it is found that, at the
apex, this can be as high as the initial polanse® = 50 %.

-In Sec V, | discuss the important parameters fan snjection (tip doping and
length).

lI. GaAs injector fabrication

[1.1 Background on tip and cantilever fabrication

The geometry described in Fig. 6.1 is attractivesiit avoids parasitic optical effects
caused by front face excitation directly at thexapi@® However, it does require a special
fabrication procedure. This process is not compatiith simple tips obtained by cleavage
which were used in previous studi®sand is better adapted to tips defined by anisatrop
etchind® or synthesized by anisotropic crystal grod?h'*While micro-cantilevers based
on GaAs have been developed for extending the rafggpplications of Micro Electro
Mechanical Systems (MEMS) to the generation anedien of light'® these techniques
must be extended to the fabrication of cantileveasle of IlI-V alloys which are transparent

to light resonant with the GaAs band gap.

[1.2 Tip fabrication

We first describe how a GaAs tip can be grown dha#\s substrate. In this process
the surface of the substrate is coated with a fdaper of SgN4 in which holes of typical
dimensions 4x4 pfmare defined. This stage is shown in the top gefpfig. 6.2 (left). The
tip is then grown using HVPE (hybrid vapour phap#axy). This process involves gaseous
GaCl molecules and arsine gas (Ashivhich is thermally decomposed into EAsASy)

% M. Kuwahara, T. Nakanishi, S. Okumi, M. YamambtoMiyamoto, N. Yamamoto, K. Yasui, T. Morino, R.
Sakai, K. Tamagaki, and K. Yamaguchi, Jap. JoupplAPhys45, 6245 (2006)

®R. Shinohara, K. Yamaguchi, H. Hirota, Y. SuzlikManago, H. Akinaga, T. Kuroda, and F. MinaminJp.
Appl. Phys39, 7093 (2000)

1M, Bode Rep. Prog. Phy&6, 523 (2003)

191K, Yamaguchi and S. Toda, J. Electrochem. $48.2616 (1996)

192 R, M. Ramdani, E. Gil, Y. Andre, A. TrassoudabeCastelluci, D. Paget, A. Rowe, and B. Gérard, J
Crystal Growth306, 111 (2007)

193G, J. Bauhuis, P. Mulder, H. Van Kempen, J. Cri@sawth,240, 104 (2002)

194N. Iwata, T. Wakayama, and S. Yamada, Sensoréamétors, A11, 26 (2004)
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gaseous molecules when entering the hot wall reath@ growth reaction for GaAs in an H
atmosphere is

GaCI+%AsZ +%H2 - GaAs+ HCI . 6.1)

The attractive features of this growth processijam® chloride precursors adsorb on
the masked surface so that the growth only ocaurthé holes® ii) The experimental
conditions can be chosen in such a way that grésvfoverned by surface kinetit®. This
near equilibrium growth process stops when the GaAsounded by the low index facets
which exhibit the lowest growth rates. It is po$sito adjust the temperature and the ratio of
the concentrations of elements Il and V so thattth apex is formed by the intersection of
four {110}-oriented facets. The resulting tips ateown in the scanning electron microscope
(SEM) images of Fig. 6.2 (middle). These regulayaced tips have identical morphologies
that are determined by the growth conditions. Akown in Fig. 6.2 (right) is an enlarged
view of a single tip in which the {110} facets arkearly visible. The tip is well-adapted to
spin injection since its large base (6 um) is comaiplg to the size of a tightly-focussed laser
spot. However the radius of curvature of the aexlme up to 10 nm so image resolution will

typically be nanometric rather than atomic.

substrate

]

substrate

| Accy SpotMagn Det WD
200kV 25 20000x SE 117

[] mask

Fig. 6.2: (Left) Method used for tip growth: in stage (a) théstrate is covered by;Nj, with a hole
opened in it. In stage (b), the growth of a tigpe&sformed by HVPE. (Middle) a SEM view of multiffs on a
GaAs substrate. (Right) A single tip showing the {4 10}-oriented facets which define the apex.

195 g, Gil-Lafon, J. Napierala, D. Castelluci, A. Piinglli, R. Cadoret, B. Gérard, J. Crystal Grow#22, 482
(2001)

1% E . Gil-Lafon, J. Napierala, A. Pimpinelli, R. Cagét A. Trassoudaine, D. Castelluci, J. Crystal Gtb 258
14 (2003)
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I1.3 Cantilever fabrication

The spin injector was fabricated in several stege Fig. 6.3) on g GaAs substrate
about 200um thick. The tip fabrication process dbed above constitutes steps (b) and (c).
Stage (a) corresponds to the epitaxial growth efftliure cantilever. We use §alng 44,
lattice-matched to GaAs, of band gap larger th&eY. at 300K i.e. transparent for the light
excitation of 1.59 eV. The thickness of this layerSum. Since the tip growth is well-
controlled only on GaAs, a very thin layer (100 rinmickness) is deposited prior to tip
growth.

The last fabrication stage consists of building taatilever and the body of the
structure to support it. This was performed at €aR & T and is carried out first by
depositing a protective dielectric layer into whicbles are photolithographic defined, and
then by removing the underlying material using ictteely coupled plasma (ICP) dry etching
process. This procedure has been used twice. de $th the cantilever side faces are defined
by a front side etch. In stage (e) the cantilewarcture is defined by a back side etch. The
ICP process used here gives a typical etch rate&fum/min and provides an anisotropic
vertical profile over 150-160 pm. A selective wathant is then used to etch the final 20-30
pum so that the final surface finish is mirror-lik€his promotes a well defined spin
polarisation direction normal to this surface amdnpits a reflected laser beam to be used in

an AFM-like setup to monitor the tip-surface force.
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Fig. 6.3: Injector fabrication process showing side and vwigws:

a)

b)
c)
d)
e)

growth of the GalnAs (grey) layer correspondingte future cantilever and of a thin GaAs
layer (blue)

Deposition of a SN, layer with a hole to define the tip position

Tip growth

Definition of the cantilever by etching from therft surface

Release of the cantilever by deep vertical etcliogp the back

Fig. 6.4 shows a SEM image of spin injectors fadigd using this procedure. On the
same GaAs block there are three cantilevers witferdnt lengths or shapes i.e. different
stiffnesses. For a rectangular beam of thicknessength | and width b, the stiffness is
given by the standard equation:

k = (3E /12)b(h/1)* (6.2)

Here E = 7.9x13°N/m?is the Young's modulus of Galno adP.
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Fig. 6.4: SEM picture of the GaAs block showing 3 cantileeémistinct lengths and shapes. The inset
shows the end of cantilever B with the tip.

The cantilever A, of length 400 um and width 30 ynas a stiffness of 1.1 N/m and is
well-adapted to the control of the tip-sample foustng the reflected laser beam in a contact
AFM-like configuration. Cantilever B has a smallength of 100 um and a stiffness of 74
N/m so that control of the tip-sample distance gsiihe tunnel current is possible. Also
available, for measurements where an increasethes is required, is the triangular
cantilever C of width 100um at its base. Also shqmset) is the end of the cantilever B
exhibiting, with a slight misalignment, a GaAs ¢ipheight 3 pum and base dimension 6 pm.

lll. Optical investigation of the GaAs spin injectgroperties

[11.1 Principles

Injection of the photoelectrons from the tip apegwrs after creation near the tip rear
surface followed by diffusion to the apex. In t&se three optical effects, as described in
Fig. 6.5, could perturb the electronic spin poktien in the tip.
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Fig. 6.5 Total internal reflection in a tip. The left am@ntre panels illustrate total internal reflection
of the exciting light and of the luminescence, eetipely. The right panel shows generation of sordary
electron by re-absorption of a luminescence photon.

a. Total internal reflection of the excitation liglas shown in the left panel of Fig.

6.5 the tip geometry makes it possible to genemtietoelectrons after total internal
reflection at the tip surface. Because of the madlifon of the light helicity after reflection,
these electrons can be considered to be unpolaaisgdhus reduce the overall polarisation.
For a laser focussed to a size smaller than théheottip base, these electrons are mostly
generated near the apex, at which the light intginsiattenuated by a factor of the order of
exp(-ad). Herea is the absorption coefficient amdis the base to apex tip height. Since the
detected luminescence mostly comes from the oildercf the tip this type of effect is not
easily revealed optically.

b. Total internal reflection of the luminescentight collected after reflection from

the tip sides can also reduce the circular polanisaof the detected luminescence (centre
panel of Fig. 6.5). The polarisation of light eredtat an anglég with respect to the

direction is decreased by a factoos@ . Furthermore, total reflection at the tip surface

changes the circular polarisation, so that it i$ adad approximation, for a qualitative
estimate, to consider the detected photons ungebari
c. Photon recyclinggeneration of secondary electrons by the re-akisorpf emitted

photons, known as photon recycliffg;® (right panel, Fig. 6.5) could play a significante

in decreasing the luminescence and its polarisdétiotwo reasons. Thiaitial polarisation of

7P Asbeck, J. Appl. Phy48, 820 (1977)
18T Kuriyama, T. Kamiya, and H. Yanai, Jap. J. Afiblys.16, 465 (1977)
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secondary electrons i®° = 028maller than the spin polarisation of the recorinign

electrons. Taking account of the losses by spaxedion, the steady-state spin polarisation of
secondary electrons is very small. As a result@ioécycling produces a spin dilution which
decreases the overall polarisation of photoelestiorthe tip. In addition, light impinging on
the rear tip surface at an incidence angle largan g, = arcsin(1h) = 16° , wheren is the
refractive index, undergoes a total reflection aad generate secondary electrons. Thus only
a small fraction £/180Y = 0.8 % of the emitted luminescence is detectalolm fthe tip rear
surface, while the rest of the luminescence camdabsorbed to create spin-unpolarised

secondary photoelectrons.

[11.2 Experimental setup and procedure

The polarised photoluminescence (PL) propertiethefGaAs spin injector B (also
seen in the inset of Fig. 6.4) have been analysewjwa microluminescence system situated
at the Institut d'Optique théorique et Appliqué®©TA) which was adapted for polarised
luminescence studies. This setup is describedgn@61°° The excitation light from a laser
at 1.59 eV is focussed at the rear of the tip byieroscope objective with a numerical
aperture of 0.25 and a working distance of 5 mne fiésulting laser spot has a diameter of
the order of 2um, i.e. smaller than the base ofithé'he PL and the reflected laser beam are
collected by the same objective. A non-polarizinhe beam splitter and a lens enable one to
focus the light emission onto a CCD camera. Swetfiliers are used to separate the PL from
the laser light so that PL images with a spatiabhation slightly less than 1um are obtained.
A second beam splitter is used to send part of”fheo a 50 um diameter optical fibre
connected to the entrance slit of a monochromalbe PL spectra are analysed by a
combination of polarisers and quarter-wave platdscv can modulate the both the

polarisation of the exciting laser and of the PL.

199 E. Schwoob, H. Benisty, C. Weisbuch, C. Cuisifp&ouin, O. Drisse, G. H. Duan, L. Legouézigou, O.
Legouézigou, and F. Pommereau, Optics ExprEas]569 (2004)
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a. Alignment of the excitation laser on the tip

As shown in the inset of Fig. 6.4, the tip basepproximately gum large and it is
slightly misaligned with respect to the end of atdaver. Since the tip is excited from the
rear and is therefore not directly visible in theage, the control of the laser spot at the tip
requires a particular procedure which relies onpilesence of a 0{dm GaAs layer on top of

the cantilever (see step (a) of Fig. 6.3).

CCD camera

detector spectrometer

/

objective

Fig. 6.6: Experimental setup for spectroscopy and imaginteftip luminescence. The light excitation
is focussed on the rear of the tip by a microscopgctive while the luminescence is collected ey shme
objective. The luminescence is imaged on a CCD wamhile a fibre coupled spectrometer enables ane t
monitor the spectrum of a given area in the image.

Panel (a) of Fig. 6.7 shows the image taken inctse of a misalignment, when the
tip is not directly photoexcited. The PL image dine false colour image are displayed on the
left and the schematic interpretation is shownhenright. The emitted photons can be guided
inside the thin GaAs layer until they reach theeedfithe cantilever or the tip. The edges and
rear of the tip are consequently clearly visibléha image so that it is easy to correctly align
the laser with the centre of the tip. In the imagkthe lower panel (b), taken after alignment,
the tip emission is clearly visible and its shapencides with that of the tip. The excitation
spot is apparent as a more intense spot closetipticentre. Taking as a reference the width

of the cantilever (30 um), the rear diameter oftthes estimated to be arounduf.
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Laser (a)

gy

Without tip

Laser (b)

With tip

Fig. 6.7: Spatial images of the luminescence emitted bydméilever and tip. In case (a) the laser spot
does not coincide with the tip. Both the tip and #dges of the cantilever are however visible siigtg is
guided through the thin GaAs layer. Using this casit the laser spot can be aligned with the tiptee(b). The
tip is viewed from the rear of the cantilever sattthe image is reversed from the electron micrpscaew of
Fig. 6.4.

b. Thermal effects

Since heat generated by the laser can only be mednfrom the tip through the
cantilever it must be verified that the sample @& heated by light excitation. This is
particularly important since a rise in temperatwil tend to decrease the electron spin
relaxation timé&' which in turn will reduce the electronic spin pidation One would like
however to have the largest possible photo-asststatkl current and as such, a reasonable
operating power for an eventual device is the hsglegcitation power yielding a negligible
temperature increase. Fig. 6.8 presents the PLirapet the tip for three different power
densities? = 100, 10 and 1 kWct

M0 K. Zerrouati, F. Fabre, G. Bacquet, J. Bandetfdandon, G. Lampel, D. Paget, Phys. Rev3B 1334
(1988)
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Fig. 6.8: Tip PL spectra at different excitation powers. Tlmainescence red shift observed at the
maximum power reveals an increase of the tip teatpes.

At a laser power density = 100 kWcn¥, the peak of the PL spectrum is shifted to
1.38 eV. This 40 meV shift corresponds to a reducof the band gap as a result of an
increase in the lattice temperature via Joule hgatVia the Varshni equatidft the
temperature is found to b& =390K . This observation is in agreement with a simple
estimate of the temperature made using the thezomaluctivity of GaAs K=0.55 Wcm*C
1. The optical pumping geometry is shown in Fi ®here it can be seen that the laser is
approximately completely absorbed in a cylindejain in diameter (i.e. the diameter of the
excitation spot) and ftm in height (i.e. the penetration depth). The défee in temperature
between the absorption zone and the ambient temuperss given by the heat transfer

equation,

AT =Kﬂc, 6.3)

where AT is temperature differencd is the excitation powerS and| are the width and

thickness of the medium through which the heatsfiens. Applying Eq. (6.3) it is found that
the tip is heated up to 72°C above ambient whertezkdy a power density of P = 100
kWecm™. For all results presented below, the light exicitaRpower was sufficiently low so as

to avoid heating.

M1y, P. Varshni, Physica (Utrect8Y, 149 (1967)
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Fig 6.9: Effective excitation geometry f@imulation of the heat transfer process.

I11.3 Results

The PL spectrum is shown in the bottom panel of Eij0.The middle panel shows
the polarisation spectra, defined by Eq. (1.1),da¢ and ac ~ excitation helicity. Eq. (1.1)
indicates that the two spectra should be identoal of opposite sign. In practice this is not
the case as the difference between the two cusvespierimposed on a significant signal due
to residual birefringence of the objective or oé theam splitter. Since this birefringence
affects the two curves in the same way, it is elmted in the difference spectrum ®5¢€).
This spectrum is shown in the top panel of Fig.06.Wwhich reveals a maximum light
polarisation (1.5 %)much smaller than that typical expected foiGaAs. It will be seen in
the following section that this is due to the getrmeelated optical effects described above.
Importantly, it will be seen that this reduced Pdlgpisation does not reflect the electronic
spin polarisation inside the tip, particularly la¢ tip apex from which tunnelling will occur.
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Fig. 6.10: PL of the GaAs tip. The bottom panel shows th&tigor a laser beam focussed at the tip
centre. The middle panel shows the polarisationcspefor a ¢ and a o~ light excitation. The difference
between the two curves is due to parasitic birgeimce effects in the setup. The top panel showhdlie
difference between these two spectra with a regufiL polarisation of 1.5 %.

V. Evaluation of the electronic concentration angolarisation at the tip apex

The evaluation of the spin polarisation at thexaig not trivial for three reasons:

- As shown in Eqg. (1.1), optical measurements gimgy an averaged value of the
electronic polarisation over the tip.

- This value is modified by the total internal exftion effects discussed above.

- Determination of the acceptor concentration whadfects the stationary spin is
difficult since acceptor incorporation rates igykr for the (110) tip facets than for the (001)
rear facet!?

In this section, the photoelectron spin polarisaiod concentration at the tip apex are
estimated by comparison with a series of planatpped GaAs films of variable acceptor
concentrations with thickness= 3 um. For these films, grown on semi-insulatingstrates
in the same HVPE reactor as the tips, the optieahgtic effects discussed in Sec. Il are

negligible. Their acceptor concentratioNg measured by Hall-effect, are indicated in Table

12 p R. Berger, S.N.G. Chu, R.A. Logan, E.Byrne, @bléhtz, J. Lee, N.T. Ha and N.K. Dutta, J. Apply$
73, 4095 (1993)
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6.1. Their hole-mobilities, also shown in the taldecrease upon increasihy and have

typical values forp* GaAs'*® Note the case of sample J, grown in conditionsitidal to

those of the tip.

Doping Hole mobility
Sample 3
(cm®) (cnPIVs)
C 1.9x16’ 204
M 2.7x10" 176
J 8x10"’ 139
H 1.2x10° 113
F 4x10° 82
D 1.1x10° 58

Table 6.1 Doping level and mobility of a series of epitdyiaGaAs films of thickness 3um, grown for
comparison in the same reactor as the tips. Sathplas grown with the same dopant concentratiordmsie
reactor as the tip.

The following procedure is used to interpret thpesknental results:

I) The doping leveN, is estimated by comparing the tip luminescencetspe with
the spectra of planar films.

i) The bulk quantities; and r are taken equal to those of a planar film of icheht
doping level, determined from the luminescence nsdtion.

iii) The electron concentration and polarisatiortled tip apex are then estimated by
numerically solving the charge and spin diffusioaions [Eg. (A.3) and Eq. (A.4)].

iv) The same numerical treatment allows us to ednthe importance of the effects

of total internal reflection illustrated in Fig.56.

IV.1 Determination of the tip doping from the luesoence spectrum

The spectra of selected planar samples are showaigin6.11. For relatively pure
samples the spectrum is dominated by band-to-bamsitions, with a maximum near the
direct band gap £= 1.42 eV. For a large acceptor concentration, Haratceptor
recombination becomes predominant. This effect isown as effective band-gap

shrinkagé****®

and results in a shift of the PL peak to lowerrgies for increasing doping
densities. Comparing the luminescence of the tgpthe reference samples, the tip spectrum

does not coincide with that of sample J but witlt thf sample D, for which the doping level

133, R. Lowney and H. S. Bennett, J. Appl. P69s7102 (1991)
14M. S. Feng, C. S. Ares Fang and H. D. Chen, Maen©HPhys42, 143 (1995)
M5H. D. Chen, M. S. Feng, P. A. Chen, K. C. Lin an&/. Wu, Jpn. J. Appl. Phy&3, 1920 (1994)
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is higher by one order of magnitude. There is adgomrespondence between the spectra of
the two samples except for a relatively weak lowrgw tail in the tip spectrum which could
be due to deep acceptors. A possible candidabe €& antisite acceptdf. These results are
summarized in the bottom panel of Fig. 6.12 whicbves the peak energy as a function of
acceptor concentration for the films together wite corresponding value for the tip. This
analysis allows us to conclude that the Zinc domifithe tip is in the high 28 cm® range.

In the top panel of Fig. 6.12, the dependence efltiminescence polarisation as a
function of the concentration for all planar sanspie displayed. This polarisation increases
with decreasing doping level and reaches 16 %domde C. The 10.5 % found for sample D

is much larger than that measured in the tip (~24)5

PL of GaAs tip

1.1x 10° cm¥/

Polarisation (%)

Intensity (arb. units)

Epeax (€V)

1.9x 10" (cm") L

1 N 1 N -

10
1.32 1.36 1.40 1.44 1.48 N (10" cm?)
A

Energy (eV)

Fig. 6.11 Spectra of planar GaAs samples Fig. 6.12: The bottom panel shows the
compared to those of the GaAs tip. The red shifi@f luminescence peak energy as a function of doping.
luminescence as a function of doping reveals thmelbaFrom the comparison of the values obtained for
gap shrinkage. The spectrum of the GaAs tip iseclgglanar films and for the tip, the tip doping levisl
to that of sample D doped at 1.1 x9cm?, estimated to be in the high ¥am? range. The top

panel shows the luminescence polarisation for the
films as a function of doping level.

IV.2 Determination of spin-lattice relaxation tiraad bulk recombination time
Having determined that samgleis the planar film of doping closest to that oé tip,
one could think of jointly determining the spintie¢ relaxation timeT, and the bulk

electron lifetimer from the Hanle linewidtf'” However, for doping levels in the *facm?®

range, the Hanle linewidth is large and requiresitbe of very large magnetic fields. Instead

18 M. Mihara, M. Mannoh, K. Shinozaki, S. Naritsuad M. Ishii, Jap. J. Appl. Phy25, L611 (1986)
Y17 K. Zerrouati, F. Fabre, G. Bacquet, J. BandetFdandon, G. Lampel, and D. Paget, Phys. Re37, B334
(1988)
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the values ofr found in the literature are used. Althoughprobably depends on the material
quality, it is found that the results depend onbakly on the exact value. This is because, in
these large surface-to-volume ratio samples,is determined primarily by surface

recombination.

IV.3 Calculation of electron concentration and spwiarisation at the tip apex

In the planar samples, total internal reflectiomégligible and the PL polarisation is
calculated numerically using Eq. (1.1), Eq. (A.B&q. (A.4) for several values @f. The
estimated value of, is then the one which yields a PL polarisatiorseldo the measured
one. For this calculation the light excitation pouwsefixed at 1 mW focussed over a diameter
of 1.5 um with other parameter values given in Ame C and Table 6.2. Also shown in
this table are the values obtained foy and for the electron concentration and spin
polarisation at the front surface.

The electron concentration and polarisation ataex of a conical tip of height 3 um
and base radius 3 pm were then calculated usinggtine values of the bulk parameté&ysr,

D andL as for the film. The surface recombination attthesides was taken to be identical to
that of the planar film, while that of the rearfage, passivated by the &ang 4 layer, was
taken to be zero. The electron concentration arndrigation at the apex are also shown in
Table 6.2 for the tip.

Sample Doping r S D L T, Ls Pinj Ninj
cm®  (ns)  (cmis) (cm’s) (um) (ns)  (um) (%) (cm?)

D 1.1x10° 0.6 10’ 25 1.2 0.17 057 258 6.1x10"

tip 10" 0.6 100 25 1.2 017 057 437  6.6x102

Table 6.2 Values of parameters which depend on the eleatamtentration and spin polarisation in
the tip and in the planar sample D of similar dagis shown in Appendix C, the values, & and D are taken
from the literature. Tis found from the luminescence polarisation of gianD.

The insets of Fig. 6.13 show the geometrical caméijon as well as calculated
spatial distributions of both the concentration goafarisation. Fig. 6.13 also presents the
dependence of the electron concentration and sparigation as a function of distance along
the excitation direction for the tip and for samjfle(denoted plate). In the top panel, at
distance z = 0, the concentration is more thanavder of magnitude larger than that of the
film larger because of the passivating layer. Coselg, since the conical shape enhances the
effect of surface recombination, the electronic aairation inside the tip decreases more

rapidly than for the film, and at the tip apexiisaler than that at the front face of the film by
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about one order of magnitude. Comparison of the pplarisations of the film and of the tip
reveals that the more efficient surface recombamain the tip yields a smaller effective
lifetime and therefore a larger spin polarisatiNear the rear surface, the spin polarisation at
the film is larger than that of the tip, while nele opposite surface (or near the apex) the tip
polarisation is larger. Also noteworthy is the fabtat the polarisation increases with
decreasing distance to the apex. This effect istdudirect creation of electrons by light
absorption near the apex. Since these electronsraated near the surface their effective
lifetime is strongly reduced and their polarisatidd %, is close to the initial polarisati&h

= 50 %. Although their concentration is small, tuacentration of electrons having diffused
from elsewhere to the apex is also small becausieeafeduced diffusion length (see Chapter
7).
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Fig. 6.13: The top panel shows theFig. 6.14: Effect of the absorption coefficient on the
calculated concentration along the excitation axis distance dependence of the polarisation in a cdnica
the tip and for the planar sample D of similar daogi tip. Curve a reproduces the results shown in Fi§36
The bottom panel shows the electronic polarisatidor the actual valuea = 10%cm®. Curves b and c
for the same two cases. Also shown are imageseof garrespond toa = 3x 10 cm* and a = 10°cmi*
electronic concentration and polarisation in thp.ti  respectively. The lack of a polarisation increasthw

increasing absolute distance for the larger absinpt
coefficients indicates that the large polarisatinear
the apex is due to direct absorption of photonsrnea
the apex.
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A simple way to verify this hypothesis is to slighincrease the absorption coefficient
which will exponentially increase the concentratioinelectrons created near the tip apex
without greatly changing the concentration of thoseated near the rear face. This analysis is
shown in Fig. 6.14 for an acceptor doping level®f cm®. Curve a, with the actual valee
= 10* cm?, reproduces the data of Fig. 6.13, while curves ¢ correspond to = 3x 1¢
cm®t anda = 10 cm’, respectively. Foa = 3x10'cm™ at which the concentration of directly
created electrons becomes negligible, the polarisatse is no longer observed. A further
increase ofx only brings minor changes to the spin polarisation

Using these calculations, the PL polarisation eftip is estimated, using Eq. (1.1), to
be 17%, much larger than the observed value (~1.5T¥%s estimate ignores the effect of

total internal reflection which the following sulesien discusses more quantitatively.

IV.4 Evaluation of the effects of total internaflegtion:

In this subsection, we show that the strong diffeee between the measured PL
polarisation and the estimated one is due to effettotal internal reflection. Since accurate
calculations require tedious numerical analysis,gresent approach is semi-quantitative, and
relies on simplifying physical hypotheses. We dsscisuccessively the three mechanisms
described in Fig. 6.5.

a. Total internal reflection of the exciting light

Since a significant number of photons reach theappx it is anticipated that, in
addition to directly creating carriers in this zpaecomparable number of carriers are created
near the apex after total internal reflection ($ezleft panel of Fig. 6.5). Since this process
strongly changes the helicity of the light it cam d&ssumed that photoelectrons created after
reflection are weakly-polarised. It is therefordiraated that the actual spin polarisation at
the apex should be the average between the vafu€sirges a and c of Fig. 6.14 which
yields a result of the order of 30 %. This is taghhto explain the low measured polarisation.
The presence of a significant light power neartip@pex will, however, have consequences

for the figure of merit of the injector as discutse Sec. V below.

b. Photon recycling:

The relevance of photon recycling is estimated $suming that all emitted photons
generate secondary electrons. The total numbemnaidént photons per unit time, given by

integration over the tip volume:
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®, = [ (9. +g.)¢(x. y)ae dv, (6.4)
generates a number of secondary photons per sgogrby

o, =71 jt (. +nav, (6.5)

where 7, is the radiative lifetime, taken here to be egoahe bulk recombination lifetime
r . Assuming that, after multiple reflections, the ialitcreation rate of secondary electrons is

uniform in space, the total number of secondargtedes J't_p(n2+ +n,_)dv is obtained by

replacing the first term of Eq. (A.3) b, /V whereV is the tip volume. The fraction of
detected secondary photons with respect to thdentiphoton flux is given by

n= J-tip (n,, +n,_ )e "*dv/ J;ip (n, +n,_)e “*dv (6.6)

This factor is smaller than unity because of nahiat@e surface recombination.
Taking account of multiple generation stages thkative increase of the electronic
concentration due to photon recycling g n*+5°+... =n/(1-n). Assuming that the
polarisation of the secondary photons is very s@ihpare to initial polarisation value, the
degree of circular polarisation then should be ipligtd by a factor 1/[1#/(1-1)]=1-n.
Numerically evaluation of this, using the parametéefined in Table 6.2, yieldssi= 0.9.
The decrease of the spin polarisation of photoedastinside the tip due to photon recycling
effects is therefore unable to interpret the meauveak degree of circular polarisation of
the emitted light.

c. Total internal reflexion of the luminescence.

In this experiment the PL is collected by a multbde optical fibre of diameter 50
um. As a result, we measure the PL coming from a saréaea on the back of the tip whose
diameter is about 1um. In order to be detectedignisomust escape from the rear surface at a

distance less than 0.5 um from the centre and ahgle smaller than the collection angfe
B =arcsin(NA) =14°, (6.7)
where NA = 0.25 is the numerical aperture of theroscope objective. Then the angle of

incidence inside the tip which can be monitored is

B = arcsinM) =10°, (6.8)

n

wheren = 33is the optical index of GaAs.
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The reasoning to be exposed below is semi-quamédtafAs shown in the middle
panel of Fig. 6.5, the tip can be separated irffaréint zones.

-In zone 1, which is a cylinder for which the bdasedefined by the zone of photon
detection, only the fractior((180)?~ 3x10° of photons reach the surface under an angle of

incidence smaller tha® and are detected. Some of the remaining photom$ealetected

after a double reflection near the tip apex, butabse of absorption their number is

attenuated by a factoexp(-ad hered is the tip height. Here these photons will be

neglected.
-Zone 1l corresponds to the tip volume outsidedi@ender from which essentially no
photons are measured because they impinge theswtaside of the detection zone.

-Zone lll corresponds to the part of the tip ndaa pex. Some of the photons are
emitted towards the rear of the tip at an anglellemthang . Their number is small with

respect to the corresponding number from zone Mahdbe neglected. Most photons emitted
at an angle at an andddarger than 90(see Fig. 6.5) will eventually leave the detectzone
I+111 and will not be detected. We finally considenotons emitted at an and@leip to 90that
is, in a direction towards the tip apex. In the samay as for a usual catadioptric structure
which enhances light emission, it is assumed thadtrof these photons can be detected after
single or double reflection at the tip surface. IBphotons have, at emission, a reduced
circular polarisation, given by

[P:| =|R|Pcos@) (6.9)
Including the polarisation perturbation caused éffection, most of photons monitored in
zone lll can be considered as unpolarised. Heheepverall degree of circular polarisation is
significantly reduced. Using Egs. (A.3) (A.4) arld1) we have evaluated the magnitude of
the polarisation dilution by integration over zohé The overall degree of circular
polarisation of the luminescence is estimated tdl6e%, even smaller than the observed
value. The reason is that the number of photongtesnirom zone Ill, although small, must
be compared to the number of photons emitted fromez, multiplied by a small factor
(B'/180)° =~ 3x10° It is therefore concluded that the weak circuaarisation of the
luminescence is due to total internal reflectiohaf luminescence near the apex.

It is of utmost importance to note that this doest mffect the electron spin
polarisation inside the tip (i.e. it is merely miiation of the optical detection scheme). As a
result the predicted 44 % spin polarisation of &tets near the tip apex is very high and may

be close to the initial polarisation. Total intdrmeflection of the laser may reduce this to
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about 30% but the value is still significantly larghan that obtained on the planar samples
or on bulk GaAs in the stationary regime. Thesgdayolarisations are the result of efficient

surface recombination for the tip geometry whichits the value of.

V. Discussion

V.1 Effect of acceptor doping level

It is clear that the tip discussed in the precediagtion is not optimal for injection
because of its low electronic concentration atapex. Since this low value is caused by the
small value of the diffusion length, it is necegstr increase this length by decreasing the
acceptor concentration. It is also seen in Fig2 @hht, for films, the reduction of the doping
level induces an increase of the PL polarisation.

For planar films of smaller doping level than saenplabove, we have reproduced the
same calculations as in the preceding sectionh&ws in Appendix Cz, S andD are taken
from the literature and; is determined so as to interpret the value of ltiminescence
polarisation given in Fig. 6.12. We have also penied the calculations of spin polarisation
and electron concentration at the apex of tipsnwdler doping, even though such tips have

not yet been fabricated. The results are summainz@dble 6.3 below.

Sample Doping r S D L T, Ls Pinj Ninj
(cm®)  (ns) (cm/s)  (cm®s) (um) (ns) (um) (%) (cm®)
D 1.1x10° 0.6 10 25 1.2 0.17 057 258 6.1x10"
tip 10" 0.6 10 25 1.2 017 057 43.7 6.6x10°
H 1.2x10°% 26  7x16 37 3.1 034 1.05 326 8.2xf0
H-like tip 10 26  7x16 37 31 034 105 415 29x1®
C 1.9x1d" 19 5x1F 75 119 025 1.4 35.4 1.3x10°

C-like tip 10" 19 5x1 75 119 0.25 1.4 409 1.4x10*

Table 6.3: The first two lines reproduce Table 5.2 and shber ¥alues of important parameters for
planar films and for tips of similar doping, as wak the estimated spin-lattice relaxation timen@entration
and polarisation of electrons at the front of plarsamples, or at the apex of tips. The rest oft#iide extends
the evaluations to grown planar films of smallepdw levels and to yet-to-be-fabricated tips dojukhtically.

When the doping level decreases both the diffusemmgth and the spin diffusion
length are found to increase. However, unlike tiiiglon length, the spin diffusion length
stays smaller than the tip length (3 um). Also shawTable 6.3 are the values Bf which
yield the experimentally-observed luminescence nsa#on. T; is approximately constant
independent of doping, suggesting that, as showdassouati et al'® spin-lattice relaxation

18 K. Zerrouati, F. Fabre, G. Bacquet, J. BandetFdandon, G. Lampel and D. Paget, Phys. Re87B1334
(1988)
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occurs through the D’yakonov Perel’ process. Altjiothe value obtained here is a factor of
4 larger than that reported by Zerrouati and ctwangt this can be considered as a
satisfactory agreement in view of the material dele@ce off;.

The values of electron concentration and polansadit the apex, shown in Table 6.3,
suggest the following comments:

Firstly, the electron concentration at the apexdases with decreasing doping level,
reaching a significant value of severatléni® for Na = 10"'cm™.

Secondly, the electronic spin polarisation at thexaweakly depends on doping and
stays close to the initial polarisation 0.5, eventhe weak doping level for which the spin
diffusion lengthLs is much smaller thad. In the same way as in Sec. IV, we have determined
the effect on polarisation of direct creation n#ae tip apex. Shown in Fig. 6.15 are the
dependences of the polarisation as a function efadce. For the D-like tip already
fabricated, the curve reproduces the results obtdim panel of Fig. 6.13. As shown in the
figure, the polarisation increase due to electroremted near the apex can be estimated by
extrapolating the curve at small distance. ForGHeke tip electrons created near the tip apex
weakly increase the polarisation at the apex, (fB&% to 40.9% as seen in Fig. 6.15) so that
the majority of electrons which reach the apex hbegen created near the tip rear. The
modification of the polarisation caused by totdakmal reflection of the laser, discussed in

Subsec.lV.3.a, is also quite small.
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Fig. 6.15: Dependence of the polarisation as a function efatice for three tip doping densities. For
the fabricated, D-like tip doped in the high'&in® range, the polarisation increases near the apesabee of
direct creation of photoelectrons near the apext Feike and C-like tips doped in the fom?® and 1d’cm?®
range, respectively, this increases is less appafeor the smallest doping level, the majority tfotrons are
created near the rear of the tip followed by diifursto the apex.
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V.2 Optimal separation of the zones of light absorpand of injection

As discussed in the introduction the choice of ttsmission geometry for the
injector aims at minimizing the light field at thig apex, which has been shown to yield
parasitic effects of nonmagnetic origin in tunmadlimeasurements. It has been shown in the
preceding subsection that in the case of a C-lixdi. for a doping level in the 1em?
range and a tip height of 3 um), the creation za®eto the rear of the apex so that tunnel
injection can occur only after diffusive transptrthe apex. Smaller values @¥ield a more
intense light field at the apex which, as discusssalve, produces a spin dilution effect due to
total internal reflection of the laser. On the ethand, for larger values of strong losses by
surface recombination should decrease the injexta@nt. For these reasons, there should be
an optimum in the tip heiglit. In the present subsection, we consider the optimaoping
level Na = 10" cm’® corresponding to the C-like tip and discuss thinoym tip height.

Fig. 6.16 shows the dependence of the electronerration and polarisation at the
apex as a function of tip height. As expected frttma diffusion equations, the electron
concentration is largest for a height comparablié whe absorption lengthd/~ 1 um, for
which both the absorption is large and the losgesubface recombination during diffusion
are reduced. Under the same conditions, as sedheirmiddle panel of Fig. 6.16, the
polarisation decreases monotonically with tip lénddased on this it would seem that the
optimal tip length is very short, of the order oftin. However, this would imply an intense
light field near the tip apex leading to spin diut
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Fig. 6.16: Effect of tip height for a doping level of 4&m® The top panel shows the electron
concentration and the middle panel shows the splarjsation at the apex. The bottom panel showigaré of
merit defined in Eq. (6.12), which includes theitaxion light present near the tip apex.
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A simple figure of merit for the injector can beoposed, taking into account the fact
that light absorption at the apex produces aftdeacton at the tip faces a concentration

n, = &(n, +n_)exp(ad) of unpolarised electrons, which is added to thieievaf n, +n.

shown in Fig. 6.16. The quantifydepends on the tip geometry, on the diameterefaber
spot and on the diffusion length. For tunnel in@ttinto a magnetic surface, the variation

d, =1, —I._ of the tunnel photocurrent under modulation ofligiet helicity is given by

l, =1 =K(n, -n.) (6.10)
whereK is a constant depending on the surface electsiates. Fluctuations in this current,
which limit the measurement sensitivity, are prdjporal to the total injected current and
given by

(1, 1) =K(n, +n )i+ &expEad)] (6.11)
so that the figure of merit, given by =(1,, —1,_)/3(l,, —1,), is equal to
n, —n_
n, +n

F= [1+ Eexpad)]™. (6.12)

It is found thatF does not strongly depend on the valueéofTaking & = 1, the
variation ofF with tip height is shown in the bottom panel of F6.16. The proposed figure
of merit does not strongly depend on tip length egathes its maximum far= 3 pm. This

value corresponds with the actual value of théné@jght as fabricated.

VI. Conclusion

In the present chapter, | have presented the faiwit procedure for a local GaAs
spin injector. The main results of the investigataf its properties using luminescence and
numerical analysis of the diffusion and spin diftusinside the tip are the following:

- The spin polarisation of photoelectrons at thexaig close to the initial polarisation
of 50 %. For the tip of height smaller than thensgiffusion length this large polarisation is
caused by the enhanced geometrical effect of surie@mmbination which strongly decreases
the effective photoelectron lifetime. For the samason the photoelectron concentration at
the apex can be relatively small, in particulathé diffusion length is small. It is found that
for a doping level in the low f@m?® range the electron concentration at the apex is

satisfactory.
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-The optimum length is found by taking accountha tight field near the apex. It is
found that the optimum tip length at a doping lemethe 18’ cm™ range is of the order of 3
pm for which the spin polarisation at the apexr@iad 40 %.

A key question for imaging applications is the wabf the spatial resolution which is
expected for these tips. Given the typical radicofvature for the fabricated tips, the spatial
resolution will likely be of several nm. This maljoav for magnetic imaging well below the
resolution possible with a magnetic force microg;dyut will not yield the atomic resolution
usually expected of scanning tunnelling microscopls alternative process, tip growth
using anisotropic etching can vyield tips of incesasharpnes¥’ and this type of tip should

be considered in future.

19y, Cambel, D. Gregu$ova, and R. Kldela, J. of Appys.94, 4643 (2003)
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Acc YV

Summary of Chapter 6.

Spin injectors composed of GaAs tips at the enlasfsparent cantilevers, fabricated
by the Spinject consortium, have been tested.
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Photoluminescence and numerical modelling have sitbat for a moderately doped

tip, of optimal length 3pum, one can expect phoicteta densities of the order of *£(
cm® at the apex, of polarisation larger than 40%.
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Surface recombination plays a key role for increg$he photoelectron polarisation,.
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Chapter 7: Microluminescence investigation of charge and
spin transport

l. Introduction

The present chapter is devoted to the investigaifagiffusion and spin diffusion by
polarised photoluminescence imaging in substrae-BaAs thin films. | have undertaken
this investigation in order to determine diffusiand spin diffusion lengths which must be
accounted for in the design of GaAs tips to ensusegnificant spin polarisation at the apex.
Intrinsic values of the diffusion and spin diffusitengths are obtained in a passivated sample
in which the surface recombination can be neglecidéw equivalent lengths in naturally
oxidised samples are strongly reduced by surfamambination. The films were fabricated at
the Institut d’Electronique et de Microélectronique Blord using the technology previously
described in Chapter 3 for tipless cantilever feddron. The photoluminescence microscopy
method is a powerful and simple technique for jgilmhaging charge and spin transport in a
wide variety of systems.

This chapter is structured as follows:

-In Sec. Il, | review the various imaging technigder spin or charge transport.

-Sec. Il contains the experimental details. It pointed out that the
microluminescence technique applied here to ingasdielectron transport is identical to the
one used in the previous chapter for investigabipiical properties of GaAs tips.

-Sec. IV summarises the results obtained on passiveaamples while Sec. V contains

the study on naturally oxidized GaAs thin films.

Il. Background

Optical imaging of charge and spin transport hasaaly been performed by several

groups. Three main techniques have been used, whescribe here.
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1.1 Luminescence imaging

In this experiment, one investigates transport bgasaring the image of the
luminescence as a function of an applied latemdtat field E. Since only the intensity of
the luminescence is monitored, only the chargesrart is analysed.

The sample is a double heterostructure GalnP/GaRAst)/GalnP with a doping
level of the GaAs layer of ~5x¥0cm®. An incident electron beam at 20 keV is generated
a scanning electron microscope and the appliedh islectric field that drifts the minority
carriers and hence distorts the luminescence. Uimnescence images are observed by an
optical microscope connected to a CCD. These imagesshown in Fig 7.1 for different

electric fields.

=Ll

Fig. 7.1: Cathodoluminescence images (dimensions of eachei8@x187 uf corresponding to
electric fields at the centre of 512, 314, 130, @nid/cm, respectively).

While the electron concentration in this two dimenal system is described by a Bessel

function (see Appendix C), the concentration agj¢adistance from the centre>>5L is

approximated by a decaying exponential functibr,e“* where

c:(ija\/[iJ E2+ L (7.1)
KT KT L

Line scans through the centre of the luminescepo¢ are shown in Fig. 7.2 on a

linear scale (a) and on a log-linear scale (b)bn the slope is the value @& If the local
electric field is accurately known, the diffusie@ngth can be determined directly.

120D, R. Luber, F. M. Bradley, N. M. Haegel, M. Cliiadge, M. P. Coleman and T. D. Boone, Appl. Phys.
Lett. 88, 163509 (2006)
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Fig. 7.2: Cross section of the cathodoluminescence imagewish a linear plot (top panel) and a
logarithmic plot ( bottom panel). These cross setgienable to determine the diffusion length andility of
minority carriers.

The results give a diffusion length of 3.6 um anaiaority carrier mobility of 1150
cn’/Vs which, for this heavily doped p-type materifjrees with other experimental results
and calculation$?* Time and spatially resolved experiments yield hibi diffusion length
and the minority carrier lifetime. From this a direestimate of the diffusion coefficient is
possible'??> Fig. 7.3 shows the luminescence spatial distrioutof a GaAs double
heterostructure as a function of time after the puyrobe. Clearly visible is the Gaussian

broadening of the electron packet under diffusion.

1214 S, Bennett, J. Appl. Ph@2, 4475 (2002)
122 p, J. Wolford, G. D. Gilliland, T. F. Kuech, J. Bradley and H. P. Hjalmarson, Phys. Rev4B 15601
(1993)
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Fig. 7.3: Time and spatially resolved luminescence distitdrushowing the diffusion of electrons in a
GaAs double heterostructut&

[I.2 Kerr and Faraday imaging

Kerr'*® and Faraday* effects have been used for imaging spin transpgoth of
these methods consist in monitoring the rotatiohef linear polarisation of a probe beam
which is directly related to the spin componeninglthe incident axis. These techniques do
not give any information on charge transport butyoon spin transport. While Kerr
microscopy monitors the reflected beam, in the #ayaEffect the transmitted light is
analysed.

As an example, we describe here the experimen@adker and Smitf?® who have
used time resolved Kerr microscopy to investigai@ sransport. A Jum silicon-doped (n-
type) GaAs epilayer grown by MBE on [001]-orientsemi-insulating GaAs substrate is
measured at low temperature. A lateral electricas lis applied in the [110] direction. A
steady-state source of electron spin-polarisedglofl] direction is injected by a circularly-
polarised pump laser beam laser focused tqum4pot and a linearly polarised probe beam
is then used to acquire the two dimensional imddkeoelectron spin.

The circular polarisation of the pump beam is matkd from left to right, and the
rotation of the polarisation of the probe beam raftdlection from the sample surface is

monitored. The inset of Fig. 7.4 presents the nespaas a function of probe energy at a

1235 A. Crooker and D. L. Smith, Phys. Rev. [9t236601 (2005)
124 3. M. Kikkawa and D. D. Awschalom, Natu887, 139 (1999)
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distance of 3Qum far from the exciting spot. This energy is tunedhe maximum signal,
which directly gives the spin of conduction eleosaat this point in the image. Fig. 7.4
shows the image obtained by scanning the probe lbbgama 70 x 14Qum area. Again, since
the experiment is resolved in time and space, amate of the diffusion constant is possible.
The spin diffusion and drift are observed in Fig(l8) in which an electric field of
10 V/cm is applied. Line scans at different biatuga are shown in Fig 7.4(c). Using an
independently measured electron spin lifetime titb@s deduce a spin diffusion constBgt
03 and 15 cris for n.= 1 x 13° and 5 x 18 cm?®, respectively, in accord with the charge

diffusion constants.

—
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Fig. 7.4: Investigation of spin transport using Kerr effethe top panel shows the image of the spin
concentration, the middle one represents the muaditin of this image by application of an elecfiield. The
bottom panel shows line scans across the imagsefeeral values of the bias.

1.3 Spin grating$®
Cameron et al. have reported an elegant methodpical investigation of electron
and spin diffusion in multiple quantum well semidators’ In this technique, two crossed-
linear polarisation beams are intersected so #mtshown in Fig. 7.5, their interference

generates a spatial modulation of the ligbtarisation across the excitation region. As a

result, an electron gas of uniform density withtedly modulated spin is created. The spatial

125 A, R. Cameron, P. Riblet and A. Miller, Phys. Reit. 76, 4793 (1996)
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modulation period of the polarised excitation shawrig. 7.5(a) and of the electron spin
concentration are determined by the light waveleragtd by the angle between the two

excitation beams.

" ONO/ONO

a
=
e &
© =
E D
o @
3 g
m o

Fig. 7.5: (a) Polarisation modulation produced by the interfereraf two orthogonally polarised light
beams. (b) Concentration modulation of spin pokdiglectrons created by the polarisation modulation

The spin grating decay occurs both through spiaxedlon and through lateral spin

diffusion within the quantum well. Its total rategiven by

r= 4”;'36 +Ti, (7.2)

S

whereDs is the spin diffusion coefficient;, is the electron spin relaxation time andis the

grating spacing. For a concentration grating cckdig laser beams of identical linear
polarisations, the same expression is obtaine@phacingDs and 7, by the charge diffusion
coefficient and the minority carrier lifetime.

Since the spin grating results in a diffractionaoprobe beam, monitoring the time

dependence of this diffraction determifésThe electron spin relaxation time, can be

determined from time-resolved measurements of iffilacted beam as shown in the inset of
Fig. 7.6 (a). Repeat measurement§ afith different incident beam alignments (i.e. aion

of A\) permit the determination of both the lifetime ahd diffusion constant. The left panel
of Fig. 7.6 presents the measured diffracted siglemlay rate for a fm concentration
amplitude grating (black circles) compared withresponding electron spin grating (white
circles) when the estimated excess carrier density of the order of 0 cmi®. The time
decay constants were found to be 120 ps and 18rpgkd charge and spin. The decay rates
are then measured as a function of the gratingirspand the results are shown in the right
panel of this figure. The electron diffusion coeiéint deduced from the gradients is in good

agreement with previous studies.
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Fig. 7.6: (Left) Diffracted delayed signal for a &m concentration amplitude grating (black circles)
and spin grating (white circles). (Right) Measurgéecay rate of amplitude and spin grating as a fiomcof
grating spacing. The gradients deduces the diffusimefficient which obeys Eq. 7.2

lll. Experimental

[11.1 Principle

In the present photoluminescence experiment,omsider thinp” GaAs layers where
a spin-polarised population of electrons is creabgd a tightly-focussed steady-state
circularly-polarised light excitation. Electron msport and spin transport are investigated
using the analysis of images of +1_ and I, —1_, wherel, and| . are thec” ando”
polarised components of the luminescence inter(§ity). This analysis gives the spatial
dependence of the concentratiamsof photoelectrons of spta along the direction z of light
excitation since, provided the concentration oftpheated holes is smaller than the acceptor
concentration, one has

I, +1_=K(n, +n.) and I, -1_=KP(n, -n_). (7.3)
The constanK only depends on the ratios of the radiative toradiative lifetimes and on the
parameters of the luminescence detection.

Because of diffusion, the luminescence is detewateltl beyond the extension of the
laser beam and by monitoring its decay as a funatib distance one can determine the
diffusion length. In the same way, the monitorirfiglp—1_ gives access to the spin diffusion

length. The principle of the present experimerihiss analogous to the one described in Sec.
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II.1, with the noteworthy exception that the imagmge independent access to charge and
spin diffusion. Note that thgpatially-averagedatlectronic polarisation

<P>=P7 (<l>-<I >)/(<ly>+<] >) (7.4)
is equal to Pr /7 since diffusion does not introduce an additionpinsrelaxation
mechanism. Thus one should have

<P>=P(L,/L) (7.5)
which is a simple relation between independentlgsneed quantities.

For these investigations we have used a systerogma to the one described in Fig.
6.6. This system, shown in Fig. 7.7, was subsedueénilt in my laboratory by adapting a
Nikon optical microscope. It uses the same CCD exuitation source as that used in the
experiments reported in Chapter 6. The sampleseaocged with a 50uW elliptically
polarised laserRi,s = 70 %) centred at 780 nm and focussed through(Q® xmicroscope
objective to a Gaussian spot of half widtla,= 0.9 um. An image of the sample under
excitation by the laser is shown in Fig. 7.8. Thape of the GaAs thin film is exactly the
same as the one used for injection in Chaptersd4bawith the exception that the cantilever
is not overhanging the substrate and that herka#ies is focussed at the centre (see Fig. 7.8).

Investigations of the PL spectra are importantrisheo to verify that light at the laser
energy has been appropriately rejected and toroortfiat any local heating of the sample by
the focussed laser beam is negligible. Here, thepg®ictra are obtained via a @ diameter
optical fibre whose diameter corresponds to a epsize 0.5um on the images.

The samples studied here ar@8 thick p+ doped GaAs thin film patcheeposited
onto SiC substrates. The lateral dimensions of @atth, 40Qum x 400um, are sufficiently
large that edge effects can be neglected. Twondistamples were analysed. In one céke (
= 10" cm®) the two surfaces are covered with the native @xdd in the otheMNy = 1.5 x
10 cmi®) they are terminated with 50 nm thick layers of, G 4d°. The main effect of the
different surface terminations is to modify thefane recombination velocity frorg = 10
cm/s for the oxidised sampféto approximatelys = 10° cm/s for the “passivated” sampfe.
The resulting modification of the effect of surfaeeombination on diffusion length has been
discussed in Appendix A and is summarised by EB{A

1264 Ito and T. Ishibashi, Jap. J. Appl. Phg8, 88 (1994)
1273, M. Olson, R. K. Ahrenkiel, D. J. Dunlavy, ByKg and A. E. Kibbler, Appl. Phys. Lé&5, 1208 (1989)
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CCD
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Fig. 7.7: Experimental setup used for investigating chargel apin transport using luminescence
imaging. The right panel shows the functional soheithe experiment, identical to that used in Big.

Fig. 7.8 A white light image of the GaAs thin film witketlaser spot shown in the centre.
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[11.2 Experimental procedure

Several potential experimental limitations must duelressed. Firstly, correct and
accurate subtraction of the dark current image muoest performed since a precise
determination of the diffusion length requires theasurement of the luminescence decay
over the largest dynamic range possible. Incodetgrmination of the dark current image will
strongly affect the low intensity pixels in the lumascence image. Here, the dark image is
taken at approximately the same time as the lurneree image, with the same exposure time
but with the shutter closed. Secondly, for measerds near the excitation spot, vertical
diffusion over a distance larger than the effectiepth of field of the microscope objective
results in a defocused luminescence spot. Thisindyce systematic errors in the estimated
diffusion length. It is therefore important to ubé layers of thicknesd <1 x n wherel is the
objective depth of field and is the refractive index of the semiconductor. 8inoe has here
I~ 0.4um and the samples argqué thick, this source of spatial broadening showdiimited.
Thirdly, it is necessary to characterise and elatenthe residual birefringence in the optical
path. The birefringence of the objective is resgaasor an incomplete circular polarisation
of the laser R.s = 70 %). Since the signal due to this birefringems independent of the
excitation light polarisation, two series of imagggensity and polarisation), taken fof-and
0~ polarised excitations, can be combined to elimindie residual birefringence in the
measured luminescence polarisation. The resulting images, denoted™, 6™, 6~ ando™
are combined to form a sum imade= [0 + 6" + 0~ + 07]/2) and a difference imagéy(=
[6"-0" +07 -07]/2). These images are defined as

ls=[c""+0" +0"+07])/2=2K(n, +n_)
(7.6)
lg=[0""-0"+07-07)/2 =2KP,(n, —n_)
and will be taken, according to the above equatiaasmages of the quantities + n_ and

n, —n_, respectively.

V. Passivated sample

For a passivated sample whe3as very small, as shown in Eq. (A.37), the value
obtained foi is theintrinsic charge diffusion length. The sum and the diffeecsimcages are
shown in panels a and b of Fig. 7.9 respectivedyels ¢ and d show respectively the angular
averaged profiles (open circles) of the decalg ehdly for the passivated sample with radial
distance, from an origin corresponding to the @epfrthe PL spot. In the caselgthe spot
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extends over more than 1Q@n laterally, far larger thaw, the width of the laser spot (see
dotted line for laser profile). This is the resuiltdiffusion of photoelectrons described by Eg.
(A.3).

In intensity (arb. units)
In Intensity (arb. units)

4.54— T T T T T T T T
0 10 20 30 40 0 1 2 3 4 5 6
r (um
(um) r (um)

Fig.7.9: (a) The sum image,, lobtained on the passivated GaAs patch for aM0excitation focused
to a Gaussian spot of half width Ouen. (b) The difference image, bbtained under the same conditions. (c)
The angular average profile of plotted against r (open circles). The laser exoita profile is also shown
(dotted line). The solid line is obtained by comirg the excitation function with a Bessel functiGfr/L) with
L = 21.3 um. (d) L is obtained by fitting the angular averaged pmfdf |, (open circles) with a numerical
solution of Eq. (1b) with = 1.2 zm. Note that the lateral extent of laser excitatimofile (dotted line) is
smaller than the profile and so does not limit theasurement of,L

The PL spectra obtained at the centre of theseamare shown in Fig. 7.10. The sum
spectrum shows both band-to-band and band-to-amcepmponents for the GaAs PL at
intensities well above the remnant laser line (wistble on this scale). Indeed the laser
intensity at the centre of the PL image is morenthafactor of 1000 weaker than the PL
intensity, and drops off even further at large atises from the spot centre. The difference
spectrum shows a small and negligible laser comptasiace the laser is strongly polarised.
The ratio of thantegrateddifference spectra and of tirgegratedsum spectra between 1.4
eV and 1.5 eV yields a polarisation of 0.8 % insm@able agreement with that obtained at
the centre of the difference to sum profiles inskig.9c and 7.9d (1.2 %). In addition to

confirming that the images in Fig. 7.9 contain mgn#icant contribution from the laser, the
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spectrometer is also useful in measuring the Iseahple temperature. In the experiments
reported here heating is negligible.

We now examine the shapes of the luminescence aladigation spatial decays in
more detail. As shown in Eq. (A.29),lif>> 7, the diffusion is two dimensional and one has
n.+n= Ko(r/L), using a modified Bessel function of the secomd KThe solid black curve in
Fig. 7.9c is obtained using a convolution @{idl) with the shape of the laser spot. Here the
only fitting parameter i&. ForL = 21.3um, the fit perfectly accounts for the data. Thitiea
is less than a factor of 2 larger than the appraknestimate of Appendix C. Note that for
>>| the function K(r/L) becomes exp{L). However, since the data only extend out to about
r = 50um, the exponential behavior is not clearly observed

Forlg (Fig. 7.9d) the decay withis far more rapid, reflecting the fact thak< rand
thus L, = /D7 << L. Note however that the lateral extent of the Igdetted curve) is still

inferior to that of the difference signal meanirmtt the laser spot size does not limit the

measurement df.. It is no longer possible to fit a convolved Beédsmction to this data

since the lateral extent of the spot is comparablé and the diffusion is therefore only
qguasi-2D. Therefore Eq. (A4) has been solved nuwrallyiusing a commercial finite element
method. ForLs = 1.2 um, the solid black curve in Fig. 7.9d is obtain&d,excellent

agreement with the data. This quantity is the&insic spin diffusion length and is quite

comparable to the estimate of 1.4 um given in TélBeor a similar doping.
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Fig.7.10: Sum (open circles) and difference (closed circtg@ctra obtained on the passivated sample
at the center of the PL imagesand | respectively. The spectrally averaged polarisati@tween 1.4 eV and
1.5 eV is in good agreement with that measuredaater of the images in Fig.7.9. The inset showsigevight
image of the GaAs patch on SiC with the laser sfose to the center.
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Finally, according to Eq. (7.5), the spatially aaged polarisation R> should be

L

2
r . .
(—Sj = 011% using the measured valueslo&ndLs. Taking account of

<P >=R-==P
T

a slight depolarisation of the laser in the objexti(70 % rate of circular polarisation) the

polarisation calculated from the spatial averaddg andls (Figs. 7.9 (a) and 7.9 (b)) i=

= 0.16 %. The intrinsic values obtained foandLs are thus in very good agreement with the

spatially-averaged luminescence polarisation.

It is interesting to note that the polarisatidh £3%) at the centre of the image is
much larger thanR>. This is the result of carrier diffusion that reds the residence time at
the spot centre (i.e. the lifetime at the center}/t* = 1/7 + D4/I* wherel is the extension of
the laser spot. Since~ 10 ns and. ~ 2.5 x 18 um?/s for GaAs of this doping lever* ~

/30 one find. ~ 30<P> as observed.

V. Naturally oxidised sample

The same experiment is carried out on the oxidssedple, with the angular averaged
profiles forls andlg shown in Figs. 7.11 (a) and 7.11 (b) respectiyepen circles). In both
cases the lateral extent of the PL is now comparalih d but still larger tharw (dotted
line). Consequently, numerical resolution of difmsand spin diffusion equations [(A.3) and
(A.4)] is again required as both the charge and diffusion are only quasi-2D.

Fixing L andLs at their intrinsic values obtained on the passi@aample, and usirty)
= 10’ cm/s in the boundary conditions, the solid cumwith closed circles are obtained. The
similarity between these curves and those obtamwittdeffective diffusion lengths, as well as
with the data, clearly demonstrate that surfacemdsnation is primarily responsible for the
sharp reductions in bothandLs. The difference in doping densities of the two pkas plays
only a secondary role.

It is also possible to estimagéfectivediffusion and spin diffusion lengths by taking a
small recombination velocity and by taking accoohsurface recombination by an effective
lifetime 7, "and therefore effective values of diffusion length and spin diffusion length
Lset One findsLeg = 1.3 um andLses = 0.8 um (see solid curves in Figs.7.11 (a) and
7.11(b)). Using a 2D approach, Eg. (A.38) predicis Lse~//m ~ 0.95um which is in
satisfactory agreement with the measured valueth iNese values, and using Eq. (7.9)><
= 15 % is expected, which compares favourably whth value obtained from the ratio the

integrated intensities @f to ls (12.1 %).
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Fig. 7.11: (a) Angular averaged profile of bbtained on the naturally oxidized sample (opeoles).
A numerical resolution of Eq. (A.3) with S =*1n/s and L = 1.3 um yields the solid line. Close agreement is
obtained (closed circles) with the curve corresgogdio a fixed value of L (= 21.am, the intrinsic value
measured on the passivated sample) and S =cifs. This demonstrates that the sharp reductiothe
effective charge diffusion length is due to incezhsurface recombination. (b) The same is truel favhere
Lserfis reduced to 0.8m. In both cases the lateral extent of the lasettédl lines) is smaller than that of the
luminescence profile.

VI. Conclusion and perspectives

The effective values of the diffusion and spinfudifon lengths obtained here are
summarised in Table 7.1. The fact that these valsgengly depend on surface

recombination proves that bulk quantities are @ugessible for passivated surfaces.

Sample Doping (cmi°) L (um) Ls (um)
Passivated 1.5x 13’ 21.3 1.2
oxidised 10" 1.3 0.8

Table 7.1:Measured charge and spin diffusion lengths forspaged and naturally oxidized GaAs thin
films.

The present technique can, more generally be wseddstigate:

-Charge and spin transport as a function of tentpexand doping.

-Precession effects in transverse magnetic fighdmie effect). This would permit the
experimental determination of the minority cariiggtime and the spin lifetime. Combined

with the diffusion lengths, a simple determinatioh the charge P =L%/r) and spin

(D, =L%/1,) diffusion coefficients is then possible. Investigns of the recently reported
“spin drag” phenomen&® (in which D # D) would then be possible.

-The effect on spin diffusion of the electrostataupling with holes (ambipolar spin
diffusion).

-Spin transport by combining optical injection hviglectrical detection. This would
permit the investigation of materials other tharA&deposited onto a GaAs substrate.

-Investigating optical pumping in Silicon.

128 3. M. Kikkawa and D. D. Awschalom, Natu887, 139 (1999)

132



Chapter 8: Conclusion and future work

Among the work of presented in this thesis, theesfaur principal results:

-Charge injection into nonmagnetic surfabes been investigated and analysed using

a new model which described photoassisted tungellirom an optically pumped
semiconductor into a metallic surface. At largenelndistances the exponential variation in
the tunnel photocurrent with applied bias dependearsults from a bias dependent tunnel
barrier height. At small distances the variatiomig to bias induced changes in the surface
recombination velocity.

-Spin_dependent tunnel injection into magnetic tgeteom an optically pumped

semiconductor has been tentatively observed anceieddusing an extension of the model
developed for charge injection. Spin asymmetriethantunnel photocurrent up to 6 % are
measured which compares with less than 0.1 % obderm (nonmagnetic) Gold surfaces. A
slight decrease in the asymmetry with increasiag bias been interpreted as being due to the
decrease of the photoelectron spin polarisationseduby the decrease of surface
recombination velocity.

-GaAs tip spin injectors fabricated on transpardidV/ cantilevers have been

investigated by measuring their optical propertiesng microluminescence. Desirable
features of future optimised spin injectors haverbsuggested and discussed.

-Imaging of charge and spin transploais been developed, using a novel luminescence

microscopy technique, simpler than other imagirghmégques used in the past. Here it was
used to measure the effect of an increase in surmmbination velocity from f@m/s to
10’ cm/s on the charge and spin diffusion lengthseduction from 21um to 1.3pm and
from 1.2um to 0.8um is observed, respectively. The implications @& #trong decrease in
diffusion length for devices with free, oxidizedfaeces (such as tip injectors) are discussed.
The results obtained here on tunnelling chargesaiinjection open up a number of
possibilities for imaging and spectroscopy of naagnetism. Currently a number of groups
worldwide have succeeded in measuring atomicalfplved images of magnetism using
ferromagnetic tip scanning tunnelling microscopyadging with an optically pumped GaAs
tip has a number of potential advantages over xistieg method; since the spin density in
the GaAs is small there is no magnetic interackietween the tip and surface meaning that
soft magnetic materials can be imaged. Optical aomapts can be used to switch the

polarisation of the photoelectrons in the GaAs faore rapidly than is possible with



Chapter 8: Conclusion and future works

ferromagnetic tip whose magnetisation must be s&tkby an external magnetic field. This
can be used to advantage to simply separate theeti@ag@nd topological dependence of the
tunnel current.

There are a number of issues to overcome beforemparised scanning tunnelling
microscopy and spectroscopy can be attempted piibadly pumped GaAs tips. In Chapter
5 it was shown that the bias dependence of thedsgpendent tunnel effect is not related to
the spectroscopy of the metal density of stategdther depends on the bias dependence of
the photoelectron spin polarisation. In order tdaob spectroscopic information on the
magnetic band structure by varying the bias, idsessary to increase the tunnel distance so
that the surface recombination velocity only wealtgpends on bias. Secondly, while the
investigation of injection into cobalt and gold fawes has been possible despite the observed
instabilities, these instabilities are expectetdadarger for injection from a GaAs tip because
of the small contact area. Improvement of the Btgbwill be important to obtain reliable
images of nanomagnetism. Potential solutions teetlthallenges may include:

- tunnelling in ultra-high vacuum using atomicatlgan tips and surfaces

- tunnelling in electrochemical conditions on itugprepared magnetic surfaces

- tunnelling on ex-situ prepared magnetic surfanes protective hydrophobic liquid
with chemically passivated tip and magnetic sua@ur group has already developed novel
chemical passivation methods for GaAs surfd¢&3his option most closely resembles the
conditions under which the results were obtained.he

It would also be interesting for quantitative intigations to measure the spin
polarisation of injected electrons. To this end oae think of injecting the electrons into a p-
type semiconducting surface whose resulting badshtal cathodoluminescence polarisation
can be measured. This semiconductor must havedgaprarger than that of GaAs in order
not to be directly excited by the laser light. Amaxt possibility would be to inject high energy
electrons (up to 1 keV) from the cantilever intsudbstrate on which a magnetic layer acting
as a spin filter is evaporated and to measure sigemmmetry of the current detected in the
substrate after ballistic transport across the Imdthis experiment is similar to others
performed in our group, but gives in addition thesgibility for spatial imaging® Since the
energy of electrons is larger than the vacuum lévwete experiments should not be affected

by the surface chemistry.

129'y.L. Berkovits, D. Paget, A.N. Karpenko, V.P. Ulmd O.E. Tereshchenko, Appl. Phys. L@.022104
(2007)
130N. Rougemaille, D. Lamine, G. Lampel, Y. Lassadiyd J. Peretti, Phys. Rev.78, 094409 (2008)
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Appendix A: Charge and spin diffusion of electrons in GaAs

Since charge and spin diffusion plays a role inesslvchapters of this thesis, | have

summarized here the main notions on these diffgsioglying on the diffusion equations
which define the concentratioms of electrons of spin +1/2 at equilibrium. The geti€ase
of three-dimensional charge and spin diffusionaesidered in Chapter 6 for diffusion in a
GaAs tip and in Chapter 7 for diffusion in a thimA&% film of thickness comparable to the
diffusion length. Under circularly-polarised lighte charge diffusion equation is

(g, +9.)p(x y)ae —(”LT”‘) +DA(n, +n_)=0 (A1)

where z is the direction of light excitation. Thest term describes creation of photelectrons
by light absorption. Herer is the absorption coefficient at the energy ofitation, ¢(x, y)
describes the lateral dependence of the light &art intensity, andy., proportional to the
light excitation power, define the respective daatrates of + or — electronic spins. The
second term, whereis thebulk photo-electron lifetime, describes losses of péleictrons
by recombination. The third term, whebeis the diffusion constant anfl is the Laplacian
operator, describes the diffusion of charge. Thelar equation for the difference, —n_is

(n.-n.)

S

(9.~ 9)(x y)ae™* - +DA(n, -n_)=0 (A-2)
Here 7, is the overall spin lifetime, given by, = /7 +1/T,) ™", whereT, is the spin-lattice

relaxation time. The quantitieg, and g_ are such that the initial polarisatie%*_i IS

9. +t0.
equal to+ 05for a o™ helicity of the incident light. These equations edso be written
(9. +9.)r(x, y)ae?* —(n, +n.)+ L*A(n, +n_)=0 (A3)
(9. - 9)rp(x y)ae® -(n, -n_) + L:DA(n, -n_)=0 (A.4)
where the diffusion length and the spin diffusiendth are defined respectively by
L=+Dr L, =,/Dr, (A.5)
These equations are solved using the surface bogndaditions
- D—a(”g ") _s{n £n ). (A.6)

whereu is the surface normal aiBis the surface recombination velocity.



Appendix A: Charge and spin diffusion of electrin&aAs

Here the charge and spin diffusion are considesiaigua unipolar approximatiot
in which the hole diffusion does not slow down thlectron and spin diffusion. Such
approximation is valid for sufficiently small valsief the electron concentrations, and will be
considered here. As a result the diffusion constamé considered as independent on the
electronic and hole charges.

In this thesis, apart from chapter 7, charge auid diffusion play a role in three

situations of reduced dimensionality which | delserinere separately.

|. One dimensional charge diffusion across a GaAlsf (Chapter 2)

We consider here charge and spin diffusion afteatoon at the rear of a GaAs film,
and before tunnel injection into a metallic or metim surface. Because of the one
dimensional nature of the system and since the Igiocussed to a spot larger than the
diffusion length and the thickness of the film, thteral dimensions do not play a role so that

¢(x, y) =1. The boundary conditions for this diffusion are

on on
D— =S'n,_ D— =-S A7

Here S’,n,_, andS, n, are the surface recombination velocities and phett®n

concentrations at the rear surface and at the ahské depletion region, correspondingly.
is the thickness of semiconductor film ainds the larger of the depletion zone.
In the case of a planar sample of thicknégke general solution of Eq. (A.3) is
(9.%9.)a7
2
1-(at)

where A and B, are obtained from the boundary da. The concentration at ¢, which

-z/L

n, +n. = Ae’?" +Be”" + (A.8)

is of particular interest for injection, is
(n, +n)(0) = (9. +g.) f(L)/(aD) (A.9)
where
(aL)? #(SLID +al)-v(i+aSi?/ D)
(aL) -1 (SJ’DS')LCh(z/ L) + L+ SSL?/D?)SH/ /L)

f(L)= (A.10)
is a positive quantity wher§& is the recombination velocity of the surface undght

excitation ands is that of the opposite surface an@nduv are given by

U=1-e“Ch(¢/L) v=e"Sh//L) (A.11)

131 R. A. Smith, Semiconductors, Second Edition, CialgdiUniversity Press, Cambridge, 1978.
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Appendix A: Charge and spin diffusion of electrin&aAs

Thus, the electronic concentratiopatz= ¢ is given by
n, =B N, (A.12)
where
B=@1+S/v,)* (A.13)

N = 997 pal-u+(SL/ D)[u - val A14)
° " (aL) -1 (SL/D)Ch(¢/L)+Sh¢/L) '

and

_D (SL/D)Ch(¢/L)+Sh¢/L)
¢ L Cch(¢/L)+(S'L/D)Sh¢/L)

(A.15)

For an unpassivated rear surface, one has b8th/D >>Th(//L any

S'L/D >>[Th(¢/L)]™ so that one finds
D 1
Vo= [Th(¢/L)] (A.16)

Further assuming thatL >> dnd neglecting for a large value of the light absorption at

the front surface, so that=l andu=0, one finds

PO L (A.17)
LSH//L)

Finally, the photocurrent is given by
J, =an,S=0gBN,S (A.18)

lI. One dimensional spin diffusion across a GaAdni

[I.1 Spin independent surface recombination (Chajje

The spin diffusion equation (A.4) is obtained frtime charge diffusion equation (A.3)

by replacingr byr,, and g, +g_ byg, —g_. The treatment of the preceding section can be
repeated for the spin to define the spin quantfeed ., 5, and v, equivalent tdN,, S
and v, respectively. Assuming first that the surface rebmation velocity does not depend
on spin, the quantityn, —n_)(¢) is given by

(n, —n)() =(9, -9 ) f(L)/aD (A.19)
and the spin polarisation of the injected electnsnequal toP; f (L,)/ f (L) . Assuming that

the two sides of the film have infinite recombioativelocities (both larger thelv L, D/ Ls

andaD), one finds
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Appendix A: Charge and spin diffusion of electrin&aAs

(al)>  p-val
(aL)’ -1 SH¢/L)

Shown in Fig. A.1 is the dependencd(aj) as a function ok, normalized to unity for

f(L) = (A.20)

large values of.. Here 7 is taken as the unit length. The three Curves spored to three
values of the absorption coefficient, respectivaligh thato / <<1, a /=1, anda />>1.f is
an increasing function df, a fact which is also true for arbitrary valuestbé surface
recombination velocities. Sintg<L, this implies that polarisation value is smallerttia It

is seen in Curve c, for whiah /¢ <<1, thatf(L) increases nearly linearly with up to about
213. In this case[(n+ -n_)/(n, —n_)](ﬁ) =05L,/L=05)r, /7. This result is not true for

larger values ofi but the polarisation value is not strongly depenasa. Finally, forL and
Lslarger than about , f(L) weakly depends oh so that the polarisation is closeRp It is
concluded that, in the limit case of large recorabon velocities and diffusion lengths, the
injected electrons have a polarisation close toitit&l polarisation 50%, i. e. much larger

than given by Eq. (1.1).

112 I I I I I I I

0.8 | -

c:a/4=0.1
0.6 - _

L)

0.4 | b:al=1 ]

0.2+ \ a:od=5

O | | | | | | |
O ¢2 C4 06 08 1 .12 .14
L/ 4

Fig A.1: Variation of the function f(L) defined by Eq. (A2€r several values of the absorption
coefficient. The spin polarisation in the planeinjection is equal to 0.5 fQ/f(L). The unit length is the

thickness? of the film.
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Appendix A: Charge and spin diffusion of electrin&aAs

[I.2 Spin-dependent surface recombination (Chapjer

As seen in Chapter 2, because of the distinct ipasitof the quasi Fermi levels for
spins + and —, the values of the recombinationoreds for the two spins differ, so that the

boundary condition for the spin diffusion equatadrthe surface of tunnel injection becomes

DM =-S,n, (A.21)
0z T
which gives to first order
D@ =-Sn-nd5/2 (A.22)
0z|,.,

where 6 denotes the difference between two identical dtiemtfor + and — spins. One
obtains, in the same way as in the preceding sectio
163

d’]0 = Nosﬂs - (1_ﬁs)&_ (A23)
2 S

&, /q=Sd, =N, BS-(1- /J’S)”—Zoas (A.24)
Here

B, =L+ S/vy)" (A.25)
and within the approximation of the preceding sohea

v, = % Frhge/ L)) (A.26)

0s = (9. ~9.)1, (A.27)
L.Sh/Ly)
So that
- Shi//L
NOS - (g+ g—) S r( ) (A.28)

NO (g+ + g—) r Sr(gl Ls)

lll. Lateral diffusion in a GaAs film (Chapter 7)
We consider here the case where photo-carriersraeged in a thin GaAs film by a
tightly focussed flux of photons which has a pef#(x,y) in the surface plane. In the

general case, calculation of the charge and spntesdration at a given point in the film
requires numerical resolution of the diffusion amin diffusion equations. We discuss here

two cases where analytical approaches can be diverse calculations will be performed out
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Appendix A: Charge and spin diffusion of electrin&aAs

of the zone of light excitation. In this case, #wirce terms of Eqg. (A.3) and (A.4) are zero

and these equations are Helmholtz equations df/free+k?A¥=0.1?

[1l.1 planar diffusion
If the distancer to the excitation spot is larger than the filmckmess, the general
solution is a Bessel function of the complex argomeik. The general expression for
isotropic solutions, imposing a zero concentratibmfinite distance is
n, +n_ +Ky(r/L) (A.29)
n, —n_+K,(r/L,) (A.30)
where K, (x) is the modified Bessel function of the secomttlk At x>>1 this function can be

approximated by an exponential.

[11.2 Separation of the variables
Considering for illustration purposes the chatitision equation, we look for a
solution of the type
n=f,(r)f,(2 (A.31)
Eq. (A.3) becomes, out of the excitation light spot

1 i(r afl(r)jJr 0’f,(2 1
rf,(r) or ar f, (202> L°

=0 (A.32)

which can only be fulfilled if the first and secotetms, which depend on distinct variables,

are separately constant, of the form

L 0(,0h() =1 ig (A.33)
rf,(r) or or L
2
L) (A.34)
f,(z)0z
wherew™is a length, determined by the boundary conditiansl, given by
¢, SL
atg(w—) =— A.35
o] ¢ 2) 5 (A.35)

The solution of Eq. (A.34) is
f,(z) = cos@xz) (A.36)
Finally, the functiorf (r)is the solution of a 2 dimensional Helmholtz equatigiven

by Eq. (A.29), where the diffusion lendths replaced by its effective valligs

132E . Belorizky, « Outils mathématiques » Chapter@noble Sciences, (2006)
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Appendix A: Charge and spin diffusion of electrin&aAs

1 1
2
L, L

(A.37)

While L is a bulk quantityl . depends on the surface recombination velocityBga
(A.35). In the extreme case of a passivated filon,wWhich @’ << 1, one finds in agreement
with standard models that the surface recombinasoaquivalent to a bulk recombination
time ¢/28%

D 1o (A.37)
T

2
eff

In the opposite case of an unpassivated film, Bg34) can only be fulfilled for
al = 1, so that

2
T
ENENERE

2
t_t.z (A.38)

The hypothesis of separability of the variablesistrated by Eq. (A.30), is a strong
hypothesis. It implies that when the distance te dentre increases, the distribution of
carriers as a function of depth does not changshiégge but only its overall magnitude. Its
validity has been verified for the case of Chapteusing a numerical resolution of the

diffusion equation.

133 R. Ahrenkiel, Minority Carrier lifetime in 11I-V éniconductors, vol. 39, Semiconductors and Semispeta
Academic Press (1993)
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Appendix B: Charge and spin recombination currents

The calculation of the charge recombination véjogia midgap states leads to the
expression of the surface recombination currend iseEq. (2.34)>* In this appendix, we
recall the principles of the calculation and extemdto the calculation of the spin
recombination current. Fig. B1 shows, for near rajuigtates extending between energies
ande+oe, the rates of capture and emission events foitrelex of + spin and holes. Also

shown are the spin populations.

Conduction band n:

(@)
St
o,
)

N, * N, de(d—f*—f")

+ +
Cp ep Ri'
P
Valence band
probabilities Concentrations Current flows

Fig. B1: Scheme for calculating charge and spin recombimatiorrents

Defining ¢, and oy, as the cross sections for electron and hole reguatibn at traps, and,

andy, as the electron and hole velocities, one has
¢t =ov,nNaefL-(f+ ) (B.1)

e =c N;def” (B.2)

At equilibrium, one has

_ 1
~1+exp[E, —E.)/KT]

fr+f =1, (B.3)

n, +n; =n, = N, exp[E. — E; /kT] (B.4)
where E. is the Fermi energ¥;, is the energy of the traps am. is the reduced density of

states in the conduction band. Sirgiet+ e, =c, +c, we obtain

134R. A. Smith, Semiconductors, Second Edition, CialgdiUniversity Press, Cambridge, 1978.
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c, =ov,n(1-f,) f, =o,v.n, (B.5)
where

ne = N, exp[E. — E;)/KT] (B.6)
In the same way, one has

c, =o,V,N df* (B.7)

et =V, p N & [L-(f"+ ) (B.8)

where, in the same way as in Eg. (B.6),

Ps = N, exp[E; - E,)/KT] (B.9)
The total frequencies of recombination events arengby

R'=c’ -€e = JnvnNTds{[l—(f T+ f‘)Jnj - ftnts} (B.10)

RS =c, —€] :UpvaTa'é{f*pS—[l—(f++f‘)pts} (B.11)

The expressions of * and f~ are finally obtained by writing, in steady statiee

conservation of charge and spin currents

[RI +R;1=[R; +R] (B.12)

[RJ—RJ]-[R;—R;]—NTTfE(f*—f‘):o (B.13)

whereT, is the spin relaxation time of electrons at swefeentres. One finds

+ _
anvn (ns + ns )+ Upr pts

— (B.14)
Upr ( ps + pts) + anvn (ns + ns + nts)

fr+f =

o, loun ool -n)-loyn roun oo

fr—f" =
Upvp ps +1/ TlS Upr( ps + pts) + Unvn (n; + ns_ + nts)

+ _
JnVanVp[(nS N )ps — N pts]
" -
Jpvp(ps + pts) + Jnvn (ns + ns + nts)

R +R, =R +R; = (B.16)

After integration over surface states situated betwthe hole and electron quasi
Fermi levels at the surface, and taking accountgf, = n*> wheren is the intrinsic electron
concentration, Eq. (B.16) gives the usual Steveis®yes expression for the surface
recombination velocity®®> The expressions foR} -R; and R; -R_ are not given here

since they will not be used. Eq. (B.14-B.16) cansheplified by assuming, as is generally

performed® that

135C. H. Henry, R. A. Logan, and F. R. Merritt, J pAfPhys 49, 3530 , (1978)
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-
nts << (nS + nS )
P << P,

.
OV, P <<O,V, (nS +n, )

One finds, usingP, = ni BELE ol :
nS + nS nS
Ry +R; =R; +R; =0,v,[n.p, - n’
fr+f =1
oV
f+ —f- p pps + O-nvnnts (1_ Ps)

- oV, P +1TS ° o, p +1/TE
Assuming finally that
OpVpPs 2> 0V, N
One finds
OV, P,
oV, P TS °

fr—f=
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Appendix C: Values of parameters used in the calculations

C.1 Diffusion constant, diffusion length, surfaeeambination and diffusion velocity
The electron mobilityue is found from Ref. (136). The diffusion constanti®
obtained using the Einstein relation. The bulk tetet lifetime t is found using Ref. (137).
We then obtain the diffusion length= VD7 . The surface recombination velocity has been

estimated in Ref. (138) and is of the order of tthrermal velocity 1® m/sec. The values of

these quantities for several acceptor doping leNgkre given in Table C.1 below.

Doping Mobility e Diffusion Electron Diffusion | Surface

level Ny (m?/Vsec) constant D lifetime ¢ length L | recombination
(m3) (m?/sec) (nsec) (Lm) velocity (m/s)
107 0.3 75 x10 19 11.9 5x10

107 0.15 37 x10 2.6 3.1 7x10

107 0.1 25 x10° 0.6 1.2 10

Table C.1 Values of bulk parameters for GaAs as a functibdoping level.

From these values and using a film thicknesd ef3um, we calculate a diffusion

velocityv,, given by Eq. (A.15) of 1.6 x 2@n/sec foN, =107 m”,

C.2 Density and distribution of midgap surface esat
The energy dependend2(A¢ of)the density of surface states will be approxedat
by a Gaussian profile of width; estimated to 0.20 e¥?? A parabolic shape will be taken in
order to model the tails of the conduction and vedeband densities of states. The resulting
normalised shape is shown in Fig .C1. The dendityudface states at midgal,; (Das
been found of several 1@V 'm? or larger than eV 'm?2.%°1%° The analysis in Chapters

4 and 5 will us&N, (0§6x10°%eV'm?,

136 3. R. Lowney and H. S. Bennett, J. Appl. PB9s7102 (1991)
137R. J. Nelson and R. G. Sobers, Appl. PA9s6103 (1978)
1384 Ito, and T. Ishibashi, Jpn. J. Appl. Phg8, 88 (1994)

1396 Karatay, ands. Altindal, Mat. Sci and End 122, 133 (2005)
M0E W. Kreutz, Phys. Stat. SB6, 687 (1979)
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Fig C.1: Shape of the density of surface states takereimitdels.

C.3 Work functions (gold, cobalt, cobalt covereddsy, GaAs)

The work functions for clean gold and cobalt scefaare 5.1 eV and 5 eV.

Adsorption of carbon monoxide on Co is known tor@ase the work function to
about 6 eVA*

The affinity of GaAs depends on the surface siorletry and chemistry. We shall
take a standard value of 4 eV.

Note that the work function or conduction bandipas as well as the effective mass
crucially depend on the presence or absence offfacsuoxide**?> which can modify the
values of the work function. However, the calcufateirrents depend on the square root of

the work function and should not be strongly akeldby this uncertainty.

C.4 Value of By

No is given by Eq. (A.14). Taking an absorption ciméght o =10°cm™, an excitation
light power of 5mW focussed to a diameter of 20jand using the above values of diffusion
length and surface recombination velocity far=10"° cmi®, we findNy= 2x1?m™,

C.5 Other parameters

The dielectric constant of GaAs is equal to 12. Thaéulated saturation current
J, = A'T?exp(¢,/kT)using the average effective mass of holes in Gan$Hx10°

A/m2 143

1413 Ishi, Y. Ohno and B. Vuswanathan, Surf16&j 349 (1985)
1427 s, Lay, M. Hong, J. Kwo, J. P. Mannaerts, WHHng, D. J. Huang Sol. State Electrei®, 1679 (2001)
13E. H. Rhoderick “Metal-semiconductor contacts ‘a@ndon (Oxford) 1978.
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