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Abstract 

This thesis is devoted to the studies of self-assembled InAs quantum dots (qD) by low­

temperature Atomic Force Microscopy (AFM) in freqllency lllodulation lllode. Several 

spectroscopie lllethods are developed to investigate single clectron chm'ging from a 

two-dilllensionai clectron gas (2DEG) to an individuaJ InAs QD. Furtlwl'luOl'e, a new 

technique to measure the absolllte tip-sample capacitance is also delllollstmted. The 

main observables are the electrostatic force between the llletal-eoatcd AFM tip and 

salllpic as weIl as the sample-induced energy dissipation, and therefore no tlll111eling 

current has to be collected at the AFM tip. 

Measurements were perfonned by recording simultaneollsly the shift ill the reso­

nant freqllency and the Q-factor degmdation of the osciIlating cantilever (~ither as a 

fllnction of tip-sample voltage or distance. The signature of single dœtroll chmgillg 

was cletected as an abrupt change in the freqllency shift as weIl as correspcmding 

peaks in the dü;sipation. The main experimental features in the foree agrœ weIl with 

the semi-dassical theory of Coulomb blockade by considering the fre(~ encrgy of the 

system. The observed dissipation peaks can be understood as a ba.ck-action cffcct on 

the oscillating cantilever beam due to the fluctuation in time of dectrons tlllllwling 

back and forth between the 2DEG and the QD. 

It was also possible to extract the absolute value of the tip-salllple capacitancc, 

as a consequence of the spectroscopic analysis of the electrostic force a.s iL function 

of tip-sample distance for different values of the applied voltage. At the Sallle tillle, 

the contact potential difference and the residual llon-capacitivü forœ could also lw 

determined as a, function of tip-sample distance. 

Xll 



Résumé 

Cette tMse a pour objet l'étude de boites quantiques (BQ) auto-assemblées d'InAs 

pm la technique de Microscopie à Force Atomique (AFM) à basse tcmperatme et 

dans le mode de modulation de fréquence. Différentes méthodes de spectroscopie 

sont développées dans le but d'étudier l'effet de chargement par lUl électron unique 

d'une BQ individuelle à partir d'un gaz d'électron bi-dillwnsiond. Les principaks 

observables sont d'unc part la force électrostatique entre la pointe AFM lll{tallis{~c et 

l'échantillon, et d'autre part l'énergie dissipée induite par l'{~ehantillon. 

Les mesures sont effectuées en enregistrant simultanément le d{~calage de la fr(~quenœ 

de résonance et la dégradation du facteur de qualité d'une p()utn~ oscillante cn f<lllction 

soit de la différence de potentiel, soit de la distance pointe-échantillon. La signatun~ 

du chm"gement d'ml électron unique est détectée COllllne un changement soudain du 

décalage en fréquence ainsi que par un pic correspondant de dissipation. De telles 

caractéristiques expérimentales observées dans la force sont en accord avec la th(~orie 

semi-claBsique du blocage de Coulomb en considérant l'{~nergie libre du systhlle. Les 

pics de dissipation observés peuvent être compris conmw un (~ffd d(~ rétro-action sur 

la pointe AFM, dont l'origine est la fluctuation dans le telllps du chargement pm (~ffet 

tunnel des électrons entre la BQ et le gaz d'électron bi-dinwnsiond. 

Il fut également possible d'extraire la valeur absolue de la capacit{~ pointe-ôdw.lltilloll, 

connue conséquence de l'analyse spéctroscopique de la forœ électrostatique en fOliC­

tion de la distance pointe-échantillon pour différent potentiel appliquô. La diff(;n~IlCC 

de potentiel de contact et la force résiduelle purent aussi ltre détcrlllill{~c en fonctioll 

de la distance. 
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Statement of Originality 

The author daims the following aspects of the thesis constitutc original SdlOl<U'ship 

and an advancement of knowledge. So far, one of these findings has bccn publislwd. 

• The proeessing of several frequency-shift versus distance curves for diffcrcnt ap­

plied bias voltage enables the determination of the absolute tip-sa.lllplc capaci­

tance as weIl as the contact potential diffcrence and the residual non-capacitivc 

force as a funetion of tip-sample distance. [R. Stomp, y. Miyahara, D. Wcincr 

and P. Grutter, submitted to Appl. Phys. Lett.] 

• The deteetion of a single electron charging event from a 2-dilllcnsional elcetron 

gas to a self-assembled quantum dot at liquid Helium tClllpcratme has bœn 

experilllentally observed through the measurement of the freqllclH:y shift versus 

voltage curve, also called Electrostatic Force Spectroscopy. Each dmrging evcnt 

is demonstrated by an abrupt change in the resonance frequency of the oscil­

lating AFM cantilever. [R. Stomp, y. Miyahara, S. Schaer, Q. Sun, H. Guo, P. 

Grutter, S. Studenikin, P. Poole, A. Sachrajda, Phys. Re/!. Lett., 94, 05G802 

(2005)] 

• Highly non-linear tenns in the force such as a step funetion can btd to dit:' 

ferent behaviors in the frequency shift of the cantilever depcnding on tlw tip­

amplitude. 

• The cxpcrimclltal observation of energy dissipation peaks corrdatcd with the 

chm-ging of an individual quantum dot at liquid Helium tClllperaturc was itdlicvcd. 

Sueh peaks eould be explained as originating from the fiuctuation in tillW of thc 

interaction force due 1,0 the stochastic nature of electron tlllllleling in and out 
of the QD. [in preparation] 
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Single electron charging and tunneling are two fundamcntal plwllollwna that gov(~rn 

the transport properties of a wide range of llanosca.le systems from artincially connlwd 

nanostructures such as quantum dots down to sillgle atoms and llloleculcs. Tlw last 

two decades or so have seen a tremendous rise in the ability to control dcctron trallS­

port in mesoscopÏC or low dimensional systems [4, 5] thanks in part to the advanccd 

development of epitaxial growth techniques of semiconductor hcterostrncturcs, which 

can pro duce atolllically smooth interfaces to confine electrons in onc, two or tlm~c 

dimensions. In particular, research CHl scmiconductor quantum dots (QD) cxhibiting 

quantum effects [6] suggest to use them as building bloeks for quantum information 

processes seheme by either using the electron-spin [7] or any dectron statc in the dot 

as ca,rrier of quantum information to obtain what is caIlcd a quantum bit (or quhit) 

[8, 9]. These quantum dots are lithographically defined by lllicrofabrieated dectrodcs 

drawn on top of a 2-dimensional electron gas (2DEG), and therdore exhibits ratlwr 

large dimensions (100 mIl or laI"ger). 

On the other hand, much less work has been performcd on the transport propcr­

tics of self-assembled quantum, dots (SAQD). The main challcnge in the expcrilllcntal 

investigation of such dots lies in the ability to probe thClll indivùiually, bœa.llsc of 

their sm aIl size and random distribution on a salllple surface, which makcs it diffi­

cult to draw sub-micron electrodes close to them. In that respect, Atomic Force 

1 
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Microscopy (AFM) can prove to be not only a valuable tool to illlage individllal 

QD, but also a local movable gate and a local electrometer to dctect chmge down 

to a single electron. This is the main goal of this thesis, which cOllsists in bringing 

together the now mature technique of scanning probe microscopy witll the clllerging 

field of self-assembled quantum systems. 

In this introductory chapter, an overview of quantum dots properti(~s and applica­

tions will be flrst given, followed by a review of some recent advauccs in probing the 

transport properties of sucll dots by several techniques. Lastly, tlw lllotivation and 

originality of using atomic force microscopy for perfonnillg spectroscopie mmlysis will 

be put into context. 

1.1 Overview of QuantuIIl Dot Physics 

U ~mal bulk materials exhibit transport properties that can be uuderstood iu tenus 

of macroscopic or statistical quantities, as weU as from thc periodicity of the lattiœ. 

In this case, the actual size and geolIletry of the samplc docs not r<~aUy matter: it is 

assumcd inflnite in aU dimensions. On the otht'r hand, man-made nanostructures such 

as two-dimensional electron gas (2DEG), nanowires and quantum dots (QD) have in 

eommon that at lcast one of thcir dimensions become comparable (or snmller) in sizc 

to the Fermi wavelength of the electrons in the dot so that it is no long(~r possible 

to negleet sorne quantum meehanical effects. In sueh a case, the wav(~-likc nature 

of partides becomes illcreasingly relevant, and coherent transport b(~COlllCS a more 

appropria.te description of low-dirnentional systems. This is the dOlllaill of nlC~oscopic 

physics where qualltities sucll as conductance or resistallcc are quantized aud eucrgy 

levels a.re ciiserete. 

A QD is au excellent example of a mesoscopic system, sin ce electrous a.re coufilwd 

III aU three dimensions. QDs are therefore ofteu referred to a.s a. zcro-dilllcusiollaJ 

objects. Theil' a.ctual sizes cau range from several augstroms to a. knth of a lllicron, 
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which determines an important QD parameter, narllely the capacitancc, C, hetwe(~n 

the dot and its environlllent (e.g. especially the leads). At this scale, the capa.citanœs 

encountered are so small that the energy required to charge a structure with eveu a 

single electron is such that e2 /2C > > kT ha.s to be always satisfied. Tlwrdore, 

dcpending on the temperature and th<c) g<c~(mwtrical Si7;(~ of the dot and tlw kads, 

charge transfer into and out of the structure ean be inhihited by this Ïlwquality, 

whieh is known as Coulomb bloekade. The 3D confining pot(~ntial present in a QD 

is also responsihle for allowing electrons only on discrete energy lcvds and lllauy 

physical properties, sueh as the splitting of energy levels lllHler electric and lllagnctic 

fields, spin-orbit coupling, and so on are conceptually similar to those which can he 

found in ordinary atoms, that 's why QDs are abo often ca.lled "artificial atoIlls" [10]. 

In terms of their applications, QDs seem very prolllising since thcir optical nud 

electronic properties can be tailored in lllany different ways by changing their size or 

the material from which they are made. A non-exhaustive list of a.pplications already 

implemented or being pursued is: more efficient lasers with lowcr thrcshold cunent 

[11, 12, 13], single photon source [14, 15], logic and lllclllory deviœs [16], and solid 

state quantum cOlllputing [9]. Sueh a variety of applications is also rcftected iu the 

fabrication of QDs themselves, where both a top-clown or a bottOlll-UP app1"Oach arc 

explored, which pro duce different types of QD for different kiwIs of applications. The 

top-down approach consists of drawing sub-micrOll dectrodes ou top of a 2DEG so 

that the eleetrostatic potelltial applied to the dectrodes COUfilW electrons uudcl1lcath. 

Suell QD are lithograpllieally defined, where clectrolls are confincd latcrally, in tlw 

plane of the 2DEG. These QD structures, often referred to as Lateral qD, have the 

advautage of heillg quite easily scalahlc 1111(1 permit a large lllUllbcr of clcdrodc:-; j,o 

change precisely the eleetrostatic enviromnent of the dot. Thc drawback is that the 

overall dot size is rather big, at least 100mn, beeause of the siz() of the clcctrodcs, 

therefore the charging energy is slIlall with respect to the therlIlal cuergy, which llwallS 
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that typical experiments have to be carried out in the sub-kelvin tclllpcraturc l'augc. 

In order to achieve higher tcmperatures or even room-temperaturc quantum dot 

devices, the self-assembled (or bottom-up) approach is often prdŒT(~d since it cau 

more easily reduce the dimension of QDs down to a few nanOllleters or less, which 

means a lar·ger chargiug energy. Several self-assembling methoels arc bciug explorcd, 

which can be categorized into either colloidal and nanocrystaJ quantum dots on the 

one hanel or scmiconductor quantum dots on the other. The first cat<~gory of self­

assembling methoel can produce very small dots, su ch as CdSc nanocrysta.ls [17], Au­

llletai nanopmticles, for instance, which can exhibit a very Imge dmrgiug cncrgy as 

weIl as photoluminescence a.nd optical propcrties. Such techniques arc mostly found 

in chemistry labs, and these lllethods have already been passed on to the illdustry 

which can now propose a commercial variety of nanoparticulc QDs [18]. Tlw secoud 

category of self-assembled QDs cornes mainly from physics labs that work on the 

growth of scmiconductors in Ultra-Righ Vacuum (URV) conditions. The advantagc 

of using scmiconductor material is that it can be easily integrated with sonle otller 

semiconductor devices, and beca.use the Fermi wavelength, which d(~pcuds ou the 

carrier density, is rather large in serniconductor comparwl to metal, it is possihle to 

work with intermediate size dot (about 40 llln) in contrast to both very small llletai 

uanocrystal and the large lithographycally-defincd QD. The rnethod ofproduCÎug such 

self ... assembled QDs can be achieved with different epitaxial growth techuiques, where 

atomic layers of rnaterial can be added one by one. For the pm'pose of our discussion, 

we will deseribe here the fabrication of samples illvestigated in this thesis. This 

current method relies on the accumulation/relaxation of elastic cnergy withiu a thiu, 

two-dimcnsional layer havillg a slllaU lattice mis match with t.he lUlderlyiug laLticc. 

Above a critical thicklless, the 2D layer (or wetting layer) lwcomcs llnstahle and tlw 

nucleation of three-dimensionaJ, coherently strained islands spontaneously fonn from 

the wetting layer. In this way, the who le wafcr surface is ullifonnly covered by qD, 
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whose overall size and distribution can vary dependillg on the growth parametcrs [19]. 

(a) Coulomb blockade 

(c) Conductance peak 
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Figure 1.1: Coulomb osc:illations in a quantum dot in the linear regime. (Il,) Current is blockaded 
when no level in the quantum dot is aligned with respect to the differellce of potential VII. (il) 
Equivalent circuit representation of the double barrier junctioll, with an effective tllllrwling reHistallce 
and c:apac:itanc:e. (c) \Vhen a QD energy level sits betweell the differellec of potential of the two 
leads, a constant flow of electrons c:an tunnel in and out of the dot but only one at a tillle: each 
time an clec:tron tunllels on the dot the charging energy has to be overCOllle. Adapt(:d from [5]. 

The lllOst cornmon and straightforward way to study the tra.nsport propcrtics of 

QDs or any nallostmcturü, consists in rneasuring their conductance. Unlih~ hulk 

systems, conductance is restricted to some special conditions illlposed by the dot sizc 

and geometry. Figure 1.1 illustrates schematically the physical pictnre of Coulomb 

oscillations, that is the succession of conductance peaks scparatcd hy dOlllains wlwrc 

no CUITent fiows (see figure 1.2 for <111 experimental 1 - V cmvc). Expcülllcnl.ally, \'wo 

lcads have to be attached to the QD via tunnel barriers as dcpictcd on figure 1.1 (h). 

If the source-drain bias VB lies between the Coulomb blockade gap no cnrr<~nt cau 

flow: figure 1.1 (a). As voltage is ramped up, electrostatic ellergy huilds up uutil it 
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l'eaches the value b.E + e2 / C for which one and only one electron can tunnel iu t'rom 

the source to the dot, now changing the dot electrostatic energy and dectrodwlllica.l 

potential J1, l'rom J1,dot (N) to J1,dot (N + 1), so that we can define tlw addition encrgy 

(energy reqllired to add an electron to the QD) as: 

(1.1 ) 

where b.E corresponds to the energy level spacing in the QD and e2 
/ C is called the 

charging encrgy. Whcn an electron has tunneled in, the dot's electrostatic eIwrgy 

sllddenly changes by e2 
/ C, and the electron in the highest occupied statc is able to 

tunnel off to the drain, leaving again the dot in the state jJ'dot( N) so that anotlwr 

eleetron l'rom the source can tunnel iu. This repeated pro cess p(~rmits one to collect 

enough tlll111eling electrons so that a conductance peak is observed. Figure 1.2 is 

an example of an experilllental spectrulll obtailled for such a configuration on a self-

assembled QD. This simple picture of a two probe measurelllent can he further refined 

by introducing a gate voltage that can change the dot encrgy through dectrostatic 

coupling and therefore shift QD energy levels with respect to tll(' source-drain hias. 

Due to tlwir very slllall size, the challenge of cllaracterizing and using the properties 

of self-assembled QDs consists mainly in having direct access to just a single one of 

thelll so as to locally lllodify its environment by external fields. This was the main 

Illotivation for this work wherein the use of AFM is considered a key tcdmiquc. The 

next sections will therefore expose briefiy the state-of-the-art techniques us cd S() far 

for investigating QD and the motivations for using the AFM as a SP(~ctrosc()pic tool 

in the electrostatic regime. 

1.2 Recent Advances in Charge Detection 

In the literature, the majority of transport experilllellts on quantulll dots have bccn 

performed on lateral QD, i.e. built from a top-down approach, and scveral good rc-
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Figure 1.2: Scanning Tunneling Spectroscopy of single InAs nalloeryst.al quantulll dot on gold :mb­
st.rat.e. The t.llnneliug barrier between the nanocrystal and gold is prodllccd by a sdf-asscmbled 
monolayer of Di-Thio!. Adapt.ed from referenee Banin et al [1] 

vicws can be found [Hl, 20]. Research on self-asscmbled dots, i.e. built by ct bottOlll-Up 

approach, because it is quite ncw, has focuscd mainly on the growiug techniques to 

produce them so as to tailor thcir optical and clectronic properti<~s for varions applica­

tions. Charaterisation of SAQD is donc mainly by optical spcctroscopy or transport 

properties on a large ensemble of sucb dots. Berc wc would like to focus ou the 

shift t'rOlIl a dot-cnscmble eharacterisation to an individual SAQD chamctcrisat,ioll. 

It will nonetheless be very instructive to comment on very reœut and astonishing 

results obtained on lateral QD, sinee su eh an achievement should one day be applied 

to SAQD. 
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In regard to transport cxperirnents on SAQD, original work was perforlllcd by 

using capacitance spectroscopy, i.e. rccording capacitancc versus voltag(~ curvcs (C -

V spectra), to directly probe energy levels, charging encrgy, and elœtron-electron 

interaction [21, 22] in a lm'ge ensemble of QDs. This technique is very usdul wlwn 

the charging energy is important or of the same order of magnitude as the cnergy 

level spacing, since by being sensitive to a capacitance change, one lias dirœt acœss 

to the charge pel' unit voltage. Another great advantage of this tedllliquc is tlmt 

it is not more cOlllplicated to perform a rnagnetotransport expcrilllcnt by applying 

a magnetic field [23], or study the dynarnics of electron tunneling by varying the 

applied bias frequency [24]. The main drawback of this techniquc is that it avmagcs 

thc signal over a large ensemble of QD due to the rnacroscopic sizc of the dectrodcs. 

That is why in the recent past the suceess of C - V spectroscopy crcatcd the nccd to 

carry out transport mcasurelllents on individual SAQD to get a bctter lllHlerstanding 

of, and more control over the electronic state in such a dcvice. Due to its lligh 

vcrsatility, SPM has often been preferred for performing spectroscopy of individnal 

nanostructures. In particulm", Scanning Tunneling Spectroscopy (STS) cllables the 

llleasurelllent of tunneling CUITent fiowing in the double bmTier tunllcling junctioll 

(DBT.J) fOl'lned by the tip, sorne nanostructures, and the back electrodc, which was 

aJready presented schematically in figure 1.1 (b ). A typical exalllpk of all l - V 

characteristic obtained for such a configuration on an IllAs nanocrystal is In'()Scllted 

in figure 1.2 and clear features can be observed which give valuable information Oll 

the charging cnergy and cnergy levels of an individuaJ llanocrystal [1, 25]. Snch direct 

transport measurcmellts can thcrefore reveal many propcrties of any devicc ill-betwCCll 

the DDT'}, CVCll wavc fum:tioll mappillg [26], but arc still lilllitcd to snbstratcs with 

adeqllate conductivity. 

A more direct and intuitive solution, but quite challenging ill practicc, to carry 

out transport measurement on individual SAQD, is to fabricate nanolithogmphically-
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Figure 1.:1: (A to II) Evolution of SGM fel1tures with tip voltage. III 1111 image", datüwd lille" "how 
the location of the nanotube and contacts. Concentric rings arc secn as electrons are removed frol!l 
the dot as the tip approaches. (1) Charge occupancy of dot inferred from image nt Vtip = ISO mV. 
The tip can either increase or decrease the occupancy of the dot, depellding on its pm;itioll, as it 
screens the dot from its eledrostatic environment. Adapted from Woods ide and McElwn [2]. 
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defined clectrodes on the sample with the possibility of having SOllW dots lyiug in 

between them. Such achievement was reported very recelltly by Jung at al on InAs 

SAQD, who could observe Coulomb blockade oscillation in a lat(~ral transport con­

figuration [27]. This technique is however not suited for measurenwnts on a routinc 

basis as it requires intensive nanofabrication time, particularly if one ailllS to gatlwr 

statistical information on the transport properties for different dot sizes and distrib­

utions. From a different perspective, the ability to perfonn transport nwasurcments 

witll such clectrodes can be further refined by bringing a slllall tip frolll a SCalllling 

Probe Microscope (SPM) in order to build a tluee-probes measmenwnt silllilar to a 

transistor. In this case, it becomes possible to image directly qua.ntum plWllOlllCnit 

sucll as Coulomb blockade oscillations around a QD [2, 28], when~ tlw SPM tip acts 

as ft local gate, locally rnodifying the dot electrostatic envirolllucnt, hellce thc naUle 

of Seanning Gate Microscopy (SGM). The reslllt obtained Oll a carboll llallotube 

eontacted at both end by an electrode is illustrated in figure 1.3. Thesc rather spec­

tacular results obtained by su ch rnethods rely nOlletheless very lllllCh on the ahility 

to fabrieate sub-micron electrodes, which can be a severe limitation, (~specially whcu 

the method is used ou self-assernbled nanostructures where tlwre is uo l'cal coutrol 

over where the structures of illterest will grow with respect to the buis. Moreover, 

the cOllpling between the le ad and a single molecule or uanostrncture is far from 

trivial, since at this seale the leads themselves can have SOIlle coruplicat(~d quantum 

behaviolll" as some recent work has reported [29]. From this point of view, it would 

be interesting to study the effect of the leads independelltly so as to scpamtcly study 

their effect on the SAQD. 

Turning now to some recent adlievemellts on LatemL CJD, we would likc to addrcss 

the issue of single-shot read out of electron tunneling in a QD. Apmt from the illtcrcst 

of electroll dynamics, the importance of single-shot read out techniques [JO, 7] should 

enable ultimately the realization of qubit readout [8, 9], a nccessary prelilllillmy step 
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towards building solid-state quantum computers. 

So far and at large, most experilllcntai set-ups rely on llleasuring a CUITe ut that 

fiows directly through the nanostructure to deduce its properties by CUlTcut-voltage 

characteristics. This is referred to as a traditioual transport experÏlllcut. Such a tech­

nique offers many advantages but no real control over a single clectron can be achicwd 

sinee the measured current always corresponds to a statistical avcra.gc of the chmgc 

ov(~r time, and the tunneling CUITent collected in such experillwuts typically corrc­

sponds to 1010 electrons to obtain a current of 1 pA in one secoud (typical tiuw llsed 

to record an I -V curve for instance). Therefore, if one wauts to follow thc dyu<l.lllics 

of electrons in such a device, or the state of one electron iu particulm, expcrÏllwuts 

havc to be designcd with ac-current in the GH~ regillle aud a very largc llleasurelllcnt 

bandwidth [30]. Some complementary approaches can also be impleulCnted for dc­

tectiug single charge, which cousists in using a Quantum Point Contact (QPC) or a 

Single Electron Transistor (SET) in the close proximity of a QD deviec and probiug 

the duU'ge state through its electrostatic coupling with tlw QPC or SET. A QPC 

is quite easy to build since it only consists of a slllall geollletricai coustriction that 

allows only discrete values, llluitiples of the quantum of conducta.llœ: Go = 2e2 
/ h, 

in the direction of the constricted channel. The SET on the otlwr hand is slightly 

more complicated sinee it is a three-probes measllrcmcnt, like a normal trausistor, 

but for which the channel region is made of a slllall conductivc isla.lld clllbcddcd in 

an insulator region between the source and the drain. 

Very recently, singk-shot read-out of spin qubits via spin to charge conversion, 

that is, charge in the dot remains constant ouly for spin-Hp state and ch auges by 

ont~ for spin-down state, was first observed at the Delft University of Tcdmology [7]. 

In this case, the ability to mensure the presence or abscnce of a single clectron was 

crucial. The average value over many single eleetron events would average ont the 

spin information. Figure 1.4 illustrates the experilllcntai details of the deviœ wlwn~ 
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Figure 1.4: Srannillg electl'oll micrograph of a lateral QD and example of a Quant.ulIl Point Contact 
as a ehal'gt) detectol' to probe the QD charging state. The QD is rt)prescuted sclwmatically as 
the dash eil'cle. Note the constl'iction defined between electrodes TI and Q that cl'cates the QPC. 
Adapted from Eherman et al [7] 

the QPC is defined between electrodes Rand Q and serves as a charge dctcctor. 

If the amount of charge present in the dot changes, then the electrostatic potential 

of electrode R also changes, thus modifying the constriction dcfining the QPC and 

therefore the CUlTent J. In this case, and contrary to conventional transport lllea­

sure ment , no CUlTent directly fiows iuside the QD but ollly on the side to uwasure 

the value of the QPC that is capacitively coupled to gate R. Even though this thesis 

will not deal with QPC and lithographically defined QD, snch work dOlW on latcral 

QD sets a good background to highlight the ailll behind this work: to use the dec­

trostatic coupling between an AFM tip and a SAQD in order to probe the charge 

state of the dot. Such a configuration will offer new advantages, since in this casc, 

the probing tool is mobile and the electrostatic coupling ca.u be dmuged al, will by 

simply changing the tip-sample distauce. On the otller haud, illlprOV()lllcllt toward 

higher resonance frequency cantilever [31, 32, 33] will be neeessmy if OlW is to f()(1ch 

single-shot measurement. 
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1.3 AFM as a Spectroscopie Tool 

Not many years after the invention of the Scanning TUlllWliug Microscope (STM), 

I3innig et al [34] applied the same princip le to image a surf~tC(~ with a very slllall tip 

attached to a flexible cantilever sensitive to various kiwis of forces. This gav(~ rise 

to the large family of Scanning Force Microscopes whose domaill of applicatiolls a.n~ 

almost ubiquitous in the field of surface science. 

The advantage of AFM is that not only can Olle image the topography of the 

slll'face, with the ultimate resolution of imaging real-space atollls OIl llOll-COllductillg 

surfaces [35], but very interestingly, one can also make aIl killds of foree illmges 

(clectrostatic, maglletic, etc.) that give other relevant information about the salllple 

properties apart from its topography. This is the prilllary goal of AFM: to record illl­

ages of a surface at various conditions and with different choiœs of operation lllodes. 

A second use of AFM for sample characterisation is to perfOl'lll force spectroscopies 

on a very local seale. Several spectra are obtained by sweeping either the tip-sampk 

distance z, or the tip-salllple voltage V, for a given and fixed x - y position ahovc the 

sample. Applied to semiconduetor surfaces, Electrostatic Force Mieroscopy (EFM) 

has been used for electrieal imaging and characterisation using a cOllductivc tip. Dif­

ferent modes of EFM are Kelvin Probe Force Microscopy (KPFM) [36], Scannillg Ca­

pacitallee Microscopy (SCM) [37, 38], and Scanlling Spreadillg Resistance Microscopy 

(SSR.M) [39]. In eaeh case, the goal is to Illap a particlliar ekctric property of tlw 

salllple frolll the llleasured electrostatic force, snch as the cOlltact potential differ­

ence, the change in sample capacitance or the carrier distribution in a semÏcolHlllctor 

device. 

It is also possible to use the AFM tip in a more invasive wa;y to directly illjcct 

charges by either applying a voltage pulse oetwccn the AFM tip and the salllple at 

very close tip-sample separation (below 5 lllU) [40] or by a direct contact dcctrificatioll 
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[41]. Detection of the amount of charge deposited cau be clone by deetrostatic force 

imaging or by monitoring either the amplitude [42] or frequeney [43] of the cantilewr 

response at a given height. Original investigation on carrier injection and recolllbina­

tion was perfonned by Schoenenberger and Alvarado [44], followed by several works 

on charge injection for Co nanoelusters on an insulator [45], Si02 insulator surfaces 

[46], an isolated met allie dot attached to the apex of an AFM tip [47, 42] and in 

individual silicon nanoparticles [48]. The study of the killetic roughcnillg of charge 

spreading was also reported in a silicon nanocrystal network [49]. Tlwse works have 

cncouraged research toward the ultimate goal of detecting a single deetron. Reccntly, 

the observation of single-electron tunneling events between a metal prohc and tlw 10-

calil':ed states of an insulator surface was achieved in URV at rOOlll temperaturc [43]. 

Electrostatic force spectroscopy has also been applied to dttect ncar-surfacc localil':cd 

states [50]. 

So far, the techniques described above still lack appropriate control and rcpro­

ducibility if one aims at single eleetron manipulation as was achicve for exalllple ill 

the previous section on single shot read out with lateral QD. One lleccssary n~qllire­

lllent will be to use the AFM tip as both a local gate a.nd a.n dectrollleter so as to 

inject and detect a single electron on demand. Moreover a. weakly disturbing nwa­

suring scheme has to be thought of in order to detect tlw presence or abscllcc of 

an electroll in confined structures, even more so when the ailll is to r(~ad-out tlwir 

quantum information. In su ch a case, the detection of a single charge throllgh a weak 

eapacitive coupling made between the AFM tip and the SAQD ea.n prove to he an 

important st cp toward that goal. Electrostatic force speetroseopy with a conductive 

AFM tip will be our main tool to detect single electwn dmrgillg in individual sdf­

assembled quantum dot. The QD will be gated by applying a voltage bctwecn the 

tip and a buried back electrode. The basic idea behind this approach is to try to 

combine the capability and achievemcnts of capacitance speetroscopy with the high 
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spadal resolution of AFM. 

1.4 Outline 

The rest of this thesis will present research into the local dcctronic propcrties of 

SAQD using Atomic Force Microscopy and conœntrate on Hw ddection of singk 

charge events using simultaneously electrostatic force and dissipa.tion information. 

The structure of this thesis is described as fôllows: au overall review of the oper­

ation of the AFM in the non-contact mode and at liquid hdium temperature will 

be presented in chapter 2, while chapter 3 will review the spectroscopie llldhods to 

investigate tip-sample interaction and as a consequence will expose a llew lllethod of 

determining absolute tip-sample capacitance. These chapters should set the appro­

priate background for the final and most important chapters. Clmpter 4 and 5 will 

present the main experimental results of Coulomb blockade in quantum dots as well 

as the dissipative pro cesses occurring between a single elcctron and a mcchanical os­

cillator. Finally, chapt el' 6 will conclude and give a brief outline of the open questions 

and possible directions for future work. 



2 

Review of Low Temperature Non-Contact AFM 

Conducting cxperiments at low-temperature, below 5K, offers mally advalltagcs ns 

weIl as challenges. For instance, one can improve substantially the signal-to-noise 

ratio of the instrumentation and its overall stability. But lllost illlportalltly, in the 

pmticular field of man-made llanostructures, lowering the tt~lllpemture "Iso llwans 

redueing the thermal noise to a level for which quantum plwnoUlenn can he observed. 

This last aspect has been fostering home-built, and improving cxistillg cOlllllwrcial 

AFMs around the world with different applications in view. As a matter of fact, the 

AFM used for this study has already been used successfuIly for illlagillg lllagllctic 

vortices and the reader is referred to the articles [51, 52] and Ph.D. tlwsis of Mark 

Roseman [53] for a detailed description of the construction of such an AFM. lu this 

chapter, fonlS will be made on the changes and illlprovements of the existing AFM. 

Furtherlllore, a review of the theoretical description of the AF1VI, in the lloncontact 

mode as weIl as in the presence of electrostatic interactions, will he prcscllted in order 

to set up the required instrumentation background for the n~st of this thcsis. 

2.1 AFM at Cryogenie Temperature 

2.1.1 Tbe Cballenges of Low-Temperature Experiments 

Somctimes depending on the applications in view, only the salllple stage has to he 

cooled down. While this configuration offers the fiexibility of having the microscope 

16 
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rcmain at room ternperature, it often exhibits a temperatlll'C gra.dient hetwœn the 

tip and sarnple or at differcnt part of the salllple that cau actua.lly crcate nwdmnical 

instabilities as weIl as drift. This particular SPM configuration is appropriatc for 

instance for freeûng molecules so as to lirnit their thermal motion, but doesn't illlprove 

the measured signal-to-noise ratio (sinet: the measuring prohe is still suhject to rOOlll­

temperature thermal noise) and usuaIly does not agree weIl with carcful spectroscopie 

investigations. 

lu general, it is more recornmended to cool down the wholc lllicroscope wlwn, 

as will be the case in this thesis, the aim is to investigate quantum plwuollwna in 

semiconductor heterostuctures. In such case, a factor of Illllldred cau hc gaÏlwd in the 

signal-to-noise ratio of the AFM signal, because of higher valll(~ of the Q-factor and 

lower temperature of the cantilever itself and its surronndings. This illlprovcllwnt in 

the detecting signal is of great concern when very low signal has to he measurcd snch 

as the force originating from a single electroll. Moreover, the ovcraIl stahility of tlw 

microscope at low temperatllre is also very helpful to perfonn spectroscopie ana.lysis 

since the tip ha.'> to maintain its pre-set position witllOut drifting ovcr severallllÎlmtes. 

On the other !land, the cooling procedure is more chaIlellgillg and dClllanding on tlw 

microscope design. Bere is listed sorne of the problems cucountcrcd: 

• Different thermal contraction of the materials can resnlt in ullwalltcd str<~ss 

in different parts of the microscope, resultillg in misaliglllllcnt of the optical 

detcctioll system or misfllnctionmcnt of the illcrtial lllotOl'S. 

• Inaccessibility of the microscope in the eryostat as wdl as a geouwtricnJ con­

straint fixed by the Dewar tank opening. 

• A good thermal anchoring of the wires enterillg the microscope so as to lllinilllizc 

heat exchange and reach the lowest possible tcmperature dose to the cooling 

liquid (in our case 4.5K in a liquid helium envirOlllllent of 4.2K). 
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• Mcchanical and electricalnoise aI'ising from vibrational couplillg to the outside 

of the microscope, via the wires, boiling helium, acoustic noise, vibration of the 

building, etc, 

• Formation of ice and frozen nitrogen that can stick to the illcrtiallllotor for fille 

positioning and reduce the range of motion or stop the movcnwllt, 

Most of these problerlls were already weIl taken into aeeoullt by the previous Ph,D, 

student when the microscope was originally designed and assemblc<L III particlllar, 

ct good vibration-isolation beIlows l'rom which the microscope hangs rcdllœs the lllC­

chanical vibrations with the outsidE) world (with a low vertical oscillatioll reSOllallce 

frequency of 4Hz), The cylindrical symmetry of the design abo prevmlts lIlost of the 

time misalignment of the optical fiber with the cantilever and a good compensatioll 

for the shrinking of the microscope at 4,5K Nevertheless, evcn with aIl this great care, 

illlprovements are always possible, especiaIly in terms of the reliahility of l'Outine cx­

periments and the improvClllent of the signal-to-noise ratio, Therdore, a lllUllher of 

modifications and improvemcnts needed to be implemented at the beginning of this 

project and are slllllmarized as foIlows: 

1, Design and assembly of a new inertial motor for both in S'itu salllpk and opti­

cal fiber coarse positioning (see figure 2,1), Piezoelectric actuators were glued 

directly onto the main body of the microscope instead of the lllovillg lwxagoll 

that carried either the piezotube or optical fiber chuck. This cnabled optimal 

adjustement of the force applied on each actuator for optimal friction betwœll 

the saphirre plate and the alumina, and does not dqWlld on the position of 

the hexagon with respect to the saphirrc baU (where the force is applicd by 

tightelling the screws), Macor was preferred as il, lighter lllateriai (i.e. casier to 

move against gravit y) for the replacement of the existing stainlcss steel hexago­

nal piece that caITied the piezo-tube, Eaeh piezoelectrie actuator unit cOllsists 
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Figure 2.1: Sehematie drawing of the eoarsc positioning modllle. The plate that closes the modllle 
and onto whieh a foree is applied is not shown for elarity. 

of four PZT stacks (instead of two). In this case, the power devdoped by the 

six actuator units was enough to lllove the hexagon against gravit y in a rdiahle 

way. 

2. Re-cabling of the wires going inside the microscope dw,mber after passillg 

through a newly designed heat sink (see figure 2.2). This stage makes it casier 

1.0 replace or add wires in case of bad contact or short-circuit. 

3. Replacement of a 50/50 optical fiber couph~r by ft 90/10 coupler lU order 1.0 

decreasc the noise l'rom optical feedback gOillg to the laser diode. ludccd with 

sueh a coupler, the actua,l optical feedback that return inside the laser is ollly 

9% instead of 25% previously obtained. This change illlprOv(~d the signa.l-to-

noise ratio of the interferornetric signal, sin cc it was thCIl possible to carry ou\' 

the experiment with higher optical output power frcm.l the la.ser with ct similar 

value of the optical noise (rneasured by the photo-ddector, 1.0 ct valuc of 2.8 

rnVrms ) and ultimately improve the frequellcy shift signal l'rom (UI HI': 1.0 0.08 
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Figure 2.2: Upper eleetrical connectors and heat sink, which exltibits a cylindrieal symIlldry. The 
COIlIlcctor housing can accomodate up to 48 eonnector pins distributed ()ver two rows. 

Gluedin 
groove: 
lkn 

ship resistor 

Glued in groove: 
Si-diode 

(temperature sensor) 

Piezotuhe 
(glued with Macor spacer) 

Figure 2.3: Schematic drawing of the heat stage made from Copper. Sample is ghlCe! O!l top. TIlt) 
two ship rcsistors are wiree! in parallel and buried illSidc the groove with StyCllBt glue sllitable for 
low-temperature applications. The tempcrature is !llonitored with a PID controkr from Lnkeshore. 

Hz resolution in a 120 Hz bandwidth for a tip amplitude of 5 lUll. 

4. Fabrication of a samplc holder stage that can aecumtely heat the sa.lllple at rOOlll 

tcmperaturc up to 200 oC (see figure 2.3). Hcatillg is achicved by applying a 

constant voltage to two sltip rcsistors (for a more llnifonn hcatillg) eOlllwctcd 

in parallel for a resistance equivalent of 500 D. Wc observed that the illlagillg 

conditions were greatly illlproved by heatillg the sample surface al, 130 "C for !JO 

minutes so as to efficicntly evaporate the water layer. With such hcat stag(~ it 

also becomes possible to carry temperature control experiments at liqllid hdilllll 

by inserting alto 10 attenuator in the resistance path. 
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The last two points were not directly linked to the improvcment of the microscope 

reliability, but rather to the improvement of the signal-to-noise ratio, as well as to 

better imaging conditions, since in most experiments a water layer ou the surface 

forms into ice at low tcmperature and prevcnts the tip from appro(\.chillg dose enough 

to the surface (or image at a higher set-point). The amount of tillle requin~d to 

implement these modifications, even though not directly linked to the actUfd physical 

experiments, was nevertheless very fruitful for latter applications since it gav(~ the 

necessary reliability and sensitivity required to purslle the goals fixed in the Ph.D. 

degree. 

2.1.2 Principle of Operation 

A block dia,gram deseribing the main components of the cryogenie AFM is illustrat<~d 

in figure 2.4. The tip oscillations are deteeted via. an optica.l filwr that brings the 

laser beam from a photo-diode directly above the cantilever, tlms crcating a Fahry­

Perot cavity between the fiber end and the hack-coated si de of the cantilever. From 

the interference pattern, one can deduce the tip oscillation amplitude and its over­

all motion with a very good accuracy (typical z-lllotion ca.n be ddected bdow one 

angstrorn [54]). Due to its thermal motion, the AFM ca.ntilever is sdf-oscillatcd at its 

mechanical resonance frequency, and then monitored by a positive l'cedback circuit 

that includes an automatic gain controller (AGC) and a phase lock loo!l (PLL) (now 

commercially available l'rom Nanosurf [55]). The PLL measun~s the dduning of the 

original resonant l'requcncy, or frequency shift fl1, caused hy the tip-salllplc interac­

tion, while the AGC regulates the tip amplitude response so as to kccp it constant 

by monitoring the voltage applied to the excitation billlmph. This cOlltrol cllables 

the measurement of the dissipation in the cantilever oscillation simultancously with 

the frequency shift measurement flf. The tip-sample distance is lllonitorcd by the 

feedback controller and relies on the set-point givcn by the user which corrcspouds 
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Figure 2.4: Sketch of the AFM design for non-contact mode operation, and block diagram of the 
electronics. Note the two feedback loops necessary (in gray) to both regulates the hp-amplitude and 
tip-sample distance. 

to a pre-fixcd value of the frequency shift (usually few Hz). Ufmally in llOn-contact 

mode, it is preferable for the tip to always stay in the attractive regillle of the intcr-

action potential, and can be easily enhanced by applying a constant bias voltage VB , 

at !cast when the tip is first approachcd towards the sample, Whcn perfOl'lllillg force 

spectroscopies, the feedback is frozen at a constant tip-salllple distance while varying 

the applied voltage. 

2.2 Review of Dynamic Force Microscopy 

2.2.1 Versatility of Use of the AFM in Va,rious Modes 

It has now become almost impossible to keep track of aU of the names givcn to SPM 

techniques, which depend very much on the type of applications in view. However, 

aU these AFM reIated techniques share to some degree the same COllUllon platfol'lll of 
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feedback regulation, and thereforc it is possible to present an overvi(~w of the thrœ 

mains modes of operation of an AFM: 

1. Contact Mode: the tip always stays in contact with the surface, and the forœ 

is measured optically by the defiection of a usually very soft cantilever. This 

is the simplest mode to operate. By being able to detect the torsion motioll of 

the cantilever, one can also be sensitive to shea.r force. 

2. Tapping Mode (or amplitude modulation): the tip is oscillated dose to the 

resonant frequcncy of the cantilever and touches the surface ollly periodically 

and therel'ore enters occasionally into the repulsive regillle of the intemctioll 

potential. In this case, the lateral shear force is lllinilllized. The fccdhack 

regulation relies here on a change of the amplitude or phase l'rom the frœ 

amplitude oscillation while keeping the drivillg frequnlcy COllstant. This can 

be achieved with the use of a lock-in amplifier that records the alllplitude and 

phase of the signal [56]. 

3. Non-contact Mode (or frequency modulation): the tip is oscillatcd at the n~s­

onance frequency of the cantilever but never touches (or taps) the surface and 

therefore always stays in the attractive regime. Tlw signal is llsually ddcct(~d 

l'rom the change in the resonance frequency whcn interaction occurs whik ke(~p­

ing the amplitude constant. The electronics is slightly lllon~ cOlllplicnted than 

the previous modes and relies on a frequency coulltcr (now cOlllllwrcially iwail­

able as a Phase Lock Loop) and an autornatic gain controllcr 1,0 mailltnin the 

amplitude constant. 

The las1, two modes by either amplitude modulation (AM) or fr<~qllCllCy modulation 

(FM) detection arc usually classified as dynamic mode AFM since they share lllnlly 

similarities, but their applications remain often quite different. 130th modes have very 



24 2 Review of Low Temperature Non-Contact AFM 

similar sensitivity in tenus of their force gradient resolution, but the response time to 

a given excitation can change dramaticaJly between AM and FM modes depending 

on the value of the Q-factor, which can change hy several ordel' of magnitude if the 

AFM set-up is in air or in vaCCUlll. In particular, FM detectioll mode is more suited 

for high vacuum applications due to its fast response [57]. This fact is lillked with 

the rneasurernent bandwidth that, contrary to AM detection, is not depcndcnt on thc 

value of the Q-factor while the AFM sensitivity is (see section 2.2.3). It also reIlliüns 

sensitive to long-range forces wh en the tip is rather far from the sample, hencc its 

name of "non-contact" mode. This is why Magnetie Force Microscopy (MFM) and 

Electrostatic Force Microscopy (EFM) are operated in FM-Inode detection. 

2.2.2 A Micro Electro-Mechanical Oscillator 

In the following sections, wc will consider the coupling hetween a llledlanica.l oscillator 

with the electrostatie force of a polarized sample, which in some sense can he vicwed 

as a micro-eleetromcchanical system (MEMS or NEMS) so that sOIlle pm'aIle! cau be 

drawn for the interested reader. It is good to start here by recalling the equation of 

motion of a for ce d , damped oscillator: 

d2 z mwo dz ) 
m dt2 + Q dt + kz = Fo cos(wt) + Fint(d + z, t (2.1) 

where the resonance frequency of the cantilever is Wo = 2n f = J k / m and the friction 

coefficient Î = mwo/ Q wlüch correspond to an effective dalllping or drag of the 

cantilever motion. Q is called the quality factor and gives a lllcasure of how fast 

the cantilever relaxes to equilibrium. The right-hand side of (2.1) corresponds to the 

conservative interacting force between tip and sample Fint = - \7\!int(z(t)) and tlw 

driving force, with a magnetllde Fo and freqllency w which imposes its own freqllcncy 

for the steady state solution that can be written as: 

z(t) = A cos(wt + <p) (2.2) 
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Wc labeled A the amplitude response of the cantilever and cp the phase of the sigual. 

Wc can note that equation (2.1) is general, sincc lllost typieal forces cau be included 

in the tenn Fint and is often solved numerically by finite diffcrencc lllcthod wlwn 

dealing with more eOlllplieated Iloll-lineal' problcllls. In this section we stay iu tlw 

linear, harmonie regime for clarity, and later wc will foeus our atteutiou ou the sp(~cial 

case of cleetrostatic force. 

Excitation 
Bimorph ( Ad 1 ID) 

z(t) 

d 

/<J A .............. 1
1 

Sample Sample 

Figure 2.5: Equivalent representations of the tip-cantilcver motion and dennitioll of the ~-axis. 
Ad and A correspond to the bimorph and cantilever amplitude respeetivdy. The right hand side 
image illustrates the rheological model of visc:ous damping betwecn tip and sample. lu first order 
approximation, an effective damping 1 = 11 +12 c:an be introduc:ed, whcrc 11 is the intrinsic dampiug 
and 12, surface induced damping. 

When there is no 'interaction, the steady-state solution for A and cp can he written 

in the following forrn: 

(2.3) 

i W 
ta.n(4)) = 2 

k-mw 
(2.4) 

To illustrate the behavior of the above equation, a typical experilllclltai resouancc 

eurve that has a Lorentz:ian shape is shown on figure 2.6 and was recorded as the 

driving frequeney was swept dose to the llatural resonallCC frequcncy of the cantilever. 
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Figure 2.G: Experimental resonance curves of amplitude and phaBe of the calltilever motion. 

When tip-sample interactions occur, the force Fint(z) will be respollsible for a shift 

in the resonance frequellcy of the cantilever and cau be understood by expalldillg 

Fint(z) as a Taylor series m'ouud the eqllilibrium positiou Zo = 0 of tlw oscillating 

tip: Fint(d + z) = Fint(d) + zaF8~(d). The higher-order tenus of this expansiou nrc 

llsllaJly neglected if Olle stays in the harmonie regime (i.e. ou1y 1iucm tenus in z(t)). 

Moreover, the statie detlection of the cantilever Fint ( d) if; a180 ncgkctcd, which is 

a good approximation when the cantilever stiffness k is sufficiently high. This 1ast 

assllmption is usually well satisfied in non-contact lllotk AFM sin cc typical spriug 

constant are around 40 N / Ill. Aftcr all of these approximations, the cqllatiou of 

lllotioll cau be simplified in the foUowing fonn: 

d
2 
z mwo dz ( ûFint ( d)) ( ) rn-
2 

+ ---- + k - û z = Fo cos wt) + Fint(d 
dt Q dt z 

(2.5) 

It is thcn natura1 to call k' = k - ûFint(d)/ûz a new effective spriug stiffucss so tlw.t 
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the resonanee frequency of the cantilever is shifted by the mlloullt: 

w' = Wo 1 - ~ oFint(d) ~ Wo (1 _ ~ oFint(d)) 
o k oz 2k oz 

The experÏlllelltal observable is the frequency shift aud is lloted as [57]: 

b..f = _ fo oFint 
2k oz 

27 

(2.0) 

(2.7) 

The llew excited ampltitude will also be lllodified by tllis force gradient according to: 

(2.8) 

Therefore in dYllamic mode, the distallee-feedback regulator is not dirœtly sensitive 

to the force itself but rather to its gradient via the frequency shift. 

In faet, an implicit assulllption in the above allalysis was that the force gradient is 

constant over the whole z range of the tip-lllotion. In otlter wonls, cquation (2.7) is 

valid only when the oscillation amplitude are slllall with respect to the dœay kngth 

of the interaction force Fint . Whell this is not the case illlylllore (for long ra.uge 

forces and/or small tip-sample separation), a more refined cakulatioll by first onl(~r 

perturbation theory using the Hamilton-Jacobi approach, but still rcmaining ill tlw 

harlllonie lllotion of the tip, gives the followillg expression that rda.tes interaction 

force to the measured frequeney shift [58]: 

f? j'1/ Jo 
b..f(z) = k~ Jo Fint [z + Acos(wot)] cos(wot)dt (2.9) 

This lllore complicated and convoluted expression is valid for all arnplit'/L(lc8 and 

expresses the fact that the interaction force has to be avemged over an oscillatioll 

periml, which is of particulary iIllportancc wh en the decay lellgt.h of t.he force is large 

with respect 1,0 the tip amplitude. 

To illustrate the importance of the possible discrepancy betwecn the two expres­

sions (2.7) and (2.9), the same raw experimental data of a. frequency shift wrsus 
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Figure 2.7: Comparison of equations (2.7) and (2.9) in the proeessillg of the SIWW C:l;pe1"'imental data 

of the frequeney shift, gold tip over a go Id substrate with an applied bia.'î of -2.5V 

distance curve has been processed using both expressions and plotted ou figure 2.7. 

In this case, it scems evident that at short el' distance, one lias to take iuto account 

the effect of the amplitude for the averaging of the force. Throughont this thcsis, 

expression (2.9) will be preferred, espeeially due to the fact tha.t wc will dcal with 

long-range eleetrostatic foree at rather dose distance. A nllnwrical treatculCnt of 

equation (2.9) will be necessary to accurately recover the interaction force frolll the 

fn~quency shift and will be explained in detail in the next chapt()r. 

2.2.3 Noise Consideration 

Before stating what are the main noise limitation sources of our mcasurcmcllt, it is 

informative 1,0 express the minimum deteetable force intrinsic 1,0 <LIly AFM lllCaS\ll"C-

ment. This limitation is set by the thermal motion of the cantilever bealll, since 

Hony force smaller than this thermal vibration would dearly be not dctectablc. Frolll 

a statistieal point of view, the cantilever is in equilibrium with a reservoir (i.e. its 
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environment) that acts as a thermal bath. From the equipartition tlwOl'cm, awi sinœ 

the cantilever motion has only one degree of freedom, wc cau cquatc thermal (~uel'gy 

and cantilever oscillation energy so that: 

(2.10) 

where kBT is the thermal energy and (z~Jw)) the men.n tlwnualmotioll of tlw can­

tilever, which can be obtained from the product of the thermal white noise drive of an 

oscillator, namely Fth(W) = v4mwokTIQ, times the transf(~r funetion oftlw IlHnllonic 

oscillator: 
/ \ 4kB TwO 

\ Z;h(W) / = Q (W2W5 (2 2)2) m --cp- + Wo - W 

(2.11) 

This last equation tells us how the thermal fluctuations arc distributcd in tlw frc-

quency domain and clearly, the higher the Q-factor, the llloœ couCülltrated m(~ tlw 

thermal fluctuations around the resonance frequency Wo. A detailed analysis of the 

signal to noise ratio is given in references [57, 50] and the minimum dctectahk force 

and minimum frequency shift can be writtcn as: 

5Fmin = 
4kkBTB 

(2.12) 
woQ 

t:.Wrn-in = 
wOkBTB 

(2.13) 
kQ (z~scl 

whcre B is the measurement bandwidth and (z;scl is the mea.ll square amplitude 

of the driven cantilever. From equation (2.12) we can notice that by diminishing 

the operating temperature and increasing the Q factor (by goiug to high vaccum), 

Olle call wiu at least Olle order of magnetude in the siglla.l-to-uoise ratio. It is also 

intercstiug to compute herc wlmt arc the typical value::> of equatiolU'; (2.1:3) and (2.12) 

for our system at difIerent operating telllperatures, assullliug values for k = 40 N lm, 

Jo = 170 kHz and value for Q ranging from 5000 at rOOlll t(~lllpera.t1ll'e up to at least 

50,000 at liquid Helium temperaure. The value presented in table 2.1 arc calculatcd 
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Table 2.1: Minimum detectablc force and frequency shift ealculated at vario\ls tcmpcmturcs 

Temperature (K) 

bFmin/VE [fN/( VHz)] 

/:::"!rnin)VE [mHz/VHz] 

:300 

11.1 

6.7 

77 4.5 

2.82 0.41 

1.7 0.2 

and correspond to the minimum force dctectable 'if the m:ic7'Oswpc 'W(]'S tfwrrnally 

l'imüed. Experimentally, this is not the case for our meaSUrClllent baudwidth of 120 

Hz, and the main source of limitation in our set-up comes from the laser shot-nois(~ 

(for a lllore detailed description of this, sec [53]), whieh gives a frequcllcy resollltioll 

of 4 mHz/ VHz at 4.5 K. Fortunately, one docs not have to be therumlly limited in 

order to observe interesting phenomena. In fact, as will be delllonstrated later in this 

chapter, we coneluded that an optimal tip-sample geometry would IllOf(~ cfficicntly 

incrcase the signal of interest over the background noise than ft more complete and 

tedious pursuit of dilllinishing the microscope noise sources. 

2.2.4 Dissipative Mechanism 

80 far, we have been considering only conservative force without damping takcu illtO 

aCCollnt, even thought the general equation 2.1 introduces a generic da.lllping of the 

cantilever ineluded in the terrn 1. In reality, complicated dissipative lllechanisms 

can be observed whose origills are Ilot always well-uuderstood [60]. Figure 2.5 in 

the previous section illustrates the difference between intrillSÏc damping Il, a.lways 

present due to the motion of the cantilever beam with respect to its base, and sample-

induced dumping 12, origiuatillg fwm the tip-sample illLcracLioll. III titis section, wc 

will explain the general fonn of dissipation through viscous damping, IntN iu section 

2.3.4, electrie dissipation will also be discussed. 

The gcneral formulation of dissipation is often linked with the so calier! dissipatiou-
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fluctuation theorem (DFT) which states that a change or fluctuation in a systClll will 

be dissipated as the system retums to equilibrium. For a small pcrturbation the 

response is linear and in this frame-work, the da.lllpillg codficicut Î is relatcd 1,0 tlw 

autocorrclation function of the fiuctuating force Ffluct (duc to hrowniall motion) by 

the relation: 

(2.14) 

This statistical approch is howevcr not always straightforwanl 1,0 relate 1,0 an ex­

perimelltal observable measured with an SPM set-up. This problcm of rdatillg an 

experimental observable such as excitation amplitude (or fœdbaek gain), with thc 

aetual power dissipated has recently becn taekled succcssfully for both tapping lllode 

[61] and non-contact mode AFM [62]. 

To account for the llleasured dissipation, we lllust distingllish bctwccn intrinsic 

dissipation noted (Po), and the dissipation originatillg frolll thc tip-smnpk int(~mction, 

noted (Pint ) SO that the total average dissipation is: 

(2.15) 

This total dissipation corresponds to the average power fcd into the cantilevcr by an 

external driver so as to sustain the oscillation motion of the tir> with tlw steady-state 

amplitude A. Since this driving force is coupled to the cantilever lllotion by Hookc's 

law, the average power delivered to the oscillating tip is: 

1 !nT 1 (Ptot ) = - k[z(t) - zd(t)]i(t)dt = -kwAdAsinçD 
T.o 2 

(2.10) 

Where Zd(t) = Ad cos(wt) is the oscillatory motion of the billlorph actll<Ltor (or <Luy ex­

citation mechanism that brings the cantilever into motion). In pmctice, the phcnOlu­

cnological approach of considering dissipation as a viseous dalllping (i.e. Fdiss = Î i( t)) 

is very effective for describing a large variety of phcnonwnêt. The rlwological lllodd 
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dcpicted on figure 2.2.2 is often used, so that we can write in this lüw: 

(2.17) 

In the above ealculation we made the assumption that hoth intrinsic (rI) ami extrinsic 

(12) damping follow the same behavior so that 1 = Il +12 in first order approximation 

[62]. ExperimcntaIly, we are interested in the dissipation originating from the tip­

salllple interaction, therefore the ohservable of interest for us is: 

(p ) = (P ) _ (R) = ~ kA
2w [QAd sin <P _ _ .w] 

mt tot 0 2 Q A Wo 
(2.18) 

Where wc have made use of the definition of 1 = k / ( Qwo). In fad for the derivation 

of equation (2.18) we had no other assumption that the signal was sinusoidal (i.e. iu 

the linear harmonie regime) which means it is fairly gencral and can be applicd to 

different AFM modes. ExperimentaJly, we only need to record the ratio of amplitude 

or gain, Ad/ A to calculate the actual dissipation and in practice sin <p = 1 bccause 

on resonance <p is very close to 7r /2. We will later use this equation to compare the 

measured signal fed into the system with the effective power dissipated. 

2.3 Electrostatic Considerations 

The AFM has the ability to sense any type of interacting forces betwcen tip and salll-

pIe. Therefore if we apply a difference of potcntial hetween two condllctiug matcrials, 

we will be ahle to probe electrostatic forces and be sensitive to the dcctric properties 

of the sample. This is what we call Electrostatic Force Microseopy (EFM). In tenus of 

illlagillg techniques, the role of EFM is to probe the electrostatic contribution origillat-

ing from the salllple and evcntually distinguish it fl'Olll the actunl salllplc topogmphy. 

SOIne corollary techniques have emerged from EFM, sueh as Kelvin Probe Force Mi­

croscopy (KPFM) and Seanning Capacitance Mieroscopy (SCM), which arc able to 

IIlap the change in the sample work functioll and sample capacitancc l'esp(~ctivdy. AIl 
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of these techniques can provide much useful information, in particular in sellliconduc­

tor heterostructures where elcctrical properties depencl on lllany pa.rallletcrs snch as 

carrier density, clepletion regions, contact potential diffcrellce, etc. In this section, wc 

will give an overview of the information obtainecl by introdneÎng a voltage hetwccll 

tip and sample. 

2.3.1 Capacitive Force 

In principle, electrostatic force can be either attractive or replllsive dcpending on the 

charge, but when we consider two conductive surfaces cOllneeted togethcr by a battcry 

that provides a bias voltage VB , there is always a build np of charge on both sides 

of the surfaces with opposite sign so that the overall charg(~ is l'.cro and the resnlting 

capacitive force always attractive. This is typically what any EFM is sensitive to: an 

attractive force that will depencl on the exact geornetry of the tip-samplc capa.citancc: 

(2.10) 

This force always exhibits a parabolic behavior whos(~ radius of curvatun~ is deter­

mined by the capacitance gradient. Depending on the system and the dellla.lld(~d 

accuracy, three typical modcls can he chosen as described in figure 2.8 to calcnlate 

the tip-sample capacitance. 

These models are only intellded to give a first onkr estilllat(~ of what actnally 

happens, ally given tip can be rather complicatcd and depcnd from eXlwriuwnt to 

experiment. Figure 2.0 gives examples of three real AFM tips not yet coated and 

made from single crystal silicon. We can clearly distinguish differcnt facets that will 

depelld ou the lllallu[actul'iug teclmi4ues. lV[orcovcr the tip always approaches the 

sample with a slight tilt angle, increasing the effect of one sidc only of the tip. AlI 

these subtleties can not easily be rendered in simple analytieal model. 

It is nonetheless usefnl to n~call here analytieal expressions for cases (a) and (b) in 
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Figure 2.8: Tlll"ee possible mode!s for describing tip-sample eapaeitallee: (a) Paralld plate modd 
(b) Sphere-Plane mode! (c) Parabolic tip that can be simulated with finite differcllee Illoddillg 

figure 2.8. For two parallel plates of area S separated by a distance d with a dielœtric 

constant EO, wc have a simple expression for the capacitallce: 

S 
C= EO­

d 
(2.20) 

If a layer of thickness t sits between the tip and sample with a pcrlllittivity Er, thcn 

the above equation is changed to: 

S 
C = EO---'-­

d + t/Er 
(2.21) 

The capadtanee of a sphere-plane configuration is given by the lllore cOlllplicated 

formula [63]: 

with 

C = 41fEoR f sinh(a) 
n=l sinh(na) 

a = ln 1 + - + - + -
[ 

d {*2~ 2d 
R R2 R 

(2.22) 

(2.23) 

We will use these equatiolls in the followillg dmpten., sinee they can fairly rcliably 

give a good account of the main physics observed experimelltally. A last cxalllple 

that can help visualize how the electrostatic potelltial drops bctwecn the comluctivc 

tip and sarnple is given with sorne finite differenee rnodeling [64]. A square llwsh 
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Figure 2.9: Scanning Electron Micrograph of typical rcal AFM tips: (ct) Overview of Il Microlllll.-;ch 
tip, (b) top view of ct nanosensors tip and (c) side vicw of Il Illl1lOSenSOl"S tip. 

of equal spacing is built around a given geometry (here a pambolic tip and salllple 

with a buried dot). To solve the electrostatic potcntial in aIl space wc nœd to solve 

the 2D-Poisson equation in cylindrical coordinate (bccausc of the assultlcd cylilldrical 

synmwtry) given by: 
1 [) ( [)q» 1 [)2 q> P 
-- r- + --- = -­
r [)r [)r r 2 [)(j2 E 

(2.24) 

l t is thcn solved numericaIly on cach grid point using an it(~rativc llwthod. An cxalllpic 

of such results is given in figure 2.10. 

2.3.2 Contact Potential and Localized Charges 

It is very often assumed that wh en no voltage betwecll tip and sa.lllple is appli(~d, no 

electrostatic interaction occurs. ExperilllentaIly this is not so hecausc thcn~ exists 

always a, diffcl"Cnce in work function of LIte two llliücriais thaL Cl"catcs a11 dfcct,ivc 

non-L':ero electrostatic potential when connected together, and that wc will rdcr to 

as the contact potenüal d'ifferencc (CPD). Typical order of magllitude for CPD is a 

few hundreds of a IllV. This is true even for a synnnetric configuration such as a gold 
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Figure 2.10: Fillite differellce modeling of a conductive tip and a buried pyramidal dot. Black lincH 
outlille where the surface and dot lies. Left image: electrostatic potential; right imag<!: deetric fidd. 
Note the change in the equipotential as it enters a material of different perlllittivity. 

tip on a gold substratc. This diserepaney arises from the fact tlmt the exact value of 

the contact potential depends on the detailed structure of the surface tip and sa.mpk, 

such as charged dipole, work function anisotropies [65], etc. On top of this dfeets 

of the CPD, cau arise addition al perturbation to the gcneral pambolic background 

of capacitive forces due to localized charges, trapped in a confinillg potentinl. SUell 

charges create another electric field between the tip and the sam pIe which contributcs 

to an additional tenn in the measured foree. A fixed charge on the samplc induœs 

an image charge of opposite sign on the AFM tip. This image cha.rge on the tip thell 

interacts electrostatically with the sample, effectively lllodifying the applied voltage 

experieneed by the sample as well as illducing a local cha.nge in the effective contact 

potential difference. 

2.3.3 Kelvin Probe 

Since CPD cha.nge and localized charges are important, particula.rly in regards to 

semiconductor or dielectric materiaJs where charge Can easily get tmpped, an illlaging 
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technique has emerged to dynamically compensate the value of CPD while seanuiug 

the surface, called Kelvin Probe Force Microscopy (KPFM). Ou top of the lllaiu 

mode of operation depicted in section 2.2.1, can oe ad(bl yet auother regulatiou 

loop that will measure changes in work function. In order to do so, a sumll ac­

component Vae = Vae sin(stt) is added to the dc-applied voltage so that the total bias 

is: VB = Vde + Vae . The electrostatic force given by equatioll 2.19 willuow rcftcct this 

change by writting: 

(2.25) 

This expression still exhibits a paraoolic behavior out with the UlaXiUllllll uow defÎlwd 

by VB = Vepd . When equation 2.25 is fully dcve!oped, wc end up with au DC­

cOlllponent of the force, as weIl as two periodic one at st and 20. It is thereforc casier 

to write the total force F = FDC + FO, sin(Dt) + F20 cos(2nt) where cach tenu is 

expressed as follow: 

(2.2G) 

(2.27) 

(2.28) 

13y keeping track of F20 with a lock-in amplifier, Olle can follow the signal tlmt 

is purely electrostatic and distinguishes it from the differnllcc of potential VB - Vcpd . 

In KPFM, VB is kept ideutical to v"pd and is used as tlw fœdback sigual. The ne 

compollcllt of the voltage serves as measuring force challg(~ moulld Vdc and trics to 

cancel the n contribution of the force Fo. Experillleutally, a lock-iu alllplifier is uscd 

to track the amplitude change of equation 2.27 and a feedbaek coutrollcr try 1,0 llllllify 

it by dmngillg VB , which is aehieved when VB = v"pd. 

To illustrate the relevallce of KPFM even for pure topogmphical imagiug, two 

images are shown in figure 2.11 when the KPFM loop is citlwr on (left image) or 
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Figure 2.11: Topographical4 x 4 /-LIll scan image when Kelvin probe feedback is on (ldt) eoIllpal"(~d 
to a conductive-AFM image (right) of the same gold surface. Be aware of the slight latentl drift 
between the two images, a better topographical contrast is demoflstrated when the Kelvin feedhack 
loop is on. 

off (right image). From this experimental data, topographical features appcarillg 

on both images can be compared which dernonstrates the better cOlltrast obtaiIwd 

when the KPFM loop is turned on. This fact was actually rccclltly statcd in au 

article on true height determination in AFM by Sadewasser et al [GG]. In the pratical 

illlplementation of KPFM, there is however not a wide cousensus so far ou wlmt kiwi 

of modulating freqmmcy n to ehoose in order to get the best signal. SOUle autllOrs use 

n = w ([47, 67]), while sorne others use n = wj2 ([68]), where w is still the resonauœ 

frequency of the cantilever. The motivation behiud these choict~s is to takc advautage 

of the high resolutioIl OIl resonance of the frequency (and its higlwr rcsouancc lllodes) 

as weIl as having a better separation of the topograpy from the dcctrostatic forCl~S. 

On the otller hand it ca.n easily crea.te SOIlle diHiculties ill particular if panuucLric 

amplification is Ilot weIl taken into account [69]. It is also possible to use iL very slow 

lllodulating frequency (few 100 Hz to 2kHz) that is appropriatdy choscn so as to be 

small compared to the bandwidth of the FM delllodulator and large with respect to 
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the bandwidth of the z feedback (so as nat ta track the ac-componcnt of the voltage 

in the topography image). The indllced modulation of tlw freqllcncy shift is llleasured 

with a lock-in amplifier and then sent to the feedback coutrolkr that rcgnlates tlw 

hias applied to the salllpie. This last method was actllally us cd dnring this tlwsis, in 

particlllar to obtain images ou figure 2.11 with a typical value for Vae = 1 V. 

2.3.4 Displacement Current and Joule Dissipation 

A very general type of dissipation that is typically encoullt(~red wheu oue applies a 

current through a resistor is what is called Joule Dissipation alld is usually expressed 

a.s P = VBI = RI2 where P is the output power dissipated ill Wa.tt., Rand l al'(~ t.lw 

resist.auce and current. through that. resist.anee. In AFM, we also cau aCCollllt fOl' tllOS(~ 

phenornena whcn a voltage is applied bct.wccn the t.ip alld the smnple. Mon~over in 

dynalllic mode, sin ce the tip is oscillat.ed near the surface, a.ll indllccd ac-currcllt or 

displacement CUITent. is generated in t.he sample due to t.he change in the t.iP-SH.lllple 

capa.citance C a.s the t.ip llloves forward and backwaJ'(l at. t.he exciü~d freqllcncy of the 

cantilever, z(t) = Acos(wt + ~). This displacemcnt CUITellt cau he writteu as: 

And therefore, the Joule dissipat.ion indllced by 'id is given by: 

(2.29) 

(2.30) 

(2.31 ) 

where R is t.he effective resist.anee in the CUlTcnt path alld Î J corresponds to an 

effective damping coefficient. This instantaneous dissipatioll has t.o be averaged out. 

over one period of oscillation which gives: 

(2.32) 
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It is this last formula that can be more easily compared with expcrinlCntal observa-

tions. 

2.3.5 Why use High Aspect Ratio Tips? 

Sincc the electrostatic force is long range, not only does the tip ap(~x play a roIe but 

also the eoue-like tip shape and even to some extent the cantilever. This case is vny 

diffcrent from STM for instance where the signal of interest, the tunnding current, 

decays fast enough that one doesn't have to worry about the contribution of the tip 

that is not at the apex: only the few last atoms play lllOst of the rol(~ in dcteeting 

the signal. The drawback of probing clectrostatic forces is that Olle ha.s to take into 

account the whole geometry of the tip because each part of the tip gives a llOll­

negligible contribution to the overaIl force. On the other hand, ollly the contribution 

from the very end of the tip attracts our curiosity since it interacts lllOSt strollgly with 

the salllple and has the best spatial resolution, while the l'Cst of the tip and cantilever 

reveals a more generic background that is lllOSt of the tillle of no illterest. 

Then, for what tip geolllctry can we optimize the signal of interest? Tlw above 

intuitive argument can now be weIl quantified by caJcnlating the ratio of the apex 

and co ne contribution to the lllcasured electrostatic force assuming a givcn geollletry. 

To do so we use the analytical expression givcn by Hudlet et al [70] wlwre the coue 

contribution can be written as: 

1TEOV 2 1 H 
Feone = 2 n-

(Intan(B/2) d 
(2.3:3) 

where the two parameters H and B are the cone height aud cone angle respectivdy. 

The apex contribution of the tip for a sphere-plane geolllctry is given by: 

2 (1 - sin( B)) 2 

Fapex = 1TEOR d [d + R(1 _ sin(B))] V (2.:34 ) 

where R is the effective tip-radius of the apex of the tip. Figure 2.12 reprcscuts SOllW 

calculated value of the ratio Fapex / Feone for different vaIne of the C()lH~ angle Band 
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Figure 2.12: Relative eontribution of the tip-apex with respect to the side of the tip as 11 f\llldioll 
of COlle angle. The higher the aspect ratio, the greater the cOlltribution of the deetrostatic fùrce 
coming from the end of the tip 

tip-sample distance d (the cone height was kept constant at H = 15p,1ll). This graph 

clearly demonstrates the substantial increase in the signal cOllling from the tip apex 

if the cone angle is reduced, that is to say higher aspect ratio of the tip, at short 

tip-sample distance (less than 10nm let say). Suell a tip shollld significantly incl'case 

the lateral l'esolution of EFM images as weIl as be lllon~ sellsitive in gcncl'al to the 

electrostatie contribution of the signal situated directly lllHkr the tip locatioll. 



3 

Spectroscopie Methods ln AFM 

This chapter will de scribe the relevant information that can be obtaillcd from spectro­

scopie Clll'VCS with a conduetive AFM, and should providc the necessary background 

to better ullderstand the experimental results of chapter 4. Four main modes of 

spectroscopy will be distingllished: Current-Voltage curves (I - V), Fn~qllency shift­

Distance curves (!::lf - z), Frequency shift-Voltage curvcs (!::lf - V) and Dissipation­

Distance curves (DB). From the measure of the frequency shift, a lllcthod to caklllatc 

the corresponding force will be exposed, which is a preliminnry and llcœssary st<~p 

for quantitative interpretation of the spectra. The combination of the voltage and 

distance dependencies of the interaction force will permit us to propose a llew lllethod 

for measuring the absolute tip-sample capacitance. 

3.1 Current-Voltage Spectroscopy 

3.1.1 Tunneling Junction 

Tllnneling is a typical quantum mechanical effcct that occurs whcn an insulatillg llllt­

terial is illserted between two conducting materials prevclltillg eleetrolls from llloving 

fredy from one side of the barrier to the <111othcL Depclldiug ou Llw barrier lwighL 

and thickness, some eleetrons can nevertheless tunnel through this inslliating rcgion, 

givillg rise to a transmission coefficient. A tunneling barrier can tlwrdore be pictured 

as a capacitor but with some "leakage", and its cqllivalmlt circuit œprescntation is 

42 



3.1 Current-Voltage Spectmscopy 4J 

in faet a resistor and a eapacitor in parallel. Tunneling junctions arc very important 

eomponents of most mesoscopic devices for they permit iL better control over the fiow 

of carriers entering or leaving a structure as weIl as iL more or less strong capacitive 

coupling. For instance, the Coulomb blockade phenomcnon is i1 direct consequencc of 

electron tUlllleling, sinee it ensures that there is no continuous change of thc dmrg(~ 

but rather discrete events of electrons tunneling. 

Inside the barrier, the eleetron wave function decays expollcntially and the trans­

mitted wave function is usually only a small fraction of the illcoming OlW. The 

transmission coefficient can be calculated as the ratio of the amplitude of thesc two 

wave functions so that [71]: 

T(E) :::::J 16E(Vo
2 

- E) e-2(3d 

va (J.1) 

where Va and d are the barrier height and thickness respectively, and Ethe illcollling 

eleetron energy with the wave-vector (3 = V2rn(Va - E)ln. This Silllplifi(~d formula 

is valid for (3d > > 1. Experilllentally, the measured observable is the current tlmt 

fiows through the deviee and is usually calculated from the following equntioll: 

l ex: / T(E)f(E)p(E)dE (J.2) 

where f(E) is the Fermi distribution function and p(E) is the dcusity of statc of the 

sample. 

The efficieney of the tunneling barrier depends on the tllllllding resista.llœ of the 

junctioll Rt and should be eompared to the quanturu of rcsistancc RQ = hl e2 
:::::J 

25.8kn: if Rt > > RQ, there is a good localization of the wave functions on each si(k 

of the barrier and tUllneling oeeurs as a stochastic proeess with a. tUlllwlillg mt(~ l' nt 

:r:ero telllperature defined by [72]: 

f( ) 
-1 b..F(n,n+ 1) 

n, n + 1 = ------c:---,--------:--,------::-
e2 Rt 1 - exp [b..F(n, n + 1)1 kT] 

(J.J) 
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whcre f}.F(n, n + 1) is the free energy change that accompanics the tmmding. This 

last equation determines the charaeteristie time for tUllncliug evcnts to occur and aH 

of the geomctrieal details of the barrier are included inside the tenu Rt. 

3.1.2 Experimental l - V Curves 

In a typical transport measurement on a quantum dot, two tunuding .iunctiolls n,re 

required, one for cach lead, the so-calleel double barrier tUllnelillg .iuuction (DDT.J). 

In regard to SPM techniques, original work on the localnl<~aSUrelllCllt of l - V curvcs 

corresponds to the dOlllain of STM, where the tunnelillg currcnt is recorded as a 

function of tip-sample voltage alld is rcferred to as Scallning Tunnding Spœtroscopy 

(STS) as lllcntioned already in chapter 1. In principle, if an AFM tip is coatcd with 

somc met allie material, there is obviously no objection for perfonuing il silllilar type 

of spectroscopy with an AFM cven though two main points of caution must be lloted: 

1. STS has the advantage of having a finite tip-sample distance (constant gap) 

while perfonning the spectroscopy, thcrefore leaving the tip with the exact tip­

shape befme and aftcr the spectroscopy. If the experiment is not carried out ill 

URV conditions or with an adequate prepcu·ation chamher for tipjsalllplc cleau­

illg (as it is the case in our AFM set-np), a native oxide layer llsnaHy pr<~vellt 

the tip from approadüng closc cnough to collect tlUlllelillg current without hav­

ing a mechanical contact. It is therefore required to make a nwch<îllical contact 

between tip and sample while performing l - V curves with an AFM and sn ch 

mechanical contact will depends on the load applied. This in tlll'll llcccssitatcs 

a good knowledge on the tip-shape geollletry, and dependillg on thc load alld 

applied voltage one can easily deteriorate the tip. 

2. The tUlllleling barrier itself between tip and sample is not weIl ddincd, and it 

often requires the addition of one more dielectric layer for a snitablc isolation 
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of the tip and the structures un der study. 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 

Sample Voltage (in V) 

45 

Figure :3.1: (a) Non-linear 1- V eurve obtained whcn the AFM tip was in contact with an individllal 
InAs QD (b) derivation of (a). A gap of conductance is dearly observed. (Insert) Drawing of the 
DBTJ: upon application of a voltage V between tip and baek dectrode, 11 cmrcnt l is mCil.'imed. 

Regardless of thcsc difficulties, a series of expel"Ïmcnts were carried ont with a 

cOlllmercial AFM tip coated with 20 llll1 PtIr on a gold sample first, and thell at low 

telupcraturc 011 ct self-asscllilJlcd QD salllplc. A llOlllc-llmdc 1 - V COllvcrt.or was uscd 

to mcasure the current fiowing l'rom the sample, which was first tcsted on a. simple 

gold surface to exhibit the expected linear 1-V dependcllœ and (kduœ the value of a 

test-l'esistance inserted in the current path. One of the typicallloll-lincal' l - V Clll"V(~S 
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that could be obtained above a QD sample is shown on figure 3.1. Wc supposed tlmt 

the tunncling banier between the tip and the QD COlllCS essentially frolll the llative 

oxide layer that covers the sample since sample ülbrication and prqmration were not 

done ,in situ. 

Figure :3.2: Scanning Electron Micrograph of an AFM tip after a series of l - V curves. The PtIr 
coating at the apex of the tip is clearly destroyed thus rendering interpretation of the resllits difficllit. 

Unfortllnately in such a configuration, the mechanical contact of the tip OH tlw 

sarnple is Ilot l'eliable and for sorne voltages, the destructioll of the condudivc layer 

of the tip could he observed as is clearly shown on the SEM images of the tip in figurc 

3.2 aftcl' l - V curves were taken. The electric field strength is too large for such a. 

short distance between the tip and the back-electrode, which would n~quire thc tip 

to sit above the sample at a further distance. These rather incondusive rcslllts from 

the direct llleasurelllent of the CUITent with a conductive AFM tip arc in fa.d a strong 

indication that careful 1-V characteristics are better controIled with an STM ill URV 

where the sample itself as weIl as the tip can both be weIl prepi:U'<~d in S'itu. Sinœ 110 

convincing and reproducible experimental results could be obtaincd frolll this method, 

we then prefcrred to focus our attention on non-contact methods to illvcstigate QD 

properties. That's why the foIlowing sections will deal with spectroscopie CllI'VCS 

obtained from a conductillg AFM in the dynamic or non-contact mode. 
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3.2 Numerical Conversion of the Force 

Even though spectroscopy by non-contact AFM can more easily secnre tlw tip iu 

comparison with other modes, the original raw data, which is the change in the 

rCSOllallee frequeney of the cantilever, is however not straightforwanl to illterprct siucc 

this frequency shift doesn't correspond to a direct physical observable. The conversion 

of frequency shift into force is a necessary first step bd(m~ œndering quantitative 

interpretations possible. To determine the actual interaction force from the obscrvcd 

frequeney shift, equation (2.9) deseribed in the previous chapter lllUSt he inverted. It 

can be perfonned analytically for cases where the amplitude of oscillation is far sUl<dh~r 

or greater than aIl charaeteristic length seales of the interaction forces. In pra.cticc 

however, where the measured force contains a large spectnull of lcngth scale, with a 

short and long range component, it is more advisable to use nUllwrÏcal computatioll 

in orcier to obtain accurate values. This has been donc by sever al authors using 

various rnathematicaJ tedmiques [73, 74]. More reccntly, Sader ct al [75] dcvdoIWd 

an aCCllrate and simple formula. During the course of this tlwsis, tlw two diff(~nmt 

methods proposed by Giessibl [74] and Sader [75] have bCCll tested. Therc is of courS(~ 

a good agreement between the two methods whieh gives the sa.lllC qualltitative vahw 

of the force for a givell set of freqlleney shift data, but in tenllS of nlÏnillliziug the 

noise originating from the deconvolution procedure, SêLder's formula offers the best 

results and will therefore be used for the rest of the thesis. In this case the inverkd 

force can be deduced from the frequency shift and is writtcll as follow [75]: 

i.
CXl 

( a 1/2) a:3/
2 dO 

F(z) = 2k 1 + J n(t) - J -dt 
. z 8 1f(t - z) 2(t - z) dt 

(:3.4) 

where S2( z) = t1f (z) / fa is the ratio of the frequellcy slütt over the reSOllallœ fre­

quency. A computer program can be used from here to calculate the interactioll force 

from the experilllcntai data points, equally spaced aud stored as cL row-vector (this is 

not strietly necessary but makes the program easier to write). Two loops an~ ncœs-
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sal'y: one for calculating the argUluent of the integral betwecn Zi and Zi+l, and one for 

summing the ovcrall integral from Zo to Zi+l; Zo bcing the first point reeonlcd exp cr­

imentally and corresponding to "infinity", at least if the tip is retract<~d fm cnough 

from thc sample (typically several hundred of mn for our case). 

The result of the above conversion procedure is demonstrated on figure 3.3 for 

several experimental !::li - Z curves taken at different applied biascs. 

3.3 Voltage-Dependence on the Force 

Wh en the tip-sample voltage is varied, the electrostatic interaction will change itc­

cording to equation (2.19), that is, to the square of the voltage. This parabolic 

behavior in a F - V curve will translate into different decay lengths of the force in a 

F - z curve whose origin corresponds to the capaeitance gradient. TIllls, therc is in 

faet two equivalent ways of investigating tip-sample interactions by cithcr a distancc­

depcndence or a voltage-dependenee of the interaction foree. In tenus of cOllverting 

the force from the measnred frequency shift, it is unfortunately impossible to obtain 

directly the F - V fi'om a !::li - V curve sinee the knowledge of the decay lellgth of 

the force is required. In order to deduee quantitative F - V curves, it is llcecssmy to 

first record different !::li - z curves for different bias voltages. 

An example of such rec:onstruc:ted F - V c:nrve is illustrated in figure 3.4 wh cre wc 

can clearly sec that each data point is weIl fitted by a pmabola up to tlw last 10 mn 

above the surface. The discrepancy below 10 mn in this particuhr set of data could 

iIllply that the simple equation (2.19) describing the capacitive force is no longer 

valid. The superposition of short-range and voltagc-independcnt forces such as vau 

der Waals and chelllical bond forces, to the gellcral elcctrostatic interactioll is abo a 

plausible explanation. It is nevertheless very informative to extract differcnt kiwi of 

information from both F - z and F - V cm'ves, as it can readily allow a distinction 

between contributions of the interaction force that does depeud OH voltage frolll the 
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ones that do not. This last point will fOrIn the main motivation to (ktcrlllüw the 

quantitative tip-sample capacitance. 

3.4 Tip-Sample Capacitance Measurement 

This section focuses on a llew measurement technique used to <hluœ absolutc tip­

sample eapaeitance from force distance spectroscopy. This technique has the ndvan-

tage of being conccptuaUy simple, and thercfore quite general, and does not requif(~ 

the a.ddition of more electronic device to the SPM setup. If wc actnaUy look nt 

SOlllc reœnt. achievelllent.s of AFM used t.o invest.igate local clcctrieal propcltiC:-l of 

nanomcter-scale devices, wc can distinguish three typieal applications in whieh the 

capacitance plays a crucial role in detenllining the amount of induœd charges on 

both tip and samplc. In aU cases an electricaUy conductive AFM tip is positioncd ill 
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the proximity of the device of interest and can be used cither for: (i) the dd(~ctioll 

of electrical charges (electrometer) [44,42], (ii) the control of the dcctric field (local 

gatillg) [76, 28] or (iii) for both [2]. In the former case, the electric charge in the device 

is mcasured through the measurement of the electrostatic force and in the latter case, 

the local electrie field in the device is modulated by the bias voltage of the AFM tip. 

The quantitative interpretation of the results often requin~s a l'diable llleasun~llwllt 

of the tip-salllple capaeitance. 

As a corollary of the method exposed here, one can also gain more knowledge 

when dealing with separation of forces in force-speetroscopy [77]. The llla.pping of 

the electrostatic force as a function of both distance and volta.ge cau help suppn~ss 

its manifestations in a more rigorous way when weaker or shorter rauge forces an~ 

investigated (chclllicaJ bond force, van der Waals forces, etc.). 

Since the method described above was intented as a proof of principh~, it was 

therefore tested on a very simple system: a gold-coated conlllwrcial AFM tip over a 

Au(111) surface. The sample was prepared by Au evaporation onto a mica substratc 

with a thickness of 100 llll1 and successive anncaling for 1h at 400 oC which ellsured 

large grain formation of gold. Figure 3.5 corresponds 1,0 two AFM images of the 

Au surface where se veral fiat tenaces can be dearly identified. Sincc the tip-sample 

voltage was not completely compensated, the brighter spot ou tlw illl<w;es correspond 

to a larger electrostatic force and secm 1,0 be correlated with some sharper f(~atul'es 

on the surface. 

3.4.1 Principle of the Method 

One of the main limit<ltions in llleasul'Ïug quantitative aud aCCUl'atc valucs of capac­

itance comes from the presence of rather large and llllavoidable stmy capacitanœs, 

llsllally several orders of magnitude lm'gel' than the tip-sa.lllple eapadtancc, nud orig­

inating from cables and impedance mismatches at electrica.l jUllctiollS for installœ 
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Figure :~.5: NC-AFM images of a gold sample taken at 77 K: left image is CL :~ by :~ mierOll sean and 
right image is a zoom in of a 1 by 1 micron sean. Some fiat terraees ean be elearly identified. The 
applied bias was close to Vc J> n 

in any type of AC capacitance bridge [78] or RF resonance sem.;or [79]. This lllnkes 

it very difficult to obtain quantitative values of the tip-sample capaeitanCü. As an 

alternative approach, Martin et al demonstrated aln~ady in 1988 a high-rcsolution 

capacitanee gradient rneasuremcnt by force microscopy [59]. In this cas<\ the stray 

eapacitance does not contribute to the measured force. The subsequent dcdnc~tioll of 

the tip-sample capacitanee then relied on the fitting of sorne particllim tip geolllctry 

and was not always reliable. But in essence, the advantage of such nwthod is tlmt the 

capacitance is deduced from the measure of the capacitive foree, which illtcnwts only 

between the lllicroscopic tip and the sample. Therefore, such lllcasurclllcnts arc rc­

ally local and frœ from typical stray capaeitances present in conventional capacitallœ 

measurcrnent techniques previously mentiolled. 

In the present method, wc also rely on llleasllring the electrostatic force to get 

the absolllte value of the tip-sC1111ple capacitance, Llmnks in part Lo the abilit.y tu 

deconvolute dircctly the force from the frequency shift. In orcier to do SO, wc construct 

a 2D data anay of the eleetrostatic force measured for different sample voltages and 

tip-salllple distances. In conventional SPM, the total force is cOlllposcd of threc main 
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contributions: 

F tot = F chem + F vdW + Felee (3.5) 

which corresponds to the chemical, van der Waals and dectrostatic forces, l'<~SpCC-

tively. For the sake of clarity, we will rewrite this equation in the following fonu: 

(3.6) 

where wc focus on the electrostatic force, which is the lllain contribution WhCll a bias 

is applied. The l'est of the interaction is inelllded in the tenu, Fother' Sincc cqnation 

(3.6) depcnds on both voltage and distance, it is therefore nccessary to llWaSnr(~ the 

electrostatic force as function of both z and VB in order to t'ully recover the cxact 

value of 8C / 8z. Aiso because the tenn Fother is Ilot weIl defincd but always pœscnt 

in any measured interaction force, it is impossible to Silllply fit a F - z curw at 

a particular voltage with equatioll (3.6) to obtain the right value for 8C / 8z. The 

overall measured interaction foree which is a superposition of capacitive and otlwr 

forces, still exhibits a parabolic behavior who se radins of curvatnre is dctenuined by 

the value of the capadtance gradient for a given zoo The part of the force that is not 

capacitive in origin will give an offset of the whole paraholic cmvc along the y axis. 

Dy measuring the foree, it is therefore possible to deduce ~~' Izo, VCPD and Fother by 

llleasuring the total force and fit the rcconstructed parabola. If wc ,lSS1111le sœond 

order polynomial fit of the form: F(zo, V) = aV2 + bV + c wc can thCll deduce the 

value of the three paramcters in equation (3.6) at a givcn Zo, that is to say: 

8C = 2a 
8z 

"Vc,pd = -b/2a 

2 
Father = c - b /4a 

(3.7) 

(3.8) 

(3.9) 

In this case, "Vc,pd corresponds to the shift of the parabola with respect to the Voltage­

axis and Father to the shift with respect to the frequcncy shift-axis. At this point, 
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we may gcneralize the simple idea stated above to build a 2D data array of the gap 

distance z and applied bias V dependencc of the tota.l force. Each force-distancc 

spectnull was mcasured for a diffcrcnt applied voltage so that wc cau construct the 

following type of force-matrix: 

VI V 2 Vm 

ZI Fll F12 FIrn 

Z2 F21 F22 F2rn 

Where each column corresponds to a F - z curve takcll at a. fixcd voltage Vi and 

cach row corresponds to a fixed tip-sample distance Zi. For clarity, wc represented a. 

typieal example of this lllatrix in figure 3.6 for SOllle experimeutal data set. For cach 

colunlll the force increases as the distance decreases, whereas each liue cxhibits the 

expected parabolic behavior (V - VCPD )2. 

o 
g -18-09 

~ -2e-09 e 
~ -3e-09 

-4e-09 

1 2 
1 0 

- voltage <Y) 

Figure 3.6: ~~D representation of the force-matrix from the experimental data points of the F - z 
curves for different tip-sample bias. The voltage rauges from -2.5V to +2.5V. 

Once the foree-matrix is built, it is then nccessary to fit cach row for aIl the values 
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of z to extract the 3 parameters according to equations (3.7), (:3.8) and (:3.U). It is 

important to note here that the sampling nüe of the z scalc has to be the saIlle for aH of 

the FS Clllves in order to be able to reconstruct the pambola as shown on figurc (:3.4). 

Finally, a last numerieal integration is needed to deduce the absolute capacÏtanœ from 

the experimental values of the capacitance gradient. Idcally, the integration wOllld 

be perfonned from infinity (or where 3C / 3z goes to zero) but we noticed tbat ab ove 

40 nIll 3C / 3z is well described by a silllple paraJlcl plate cn,pacÏtancc lllodd, i.c. 

C = taS / z. The error due to this approximation could be reduccd by lllcasuring 

61 to laI·ger z, limited only by instrumental constraints such as the ov(~mll l'auge 

accessible with the pie:wtube for instance. This allow us to extrapolate aualyticnlly 

3C / 3z to distance beyond those accessible. We can thcn compute analyticnlly tlw 

value of the capacitance from the last experimental data, point to infinity and thcn 

start the numerical integration from this calculated valuc. 

3.4.2 Experimental Results 

Figures 3.7 and 3.8 illustrate the results for one set of data, i.e. one forœ-nmtrix, 

obtained between a 100 llln gold-coated tip over a gold salllple. As descrihcd ah ove , 

the capacitance plotted on figure 3.7 is deduced from il. simple integration of thc 

capacitance gra,dient shown in the insert that corresponds to tlw capacÏta.uce gradicnt. 

All of these data were consistently reproduced for diffCl'(~llt tip locations or with 

differcnt tips on the same sample. The main differcnCü would be the ahsolute valuc 

of the capacitance (for instance, an overall higher value for fatter tips), which is very 

much dependent on the tip geometry and that cau change CVCll duriug one experilllcllt, 

but the general trend always relllained the same. It is worth lllcut.iouiug herc I.ha1. 

wc observed a monotonie decrease of the contact potential diffcrcnte as a function of 

gap distance. This could be due to a rearrangement of the elmrged doumills of thc tip 

as depicted by the patch charges lllodel of Burnham et al [G5]. As the electrostatic 
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interaction increases wh en approaching the tip toward the salllple, this would giw 

risc to a change in the oventll value of the measured work function of the tip, cfJtip' 

This phenomellon observed in our experirnental conditions, i.e. lllctallic tip agaillst 

a mctallic substrate, helps us to better understand the need for the above procedure. 

Sincc VCPD changes with distance, it becomes aIl the more important to talw this 

effect into aceouut in order to deduce the nOll-eleetrostatic contributioll of tlw force 

and the capacitance gradient. A simple subtractioll of the electrostatic force a:-;:-;ulllillg 

a constant VCPD wOllld not therefore be appropriate. 
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Figure 3.7: Experimental determination of the tip-s<1mple eapaeitance plotted on a log-log plot. 
Two <1nalytieal models are neeessary to give an good aeeount of t.he eapacitance behavior OVCl' the 
whole range of investigation. (Insert) eapaeitanee gradient used to deduce the capacitallcc wlwn 
illtegrated. 

In terms of capacitallcc measnrements, figure 3.7 exhibits a behavior previously 

reported [38] but with no absolute referencc and for a llon-isolatcd tip-salllplc sys­

tem (including the stray capacitancc from a resonator for instance [79]). At a long 
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distance, for a value of z > 40 mn, the normal pmaIlel plates bdmvior is rccoven~d, 

agreeing weIl with the fact that the exact tip geometry matters llmch less wlwn it is 

far away from the surface, the only fitting parameter being the surface arca ass11l1wd 

for the plate. In this pa.rticular set of data, we calculated a. surface mea, which is the 

only fitting parameter, to be on the order of 10-14 m2 . This vaJue lllay sœlll 1ligh, 

but one has to keep in milld that this is an effective area that shou1d actually indudc 

the overall contribution from the side of the tip and evcn from the cautilever. Sincc it 

was impossible to fit the whole experiment with on1y orw ana1ytical III 0 del , at. short 

distance, a small 10garit1nnic growth is observed that cou1d lw weIl described by tlw 

sphere-plane mode1 (equation 2.22) with a.n effective tip radius of curvaturc of R = 85 

lllll, which agn~es weil with typica.l SEM images of such COIllllHTcia1 tips. 

In figure 3.8, we p10tted some other relevant informa.tion obta.iuc<l from the fit­

tillg of the parabolic capacitive force, which are the contact potentinl differcnce and 

residua1 force as a function of tip-sample distance. Chauge in VCPD as a flluction of 
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distance has nu'ely been reported [80], even though there is no fundanwntal rcasons 

why it should remain constant. This distance dependencc could he the results of 

charge domain rearrangement or the patch charge model [05]. Ou the otlter haud, 

the residual force displayed in figure 3.8(b) is of no surprisc siuce nt sueh distance 

van der Waals foree can play a significant l'ole, as weIl as non-capacitive dœtrosta­

tic force originating from fixed charges or different charge dOlllains. In the attcmpt 

to distinghish contribution from differcnt forces to the ove raIl mcasured force, the 

method presented here can be of great help to substract iu a very rigorous nHUllwr 

the capacitivc electrostatic force. 

Before concluding this section, it is important to state here the accuracy of sueh a 

mcasurement. First of aIl, since the llleasurelllcnt of the different experinwntaJ flj - z 

curves is rather long, of the order of several minutes, it is uot very relevant to (h~al 

here with a measuremcnt bandwidth sin ce it would always he very smitH. Turuing 

now to equation (3.6) wc can deduce that the rneasured capacitancc depends ou the 

two main acquiring challlwls, namely the force F and the distance z, hy a simple 

multiplication (we assume that the applied voltage V does Ilot have a significant 

error with respect to z and F): 

-2Fz 
C(z, F) = ( V; )2 + constant 

V - CPD 

which hasicaHy gives a relative error for C of the form: 

flC 

C 

(3.10) 

(3.11) 

From this simple argument, wc can work out cach relative elTOl" for F aud z and 

dedllccd the absolllte e11'or for C. Wc lloticed we have nt least Olle onler of lllagllit.lldc 

less e11'or in the distance z thall in the foree F, which was measmed to he flF = 3 pN. 

This faet can easily be llndcrstood by the faet we have 1,0 deconv()lut(~ the force 

from the freqllcncy shift which generate SOl ne noise. Therefore for our pmticnlar 
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experiment, the accuracy of our capacitance measurement frolll equation 3.11 is !:1C = 

0.03 aF and is lllainly limited by the force resolution and drconvolution procedure. 

The fitting procedure, which is better than 99%, does not really a.!ter this valuc UOl' 

docs the numerical illtegmtion, which has an error lllUCh less than the oue arising 

from the deconvolution of the force. 

3.5 Dissipation Spectroscopy 

Wc now turn to a less convcntional method of spectroscopy, which records the energy 

dissipated by the tip as it interacts with the salllple as a function of either tlw gap 

distance or applied bias, and that we call dissipation spectroscopy (D S). In a smui­

conductor, dissipation can also be sensitive to the dopaut cOllœutmtioll [81]. This 

channel of information is directly accessible ill any frequcllcY-lllodulation AFM and 

was already illustrated in figure 2.4 of the last chapter. This second feedback loop 

assured by the Automatic Gain Controller (AGC) cuables to respolld to a change in 

the tip-salllple interaction by varying the gain that regulat(~s the driviug signal. 1 t 

was assunwd that the cantilever is damped due to the tip-salllpl(~ interaction that is 

velocity dependent. In this case, the voltage appliecl to the billlorph to drive tlw cau­

tilever with a constant amplitude is recordecl and can be readily cOllvcrtcd in a power 

dissipated or energy loss pel' cantilever cycle using equation (2.18), as explaiued in 

chapter 2. In this way, we can relate the excitation amplitude with the actual power 

dissipated. 

This measure of clamping is in fad a measure of the frictiou that occurs bdwœn 

the tip and the sample. In our case, this friction docs Ilot originatc becausc of a 

phy~ical contact, uut is rather Illediatcd by the illtcract.ioll field alld il, is Lllll~ rdclTcd 

to as non-contact friction. Original work on local electric dissipation was initiat(~d 

by Denk and Po hl in 1991, who were able to measure the dalllping of the cantilever 

oscillation that was attributed to Joule dissipation of charge calTiers in a sClllicouduc-
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tOI' (see section 2.3.4). This field of study has sinee thcn been the object of several 

experimental investigations [82, 83, 84], and in particular to aCCollllt qllantitativdy 

for the electrostatic origin of the dissipation [60, 81, 85], but the detailcd nlCchanisllls 

still remain llnclear. In this section we present measurements of non-contact friction 

between two closely spaced metallic surfaces at different temperatures. 

As shown on figure 3.9 several DS curves were recorded for different tip-salllplc 

voltages and at a temperature of 77 K. Theses experimental curves w(~re obtailled at 

the same time as the .6.f - z curves previously analysed in section 3.4.2. In tlüs case 

the tip was coated with a 100 mu thick layer of Au on top of a 10 lllU lay(~r of Ti for 

better adhesion. The higher the applied bias, the longer the decay length of the D S 

curve and an in sert representing a zoom region on a log-log plot exlübits the power 

law behavior of these curves. A simple exponential decay of the fonu Al exp ( - z / zo) 

could fit the data over the who le z-range. For darity only D S curves for negative 

voltages me ShOWIl. Similar behavior was aIso observed for positivdy hias voltages 

but doesn't add more information to the discussion. Wh en proccssing the data to 

COllvert the measured excitation voltage in dissipatioll, we used the llwthod exposed 

in chapter 2 (section 2.2.4) so that we just recall here the formula for the llleall power 

dissipated: 

(p (d)) = 7rkA
2 
f(d) [R(d) _ f(d)] 

mt 4Q Ro fo 
(3.12) 

where f(d) is the measured frequency shi ft at distance d from the surface, R(d) is the 

gain factor given by the AGe and Ro is a constant correspondillg to the gaiIl WhCll 

thcrc is no interaction. 

Assullling an exponential deeay term for the dalllping coefficient 1 = 10 exp ( - z / zo), 

each curves could very weIl be fitted over the who le range of investigatioIl. For this 

fitting we a.sslUued aIl elllpiricallaw written for the dissipative force and illstantaIlcOIlS 
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Figure :3.9: Dissipation-distance curves recorded for differeut applied voltages at 77K. The illsert 
corresponds to a log-log plot of the last :~5 mu to :wom in the rcgion at. Hhorter dÜitance. Each curve 
wal> fitted with an exponential decay function. Only when the tip iH llot tapping the surface cau the 
exponential fit be good. 

power as: 

F ( ",yd)-rve(-z/zo),;, diss N, /v, - ,0 ,:., 

P(t) = loe(-z/zo) Z2 

(J.U) 

(J.14) 

here, 10 and Zo are constants. From this empirical definition and a.ssuming a. hêtrlnouic 

motion z (t) = A cos wt, the average power dissipated cau also he worked out to be 

[84]: 

(J.15) 

where h is the lllodified Bessel function of first order a.nd A the tip amplitude. 

Even though wc have shown that our experimcntal data for the dcctric dissipation 
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could be weIl fitted with an exponential decay we dou't know the physical origin 

of this exponential dependence on the damping coefficient ,. Moreover, the v()ltag(~ 

dependcllcc of the dissipation is not taken into account in snell a simple description. 

What was more surprising than this first set of data, are SOlllC otlwl" experilllcntal 

results also taken on a Au surface at 77 K but with a tlünller Pt coatillg of 20 nUl 

deposited by sputteriug ou top of a 10 mn Ti layer. This particular set of data. 

exhibits somc extraordinary type of DB curves presented on figure 3.10 for a larg(~ 

voltage span. In this case, no exponential decay terrn was observed but rather a clear 

bump moving to different z when voltage VB is changer!. 

1 2.5 V 

~ 5 
c: 
0 

0 ~ 
0.. (n 

-5 Cf) 

0 
-10 

-3V 
-15 

-4.5 V 
-20 

10 20 30 40 50 60 

Tip-Sample Distance (nm) 

Figure :~.1O: Dissipation-distance curves recorded for different applied voltages between Pt tip and 
gold sample at 77K. Each eurve is given an offset of 5fW for elarity. Arrows ilHlicate a Imlll{l or 
peak in the curVl: thl1t moves as fllnction of volbtge. Note that !lO hllJllp is ohs<,rv<,d nt 1 V which 
is the elosest value to CPD. 

In order to account for this phenomenon, an attempt was Ulade to illdude the 

results obtained from the method described previously in section 3.4.2, and to inves-
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tigate the effect of the change in contact potential (CPD) as a fUllction of distallœ 

onto the electric dissipation by Joule rnechanislll. Since the cxperilllclltai valuc for 

VCPD as weU as oC/oz were lllcasured simultaneously to the OlW for the dissipatioll 

shown on figure 3.10, a quantitative approaeh is possible. The average pow(~r g(~n­

emted by the induced current of the oscillating AFM tip was alrcady calculated in 

section 2.3.4 and the result is recaUed here: 

2 

1 2 2 2 (OC) (P) = "2 RA w (VB - VCPD ) oz (3.10) 

The only fitting parameter is the effective resistance R in the illduced currellt path, 

aU of the other parameters can be measured experimclltally a.s a. function of distance. 

In pmticular, we do not have to assume any special gCOlnctry for thc tip-samplc 

capacitance gradient sincc its value has been measured experilllClltaUy. In htct, ()VCll 

when assurning a very high value for the resistance R = 100 Mn, tlw ovcmU value of 

the dissipation was still helow the one measured by seventl onkrs of lllagllctude. This 

faet is not new sinee it was already reportcd, such as in refcrcn<:e [00]. What is llew 

from the above approach is that it was indeed possible to reproduce a slllaU bUlllp 

in the dissipation curve that is voltage dependent. This bUlU!> origillates Hl'ound 

VB = VCPD because in equation 3.16, the tenn (VB - VCPD ) challges sign, thus 

decreasing to 'Zero and then increasing again. The overaU results for such a curvc arc 

illustrated in figure 3.11 for different values of the applied voltages VB , chosml in the 

vieinity of the measured VCPD , which was fOlmd in this ca.se to vary bctwœn 0.4 V 

up to 1.2 V. We cau notice that the shape of Hw bump is very broad. This approach 

cau not therefore aceount, even qualitatively, for the observcd b11111p in figure 3.10, 

sillce in this case lnuups appear whell VB is actually far [rom VCPD alld arc llot as 

broad as the one calculated from equation (3.16). 

Even though the results displayed in figure 3.9 a.nd 3.10 wcrc both lll(~asllr<~d at 

the saIlle tempemture of 77 K over the saIlle Au samplc, two distinctive bchaviors 
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Figure :3.11: Calculated Joule dissipation, equatioll (3.lG), using cxperimcntal value for V(., J' Il and 
ôC/ôz. (Insert) display of experimental data of VCPD usee! in the calelllatioll. 

of the decüic dissipation could be observed, and a clear voltage dependellœ was 

demonstrated in both cases. The main difference betwecn experimcnts was the AFM 

tip, which was coated with a lUuch thinner coating on the second experilllcnt. This 

lends us to say that the larger the tip (due to a fat coatiug for iustauœ), the stronger 

the electric dissipation and thcrefore some detailed structures cau be easily sllwared 

out. Only wh en the tip exhibits a better aspect ratio, and also IL higlwr dœtrostatic 

resolutiou, were we able to probe an extraordinary type of dissipation with some 

bump features. To corroborate this assumption, the measured capacitalltc for tlw 

tips in this two type of experilllcnts show that the tip with the largcr coatillg exhihits 

(not surprisingly) the larger value of the capacitallce at a givcn gap distancc. An 

improvement of the tip shape and aspect-ratio would uot only improve the resolution 

of dectrostatic force mcasurement (as described in section 2.3.5 for instance) but abo 

the elcctric dissipation itself and to some exteud the llleasurclllcnt of wea.k forces at 



3.5 Dissipation Spectroscopy 65 

the nanometer seale. 

20 

3V 
15 

2V 
10 

~ ..... --- 5 c 
0 

:;::: 
co 
0. 0 ën 
en 
0 -5 

-10 

-3V 
-15 

10 20 30 40 50 

Tip-Sample Distance (nm) 

Figure 3.12: Dissipation-distance curves as a function of applied bias over a Ali SurfilCC nt 4.5K . 
Each curve is given an offset of 5fW for clarity. 

A last experimental investigation of dissipation spectroscopy at iL lower tClllpera­

tllre of 4.5 K is presented in figure 3.12. In this case, neitlwr an expOllclltial decay 

nor somc bllmp at a given z were observed but rather an allllost cOlllplctcly fiat curvc 

with for SOlne value of the voltage a elear drop (or negatiw valuc) for the dissipa­

tion just before the Olmet wh en the tip starts tappillg the surface resulting in a wry 

steep increase of the power dissipated. This effeet seelllS even more puY:Y:ling than tlw 

previous rcsults sinee the power dissipated by the tip nonrmlly always illcrcascs to a 

higher value whell the tip approaches towanl the salllple. 

This last section on dissipation speetroscopy over sucll a silllple system as a nwtallic 

tip on a gold substrate left us with more questions than answers. This is probably 

why the dissipation channel available in a non-contact AFM is not oftml us(~d as a 



66 3 Spectroscopie Methods in AFM 

major channel of quantitative information. The importance of the tip geollwtry ScelllS 

nevertheless an important factor that needs to be investigated in the future in greater 

details than in the present study. However, we will again have the opportunity to 

come back to diseuss the dissipation channel when dealing with the chargillg (~vent of 

a single electron in chapter 5. 

3.6 Summary 

In sumUWJ'y, we described in this chapter aIl the differcnt tools available to the con­

ductive AFM in the frequency-modulation and contact mode in onkr to perfonll 

several types of current and foree spectroscopies. Both tip-sampk distance aud tip­

sample voltage are two important parameters to take into accouut in partieulm' wheu 

dealiug with the electrostatic force which exhibits a strong distance as weIl as volt­

age dependence. As a consequencc of this analysis, a siIllple lllctllOd to llwasurc 

the absolute tip-sample capadtance, the contact potcntial differcnce and the rcsidllal 

non-capacitive force as a funetion of tip-sample distance was achieved, whieh can he 

of great value when trying to separate each force componcnt or wh en the absolutc 

value of the capacitance is an important paramcter. Ou the otlwr haud, the at­

tempt to understand dissipation spectroscopy on gold offeœd several dmllcugcs and 

a compilation of more systematic studies would be necessary. 
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Single Electron Effects ln Quantum Dots 

After a review of the ùiffercnt force spectroscopies tha,t cau he carried out with a cou­

ductive AFM, our attention will now focus on some particular type of scmiCOlldlletor 

samples to stllÙy their electronic properties. A description of the Coulomb blockad(~ 

theory will be given before presenting and comparillg experillwutal reslllts of Sillgk 

elcctron detections in an iudividual quantum dot. 

4.1 Semiconductor Heterostructures 

Neither a gooù conduetor nor an insulator, the maiu originality of semicowlllctor 

material cornes from the faet that its energy leV(~ls aJ'e gathcœd into two distinct 

band structures in between which lies its chcmical pot(~ntia.l. The lower band in 

cnergy, or Valence band, is almost full of electrons and call only conduct charge by 

the movement of cmpty states or holes. On the contrary the upper or conduction 

band is ahnost devoid of electrons, whose lllunber is ùescribed by thc Fcrllli-Dirac 

statistics, thus depending on temperature as weIl as the width of thc gap bd.wœn 

valence and conduction bands. In a more quantitative way, if wc ddiIw by Dc(E) 

and Dv(E) the density of sta,tü in the conduction and valence baud respœtivdy, the 

number of electrons pel' unit volume in the conduction bands n(T) will he [8G]: 

nT = D E dE 100 1 
() E, c() 1 + e(E-Ep)/kT 

( 4.1) 

67 
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where Ec is the bottom of the conduction band and Ep is the Fermi cncrgy. Thcn~ is 

a similar eqllation for the hole density, p(T), and the relationship betwetn these two 

quantities, callcd the rnass act'ton law, can be written as: 

(4.2) 

where n; is the intrinsic carrier density, a constant for each lllaterial at a givcll telll­

pera.ture. Dnlike met aIs or insulators, the llumber of carriers, either dcctrons or 

holes, can be modified over several orders of magnitude, which makcs smnicouductor 

very useful for a wide span of applications both in electronics and optodcctronÏcs. 

These conduction and optical propertics can be tuned by challgillg the doping COll­

centration, thus increasing the number of charge carriers. Some highly dcgellcratcd 

serniconductors, i.e. with a very high doping concentration, can even (~xhibit uwtallic­

like properties at room temperature. But to fully take advalltage of semiconductor, 

one wants to control the uumber of charge carriers by using external controllablc pa­

rameters such as temperature, the effect of au applied electric field or by illumination 

in order to create electron-hole pairs. 

Table 4.1: ROOIll temperature properties of various selllicOlldllctorS. 

Semicondllctor Lattiee coustant Band gap Canier Dellsity Relative 
0 

ni (m-3 ) Symbol (A) (eV) Perlllittivity 

Ge 5.64 0.66 2x1019 16 

Si 5.43 1.12 2x1016 11.0 

InF 5.86 1.35 ex: 1()14 12.4 

InAs 6.05 0.36 ex: 1021 14.6 

Ga.As 5.65 1.52 ex: 1013 1:3.1 

A characteristic length sc ale that has to be takell into aCCollnt when dealillg with 

a semiconductor is the so-called Debye-Buckel length, lD, that ddÎlws the screcn-
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Figure 4.1: Semicondllctor band bending at the interface AIGaAs/GaAs, tlllls creating an qllatltlllll 
well at that interface. After the junction is made, the Fermi energy of the two semiColldllctors are 
aligllcd. 

illg length of surface charges (or penetration depth of the dcctric field) illside the 

semiconduetor and can be writtell as foIlows: 

(4.3) 

Therefore, unlike metal that can always completely screell chmgcs llndenwath its 

surface, there is a characteristic length underneath the sCllliconductor surface tlmt 

will determine how weIl the carriers respond to an electric field, t11us also lIlodifying 

their band structures close to the surface, which is known a.s a hand bCllding dfœt. 

Such an effect, whose results give rise to a quantum weil at thc lwtcrojuuctiou, is 

illustrated in figure 4.1. 

Even though there exits some pure eleIllent selllicollductor lllatcrials, such as G(~ 

and Si, there is a large variety of compound semicouductors wl!osc special proI>(~ltics 

can be more easily tailored. In particular, the width of the baud gap, mnging from so­

called narrow to wide gap, is very usdul for tuning the wavdellgth of phOtO-clllissioll 

frolll the reeombinatioll of electroll-hole pairs. In the pcriodic tahlc of elclllcuts, 
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Figure 4.2: Schematic representation of two semiconouctor samples with one or two layers of QD. 
Note the 2DEG at the heterojunc:tion between InP and InGaAs. These samples are fabricated nt 
the Institute of Microstructural Studies in Ottawa by P. Poole et al. 

several semiconductor types are defincd: the mostly cncountered one are the 111-V 

serniconductors, su ch as GaAs, InP and so on, and the II-VI type sellliconductors snch 

as for instance ZnTe and CdSe. Apaxt from these binary eolllbilla.tions, SOllle thrœ 

compound sellliconductors can also be produced, sucll as IllGaAs. Eadl resnlting 

semiconductor exhibits different properties that will depcnd on its lattice constant, 

band gap, electron and ho le mobilities, etc ... SOllle of wbich are gatlwred in table 4.1. 

Typieal band gap for bulk InP and InAs at room tcmperature are 1.:35 eV and 0.:36 

eV respectively compared to a 8 eV band gap for a good insulator such as Si02 . 

One of the lllany advantages of baving sucb a large variety of sClllicOllductors is tlmt 

by forllling several heterojunctions bctween sellliconductors of diff(~rent band gaps, 

Olle call ea~;ily lllOdify the conductioll propcrtics of such llCW devicc and in particular, 

electrons can be confined in one or more dimensions givillg risc to quantulll wells 

(QW), wires or dots. This is what we refer to as semiconductor lwterostrnctures. 

To best illustrate our discussion let us now look at two sitmplcs that were used for 
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our experimental investigations and that are schematically preseuted in figun~ 4.2. In 

this case, each layer corresponds to the epitaxial growth of a diffenmt semicouductor, 

the matclling of the different lattice constant is therdore illlportant if oue wants to 

grow atomically fiat surfaces. At each interface between selllicOlHluctors of diff(~reut 

band gap, a modification of the energy band will result, tlms crea.tiug for the charge 

carriers some artificiaJ barriers or wells at that interface. This is wlmt preCÎsdy hap­

pens at the InP and InGaAs interface: CL two-dilllensiowtl gas (2DEG) is fonllcd duc 

to the differeucc of band gap. This 2DEG or quantulll weIl cOIlfilWS clcctrous iu the 

horiy:ontal plane parallel to the surface and therefore can net as an elcctroll rcscrvoir 

or back-clcctrode l'rom which electrons can tunnel in or out. Tlwse techniques tu 

produce heterostructures with barriers and wells of diffefent thicknesses aud lwights 

are often referred to "band gap engineering". 

If we now look at the interface between InP and InAs, the diff<~rencc bNwœn tlw 

lattiee constant of these two materials, close but not identica.l (sec table 4.1) lwnllits 

the formation of spoutaneously self-assembled QD due to the n~sults of a slight smfa.œ 

strain (in this case of 3.1%). This bottorn-up approach of QD fabricatiou is very 

useful if one wants to cover a whole wafer with such selllicollductor QDs. AlI of tlwse 

recipes to produee sclf-assembled na.nostructures require the use of URV SysklllS tlmt 

can slowly grow atomically fiat layers of semiconductors such as Molccular I3emu 

Epitaxy (MI3E) or Chemical Beam Epitaxy (CBE). Al' ter this brid descriptiou of tlw 

fabrication and basic properties of QD samples that wc will investigate, it is Ilseful 

to turn to the description of Coulomb blockade in such structures, as weil as to have 

a good estimate of the tunneling rate between Q\I\T auc! QD. 

4.2 Quantum Well to Quantum Dot Tunneling 

For the purpose of our later experimental study of QD, Olle importaut panuueter is 

the tUllucling transfer of carriers from a quantum weIl or 2DEG (dectron reservoir in 
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our case) to a QD. This problem can be investigated theoretica.lly llsillg the transitiou­

probability of Bardeen [87], that is, an extention of Fermi's Golden ruIe for the case 

wherc initial and final states of the transition are Hot in the same cOHfilling structurc. 

The advantage offered by sucb computation of the tUllnclillg rate is two-fold: 

• In the domain of QD lasers (which is also a serious application for thc IllAs QD 

that we studied), it is important to have an efficient QW to QD tunueling so 

as to inject rapidly carriers that will be able to recombine and prodllcc light 

emission. 

• On the other hand, for the study of single charge detection, wc rathcr prder a 

small capacitance between QW and QD, which usually translate iu slowcr tlln­

neling rate. The trade-off is that it still has 1,0 be large enollgIt 1,0 be dctectablc 

with AFM probe for instance. 

In both of tItis cases, a possible way to tune the tunneling rate 1,0 a lllore appropriate 

value if needed, would be to change the distance t between Q\V and QD duriug the 

growth of such samples. 

Figure 4.3 illustrates the potential profile along the perpelldicular direction 1,0 tlw 

surface and defines the relevant parameters such as the barrier, QW and QD potcutials 

noted as Vb, Vw and Vd respectively, as weIl as the different layer thickllesscs, W, taud 

d for the QW, tunnel barrier and QD respectively. 

The approach that we will review here is attractive sinee it penuits tlw calelllatioll 

of the tunneling probability from a two-dilllcnsionai QW 1,0 a i':cro-dilllensionai QD 

in tenns of the initial and final states in the QW and QD respectivdy, via a tmnsfcr 

Hamiltonian. If wc consider the Hamilonian for the QW-QD systelll wc have: 

fi? 
H = __ \72 + Vw(z) + Vd(r) (4.4) 

2rn* 

where Vw(z) = Vw inside the weIl and Vb outside it, as shown OH figur<~ 4.:3, and 

m* = O.067me is the effective mass for the electron. Similarly, Vd(r) = Vd for l' in 
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Figure 4.:~: Potential profile in l'cal space of a quantum well couplee! to a QD separated by a barrier 
layer and charaeterised by a potential hcight Vb and thic:kness t. Adapted from [:~l. 

the dot and Vb outside it. It is also necessaxy to kllOW the wavc fuuctiou aud eucrgy 

levels both in QD and QW that can be obtailled by solvillg the timc-indcpelldcllt 

Schrodinger equation: 

(4.5) 

with the QW Hamiloniall writtell as: 

(4.G) 

And a similar expression exists for the QD. For the QW, the qwmtizatiou of the Clwrgy 

levels occur ollly iu the z-directioll and can be calclllatcd hy solving the followillg 

transcendent equations for even and odd parity states respectivdy [88]: 

kz tall(kzw/2) - rt,z = 0 

kz cot(kzw/2) + rt,z = 0 

(4.7) 

(4.8) 

where kz = .J2m* Elz/n, and rt,z = J2m*(V - EIJ/n, are the wave vectors ill the z 

direction outside and inside the barrier regioll, respectivdy. H(~re we notcd the ellergy 

qllantization, Elz, along z, where l is the quanturn number for tlmt directioll. Thcs(~ 
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equations can be solved nUlllericaIly by using the N ewton-R.aphson itcration lllcthod 

for instance to find the zeros of equations (4.7) and (4.8) corresponding to the cncrgy 

lovel in the QW. Similarly for the QD, the quantizatioll of cnergy level call he workcd 

out in the z-direction with quantum number q, noted Eqz, whercas for the in-planc 

cnergy level, assllming a cylindrical symmetry we have [89]: 

(4.9) 

wlwre a is the dot radius and Zmn the nth zero of the Bessel function so that 

The transfer Hamiltonian is defined as H - Hw, so that the transition ratc for 

tunneling to OCClU' from the QW to the QD is [72]: 

( 4.10) 

where a spin factor of 2 has been introduced, and fw and /d are the Fermi function 

for the occupation probahility of states in the weIl and the dot respcet ivdy. Note 

that the summation has to he made over the quantum lllunbers w = (kx , ky , l) and 

d = (m, n, q) ifwe assume the simple cylindrical geometry described above for the wdl 

and dot. It is also useful to remark that the transfer Hamiltonian vanislws (~vcrywlwn~ 

except in the region where the dot is, with a constant value equaJ to Vd - Vb. Equation 

(4.10) is rather awkward to compute but tan still be caJculated awüyticaIly (tlld thc 

method that we use in this section is weIl described in the pap(~r from Chuallg ct al 

[3]. 

Dy choosing the relevant panuneters corresponding 1.0 the sample charactcristics 

it, uecOlllcs possible to calclliatc the tllllllclillg rate. Thc::lc panl111ctcr::l wcrc obta.iucd 

from a llumerical band diagram calculatioll, carried out by G. Acrs ct al nt the 

National R.eseach Council in Ottawa and was obtaincd from ê1 self-consistent solution 

of the Schrüdinger and POiSOll equations in similar semiconductor heterostructures as 
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Table 4.2: Parameters obtained from a band diagram c:alculation and lIsed in the calculatioll of t.he 
tllIlIlüling rate from QW to QD and corresponding to the thrœ semicondllct.or layers of figme 4.:1. 

Parameters QW QD Barrier 

Height (eV) -0.05 -0.1 0.2 

Thiekness (nm) 10 8 20 

describcd in the previolls section. Table 4.2 gathers the relevant paralllcters ncœssary 

for the calculation of equation (4.10). Here, the barrier hcight in eleetron-Volt is giwn 

with respect to the Fermi level. For the calculation of the data ShOWll in figurc 4.4, 

the barrier thickness was changed by a step of 5 mil and the owrall data could bc 

weIl fit with an exponential growth function as expectcd. From the values obtaillcd 

with s11ch parameter, wc imlllcdiately notice that the t11111wling rate is indœd very 

fast for a barrier thickness of 20 mn, in the GHz regimc, cllsuring tlmt tUlllwlillg 

events are nmch faster that the typical resonance freqllency of the cantilever, in the 

kHz rcgime, that will serve later as our detector. Even with a barricr thickncss of JO 

lllll, the tunnelillg rate would still be in the MHz regilllc, which is fast cnough for thc 

detection of enollgh electron tunneling events in the tilllC (or fr<~quency) Willdow set 

by the cantilever resonance frequency (typically about lUllldred kHz). In this case, 

the advantage of havillg a thicker tunneling barrier of 30 lllll for instante, would allow 

a smaJler overall QD-back-electrode capacitance, which coul<1 kad 1,0 a bcttcr cncrgy 

rcsolution and broader span of investigation, as will be expla.iucd in the lwxt sectioll. 

4.3 Single Electron Box: Theoretical Description 

4.3.1 General Considerations 

We shan first l'ecall hel'e what ,ue the two necesSal'y conditions in ordcr 1,0 observe 

single eleetron effects that are linked with Coulomb bloekade plwllonwna: 
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Figure 4.4: Coherent eleetroll tunnelillg timc from the quantum well grouud litatc to the qlliLlltlll11 
dot ground state. Solid line: exponential growth fit to the calculated point.s. 

1. The energy required to in je ct a single clectron into a llanostrncture (i.e. tlw 

charging energy, Ec) must exceed the thennal cnergy, otherwise wc would not 

he able to distinguish the injection of a single electron frolU thermnJ fiuctuations. 

This conditions is written as: Ec = e2 /2C > > kT. 

2. The tunueling l'esistance Rt must be lm'gel' thall the quantulll resistallcc hl e2
. 

This condition is necessal'y to suppress the fiuctuatiolls in the dectron llllluber 

N and assure that the electron wave function is welllocalised on the QD. This 

condition writes: Rt » hle2 = 25.8 kn. Another way of stating this condition 

is hy defining the coupling between the leads and a nanostructure: the strouger 

the coupling, the slllaller will be the effcd of single electron tUIllwling bccause 

of the smear out of the wave function in the QD. 

Once these conditions are fulfilled in a single eleetron device, it bCCOlllCS possible to 

control the motion of just a single electron. Experimentally, snch a <kvicc consists 
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Figure 4.5: (a) Sehclllatic diagram of the different coupling bdween 11 QD and the gate and back­
electrodes. (b) Equivalent eleetric circuit where the charge on the dot is assumed to he q = - N c, 
CUl' and C sub are the tip-QD and QD-2DEG capacitanee rcspectivdy. The dash square corresponds 
to the quantum dot. 

usually of quantum dots having at least oue tUlludiug .iunction with a.n dectrodc. 

The lllOst basic electron box device would thercfore eonsist of a single QD couphl 

electrostatica.lly on one hand to agate electrode and on the othcr h<1nd to cL back­

eleetrode by a tunneling barrier. Of course, lllally more elœtl'odes can in principlc 

be added (if not sometimes for practical experimental difficulties). The next step 

would be for instance a so-ealled Single Electron Transistor (SET) cOlllposed of a. 

nano-island electrostaticaJly coupled to agate electrode and sandwichcd betwœn two 

tunneling barriers to source and drain. 

For the sake of elarity with our later experimcntal discussion, wc prcscntcd in 

figure 4.5, the actual set-up used for perfonning mcasurclllcnt Oll an individual QD, 

which illustraLes ct sillgle electwll Lux wlwrc the cOlldllctive AFM tip play~ the l'Ok 

of the gate electrode and the two-climentional eleetroll gas (2DEG) serves as tlw 

back-electrodc. Wc use the equivalent circuit representatioll for tlw conccptllal (and 

simplified) understanding of the effect of a QD that sits in-betwœn two electrodes. 



78 4 Single Electron Effects in Quantum Dots 

Following the notation in figure 4.5, we can write the total ehmge on the dot as a 

function of the indllced pola:rized charges on eaeh of the capaeitor plates, that is: 

q = -Ne = qsub - qtip (4.11) 

where hy definition: qsub = Csub Vsub and qtip = Ctip V';;ip. The applicd bÜts VB drops 

hetween the tip and back-elcctrode in such a way that VB = Vsub + V';;ip, or in tenus 

of the capacitancc: 

V
B 

= qsub + qtip (4.12) 
Csub Ctip 

From the expression of equations (4.11) and (4.12), we can more conveuicntly write 

the values of the voltage across the tip-QD and QD-back-dectrode in the following 

way: 

TT, _ CsubVB - q 
Vtw - " 

Csub + Ctip 
(4.13) 

v: _ CtipVB + q 
sub -

Csub + Ctip 
(4.14) 

These gcneral considerations that are applicable for a variety of systC1llS eollphl to 

sOIlle tunneling junctions will thon be used for deü~rminillg the exact conditions on 

the bias voltage to observe Coulomb blockade phenOmellit in a single dectron box. 

4.3.2 Coulomb Blockade Phenomena 

Brief1y presented in the introductory chapter, Coulomb blockade phenolllclla. willuow 

he discussed more quantitatively to account for the charging of a. sillgk dectroll box 

(or quantum dot). The view presented here is somewhat silllpler tha.ll the gCll(~ral 

description of conduction peaks illustrated in figure 1.1 because then~ is no tnnnding 

ba'f'TÙT bctwccll the cOllductive AFM tip and the QD duc to the large ViLCllUlll gap. 

In this case, no current is collected at the tip (in cOlltrast to Scallnillg Tunneling 

Spectroscopy) and once the QD is charged it remains in this state for a giVCll voltage 

window. 
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To understand more rigorously why electron number can sOlllCtimcs lw bloelmded 

inside a nanostructure for a certain voltage window, we first have to derive the frœ 

encrgy of the system. With the notations used so far in figure 4.5, the total charging 

energy of the quantum dot, which is the sum of the chargiug euergy for (~ach capaci­

tance, can be expressed as function of accessible quautities like the capacitallces, tlw 

total applied bias VB and charge q, according to [90]: 

( 4.15) 

(4.1G) 

where CL, = Csub + Ctip. This last equation (4.16) has a familial' expression sinc(~ 

the first tenn corresponds to the QD charging energy (with a total capacitancc CL,), 

whereas the second tenn is the equivalent expression for two capacitors (:oIllwctcd in 

series. 

80 far, we have been dealing only with the electrostatic elwrgy of tlw capacitauces. 

It is however equally important to take into aCCoullt the work douc by the geucmtor, 

W, in order to keep a constant applied bias VB when briugiug the charge iu the dot 

from 0 to N and that can be expressed as [90]: 

( 4.17) 

Wc now have all the necessary ingredients to accüuut for the fl'cc cnergy, G, of the 

system defined by: 

(4.11)) 

From this expression of the free energy, we can work out the conditions to lllaintain 

the electron in the QD by stating that the final state has to he cuel'getically favof(\'ble, 

that is t::.G(N, N+1) = G(N+1)-G(N) > 0, or ifwe substitllt(~ direetly into eqllation 
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(4.18) we get: 
e C· 

6.G(N,N + 1) = -C (2N + 1) - CÜPeVE < 0 
2 2: 2: 

(4.19) 

The same m'gument holds for 6.G(N - 1, N) = G(N - 1) - G(N) > 0, which nnally 

gives an upper and lower boundary for the applied bias VE so that: 

Vi = Ce (N - ~) < VE < vt = ce (N + ~) 
tlp 2 tzp 2 

(4.20) 

which meallS that the electroll number in the QD is fixed to N in this l'auge of voltage, 

or in other words, the current is blockaded as long as VE stays iu this voltage range 

that we calI 6. = vt - Vi. From the inequality (4.20) we can notice right away that 

the difference in voltage between two neighboring blockaded regions is constant (i.e. 

independent of N) and equal to 6. = ejCtip . Typieal value for 6. is about 1 V. This 

effect is referred to as Coulomb blockade. In a more praetical wa.y, we usually denue 

the function lnt(x) that gives the nea.rest integer to x so that the ÎlH'quality (4.20) 

can be more cOllveniently expressed as: 

(
CtiPVE 1) 

q = - Ne = -el nt e + "2 (4.21 ) 

this equation simply states that the charge has to be quantiz(~d with integer lllllllber 

of e. It is nonetheless interesting to note that expression (4.21) only dcp(~nds on the 

tip capacitance and the total applied bias. 

4.3.3 Single Electron Effect on the Force and Frequency Sllift 

Derivation of the Total Electrostatic Force 

The next question that may m'ouse our curiosity is: what would be the forcc duc 

to a single electron deteeted by an AFM probe? Thallks to the cakulations derived 

above (equation 4.18), it is not difficult to deduce the aetnal total electrostatic force 

F arising from the change in the tip capacitance, since: 

(4.22) 
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From this definition of the interaction force from the frce cncrgy, wc can now express 

the electrostatic force acting between the AFM tip and tlw back-elcctrode in the 

presence of a charge in the QD as: 

1 8Ctip (q2 1 2 2) 
F = C~ 8z 2 - CsubqVB + 2CSUbVB (4.23) 

= ~ 8Cserie (vB _ _ q_)2 
2 8z Csub 

(4.24) 

where Cserie = CsubCtip/ (Csub + Ctip ) is the equivalent capacita.llcc of Csub and Ctip 

put in series. It is good to first remark from equation (4.24) that if q = 0, we recowr 

the gcncric parabolic curve which is a typical behavior of the capacitive force hetwœn 

two Il1ctallic bodies already discllssed in section 2.3.1. Frolll cquation (4.23) wc can 

separate three eomponcnts that have different origins: (i) the first tenll, proportioua.l 

to q2, corresponds to the interaction betwccn the charge in the QD and its image 

charge on the tip; (ii) the thinl term, proportional to VJ, aCCollnts for the int(~raction 

between the polarized charges in the tip (qtiP) and the back-dectrode (qsub); (iii ) the 

second tenn linearly proportional to both q and VB , reveals tlw actual interaction 

betwcen the polarized charge in the tip and the charge in tlw QD, and thcrdorc 

permits the rneasurement of the charge in the QD. 

In order to represent equation (4.23) graphica.lly, wc ne(~d to put SOUlC Ulllllbers 

for the value of the two main capacitances and the simple st modd of I)aralld pla.ü~s 

capacitors can be used here. Referring to section 2.3.1 aud llsing the notation on 

figure 4.5 we can write: 

EOS C _ EOErS 
Ctip = z and / sub - -d- (4.25) 

where S is the effective surface area of the parallel platc, d tlw width of the tlllllld 

barrier (or QD-back-electrode distance) and Er the relative pcnllittivity of InP in our 

case. Substituting into equation (4.23), we end up for the dectrostatic force: 

1 ( d2q2 dq VB EOSVJ) 
F = - (z + d/Er}2 EOE~S - --z- + -2- ( 4.2G) 
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It then becomes possible to compute quantitative valucs for cach of the thrœ 

tenns of the force. In particular, an effective diameter disk of 17 lllll is assUllled 

for S, which also corresponds to an are a of 227 nm2
. This value is to be comparcd 

with the effective area of the dot. From this calculation, it conl(~S out that the first 

tenu, proportional to q2 is always snmller by two and three o1'ders of magnitude with 

respect to the next two terms, thus rendering the effect of the image charge of the 

dot on the tip experimcntally difficult to resolve. Not surprisillgly, it is the thinl 

term corresponding to the constant capacitive background, proportional to V§, that 

is predominant with sonw effect l'rom the second tenu whcn SOIlW dmrgillg of the 

QD occurs. These effects are illustrated in Figure 4.6 whcre the generic paraholic 

background set the overall behavior for the electrostatic force with SOlIlC deviation 

happelling in the fonn of a sharp jump when the conditioll 4.21 is fulfilled. For a lat cr 

comparison with experimental results where the frequency shift is the cxperillwntally 

accessible observable, we also added in figure 4.6 the corrcspollding frequellcy shift, 

assuming the calculated force using the convolution procedure dcscribed by cquation 

(2.9). Althongh the step-like structures on the force translate into broader incrcasc 

in t:.f because of the averaging effect of the amplitude, the onset of the increasc still 

match the step in the force-voltage Cllrve. 

Sincc some cIear jumps appears in figure 4.6 it is interesting to work out frolll 

equation (4.23) the step height in the force, t:.F = F(N + 1) - F(N), that is, tlw 

difference in force before and al' ter the electron number gocs from N to N + 1: 

t:.F = ~ oCtip (N + ~ _ Csub VB ) 
C~ oz 2 e 

( 4.27) 

e oCtip ) 
= C~ âz VR(Ctip - C,,,b (4.28) 

It is worth noting that sinee equation (4.28) is linearly proportional to VB , tlw height 

in force will increase as the applied bias is increased, thus more clearly dcmonstrating 

QD cluu'ging at a higher voltage. There is nonetheless a trade-off, siuœ a very large 
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difference of potential betwccn tip and sample creates locally a very lügh field strcllgth 

a.t the a,pex of the tip, therefore challenging the overall tip stability as weIl as possible 

field ionisation of the tip coating. That is why typical experimental ~f - V curvcs 

never exceed a difference of potential of five volts. 

Effect of the Tip-Amplitllde on the Measllred Freqllency Shift 

Before coneluding this rather long section on Coulomb blockad(\ plwnonwna and its 

manifestation in the overall electrostatic force, a last important remark conœrning the 

effect of the tip-amplitude has to be pointed out here. The convolution procedure, 

described by equation (2.9), that arises because of the finite size effect of the tip­

amplitude with respect to the decay length of the interaction force is lllost of the 

time of no consequence on the overall shape of the frequency shift curvc obtaiucd 

experimeutaIly. This is not the case when the predicted force cmve revea.ls SOUlC step 

like structures as already shown on figure 4.6. This highly uOll-liucar f<~ature wlwn 

averaged over on oscillation cycle of the cantilever motion eau exhibit SOllW quite 

ullusual structures depending on the tip-amplitude. 

To illustrate this point, the frequency shift ealculatcd from (~qllatioll (2.9) and 

assuming the same original force curve is plotted for four diff(m~llt valucs of the tip­

amplitude in figure 4.7. On such graphie, the original step like structures in the force 

translate in quite different frequency shift curve depending on the tip-amplitude. Tlw 

tip-amplitude becomes therefore a very crucial parameter a.nd a typical kngth scale 

in detenniuing experimentally the effect of Coulomb blockade pheuonwna. This dfcct 

is basically eaused by the averaging effect of the tip oscillation: the larg(\r the tip­

amplitude, the lm'ger the distance the effective force is averaged ou. lt is therdorc 

of no surprise to see in figure 4.7 (d) a rather smooth curve when~ the effcct of the 

Coulomb blockade jump is actually quite small and appears ouly as a sllla11 bum!) iu 

the frequency shift. This observation can be of practical importanœ iu optimizing 
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Figure 4.7: Frequency shift versus voltage curvcs obtained for differcllt tip Iwigltt as weil as tip­
amplitude, aBslllning a force of the saIlle type as shown on fignre 4.G. The range for the tip-lwight, 
from 25 to 35nm, and the color code is the same as on figure 4.G. Depellding Olt the tip-amplitude, 
A, the abrupt step in the force curve will translate is a very sharp peak for A=lllm or a rather 
smooth curve with just ct small bump for A=lOnm. 
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single clectron detection with an FM-mode AFM apparatus. On one hand, the ovcmll 

signal-to-noise ratio decreases as A3/2, but as shown in this section, the effeet of a 

single cleetron filling of a QD on the other hand can be dramatically cnhallccd with 

very small tip-amplitude. 

4.4 Experimental Investigation of Single Electron EHect 

4.4.1 General Sample Considerations 

Now that wc have clarified the effect of Coulomb bloclmde plwlloIlwna observa.ble 

in the force through the electrostatic couplillg between a conduetiv(~ AFM tip and 

a QD, wc can more confidcntly confront theory and exp erirlHmt s. Wc will present 

in this section the experimental results on a sample that indudes OlW layer of sdf­

assembled QD as illustrated previously in figure 4.2 in section 4.1. The actaal detailed 

description of the set-up has already been illustrated in figure 4.5 whcre the differenœ 

of potential, VB' is applied between the AFM tip and the 2DEG that serv(~s as the 

buried back-electrode, as well as an electron rcservoir for dectrons to tunnel to the 

QD. This simple two electrodes configuration, where the AFM tip aets as a mobile 

gate is very convcnient if one wants to have access to a large variety of individual 

QD that are uniformly distributed on the surface. The other advautagc is tlmt prim 

to the spectroscopie analysis, AFM images can be reeorded, dms assuring acœss to 

a single QD, as well as the possibility to characterise its geometry. Moreovcr, sillœ 

we use the AFM in the non-contact mode, deteriorations of lleitlwr tlw QD nor tlw 

tip can occur after the locaJization of the QD on the surface by illlagillg or wllik 

perfonllillg the spectro::>copic curve::>. 

First, wc cau show SOIlle AFM images of the self-asscmbled QD takcn lllHler the 

saIlle experiIlleutal conditions as the later spectroscopy data. Figun~ 4.8 shows two 

different topographical images of the QD. The lateral rcsolutioll is not allloIlg the best 
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Figure 4.8: Non-contact AFM images of self-assembled QD takell at 4.0 K. Ldt: 2 microns scan, 
right: 180 mu scan. 

achievable with a non-contact AFM for two l'casons: (i) the llldai coating spllttr~rcd 

onto the tip renders the apex of the tip broader and lll<î,k<~s the tip very sensitive to 

elcctrostatie force which usuaIly me ans poorer lateral rcsollltion; (ii) because of tlw 

qllite high aspect-ratio of the QD on the surface, it makes it lllore difficult to dœrease 

the frequency shift set-point for higher resolution (i.e. incrcase the force gradient by 

brillgillg the tip doser to the sample) sinee this gcncrates illstability whcn the tip 

passes above the QD. 

Regardless of this resolution, we can nonethelcss diffcfCntiatc very weIl each QD 

individuaIly and localize them precisely on the surface which was the princip le aim 

of topographical imaging. In pm'ticular for our stlldy, it was important for instancc 

to have a low density QD coverage so as to avoid confusion bctwecn sidc dfœts of 

neighboring dots. With such a salllple that had a measured deusity of a kw QD Iwr 

micron-square, it was casier to locate individual as weIl as isolated QD. 

4.4.2 Electrostatic Force Spectroscopy 

Once the elear identification of a single QD has bcen made by regllhr non-contact 

imaging, we position the tip above the QD to perform the spectroscopie eurves at 
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Figure 4.9: Energy band diagram of the AFM-QD-2DEG set-up deseribcd previollsly in figure 4.!l. 
The applied voltage aets as a lever arm between AFM tip and 2DEG. (a) TlIlllwling evcllts arc 
blockaded as long as the charging energy E" is not overcome. (b) When E" fallt; bdow the Ferrtli 
level of the QW an electron ean tunnel in the dot. 

a given x - y position. While the spectroscopic mode is on, the feedback control 

that rcgulates the tip-sample distance is frozen so that eaeh flj - VB curw is taken 

at a constant gap, Zo, of usually 10 mn or more. This rat 11er large gap assures 

that tunneling events between the tip and QD are negligible aud the electrostatic 

force is the dominant interaction. This is why hereafter we will refer to this type of 

spectroscopy as Electrostat'ic Force Spectroscopy (EFS) since the main contrilmtiug 

interaction is electrostatic. The changing of VB acts as a lever ann for the voltage drop 

across tlw vaCUUlll gap (vtip) and the tunnel barrier (Vsub) , thus shiftillg QD cllergy 

levels with respect to the 2DEG as illustrated ou figure 4.9. Whell the charging cucrgy 

Ec is overcomc by the alllount of voltage Vsub = Ec/ e an electron cau tlUllld in the 

dot. This chargiug event corresponds Lo a suddell challge ill the clcctrostatic force 

probed by the AFM tip and corresponds to the second tenll in equation 4.23 where 

q passes from Ne to (N + l)e. 

The experimental evidence of su ch an event detected on top of the ovemll back-
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Figure 4.10: Resonant frequency shift (black), !:li, and dissipation enürgy (wd) of the AFM can­
tilever as a function of tip-sample bias voltage. The arrows point t.o the sllddüll iIHTüasü iu !:li, 
revealing single electron charging events of the QD. The insert shows the magnifiüd spectnutl arollud 
the minimum to put into evidence smaller features noted as A- and. A+. Hüre, a fitted parabola 
ê1ro\lnd the minimum is subtracted to the EFS. 

ground eapacitivc force is given in figure 4.10, where sorne step-like structures deviat­

ing from the generic parabola are obscrved. Each JUIll}) is attriblJt(~d to the seqllnltial 

charging of the QD by a single electron tunneling from the 2DEG to the dot. It 

was therefore possible in this experiment to control the charge state of the QD hy 

a step of one electroll. The corresponding peaks from the dissipation channel hdp 

to corroborate the effect since it happens for the same applied bias. A lllore gClleml 

discussion of tlwse dissipatiw~ pea.ks is postponed to chnptm· 5. No f(',ÜllrCs as th()s(~ 

rnentiolled abovc were observed on the sample without the QD. 

Returning to the EFS curve, wc can observe a lllllllbt'f of silllilaritics as weIl as 

deviations from the calculated curves shown in figure 4.6. In particular, the lwight 
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of the jump increases for higher voltage as expected by equation (4. 2i3). In fact, the 

two Coulomb blockade events noted A-and A + are so smaJl that it wa.s neccssa.ry 

to subtract a fitted pa.rabola around the minimum in order to bring sonle evidcncc 

of their existence as shown in the insert of figure 4.10. A second cxpcctcd behavior 

of the jumps is their (almost) symmetric position with respect to the minimum of 

the parabola. This fact is actuaIly linked to the spacing in voltag<\ ,6, = e / Ctip , that 

is supposed to be more or less constant. A more careful look at figuœ 4.10 rcvcals 

however that this spacing between two neighboring jumps is not cxactly the saIllC 

as weIl as the fact that jump C appears sharper than expected. The most plausible 

explanation for this is that the oscillation amplitude decreased around the jUltlpS due 

to feedback error, which was mainly due to the absence of integral gain in the AGC. 

A deerease in amplitude leads to an increase in the c!osest tip-QD distancc, whidl 

results in the shift of the jumps to higher bias voltage as weIl as sha.rpcr jump for 

smaIler amplitude. This unwanted (but avoidable) effect pœvcnt us fi .. Olll lmving a 

more detailed analysis of the spectra, in particular possible internaI cncrgy lcvel of 

the QD for which the resolution between neighbouring jUlllps is very important. 

1 t is nevertheless possible to draw some quantitative information from the positioll 

of the jmnps as weIl as to check the consistency with the theory described abovc. Sinœ 

the overaIl shape of the spectra depends on the gap distance Zo, wc plott<~d in figurc 

4.11 a series of EFS taken over a QD at various zoo As expected frolll the tlwory, 

the jllmps shift to lower bias voltage as the distance becomes smaIler, due to a hU'ger 

Ctip when the tip is approached. The in sert (b) in figure 4.11 shows that the spaeÏng 

between the jumps B - and B + is linearly dependent on the tip-QD distance. This 

indicates that Ctip ~ 1/ Zo and illlplies tllat the paralld plate capacitor lllode! works 

weIl in this distance range. Assumillg that the spacing oetwccll jUlllpS B - and B + is 
equa,l to 3,6" Ctip is found to range betwccll 0.064 to 0.094 aF. This wry slllaIl value 

of the tip-sample capacitance can teach us two things: 
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1. Snch a small value would not be possible in a typical STS experimcnt since the 

associated tunneling rate would be ÜŒ less than the sIllallest dctectahk ClllT<mt 

of about 1 pA. This fact points to one major advantage of the charge ddectiou 

throllgh electrostatic force, namely that EFS can hc sensitive to evell a single 

electron tunneling event while STS mensures a statistical averagc of the CUlTcnt 

that corresponds to a large number of sueh cvents. 

2. We can now eOlllpaJ'e this value of Ctip ::::::; 0.08 aF to the oue we cOllid ohtaill 

from the detailed analysis of the tip-sample capacitancc iu dmptcr 3, which Üi 

of the orLler of Hl aF in more or less the saIlle conditioll. This large discrqmucy 

(two orders of magnitude) reveaJs the clea.I' distinctioll betweell on OlW hand 

the geometrical tip-sample capacitance and on the otlter haud the su-callcd 

"Coulomb hlockade capacitance" that corresponds to the very end of the tip 
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Figure 4.12: (a) Schematic representation the different capacitances in play between tip and sample. 
(h) Equivalent circuit representation that takes into acc:ount the stray c:apacit.anœ. 

that interacts IllOSt strongly with the QD. In other words, thel'e is a rather 

large st'my capacitance, bctween the l'est of the tip (in particlllar its sides) and 

the substrate around the QD, that also contribute to the ovel'all electrostatic 

interaction but not to the CB phenolllcna. 

This last point is best illustrated in figure 4.12 whel'e we can note that iL large portioll 

of the tip docs not directIy contribute to the interaction with tlw QD, but to its 

surrounding, thus also diminishing the latel'al resolution of the AFM wlwn pl'obing 

the electrostatic force. This is because of the low aspect ratio of the tip with n~spect 

to a small nanostructure such as a QD, typical coated tip radius an~ about 80 lllll 

while QD are usually smaller than 40 mn. This problem was already mcntiollcd ill 

section 2.:3.5 where the use of a high-aspect tip with a :-imall cone allglc would greatly 

clllmllCC the releVê111t cOlltribution in the elcctrostatic illtcractioll that has a, lllore 

direct effect with the QD sitting just underneath the tip. 

Unfortunately it was impossible so far to display the value of the dectrostatic force 

directly but rather the frequency shift of the cantilever. This infornmtioll is contained 
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in the force-distance spectroscopy that is analysed in the llext sectioll. 

4.4.3 Force-Distance Spectroscopy 

We now turn our attention to the information obtained from the 6.f - z curves 

and tlw subsequent F - Z Cllrves after the appropriate proccssing. As discusscd in 

chapter 3, the only way to recover a quantitative value of tlw interaction forœ is 

by measuring its z dependence since nOll-contact AFM is first of aU sCllsitive to the 

gradient of the interaction force. This is readily presentcd in figure 4.1:3 where d(~<U' 

jumps in the frequcncy shift and the corresponding jUlllp in the force arc obscrvcd 

in both the approach curve as weIl as when the tip is retract(~d. The most striking 

features obsclved in this set of experimental data are the "hysten~sis loops" arOlllld tlw 

thini Coulomb blockade jurnps (corresponding to jumps C in figure 4.10) bdwœn tlw 

approach and retraction curves. A second point that do es llot agree with the tlwory 

cxposed in section 4.3.3 is the presence of a "double jlllllp" in tll<' approach curve that 

has only a single jump eounterpart in the retract curve. Tlwse two pUl'.l'Jing effœts 

have not found satisfactory explanation so far and are left as op(m qlH~stions. 

In theory, the informations contained in the EFS spectra and the force-distance 

curves are equivalent, but to extract the quantitative vahw of the jUIllps lwight for 

instance, it can only be done on such curves as the Olle pn'sented in figure 4.1:3. 

From the value of the calculated force we can extract the jump hcight, b..F, for tlw 

cOlTesponding single electron filling of the QD, already (knotcd as jUlllp Band C 

in figure 4.10 and whose measured values are: b..FB = 0pN and b..Fc = 41pN. Wc 

cau llOW compare these values with what can be calculated from eqllation (4.28) tlmt 

determillcs the jUlllp height from the expression of the clect,ro~tatic force. A~~lllllillg 

sirnilar panuneters as the one llsed when figure 4.6 wcre complltcd and USillg the 

experimental input values of z at which the jumps OCClU' as weil as tlw applicd voltage 

of -4 V, wc find that FBale = 2.5pN for jump Band FBale = 15pN for jUlllp C. 
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4.5 Summary 

This rather large discrepancy between experimental and cakulated value is uot too 

surprinsing sinee in this particular set of data the amplitude coutroller relied on tlw 

proportional gain, P, rather that a PI gain (including the inkgral gain), wllich causes 

the tip amplitude to deviate substantially from its set-point valuc when JUIllp OCCUL 

This lag l'rom the AGC gain to respond appropriately tends to tlwrcforc ÎlHT(~aSe 

arbitnuy the actual effect cOllling from a sudden and abrupt change in the rcson<\.llCC 

frequency of the cantilever. This slllaU artifact does uot ncvertlwlcss discn~dit the 

actual effect of CB filling of the QD, sinee the actual onset of the JUIll!) is indeed 

caused by the tunneling of electron, but rather prevent ct full quantitative treatuwut 

of the JUIllp height. 

4.5 Summary 

This chapter has shown that single electron detection with au AFM at liquid HeliuIll 

temperature was achievable. For this to be possible, no need to coUcct a tllllllding CHr­

l'eut or rneasure a conductance was required but rather a dear signature was obscrv(~d 

in an abrupt shift of the cantilever resonance frequcllcy. Tlw llwclmnislll of tUlllwling 

between a 2-dilllensional electron gas and a semÏCouductor QD was explnincd and 

correspond to the underlying llleehanislll for single electron detection. The siguatun~ 

in the frcquency shift can in turn be l'dated to the actual electrostatic force, whidl 

depending on the value of the applied bias voltage, can exhibit sharp jUlllp of scwrnl 

picoNewtons as soon as the Coulomb blockade condition is satisfi(~d. The ratlwr COlll­

plicated relationship between force and freqnency shift have lwell stndied ill detail 

and the effect of sneh highly non-linem' tenu as the jUlllp in the force translates in 

differcut jUlllp shapes for the frequeucy slüft dCpclHliug ou the tip-amplitllde. This 

is due to the averaging nature of the lllotion of the oscilla.tiug tip around the value 

of the voltage for which the jUlllp frolll N electron to N + 1 dectron OCCHr. AU tlWS(~ 

observed features could be weIl described by a simple theory based on consideratiou 
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of the free energy of the QD-back-electrode system and therefore leave opportullity 

to improve several important parameters sueh as the tunneling rate, optimal cap ac­

itances and optimal tip shape through the adequate design and fabrication of tlw 

salllple and tip geornetry. 



5 

Dissipative Processes between a Mechanical Oscillator and a Quantum System 

5.1 Introduction 

In the last ehapter of this thesis, we will foeus on describing as weIl as on qualltitativdy 

understanding the dissipative aspect originating from the cOllpling hctwecn a qUêlutUlll 

dot and an oscillating AFM cantilever. The informatioll of such dissipative pro cesses 

is obtained mainly from the measurement of the Q-factor degradatioll (or gaiu), which 

can be converted to energy dissipated pel' oscillation cycle a.nd corresponds to tlw 

amount of energy required to feed into the system by the driving aetuatOl' to kœp 

the amplitude of the oscillation constant. 

When measuring the frequency shift of the ca.ntilever, it is the in-phase compoucnt 

of the interaction force with respect to the driving force that is recorded, which 

corresponds to the conservative part of the interaction. By nwasuring the out-of-phasc 

componcnt of the tip-sample force, we can access to llon-conservative componcnt of 

the interactioll, or dissipation. Expressed in a mathelllatical fonu, accordillg to thc 

gellcral theory of NC-AFM, the frequency shift and gain factor cau be exprcss(~d as 

[91]: 
~2 {l/ Jo 

~f ~ k~ Jo Fts[z(t)] cos(21f fot)dt (5.1 ) 

1 2fo lI/Jo. 
9 ~ Q + kA Jo Fts[z(t)] sm(21f fot)dt (5.2) 

Thcse two simplified equations are obtaincd with the assllluptioll that the frcqucucy 

97 
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shift callsed by the tip-sample interaction is quite small with respect to the resonancc 

frequcncy of the cantilever, which is always satisfied in our cxperillleutal conditions. 

Equations (5.1) and (5.2) tell us that by measuring the interaction force, Fts, OlW can 

acquin~ independently the conservative as weIl as non-conservative compoucllt of the 

interaction. This chapter will try to demonstrate that the information obtaiucd frolll 

the dissipation channel, available in any AFM in frequency-modulatioulllodc, cau givc 

valuable insight into the dyllalllics aud out-of-equilibriulll aspects of singlc-dcctnm 

tUIlneling illside a nanostrnctme. 

Note that sinee we operate the AFM in non-contact mode, and always from a 

relatively large distance to the sample (above 10nm), wc can rul(-~ out the possibility of 

adhesion hysteresis mechanisrn dming the approa,ch and retraction cycle accouuting 

for the encrgy dissipation. Therefore, our main interest a.nd followillg the Ol'igiunl 

work of Gauthier and Tsukada [92, 93], is to address the issue of dissipatioll fwm tlw 

point of view of a stochast'ic behavior of the system, i.e. electron tunudiug to the 

quautum dot in our case. The two different tinw scales of our systmll, namcly tlw 

tuuneling rate between the 2DEG and the QD, and the rcsoua.ucc fn~ql1ency of the 

cantilever, Jo, requires to considered the foree experienced by the tip as an average 

value over lllany tunneling events. 

This investigation of dissipative phenomena betwecll the AFM tip and our QD 

sample will enable us to givc a more general and complete pictun~ of the Coulomh 

blockade regime a,lready described in the previous chapter. More cxpcl'Îllwntal rc~·;nlts 

will be added, obtained nuller similar conditions as befme, as weIl as with li so­

called Quantulll Dot Molecule (QDM), which consits of 2 stacks of QD layers with 

a. tunneling barrier in between. This type of sanlple will permit us to address SOUle 

important questions about the possible coupling between two supcl'Îlllposed QDs. 
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Figure 5.1: Dissipation measurement obtained over a QD at 4.5K (red). Several peaks are dearly 
observed, the one indicated by the arrows corresponds to Conlomb blockadc charging evcuts. The 
COlTcsponding freqnency shift curve is also shown fol' rcfcrcnce and only two syllllllctric jlllllps arc 
elearly distinguishable. 

5.2 Dissipation Spectroscopy Measurelnents 

Since the previous chapters have given detailed descriptions of tlw QD salllpl<~ struc­

tures and properties (see figure 4.2 for instance), we cau uow f0C11S directly ou tlw 

main piece of experimental data obtained at liquid Helium tClllperaturc and ovcr an 

individual QD. This fi1'8t section will foeus on a single stack QD silluplc, tha.t is, the 

saIlle one has already investigated in chapter 4 by Electrostatic Force Spœtroscopy 

(EFS). 

Figure 5.1 shows the dissipation versus voltage curvc taken OVCl' a QD. Tlw pcaks 

corresponding to Coulomb blockade chargiug of the QD arc indieatcd by arrows and 

will he the main point of focus for our In.ter discussion. Since the nwaslll'cd gain 
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at resonance is directly related to the energy dissipated by thc cantilever lllotioll 

(intrinsic dissipation) and the dissipation originating from the tip-sample interaction, 

we presented the experimental data in figure 5.1 as energy dissipatcd pcr cyclc. Thc 

relation between the Q-factor and the actual power dissipated pel' cycle is simply 

givcn by: 

p = kA2Jo 
2Q 

(5.3) 

with the usual notation: Jo is the resonanee frequency of the cantikver with a stiffncss 

k and amplitude A. The typical order of magnitude of sneh spectm of about 0.1 

eV / cycle is similar to values obtained by Hoffmann et al whcn llleasurillg atolllic 

scale dissipation in the non-contact regime [94]. 

Only the largest peaks in the dissipation have a easily detectable jump cOllllter­

pa.rt in the frequency shift curve that was acquired silllultancously. This fad pOillts 

to dissipation measurement as a more reliable and sensitive channel of inforlllation for 

the type of speetroscopy presented here. Indced, the riclmess of thc illforlllation shown 

in the dissipation curve fal' exeeeds the one obtained in the frequency shift. To SOlllC 

extent, the dissipation channel seems to look like the derivative of the h.·(~(!1lCncy shift, 

but this impression does Ilot hold after careful data proccssing, which docs not rcvea.l 

as many features as the original raw data of the dissipation. In that scnse, it sccms 

that the foree sensitivity to dissipative interactions, in pa.rticular when tUlllleling 

could oeeur, always out-perfonned the force sensitivity to conscrvativc interaction 

recorded in the frequency shift, which corroborates the finding of Fukmna et al of a 

higher sensitivity obtained with a dissipation force modulation lllcthod [95]. 

The lllost strikillg featlll"eS of these dissipation peaks are tlldr lwigllt and widtll 

that depend on the electron number, N, entering or leaving the QD aS the voltage 

is swept between -3 and 2V, with a small tip-sample capacitancc modulatioll of a. 

111lndrcd kHz due to the oscillating AFM tip. Dissipation penh illcrC,Lse for larger 
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electron number, N, or equivalently for higher value of the salllple voltage. 

Several other peaks lllay also be distinguished, but as yet arc still not fully un­

derstood. In particular, the two symmetric peaks that point downward, i.e. with a 

negative value for the dissipation, cannot be explaincd by just using Coulomb hloek-

ade phcnomena. 

5.3 Interpretation of the Spectra 

In this section, wc will try to account for the above obscrved peaks iu the dissipation 

spectroscopy that correspond to single electron charging of the QD wlwn the Coulomb 

blockade condition is satisfied, i.e. for v;.ump = ce (N + 1/2) with N an intcgcr. 
tt1) 

At first, we will foCtls on cxplaining the underlying lllecllanislll responsible for tlw 

observed dissipation peaks by ca,refully analysing the possible dela.y tilllC that arises 

because of the Urne dependency of the force acting ou the tip and that is cxplaiucd 

extensively in reference [96]. Such treatment focused mainly on atolllic iustabilitiŒ 

that result from bistable potential energy surface [97] but can h(~ applicd for any type 

of transition state such as a change in the electron number in our quantulll dot. 

In a second part, we will give an analytical solutioll for the Q-degmdation as 

a function of voltage, in the limits of small perturba.tion of the position of the QD 

energy level by the a.pplied voltage lllodulated by the tip oscillation. 130th approadws 

can be considered as the back action of the tunneling electrons to the motion of the 

oscillating AFM tip. 

5.3.1 Understanding the Origin of Dissipation 

ln the previous dmpter, we explaincd how Coulolllb l>lockadc phCUOlllCWL lll<Luifcst.cd 

itsclf in sharp jumps in the force and smoother jumps ill tlw fn~quellcy shift depülldillg 

on the tip-amplitude. One thing that has to be kept in lllind regarding that tlwory 

is that it was illlplicitly implied that the switching betwecn a. state of N dectrons 
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to a state of N + 1 electrons oecurred 'instantaneously as soon as VB = Vjump- This 

assumption was satisfaetory to explain the abrupt shift in the resonancc freqncncy 

of the cantilever, but it cannot be assnmed anymore wh en trying to explain the 

cOlTesponding dissipative peaks observed experimentally at tlmt saUle value of the 

applied bias voltage. 

If we now consider that there is a certain time dependellce of the force origillating 

from the tunneling of electrolls to the QD or a fluctuation in time of snch force, wc 

can understalld that this fluctuation can affect the lllOtiOll of the tip diff(~rently UpOll 

approach (from -A to + A) or retraction (from + A to -A) over one oscillation cyde, 

This hysteresis is what preeisely ereates dissipation. Sneh a finetuatillg force in tillw 

has hasieally its origin in the change of the eleetronie state of the QD from stat(~ 0 

(wherc there is N electrons) to state 1 (where there is N + 1 cleetrolls) and viœ-VC'f'8a. 

To be more specifie, let's look at this transition probability for the QD to go from 

state 0 to 1 aceording to the so called "master equation": 

dRdo(t) = -PO(t)W01 + Pl (t)WlO t 
dP1(t) 
~ = PO(t)VVOl - Pl(t)~VlA 

(5.4) 

(5.5) 

where WOl is the transition probability to go from state 0 to state 1 wlüch in tenus 

of standard statistical physics can be written as: 

f 
WOl = f f(E) = 1 + eE/kT 

feE/kT 

WlO = f(l - f(E)) = 1 + eE/kT 

(5.6) 

(5.7) 

Here we called r the tunneling rate for electron to tuunel on and off the QD, f(E) 

tlw Fermi-Dirac fnnctioll a.nd Ethe energy a.ssociated with addillg OlW electron to 

the QD, also caJled addition energy. If we calI Ee = e2 /2C the dmrgillg cllcrgy of the 

QD is then: 

(5.8) 
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In equation (5.8) wc have introduced the energy level spadng ~E tlmt will depcud ou 

the internaI structure of the dot. Note here that the dectrou nUlllber N = Ctip VB j e 

is no longer an integer but can vary contilluollsly with the applied bias VB. Ou thc 

other hand j is an integer that corresponds to differellt transition states: for j = 1, 

the electron number goes from 0 to 1, for j = 2, electroll lllllllber goes frolll 1 to 2 and 

so on. The solution of equation (5.4) is well-known and if we assume that at t = 0, 

Po(O) = 1, we obtain: 

(5.9) 

This equation will tell us how the transition probability evolves ovcr tilllc a.s the tip 

oscillates according to: z(t) = Zo + Acos(wt). It is good to ke(~p in miud that tlw 

tip oscillation will change the value of the tip capacitancc sin ce (for a pamlld plat<~ 

configuration) Ctip = ESj(Z(t)), and therefore the level position of the cnergy E will 

also bc subject to a slllaU variation, oscillating at the same fn~qucllcy w. FrOlll this 

consideration, we can deduce that Po(t) is a periodic function ill tiuw, ofperiod 21fjw, 

oscillating between state 0 and 1. 

From the above description of the transition probahility which aCCoullts for tlw 

switching behavior of the QD from N electron state to N + 1 ekctroll state, wc cau 

deduee the origin of damping in our system. The main paranwt(~rs are the tlllllwlillg 

rate r, the cantilever resonance frequency Jo and the tip capacitallœ Ctip. The 

temperature dependence is taken into account through the Fnllli fUllctioll. 

Now let's look at figure 5.2, where we plotted the trausitiou probability, Po(t) , 

calculated l'rom equation (5.9) as a l'Ullction of tilllC. For rdcrcncc, thc oscillatory 

motioll of the tip, z(t), is aIso ShOWll in order tu lllore de,lJJy idcutify the su mU dday 

betwccn the switching from state 0 when the tip is at positioll - A to state 1 wlwn the 

tip is at the position A. These graphs wcre calculated for a tClllpcrature of 5K, a tip 

amplitude of 5 nIll at a distance Zo =15 mn and for the critical value of the applicd 
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voltage, VB = \!jump, that is wh en the tip is oseillating around tlw voltage for which 

the Coulomb blockade condition is fulfilled and an eleetron cau tUllnel illto tlw dot. 

This ean be refcrred to as resonant tunncling. As a matter of fact, if tlw switching 

behavior was in8tantaneO'IL8 (or the value of r infinitely Imw~), the pro bability wOllld 

simply appear as a perfeetly square function switehing iustantallcollsly from statc 0 

to state 1 exaetly wh en the tip passes through z = Zo. 

If we now plot the transition probability as a fllnction of the tip excursion arollnd 

its mean position zo, wc can reproduce a hysteresis curve wlwrc the valuc of the 

probability is different upon the path followed by the tip wlwther it is going from - A 

to + A or from + A to - A. We presented these calculated curws as a fllllction of tlw 

tunneling rate r, which rnainly tell us that the faster the elcctroll is allowed to tUlHwl 

back and forth in the QD as tlw tip oseillates dose to the critical voltage Vjump , tlw 

smaller will be the hysteresis curve. 

The switching behavior of the QD state that we observed in the trallsitioll proba­

bility is also reflected in the measured interactioll force betwcell the AFM tip and tlw 

dot. The value of the electrostatic force in each state, notcd as FA (z) and F B (z) whcn 

q = Ne or q = (N + l)e respectively, will be weighted by the transition probability 

Po(t) and P1(t) according to [97]: 

(5.10) 

where Fts is the force due to tip-sample interaction. For the dœtrostatic forœ w(~ 

use the analytical equation (4.24) derived in chapter 4. Note that in equation (5.10) 

the transition betwccn state A and 13 is not anylllon: instantancous as was prcviously 

assullled in equatioll (4.21) anù tlmt the tillle ùepellùclH:y is illdudcd ill t.hc tilllC 

dependent probability Po(t). 

This section has helped us understand rather qualitatively the origill of dalllpillg 

when tunlleling occurs. The next section will prove more usdul to e()mpan~ our 
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exp eriment al data quantitatively with the017, even though several approximations 

will have to he made. 

5.3.2 Analytical Dissipation-Voltage Curve 

So far, wc have described the origin of damping as the consequencc of the time dday 

between the position of the oscillator and the effective response of the system, which 

in our case depcnds very much on the tunncling l'1:Üe of the dectroll 1,0 the QD. 

A somehow similar approach can now be considered where we pictul'<~ dampillg a.s 

the absorption of energy from the oscillator by an effective "bath" produccd by tlw 

QD. This approa.ch is legitilllate if the coupling betwccn the AFM tip aud the QD is 

weak so that the QD response can be considered linear with respect to the motion 

of the oscillator [98]. Such a treatlllent has been applied successfully to the study of 

dissipation in quantum nano-electrolllechanic system by Clerk and Beunett [98, 99]. 

R.ecalling our previous definition of dis::-lipatioll, we can always write the damping 

force, which is out-of-phase with the cantilever's motion, as: 

Fdamp(t) = -m J Î(t - t')x(t')dt (5.11) 

III the linear regime, we can express the dalllping coefficiellt Î( w) ill Fourier space as 

a function of the linear response coefficient À( w) in the following nlaIllWr [99]: 

Î(W) = B2 (_ ImÀ(W)) 
mw 

(5.12) 

where B is the coupling strength between the AFM oscillator and the QD a.nd in our 

simple system can be approximate as B ~ 2EcN / z, where z is the distancc bctwcell 

the tip and the dot. Equation (5.12) allow::-l us 1,0 calculette the dalllpillg. III onlcr 

1,0 do so, wc can use the equation for the transition probability from the previous 

section, that is (5.4) to (5.7) to describe the charge statc of the dot. But instead 

of trying so solve these equation exactly, which in the previous section reqllircd to 
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solve thClll numcrically, we assume that the position of the cnergy levd in the QD 

are sllbjcct to a small va.riation following the tip resonance freqllcncy w: 

E --7 E + oe-iwt (5.1:3) 

so that the transition probability will change aceordingly to: 

(5.14) 

From such approximation, and using the coupled equations (5.4) and (5.5) wc can 

work out the imaginary part of À (w) to be: 

hnÀ(w) 
w 

-::-r--,:-::- (_ fd(EE) ) 
w2 +p 

(5.15) 

If wc go 1,0 the regirne where the tunlleling rate is nmch fa.ster than the cantilever 

resonancc frequellcy, we can take the limit w --7 U in cqllation (5.15), which finally 

gives us: 

~ = ~o Î(O) = 4f(E)(1 - f(E))N
2 (~~) (k!~) (~) (5.1ü) 

From equation (5.16), it is possible 1,0 compute the value of the dissipatioll for several 

transitions in order to compare it with our experimental rcsults ShOWll in figur<~ 5.1. 

The main unknown pa.rallleters are the charging energy, Ec, and the tunucling rate r 

sinee aH other parameters are either known as the experilllcntai conditions (cantilever 

stiffness, k, and resonance frequency, wo) or obtailled alrcady from the EFS data. in 

chapter 4 such as Ctip, which determines the spaCÏng betwecn two subsequent pcaks. 

It is also good to note that in equation (5.16), l/Q is inversdy proportional 1,0 rand 

the slower the tllIllleling rate the higher the value of Uw dissipation, which cOlTohOl'al,c 

the a.rgument already discussed in the previous section. 

We plotted SOIlle theoretical curves of the dissipa.tion in figure 5.:3 a.s a fUllction of 

salllple voltage for several temperatures that can be cOlllpared with the dissipation 
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Figure 5.3: Theoretical prediction of the effect of temperature on the energy dissipatcd, ealclllated 
from cquatiotl (5.16) with a charging energy of E" = 5.3meV. 

peaks indicated by arrows in figure 5.1. The spacing between two adjacent pcaks is 

determined by Ctip (included in the value of N in expression (5.16)) in thc saIllC way 

than in the foree, as se en in ehapter 4. We used for the calcllla.tion a cllarging encrgy 

of Ec = 5.3 meV and a tunneling rate r = 6x106çl. Suell value for tlw dmrgillg 

ellergy for an individ'lLal QD, is comparable to the me an value of 23 IlleV obtailled 

from capacitance speetroseopy data on a large ensemble of InAs SAQD [22]. 

From the overall shape of the dissipation peaks, we observe a silllilar tl"<~ud bctwccu 

the thcory aud our experilllental data, in particular the illcrcase in di::;sipatioll peak 

lwight as the voltage is incrcased. On the other hand, some deviations can be uoted 

in regard to the exact peak shape. In figure 5.3, in order to obtain the sanw order 

of magnitude in dissipation than the one obtained in the experilllcntal data, it was 
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necessary to use a rather slow tunneling rate but still around 50 tillles l'aster thall 

the cantilever resonance frequency of 113 kHz. Ullfortunatdy, SillCü it is impossihle 

to know independently and with a good accuracy the value of the tllllndillg rate, it 

follows that the charging energy cannot be deduced with ccrtainty. 

Moreover, in the above calculation the value of the tip-amplitllde was not taken into 

aCCOllnt. From the results obtained in the freqllency shift data we already rccoglliy;(~d 

that the tip amplitude is an important parameter to deterlllillc the ovcmll shape of 

the jump in the EFS. Concretely, wc know l'rom the eXperilll(~lltal conditiollS that, 

because of small AGC error (only a P-gain, instead of a PI-gain as discusscd in section 

4.4.3) the value of the tip-alllplitude dropped more for the largcst peaks (at -2.2 V 

and 1. 7 V) than for the peaks at -1.1 V and 0.9 V, resulting in a evell sharpcr peak 

than thcoretically expected. It is therefore reasonable to assunw tlmt the slllaller the 

tip-alllplitude, the shaJ1H,~r the dissipation peaks will be. That 's why wc anticipate 

that the averaging effect of the oscillator motion on the measmed interaction should 

play an important l'ole in determining the exact width and height of the dissipatioll 

P{~[1ks, and a better agreement between theOl'Y and experilllcnt should œrtaiuly be 

possible. 

5.4 Quantum Dot Molecules 

One of the advantages of growing self-asscmbled semicollductor qD layen; by CIWllli­

cal Beam (CBE) or Molecular Beam Epitaxy (MBE) is that it docs uot rcquin~ llmdl 

more work to deposit one or severallayers of QD. The basic idea for havillg QD llml­

tilayers lies mainly in having more efficient laser [100, ll], that should have higlwr 

gain, lower threshold CUITent and higher thermal stability cOlllparcd with convclltiollal 

laser as weIl as with laser made with other quantum structures. This is dlW to the 

atomic-like density of state of the QD [12, 13]. FurthenrlOœ, in tenus of transport 

properties, the possible interaction of two sllperimposecl QD OlW on top of the otlwr 
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is very interesting sinee the two wave functions of each QD can overlap and givc rise 

to more complcx structures known as a Quantum Dot Molecule (QDM). 

Because it is casier to start with a simple system, so far aH experilllelltai evidcnccs 

for the charging of an individual QD presented are carried out on a single layer of 

QD. We would like to present here the same type of electrostatic foree and dissipation 

spectroscopy over two layers of self-assembled QD, grown on top of each other with 

a thill layer of material used as the tUllneliug barrier. Such sclwllmtic cxalllplcs W<TC 

already well described in chapter 4 and displayed in figure 4.2(b) for rdermlcc. Befon~ 

moving on to the next section, it is worth mentioning that in QDM salllplc, two QDs 

in different stacks are more likely to be aligned because of the sma.ll protrnsion made 

by a QD in the first layer, which then serves as an privileged llllcl(~ation site for 

subsequent QD growth. Cross-scctiona.l STM study of nmltilayer QD [Hll, 102, 103] 

tend 1,0 corroboratc this preference of subsequent QD layers to grow on top of buricd 

QD. 

5.4.1 Dissipation Images 

It is worth spending somc time now with the kind of images that cau hc obtaillcd on 

the surface of su ch layers of QD sinee sever al channel of information cau h(~ llscd eitlwr 

simultaneously, sueh a,s a dissipation and topography chanuel for a givcu voltage, or 

using the KPFM feedback loop. 

Six different AFM images are shown in figure 5.4 t'rom the same QDM salllpic. 

A first set of three images (a,b,c) were taken with the sarnple voltage v(~ry close to 

\!;:pd, which gives the best topography images but a very pOOl' dissipation ima.ge. Ollly 

SOUle blurry spot seelll to correspond to the ullderlyillg dot dearly distillguislmblc Îu 

the topography. If the ima.ges are now taken with a sample voltagc of 2V (d,e,f), the 

dissipation contrast is enhanced, and sorne dear correspoudmwe bdwœll dissipation 

and topography can be made. For elarity both images of the topogmphy takcll at 
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v = Vcpd and V =2V are shown, the pOOl' image resolution for V =2V is as expœtr~d 

since the average electrostatic interaction is increased and tends to decrease thc la,t(~ral 

resolution. 

The most interesting observation that can he made frolll images 5.4 (d) and (f) 

is that Ilot every QD on the topography image does haw a dissipation cOlUltm-part 

in the dissipation image. This leads us to state that somc dots arc lllorc "active" in 

tenns of their dissipation contrast than others. One possihility that could he illf(~lTed 

l'rom such a statemcnt is that the dissipation contrast on the ima.ges is actllally a 

mcaSllre of how weIl the surface QD is cOllpled to either the llndenwath (bnricd) QD 

or the 2DEG itself. Wc already know l'rom the previous sectioll that the tlll11wling 

rate, r, is an important pa,rameter in detenninillg the amollllt of dissipation contrast, 

espeeially on resonance when the Coulomb blockade conditioll is satisfied to allow 

sorne electrons to tUllnel into the QD. The faster the tunllding rate, the sllla.lkr thc 

dissipation. One consequence of this could be that if a lmried QD lies ill lJCtwccll 

the 2DEG and the surface dot, it could act as a "scatterer" alld tlwl'd'ore would 

deerease the effective tunneling rate that correspollds to the charging of tlw surfaœ 

dot. QDs with dissipation contrast in figure 5.4(c) would tlwl'efore correspond to dots 

that has a buried QD underneath them (or better coupled to), while dots with wry 

little contrast would correspond to a surface dot sitting directly on top of the 2DEG. 

Of course, to cOlToborate such a hypothesis, a detailed description of the coupling 

betweell 2 QDs would be necessary, and the knowledge of cach tUlllwling rate (bctwœll 

2DEG and a buried dot or between the buried dot and the surface dot, ... ) al'<~ kcy 

pa.rameters that would need to be detennined. 

5.4.2 Dissipation and Force Spectroscopy 

This la.st section will de al with SOIlle experimental investigations of two sllperilllposed 

staeks of QD byers in what wc referred to as Quantum Dot Molecnle (QDM) and 
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Figure 5.4: Topography, dissipation and KPFM images of the surface dot which has Imried dots 
ullderneath. Only by applying a large sample voltage can wc clearly identify QDs with dissipatioll 
contrast. Note that not aH dots exhibit dissipation contrast (arrows). 
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note the small offset of the EFS on bare InP with respect to the EFS ou QDs dnc to the coutact 
potcntial differenee. 

address the possible coupling between them. Alrcady in tlw previous sectioll, w(~ 

showed some evidence in the AFM images of topography and dissipation tlmt Hot aIl 

surface QD exhibit cleêu.' dissipation contrast, and this effect docs not depend on the 

dot shape but rather might depend on the surface-dotjburicd-dot coupling. 

The dissipation contrast obtained in figure 5.4 can be furtlwr illvestigatcd by 

reeording spectra at different sample positions. In figure 5.5, thrcc diffcrcnt spec­

tra are ShOWH, which were taken on 11 QD that exhibiLs dissipatiou coutrast (callcd 

QD1), another QD with no clear contrast on image 5.4(d) (calkd QD2) and fol' rd­

erence, a last spectra obtained for bare InP. Note that in this cxperimcnt wc llsed 

a softer cantilever of 15 Njm with a resonanee frequency of 78 kH7" that's why the 
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overall value of the recorded frcquency shift could be as high as 700 H~. From sueh 

data it beeomes cleru' that, espceially for positive bias voltage, different heluwior of 

the dissipation Curve Can greatly enhance the dissipation contrast fol' diff<~nmt QDs. 

On the othcr hand there is no ambiguity to distinguish spcetra obtaiucd ou a surface 

QD from the one obtained ou bru'e InP, which could never excecd a value for the 

dissipation of 0.04 eV jcyde. This last remark points out to thc surprisingly high 

value of the dissipation of the QDs, since it could get as high as 0.6 cV jcyde. This 

value has to be compared for instance with the spectra shown iu figure 5.1 for the 

single stack QD sample, where the highest value for the dissipa,tion uever cxeecd 0.1 

eV jcycle. 

In fact, it was possible in l'arc cases to record other types of spectra than shown 

thus far, with dissipation value of the same order of maguitude as those obtaincd 

previously on a single stack QD sample. Such a spectrum is ShOWll in figure 5.6 wlwrc 

both frequency shift and dissipation curves were recorded sinlUltn.llcously. SOllle dca.r 

peaks in the dissipation can be identified, but with very different shapes at positive 

or negative biases. Only one jump in the frequency shift was ohscrved, and hen~ 

again there is no symmetry in the voltage with respect to VB = Vcpd . An important 

point to mention is that the noise level in the frequcucy shift is sUl'prisingly high 

and does not correspond to the base noise level of the microscope: it is ouly wlwn 

performing such EFS that the frequency shift noise would inereasc, it is tlwrefOl'e 

salllplc-induced. For eomparison, the EFS shown in the in sert of figure 5.5 Ims a 

mueh bettcr signal-to-noise ratio under similar conditions. It is also worth uotiug 

that the noise level in the frequency shift increa,sed evcu more aftcr tlw jmnp iu the 

frequency shift occuneù at about VB = -2.GV, and surpri::üngly cllough, the lcvcl of 

dissipation suddenly saturatcs. This type of spectroscopie curvcs wcre reprodllcible 

over the samc QD but WCl'e seldom seen again on oUter QD. 

Unfortunately, the exact conditions to obtain sueh spectl'a could not be clcarly 
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Figure 5.(): Electrostatic Force Spectroscopy and Dissipation over a QDM at liquid Heliulll tmllper­
ature. Note the illcrease in the noise level after a sharp jump is observed in the freqllcllcy shift, at 
al'Ound -2.() V. 

identified sin ce only a fcw QD would exhibit this type of behavior. Most spcctra. 

wOllld look rather like the one shown on figure 5.5. In Sllullllary, tlw followillg types 

of dissipative aud electrostatic force spectroscopy curves werc observed ou QDM salll-

pIes: 

1. Spectra takcn over surface QD would IllOst of the tinte be silllilar to tlw OlW 

shown on figure 5.5 with a very strong dissipation contrast and a pamholic-type 

behavior with the expected signal-to-noise ratio for the fn~quency sllift. No ckar 

features in the EFS could be identified. 

2. Infrequently, depclldillg on the surface QD (and !Jossibly whcLhcl' Lhcrc is iL wcll­

aligned buried QD underneath or not), sorne spectra sncll as ShOWll in figure 

5.6 could be observed where the level of dissipation is silllilar as the one for a 

single stack QD sample, but with peaks of differcnt shape. In snch casc, a very 
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unusuaJly high noise level in the frequency shift is observed, and the overall 

spectreL appears asynulletric with a jump only for negativc value of the bias 

voltage. 

3. For spectroscopie curves obtained on bare InP, the dissipation levd would be 

low and more or less constant as a function of voltage. The EFS would look 

like the cxpected parabola with the cxpected microscope signal-tO-lloise ratio. 

5.5 Summary 

In this chapter, we have shown that the dissipation channel available in FM-AFM 

ean indeed be a source of valuable information while perfonning spectroscopie in­

vestigations of QD, in pmtieular to study out-of-equilibriulll phenonwna snell as tlw 

tunneling event of a single electron to a quantum dot. Not only can dissipation spœ­

troscopy corroborate similar features observed by electrostatic force spœtroscopy, but 

it also proved to be an effective tool for studying the complex back-action lllcchanislll 

that single tUlllleling events can have on a macroscopic AFM oscilbtol'. In tenu of 

the observed dissipation contrast, the sensitivity given by the energy dissipation, in 

particular when tunneling c0111d occur, always out-perfonued the (:olTcspondiug ob­

served features in the frequency shift, corroborating the finding of Fuk11nHt ct III of 

higher scnsitivity obtained with a dissipation force modulation uwthod [05]. 

The main source of dissipation was identified, namely: the tinw-dependcncc of the 

interaction force due 1,0 the stochastic pro cess of electron t1111ndiug, tlmt eau affect 

differently the tip between approach and retraction. Ou the otlwr hand, the exact 

shape of the observed dbsipatioll peaks relllaill sOlllehow elusivc in our aLLclllpL 1.0 

fit the experilllentai data with SOIne theoretical model but s11oul<1 he illlproved if tlw 

tip-amplitude is takell illto account. 

Our last attempt to understand two superilllposed quantum dots, in a so-called 
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"quantum dot lllolecule" configuration, mainly encourages the pnrsuit of sucb illVŒ­

tigation sin cc interesting features in the dissipation eould he obscrved for whicb wc 

eould only speeulate that is due to the coupling between surface and bmicd dots. 

More work need to be dcme both experimentally and theoretica11y for a better ulHkr­

standing of such interesting nanostructures. 
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Conclusion and Outlook 

6.1 Conclusion 

Throughout this thesis, sever al spectroscopie methods with a low-telllpemturc clcc­

trostatic force microscope in the non-contact regime have proved to be an effective 

tool to investigate local electrical properties of nanollleter-scaJe dcvices. In particular, 

the possibility to positioll the AFM probe in the vicinity of a ll<111ostructure allows 

one to control its electrostatic cnvironment for local gating by modulating the applied 

bias voltage, as well as for electric charge detection by llleasuring the cleetrostatie 

force between tip and salllpie. 

These technique has been applied to study Coulomb blockadc phCnOllWll<1 in self .. 

asscmbled InAs quantum dots in order to induce and control thcir sequcntial single 

electron charging. The originality of the expcrilllcntai work that has hœn prcscntcd 

here relied on lllcasuring the electrostatic force between the AFM tip and a lmck 

electrode or electron reservoir (a 2-dimensional electron gas) as a hmctioll of voltage. 

In this so-called Electrostatic Force Spectroscopy, 110 currcnt has to fiow to tlw tip. 

The signal detectcd is a long-l'auge capacitive force, whosc (:oupliug 1,0 the QD cau 

he challged at will by simply changing the tip-salllple distance. The llwasurellwnt 

l'dies more on llleasuring a change in a, capacitance rather than a CUITent. In this 

way, it is possible to detect jUlllpS in the recorded force at s(nuc specifie voltage which 

118 
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satisfies the Coulomb blockade phenomena, that is the enürgy required to overcome 

the eonfining potential of the QD. Each of these jUlllps was attributed to a siugle 

electron either entering or leaving the dot, which cau be rega.rded as a cOlltrolled 

electron trap at the llanometer scale. 

By acquiring two types of spectroscopies, i.e electrostatic force as a function of 

tip-sample voltage and distance, and upon the right data proœssing it also hecallw 

possible to determine the value of the absolute tip-sample capacitante. Such knowl­

edge can be of crucial importance for quantitative interpretatioll of the tip dfect on 

the electrostatic environment of a llanostructure since tlw tip-salllplc capacitallœ de­

termines the strength of the electrostatic interaction as wdl as the valuc of the volta.g(~ 

for whieh charging of the quantum dot can occur. Two other pic ces of relevant infor­

mation can also be extracted from the above analysis, na.mely the contact potential 

difference and the residual non-capacitive force, which ean opcn the way to iL m()l"<~ 

eareful force separation treatment and interpretatioll of short-range fore(~s wlwn tlw 

long-range and almost ubiquitous eapaeitive force is present, yet ulldŒirabk. 

At (:)aeh step of the thesis, the dissipation channel wa.s investigatr~d and provcd 

to be a somewhat unexpected source of importmlt information for studyiug out-of .. 

equilibrium phenomena sueh as the tUllneling event of a, singlc electroll to a quantulll 

dot. Even though the theoretieal treatlllent of the dissipation didll't fully explailwd 

the observed experimental data, it opened a hopeful perspective and new opportuui­

ties for the study of dynamics of tunneling in individual QD as weIl as the possibility 

to extraet sueh an important parameter as the chargillg cllergy of a self-assClubkd 

QD. 

6.2 Future Directions 

In regm'ds to future work, eleetrostatie force spectroscopy cOlllbillCd with dissipatiou 

speetroseopy holds a lot of promises for the study of sdf-a.sselllblcd quantulll dots or 
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Figure G.I: AFM images of direct lithography patterning of Au lines on InP sllbstmte by NC-AFM 
depositioll. Adapted from Pumarol et al [104]. 

nanostructures, since it is a local, non-contact, weakly pertnrbating nwthod. I3ccausc 

of the long range nature of the electrostatic force, it is reasollable to aSSUlllC t11at the 

methods exposed in this thesis could be applied even to buried structures. 

From another perspective, it has proved so far quite chaJlenging to attach leads to 

so smaH self-assembled nanostructures. In this domain, the NC-AFM itself conld be 

used as the me an to deposit directly conductive wires as the work by Pumn,rol et al 

[104] anticipates. In that regard, Figure 6.1 illustrates the capability of direct. lllct.al 

lithography by NC-AFM. In such an eventuality, EFS could be perfonuüd bdorc and 

after a wil'C has been deposited in order to study the invasive effect of snch win~ on 

the qu (SUell as strain, band bending, etc ... ) leadillg 1.0 a possible n~a,rra.llgclllCllj, of 

the QD energy levels and a better understandillg of the effeets of probillg leads to (\, 

snmll nallostructure. Fillally, the AFM tip could be used a.s a thinl probe terlllina.l 

in a. single eiectroll transistor configuration. 
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The advantage of USillg the AFM tip as a local lllovrtble gate with a va.riable 

capacitive coupling can be further refined by using full rueta.l high-a~pcet ratio tip~. 

Sncll tips should improve the lateral electrostatic resolutioll as wcll a~ rcduce the tip­

sample capacitancc enough to allow probing of higher values of the ekctron ll\ullb(~r 

N, that is more JUIllpS in the force. It is indeed illlportant 1,0 have ~everal .il1l11p~ to 

more clearly investigate the shift of the energy levels in an extenmlly appli(~d lllaglld.ic 

field, while the charging energy should not be a.ffected by the field. 

Lastly, sinee the dissipation channel revealed lllany interesting phenollwlla rda.ted 

1,0 the dynamics of tunneling, further experimental as well a.~ theoretieal inve~tiga.ti()n 

of the effects of temperature and tip amplitude on the peak shape should hopdlllly 

bring new insights and discoveries. 
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