
Chapter 2Nanofabri
ation andmeasurement te
hniques2.1 Introdu
tionThe �rst part of this 
hapter (se
tions 2.2 and 2.3) is dedi
ated to thepresentation of all the te
hniques involved in the fabri
ation of the InGaAsbilliards and nanojun
tions (dis
ussed in 
hapters 3 and 5, respe
tively)and the pro
essing of bismuth �lms and 
avity, analyzed in 
hapter 4. We
on
entrate on the general pro
edures appli
able for the full set of samples,even though spe
i�
 details of the fabri
ation pro
ess di�er from one sampleto another. Indeed, some pro
ess parameters depend on the wafer stru
ture,and/or on the devi
e layout geometry. Several te
hniques were used in thefabri
ation of both Bi and InGaAs samples (e-beam evaporation, e-beamlithography, . . . ), although the parameters were somewhat di�erent in ea
h
ase. The rationale behind the 
hoi
e of the parameters is given for ea
hpro
ess. At the beginning of se
tions 2.2 and 2.3 we also introdu
e themain physi
al properties of the starting materials. Some of these properties,su
h as the layer stru
ture, or the 
rystallography, have an in
uen
e on thefabri
ation pro
ess.In the se
ond part of this 
hapter, we give details about the measurementte
hniques. We begin with an overview of the 
ooling system. Then, we ex-plain issues related to the ele
tri
al measurements of our samples. Manyaspe
ts are involved here, as we are dealing sometimes with very small ef-fe
ts in very small devi
es, in extreme 
onditions (large magneti
 �elds,ultralow temperatures, very small ele
tri
al 
urrents and voltages). Morespe
i�
ally, we are interested here in magneto
ondu
tan
e measurements,33



34 CHAPTER 2. NANOFABRICATION AND MEASUREMENTat temperatures ranging from 0.3 K up to room temperature. Note thatwe only present here the te
hnique used for the measurement of the magne-to
ondu
tan
e. The details of the nonlinear measurements on the InGaAsnanojun
tions are presented at the beginning of 
hapter 5 (se
tion 5.3).2.2 InGaAs samples
Substrate  InP       InP

Buffer  In     Al     As    400 nm     In     Al     As  400 nm

Channel  In     Ga     As     15 nm     In     Ga     As  15 nm

Spacer  In     Al     As       10 nm     In     Al     As  5 nm

δ - doping Si  4.5 10  /cm      Si  5 10  /cm

Schottky  In     Al     As       15 nm     In     Al     As  15 nm

Cap (doped) In     Al     As       15 nm     In     Al     As  15 nm
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2DEGFigure 2.1: S
hemati
 layer stru
ture of our heterostru
tures.The InGaAs/InAlAs heterostru
tures were produ
ed by mole
ular beamepitaxy (MBE) in the IEMN 
leanrooms. Fig. 2.1 shows the layer stru
turesof the three heterostru
tures substrates (A,B,C) used in this thesis. At �rst,in se
tion 2.2.1, we detail some important parameters of the alloys 
ompos-ing them. Then, the wafer growth pro
edure is des
ribed in se
tion 2.2.2. Inthis se
tion, we also dis
uss the in
uen
e of the layer stru
ture on the 2DEGproperties. All the following fabri
ation steps were performed in the DICE
leanrooms in UCL. We present in Table 2.2 the su

ession of te
hnologi
aloperations performed after the wafer growth in order to fabri
ate a workingdevi
e. The most 
riti
al steps of this pro
ess are detailed in se
tions 2.2.3to 2.2.7. Our fabri
ation pro
edure is based on Ref. [56℄, whi
h des
ribesthe realization of High Ele
tron Mobility Transitors (HEMTs) on similarsubstrates at IEMN. Transposing the IEMN pro
ess in the UCL 
leanrooms



2.2. INGAAS SAMPLES 35was not as straightforward as it 
ould seem, due to large di�eren
es in fab-ri
ation fa
ilities. Note that a list of all the samples produ
ed and analyzedin this thesis (with their main 
hara
teristi
s) is provided in appendix A.Table 2.1: Standard pro
ess sheet for InGaAs nanodevi
esfabri
ation. Steps no. 23-31 are optional (gate pro
ess, seese
tion 2.2.6).Step Des
ription Parameters1 sample 
utting size ' 3� 3 mm2 standard 
leaning a
etone - methanol - DI water5 min ea
h, w/ ultrasound (a
etone)3 glueing on 2" Si wafer glue : 
arbon paint4 baking on hot plate 100ÆC - 5 min5 drying in oven 140ÆC - 24h (at least)6 resist spin 
oating PMMA 3% in 
hlorobenzene5000 rpm; 5000 rpm/s; 60 s7 resist baking (hot plate) 160ÆC - 5 min8 SEM lithography (mesa) see se
tion 2.2.39 resist development MIBK:Isopropanol (3:1) 90 s -Isopropanol 20 s - DI water 10 min10 mesa et
hing H3PO4 : H2O2 : H2O (5:1:40) 30 sDI water 10 min (see 2.2.4)11 resist removal boiling a
etone 5 min12 standard 
leaning same as step no. 213 glueing on 2" Si wafer same as step no. 314 baking on hot plate same as step no. 415 resist spin 
oating PMMA 6% in 
hlorobenzene5000 rpm; 5000 rpm/s; 60 s16 resist baking (hot plate) 160oC - 5 min17 SEM lithography (ohmi
) see se
tion 2.2.318 resist development same as step no. 9Continued on next page



36 CHAPTER 2. NANOFABRICATION AND MEASUREMENTStep Des
ription Parameters19 metal deposition see se
tion 2.2.520 lift-o� boiling a
etone 5 minor a
etone w/ ultrasound 2 minmethanol 5 min - DI water 5 min21 rapid thermal annealing see se
tion 2.2.522 
ap layer removal see se
tion 2.2.423 standard 
leaning same as step no. 224 glueing on 2" Si wafer same as step no. 325 baking on hot plate same as step no. 426 resist spin 
oating same as step no. 1527 resist baking (hot plate) same as step no. 1628 SEM lithography (gate) see se
tion 2.2.329 resist development same as step no. 930 metal deposition 5 nm Ni; 100 nm Au31 lift-o� same as step 1832 bonding see se
tion 2.2.72.2.1 Material aspe
tsSeveral materials enter in the 
omposition of our samples. All of thembelong either to 
olumn III or V of the Mendeleev table. The most 
om-mon 
rystal struture of the solid alloys of these elements (III-V 
ompounds)is the sphalerite, or Zin
-Blend stru
ture (an idealized view is shown onFig. 2.2). It 
onsists of two fa
e-
entered 
ubi
 latti
es (with a latti
e pa-rameter a) of ea
h element, o�set with respe
t to ea
h other by a distan
ea=4. In this stru
ture, ea
h atom of 
olumn III (respe
tively V) has fournearest neighbours belonging to 
olumn V (respe
tively III), forming a reg-ular tetrahedron. The bonds in these III-V 
ompounds are partially ioni
and partially 
ovalent: they are primarily 
ovalent, with some residual ex
ess
harge about the ion 
ores [13℄.At �rst, we 
on
entrate on the physi
al properties of the binary 
om-pounds GaAs, InAs, InP, and AlAs, whi
h will be useful to derive the prop-erties of the ternary 
ompounds of our heterostru
tures using interpolation
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a

 Ga (or any element of group III)

As (or any element of group V)

Figure 2.2: S
heme of a Zin
-Blend 
rystal stru
ture. Grey lines are the
hemi
al links. Dashed lines 
orrespond to the limits of the unit 
ell.methods. In Table 2.2, we gathered the main parameters of these 
om-pounds: their latti
e parameter (a), the band gap at 300 K (Eg) and thee�e
tive mass (m�, in units of the free ele
tron mass m0). Below, we brie
y
omment on these data, and 
on
entrate on their impli
ations in our work.We refer to the referen
e works of Sadao Ada
hi [1, 2℄ for detailed dis
us-sions about these parameters, and for additional data on these materialsand their related ternary and quaternary alloys.Crystal parametersThe latti
e parameter aAxB1�xC of a ternary material AxB1�xC 
an be di-re
tly dedu
ed by a linear interpolation from the latti
e parameters of therelated binaries aBC and aAC [1℄:aAxB1�xC = aBC � x(aBC � aAC) (2.1)This law is very useful to determine the 
onditions to obtain latti
e-mat
hed heterostru
tures of InAlAs and InGaAs on InP. Indeed, one 
aninfer from Eq. (2.1) that In0:53Ga0:47As and In0:52Al0:48As have the same



38 CHAPTER 2. NANOFABRICATION AND MEASUREMENTTable 2.2: Latti
e parameter, band gap (at 300 K), band gap (at zero tem-perature) and e�e
tive mass for GaAs, InP, InAs and AlAs (from [1, 2℄).Compound GaAs InP InAs AlAsa[�A℄ 5.6533 5.8688 6.0584 5.6611Eg at 300 K [eV℄ 1.424 1.35 0.36 2.168Eg(0) [eV℄ 1.519 1.421 0.42 2.239m�=m0 0.067 0.08 0.03 0.15latti
e parameter as InP. Therefore, these alloys will grow on InP waferswithout strain.Of parti
ular interest here is the possibility of growing defe
t-free latti
e-mismat
hed heterostru
tures on InP substrates (`pseudomorphi
' InGaAs�lms), with a higher In 
ontent in the InGaAs layer (InxGa1�xAs, withx > 0:53), in order to obtain lower ele
tron e�e
tive mass (see se
tion 2.2.1).In this 
ase, the latti
e mismat
h is a

omodated by strain in the InGaAs�lm. The latti
e parameter of the InGaAs layer in the growth plane be
omesequal to the (smaller) latti
e parameter of InP substrate, so that the 
rystalstru
ture is under 
ompressive strain and be
omes tetragonal. Su
h a pro-
ess implies that elasti
 energy (Ee) is stored in the latti
e. This energy isproportional to the thi
kness of the InGaAs layer and to the square of themis�t (given by aInP�aInGaAsaInGaAs ). Above a 
riti
al thi
kness, this energy will belarge enough to generate a dislo
ation, or this energy will be relaxed by atransition from a two-dimensional to a three-dimensional growth mode. Alot of work has been devoted to re�ne this model sin
e the derivation of thebasi
 mis�tting layer energy expressions [58℄ (we refer to [56℄ for referen
eson the subje
t). Experimentally, from tests performed at IEMN, the 
riti
althi
kness for InAs on InP is below 1 nm, and about 15 nm for In0:7Ga0:3As(the 
hannel layer in our stru
tures), in agreement with the litterature [124℄.Band gaps and 
ondu
tion band dis
ontinuitySome pre
ision must be given about the band gaps of the binary alloyspresented in Table 2.2. InAs, InP and GaAs are dire
t-gap semi
ondu
tors:the top of the valen
e band and the bottom of the 
ondu
tion band are bothat the � point in these 
ompounds (their band stru
ture 
an be found e.g.in Ref. [35℄). On the 
ontrary, AlAs has an indire
t gap: it has its minima
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ondu
tion band at X, and the maximum of the valen
e band at � (seeFig. 2.16 in Ref. [47℄ for the energy band stru
ture of AlAs). A transitionfrom dire
t to indire
t band gap is therefore observed in ternary alloys su
has InxAl1�xAs, as a fun
tion of the 
omposition. In this ternary 
ompound,the transition o

urs for x = 0:29 [56℄: the gap is dire
t for x > 0:29, whi
his always the 
ase in our stru
tures.In order to derive the band gap of the (unstrained) ternary 
ompoundsInxAl1�xAs from data in table 2.2, a quadrati
 relation must be used [36℄:Eg;InxAl1�xAs(x) = Eg;AlAs � x(Eg;AlAs � Eg;InAs) + x(1� x)C (2.2)where the 
onstant C is related to the alloy disorder. For x = 0:52, thisequation yields Eg = 1:439eV (room temperature).In the 
ase of (unstrained) InxGa1�xAs, a similar relation 
an be found,whi
h gives Eg � 0:75eV for x = 0:53 [1℄. This value is slightly di�erentin pseudomorphi
 epilayers of InGaAs. In these layers, the total strain 
anbe de
omposed in an isotropi
 (hydrostati
) strain whi
h 
hanges the bandgap, and an anisotropi
 (uniaxial 
ompression) strain whi
h lifts the valen
eband degenera
y between heavy and light holes [62℄.Moreover, the band gap is temperature-dependent. O'Donnel and Chen[126℄ propose the following expression for the temperature dependen
e ofEg: Eg(T ) = Eg(0)� Sh~!i(
oth(h~!i=2kT )� 1) (2.3)where Eg(0) is the zero temperature bandgap (given in Table 2.2 for thebinary 
ompounds), S is a dimensionless 
oupling 
onstant and h~!i is anaverage phonon energy. Comparing Eg(0) and Eg(300K) in table 2.2, oneobserves a slight de
rease of the band gap as the temperature in
reases inthis range.In heterostru
tures, an important parameter is the 
ondu
tion band o�-set �E
 at the jun
tion between the spa
er and the 
hannel layers. Indeed,it determines the height of the potential barrier fa
ed by 
ondu
tion ele
-trons between the delta doped layer and the 
hannel. In our 
ase, the spa
eris In0:52Al0:48As and the 
hannel is In0:7Ga0:3As, see se
tion 2.2.2. An em-piri
al expression for �E
 in the heterojun
tion In0:52Al0:48As=InxGa1�xAswas found by Huang and 
oworkers [82℄ for x > 0:58 (pseudomorphi
 
ase):�E
(x) � 0:344 + 0:487x (in eV). This expression gives �E
 = 0:68eV forx = 0:70 (i.e. in our heterostru
tures).



40 CHAPTER 2. NANOFABRICATION AND MEASUREMENTE�e
tive massThe ele
tron e�e
tive mass is a parti
ularly 
riti
al transport parameter dueto its dire
t relation with the ele
tron mobility. One 
an note that InAs hasthe lowest e�e
tive mass among the binary 
ompounds of Table 2.2. This isthe main origin of the interest for heterostru
tures with a high In 
ontent inthe 
hannel layer. As in the 
ase of the latti
e parameter, one 
an obtain thee�e
tive mass of ternary 
ompounds by a linear interpolation between thevalues of the 
orresponding binary elements, presented in Table 2.2 [1, 2℄:m�=m0(x) = 0:067� 0:044x (2.4)in the 
ase of unstrained InxGa1�xAs. Therefore, m�=m0 � 0:036 in un-strained In0:7Ga0:3As. As the strain a�e
ts the band stru
ture, it alsoin
uen
es the e�e
tive mass. Simulations [124℄ showed that the e�e
tivemass in the plane of the heterostru
ture growth is in
reased in the 
ase ofpseudomorphi
 In0:52Al0:48As=InxGa1�xAs stru
tures with x > 0:53. The
al
ulated value in strained In0:7Ga0:3As is m�=m0 � 0:04.2.2.2 Heterostru
ture growthThe best-quality semi
ondu
tor heterostru
tures are presently grown usingmole
ular beam epitaxy (MBE). MBE systems indeed make possible theprodu
tion of single-
rystal multi-layer samples with a very a

urate 
ontrolof the thi
knesses as well as the 
omposition of the di�erent layers, and withextremely abrupt 
hanges in the 
omposition. These features are the basi
ingredients needed to obtain high mobility samples. Note that, ultimately,the mobility is limited in ternary systems at low temperature by an intrinsi
me
hanism, alloy s
attering, arising from the random distribution of thealloy atoms in the available latti
e points.Fig. 2.3 provides a s
hemati
 illustration of a typi
al MBE system. Itis essentially a very "
lean" ultra-high va
uum evaporation 
hamber. Typ-i
al pressures of � 10�14 atm inside the 
hamber are required during thegrowth pro
ess to avoid signi�
ant deposition of residual gas spe
ies on thesubstrate. Su
h a low pressure is obtained using various pumping systemssu
h as ion-pumps and 
ryopumps. A heated (� 520oC) semi-insulating (SI)InP substrate is pla
ed on a rotating sample holder in front of e�usion 
ells
ontaining the high-purity sour
e materials (here : In, Al, Ga, As and Si).Prior to heterostru
ture growth, the surfa
e oxyde is removed. Then, the
ells are independently heated until the desired material 
ux is a
hieved.Shutters are positioned between ea
h e�usion 
ells and the substrate, to



2.2. INGAAS SAMPLES 41be able to stop the 
ux rea
hing the sample within a fra
tion of a se
ond.Controlling the shutters and the mole
ular 
ux ratios (through the e�usion
ells temperatures) allow to 
hange the 
omposition of the growing layer.Re
e
tion high-energy ele
tron di�ra
tion (RHEED) is used to monitor insitu the surfa
e morphology and 
rystallography. Typi
al growth rates of 1monolayer of InGaAs per se
ond (� 1�m=h) are used to obtain high qualityheterostru
tures.
Figure 2.3: S
heme of a typi
al MBE system (after Ref.[37℄).As shown in Fig. 2.1, the three heterostru
tures (A,B and C) used in thisthesis are similarly stru
tured. Ea
h layer has a well-de�ned fun
tion, thatwe detail hereafter, from the bottom to the top of the heterostru
ture. Thegrowth of the heterostru
ture starts with the latti
e-mat
hed InAlAs bu�erlayer. This layer must have a high resistivity, to avoid 
urrent leakages, andmust also prevent the migration of impurities from the InP substrate into thea
tive layers. This goal is a
hieved by a 
ontrol of the growth temperature:at �rst, a 100 nm-thi
k InAlAs layer is grown at 520ÆC, then 200 nm aregrown at 420ÆC, and the remaining 100 nm are grown at 520ÆC. The part



42 CHAPTER 2. NANOFABRICATION AND MEASUREMENTof the bu�er layer grown at lower temperature has a larger resistivity andavoids impurity segregation.The role of the 
hannel layer is to host the 2DEG, lo
ated at the interfa
ewith the spa
er layer (situated above), due to the shape of the ele
tron
on�ning potential. As explained above (se
tion 2.2.1), this layer is latti
e-mismat
hed, so that its maximum thi
kness is limited. The spa
er layerthi
kness Ls and the density of the Æ-doping layer NÆ are 
riti
al fa
torsas they strongly in
uen
e the ele
tron density and mobility in the 2DEG.A large spa
er thi
kness will in
rease the mobility but de
rease the densityof the 2DEG.1 A too large NÆ must be avoided as a number of impuritiesare left non-ionized above some threshold, whi
h may give rise to signi�
antparallel 
ondu
tion through this Æ-doped layer (this may happen for NÆ &6� 1015m�2 in our 
ase). Note that NÆ and Ls are di�erent in layers A andlayers B, C.Con
erning the S
hottky layer, parti
ular 
are is taken to avoid the seg-regation of Si from the Æ-doped layer. This is done by lowering the substratetemperature to 450ÆC during the growth of the �rst 2 nm of this layer. Ametal layer 
an be deposited over this layer to serve as a gate, or it 
an beleft in ambiant air. Finally, the 
ap layer is a highly-doped InGaAs layer.Its role is essentially to help the formation of low-resistan
e ohmi
 
onta
ts.It also serves as a prote
tion against the surfa
e oxydation.The band stru
ture pro�le along the dire
tion perpendi
ular to the sur-fa
e is shown on Fig. 2.4. This pro�le is a solution of the Poisson-S
hr�odingerequations. Note that strain was not taken into a

ount in this 
al
ulation.The 
ap layer was not et
hed, 
ontrary to the samples that are dis
ussedin the next 
hapters. Removing the 
ap layer 
hanges the surfa
e potential,so that the shape of the whole band stru
ture is altered. A metal layer onthe top of the heterostru
ture also shifts the surfa
e potential. This indu
es
hanges in the ele
tron density and mobility in the 2DEG.2.2.3 Ele
tron beam lithographySeveral steps are involved in Ele
tron Beam Lithography (EBL). At �rst, aresist is deposited on the substrate by spinning. We employ the `standard'1The Si impurities in the Æ-doped layer give their ex
ess ele
trons to the 
hannel layerso that a 
onstant Fermi level is maintained throughout the stru
ture. This results in abending of the 
ondu
tion band in the vi
inity of the InGaAs/InAlAs interfa
e (Fig. 2.4).This also leaves a layer of positively-
harged impurities, whi
h 
ontribute to the s
atteringof the 2DEG ele
trons. Su
h a s
attering obviously de
reases with the distan
e Ls betweenthe impurities and the 2DEG. An in
reased Ls also intuitively lower the probability forele
trons to rea
h the 
hannel layer, and therefore lower its density.
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2DEG

Figure 2.4: Illustration of the 2DEG 
on�ning potential pro�le in aIn0:70Ga0:30As=In0:52Al0:48As heterostru
ture along the dire
tion perpendi
-ular to the wafer surfa
e. Upper and lower 
urves 
orrespond to the bottomof the 
ondu
tion band and the top of the valen
e band, respe
tively. Thegray region is the Æ-doped layer. Note that the 
ap layer is not removed.The 
al
ulation does not take into a

ount the strain in the 
hannel layer.[Courtesy of J. Mateos℄



44 CHAPTER 2. NANOFABRICATION AND MEASUREMENTresist for EBL : poly-methyl-metha
rylate (PMMA), diluted at 3 or 6 %in 
hlorobenzene. The thi
kness of the resist layer depends on its dilution,the length of the PMMA mole
ules (950 K), as well as on the spinningparameters; in our 
ase, we always used a speed of 5000 rpm, an a

elerationof 5000 rpm=s, a time of 60 s. With these parameters, we measured athi
kness of � 150 and � 350 nm with the resist diluted at 3 and 6 %,respe
tively, after baking on a hot plate in order to evaporate the solvent.The 
hoi
e of the dilution of the resist depends on the pre
ision required forthe lithography (pre
ision is worse with the 6% PMMA, due to the thi
kerlayer indu
ing a larger `proximity e�e
t', see below), but also on the pro
essstep following the EBL. If metal evaporation follows the EBL, the thi
knessof the resist layer must be signi�
antly larger than the metal thi
kness;otherwise, the lift o� is diÆ
ult. This imposes the 
hoi
e of the 6%-dilutedresist in the 
ase of the ohmi
 
onta
ts EBL and 3% for the wet et
hingEBL.The prin
iple of the exposure step of the EBL is very simple. PMMA isirradiated using the 
omputer-
ontrolled ele
tron beam of a modi�ed s
an-ning ele
tron mi
ros
ope (SEM; a Philips XL30 SFEG in our 
ase), whi
hresults in the s
ission of PMMAmole
ules. The fragmented polymeri
 
hainsare then more sus
eptible to dissolution in a methyl-isobutyl-ketone (MIBK)developer (step no. 9 in Table 2.2).The modi�
ation of the SEM for its use as an EBL system 
onsists inin
luding a beam blanker, a 
ontrol over the beam s
anning system and(in our 
ase) a laser interferometer system to 
ontrol the X and Y positionof the sample (a very 
omplete dis
ussion about EBL systems is given inRef. [51℄)2 The beam blanker is a pair of plates mounted in the 
olumn,on whi
h a large potential di�eren
e 
an be qui
kly applied, in order tode
e
t the ele
tron beam and to prevent it from rea
hing the sample. The
omputer 
ontrol over the beam s
anning system is provided through digital-to-analog 
onverters (DACs), and allows to transfer a pattern drawn on a
omputer into the resist. This pattern is organized in a series of layers.Ea
h layer is assigned to a spe
i�
 step the pro
ess, and multiple layersare displayed as overlapping patterns (usually in di�erent 
olors, see theexample on Fig. 2.5). The layers are split apart into separate pattern �les,ea
h of them 
orresponding to spe
i�
 exposure parameters.The PMMA exposure itself is the most 
ru
ial step, and depends onseveral parameters. The most important one is the dose De, i.e. the 
hargedeposited by the beam per unit area. The dose ne
essary to fully expose2Freely available online at http://www.
nf.
ornell.edu/spiebook/TOC.HTM.
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(a)

(b) (c)

Figure 2.5: (a) General view of a whole ELPHY pattern for EBL. The size ofthe stru
ture is 3:5� 3:5 mm. Red boxes 
orrespond to ohmi
 
onta
ts, andall the other 
olors 
orrespond to et
hed regions (in
luding the alignmentmarks in the 
orners). The exposure parameters are spe
i�
 for ea
h 
oloredlayer. (b) Magni�ed view of the 
entral part of the layout. (
) Detailed viewof a quantum dot pattern.our PMMA layers is typi
ally � 140� 200 and 200� 240 �Cb=
m2 for the3% and 6% PMMA, respe
tively. In pra
ti
e, De depends on the ele
tronbeam 
urrent I , the area A of the elementary surfa
e adressed by the 
ontrolsystem, and the time t spent by the beam over ea
h elementary surfa
e, sothat De = It=A. I , t and A are determined a

ording to the spe
i�
 featuresof the SEM (beam size, apertures, magni�
ation, et
. . . ), and of the 
ontrolsystem (maximum frequen
y, DACs 
hara
teristi
s, . . . ). Moreover, as ane�e
t of ele
tron s
attering in the PMMA, the dose delivered by the ele
tronbeam is not 
on�ned to the shapes that the beam writes, resulting in pattern-spe
i�
 linewidth variations known as the `proximity e�e
t'. A narrow linebetween two large exposed areas may re
eive so many s
attered ele
tronsthat it 
an a
tually develop away while a small isolated feature may lose
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h of its dose due to s
attering that it develops in
ompletely. This iswhy the doses given above are only indi
ative, and the 
ommon pra
ti
e isto try on a dummy sample several doses for ea
h pattern in order to �ndthe best one. We give in table 2.3 typi
al exposure parameters that we usedto expose �ne patterns in a 3% PMMA resist, and to expose larger patterns(e.g. ohmi
 
onta
ts) in 6% PMMA resist.Table 2.3: EBL parameters for the exposure of a 3 % and 6 % PMMA resistsspin-
oated on an InGaAs substrate. The `Step' is the distan
e between ea
helementary surfa
e exposed by the SEM.Dilution Field size Dose Current t Step3 % 43.7 �m 196 �Cb=
m2 18 pA 1.72 �s 3.8 nm6 % 216 �m 230 �Cb=
m2 250 pA 2.15 �s 16.4 nmSeveral su

essive EBL steps are involved in our pro
ess. To preventmisalignment between the di�erent layers, ea
h layer is aligned on the pre-vious one using a pro
edure involving the re
ognition of marks written at aprevious stage (these marks are visible in the 
orners of Fig. 2.5(a)). Thesu

ess of this pro
edure relies on a pre
ise positionning system, 
ontrolledby laser interferometers in our SEM. Su
h a system is also very useful inthe 
ase of very large patterns: these patterns are 
ut into smaller patterns,and the sample stage moves between the exposure of ea
h pattern (`stit
h�elds' pro
edure).2.2.4 Wet et
hingTwo di�erent et
hing pro
edures are used in our pro
ess (steps no. 10 and22 in Table 2.2). Both pro
edures are `wet', i.e. the sample is soaked inan a
id solution for a given time in 
ontrolled 
onditions, and then rinsedin water. We 
hoose this te
hnique rather than `dry' et
hing te
hniques fortwo reasons. At �rst, wet et
hing is easy to implement and is fast. Se
ondly,as we began this work, we wanted to avoid any risk of deterioration of the2DEG properties (in parti
ular the mobility) at this stage. At that time,this was not guaranteed in the 
ase of dry et
hing te
hniques.The �rst et
hing pro
edure, referred to as `mesa et
hing' is a deep et
h:the material is removed down to the bu�er layer. On the ele
tri
al pointof view, the basi
 requirement of this et
hing pro
edure is to prevent any
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onta
ts, whi
h would short-
ir
uit the devi
e. This isparti
ularly 
riti
al in the 
ase of devi
es with in-plane gates (see 
hapter 5),where voltages are applied a

ross narrow mesa `tren
hes'. In view of su
h
on�gurations, we et
h down to the bu�er layer in order to maximize theele
tri
al isolation (the bu�er layer is the less 
ondu
ting layer in our het-erostru
tures). Moreover, this step is also 
ru
ial for the lateral de�nitionof the geometry of the nano-devi
es used in this work.The se
ond et
hing pro
edure, referred to as `
ap re
ess' is a sele
tiveet
h: the et
hing speed is mu
h higher for InGaAs than for InAlAs. It is usedto remove the top layer of the heterostru
ture after the thermal annealingof the ohmi
 
onta
ts. This layer (the 
ap layer) is heavily doped, in orderto de
rease the ele
tri
al resistan
e of the ohmi
 
onta
ts. It 
ould therefore
onstitute a parasiti
 parallel 
ondu
tion path for ele
trons if it were notremoved.The following subse
tions detail the et
hing parameters and their 
al-ibration, as well as some pre
autions that have to be taken before ea
het
hing pro
ess.Mesa et
hingAll the et
hing pro
esses are essentially 
hara
terized by their sele
tivity,their speed, and their anisotropy. Ideally, the mesa et
hing should be non-sele
tive (i.e. the et
hing speed should be identi
al whatever the materialin the heterostru
ture) and anisotropi
 (i.e., in our 
ase, the et
hing speedin the plane of the sample surfa
e should be negligible 
ompared to theet
hing speed perpendi
ular to the surfa
e). Under these `ideal' 
onditions,the et
hed pro�les are very steep, and the pattern is very well transferedfrom the resist to the sample.In the 
ase of the mesa et
hing, we always used a solution based onorthophosphori
 a
id : H3PO4=H2O2=H2O in volume ratios 5=1=40. We �rst
alibrated the et
hing speed of this solution. We performed the 
alibrationon four test samples. The solution was not shaken during the et
hing, andthe et
hing depth d was measured by atomi
 for
e mi
ros
opy after resistremoval. Fig. 2.6(a) shows d as a fun
tion of the time t in the solution.The et
hing depth in
reases linearly with the time in the solution in theinvestigated time range (20 s< t < 60 s) (i.e. the et
hing speed is 
onstant).The best linear �t to our d vs t data is d = 3t� 13 3 (with d in [nm℄ and t3The presen
e of a 
onstant term in the linear �t indi
ates that some time is needed toinitiate the et
hing rea
tion (about 4 s; see the extrapolation of the linear �t on Fig. 2.6(a)down to d = 0 nm), or to rea
h a 
onstant et
hing speed.
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Figure 2.6: (a) Et
hing depth vs time. The dotted line is a linear �t to thedata. Dashed lines indi
ate the parameters used in our pro
ess (t=30 s, d �75 nm). (b) Mi
rography of an et
hing pro�le (the region at the right ofthe �gure is et
hed). The sample has been et
hed for 30 s. (
) Mi
rographyof an underet
hed sample. (d) Mi
rography (top view) of a properly et
hedsample.in [s℄).Fig. 2.6(b) shows the et
hing pro�le obtained after soaking a sample for30 s in the et
hing solution, and then removing the 
ap layer (see below),so that this pro�le is 
omparable to the pro�le of the measured samples.In this 
ase, the dire
tion of the 
rystallographi
 axis in the plane of thesample surfa
e is unknown, but we did not observe any noti
eable di�eren
ebetween pro�les along di�erent dire
tions.Two 
on
lusions 
an be drawn from this �gure. At �rst, the transitionbetween the et
hed and non-et
hed regions is not steep at all. The surfa
e
orresponding to this transition makes an angle of � 45Æ with the samplesurfa
e plane. This means that the et
hing is almost isotropi
. This must be
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ount for the design of any devi
e layout, and for the estima-tion of the �nal devi
e size from top-views mi
rographs. Se
ondly, there isa dis
ontinuity in the et
hing pro�le at a depth 
orresponding to the 
han-nel layer (pointed by the arrow on Fig. 2.6(b)). This e�e
t is due to thesele
tivity of the solution used for the 
ap re
ess.Finally, we want to emphasize that water mole
ules adsorbed on the sam-ple surfa
e have a dramati
 in
uen
e on the �nal result of the mesa et
hing.Indeed, they 
ause a bad adhesion of the PMMA resist, so that the et
hingsolution 
an penetrate below the resist. In su
h a 
ase, et
hing o

urs belowthe resist (underet
hing), and the pattern in the resist is poorly transferedon the sample. This is visible on Fig. 2.6(
), showing an ele
tron mi
rographof an underte
hed sample: the irregular dark `halo' around the pattern edgesis the underet
hed region, whi
h extends hundreds of nanometers away fromthe original pattern edges in the resist. Fig. 2.6(
) 
an be 
ompared withFig. 2.6(d), showing the mi
rograph of a properly-et
hed sample: in this
ase, the edges are mu
h sharper, so that the 
ontrast of the mi
rograph isbetter. Underet
hing is avoided by drying the sample for (at least) 24h inan oven at 140ÆC and spin 
oating the sample dire
tly (within � 20 s) aftergetting the sample out of the oven.Cap re
essThe goal of the se
ond et
hing step of the pro
ess (step no. 22 in Table 2.2)is to remove the top layer of the heterostru
ture, made from heavily dopedInGaAs, without altering the se
ond layer (S
hottky layer), made from In-AlAs. The et
hing solution must therefore be highly sele
tive. We used asolution of su

ini
 a
id (SA, HO2 � CH2 � CH2 � CO2H)/hydrogen per-oxyde (H2O2) in volume ratio 30=4. The su

ini
 a
id solution is obtainedby dilution of granules in DI water. A 
omplete dilution is only obtainedby adding NH4OH to the solution, whi
h is also used to adjust the pH ofthe solution at 5. Using su
h a solution, one obtains an et
hing speed of 60nm/min for InGaAs and less than 1 nm/min for InAlAs [56℄. We used anet
hing time of one minute for all the samples, in order to ensure that the
ap layer is et
hed, and that the InAlAs layer is not signi�
antly a�e
ted.Note that on
e the 
ap layer is removed, the InAlAs layer is exposed toambiant air, and oxidizes with time. This has an e�e
t on the transportproperties of the devi
es, due to 
hanges of the surfa
e potential. We ob-served a signi�
ative in
rease of the devi
es' resistan
es over time s
ales of� 1 year.It is also important to noti
e that the 
ap re
ess is done after the mesa
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hing. This has an in
uen
e on the et
hing pro�le at the level of the 
han-nel as shown on Fig. 2.6(b). Indeed, as the 
hannel is made from InGaAs,it is et
hed by the su

ini
 a
id solution. However, the et
hing speed ofthis layer is not equal to the et
hing speed of the 
ap layer: both the In
ontent and the et
hing 
ontitions are very di�erent in both layers. Thislateral et
hing 
an be used to avoid ele
tri
al 
onta
t between the 
hanneland a metalli
 gate deposited over the stru
ture [15℄, as in the 
ase of sampleB1. In samples where the 
ap re
ess was done before the mesa et
hing, wealways measured a leakage 
urrent between the gate and the 2DEG at roomtemperature, and signi�
ant leakages at low temperature, preventing anyreliable measurements.2.2.5 Ohmi
 
onta
tsIn prin
iple, an ohmi
 
onta
t is a metal-semi
ondu
tor jun
tion with a lin-ear I � V 
hara
teristi
 for both 
urrent dire
tions. The 
onta
t is usuallya

eptable if it 
an supply the required 
urrent density with a voltage dropthat is very small (negligible) 
ompared to the drop a
ross the a
tive regionof the devi
e. Other requirements in
lude good adhesion to the semi
on-du
tor, ability to bond gold wires to 
onne
t the devi
e to external 
ir
uitryand �nally 
onta
t reliability.The pra
ti
al ohmi
 
onta
t system 
onsists of an adhesion layer, fol-lowed by a dopant layer, whi
h will di�use into the semi
ondu
tor duringa rapid thermal annealing, and �nally a thi
k layer of Au for bonding pur-poses. The theory of the formation of these 
onta
ts is out of the s
opeof the present work: as we use a four 
onta
ts te
hnique to measure theele
tri
al properties of our devi
es, the 
onta
t resistan
es play no role aslong as they are small 
ompared to the devi
es' resistan
es. No further opti-mization of these resistan
es is required on
e this obje
tive is a
hieved. Wewill therefore only 
on
entrate on some pra
ti
al aspe
ts of ohmi
 
onta
tson our InGaAs samples. For further informations, we refer to Ref. [156℄.We used the following sequen
e of metal layers for our ohmi
 
onta
ts:Ni (2.5 nm)/ Ge (40 nm)/ Au (80 nm)/ Ni (5 nm)/ Au (30-60 nm). Verys
hemati
ally, the bottom layer, Ni, favors the adhesion of the 
onta
t, Geis the dopant, and Au is added for bonding purposes, as well as to preventoxydation, whi
h would alter the 
onta
t reliability. The Ni layer insertedbetween the two gold layers serves as a di�usion barrier : it ensures that thetopmost layer is made of pure Au, without any di�usion of Ge. Pra
ti
ally,we use an ele
tron beam evaporator to grow this layer sequen
e in a highva
uum (� 10�6mbar), with a pre
ise 
ontrol over the layer thi
kness.
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y
le for the rapid thermal annealing of InGaAssamples.After the metal deposition, the next step is the lift-o� (step no. 20in Table 2.2). In this pro
edure, a solvent (a
etone) is used to dissolvethe PMMA resist, leaving only the metal that is in 
onta
t with the wafer.Unlike the et
hing, the lift-o� pro
edure is highly sensitive to the edge pro�leof the patterned resist, and to its thi
kness. An under
ut resist pro�le anda resist thi
kness of about two times the metal thi
kness ease the lift-o�pro
ess as, in these 
onditions, one obtains a 
lean break between the metalon the resist and the metal that goes through the openings. As the ohmi

onta
ts are � 150-200 nm thi
k and the 6% PMMA resist is � 350 nmthi
k in our pro
ess, the lift-o� is not diÆ
ult, and ultrasound is often notne
essary.On
e the resist is removed, and metal only remains at the desired pla
es,the sample undergoes a thermal treatment (Rapid Thermal Annealing, orRTA; step no. 21 in Table 2.2) in order to di�use the dopant to form theohmi
 
onta
ts. RTA, as the name implies involves a fast heating and 
ool-ing, whi
h is performed in a small 
hamber heated by 
ash lamps, in aN2(95%)=H2(5%) atmosphere. The temperature is monitored by a thermo-
ouple positioned 
lose to the sample. The 
omplete temperature 
y
le forour RTA is shown on Fig. 2.7. Su
h a pro
ess results in a roughening of theOhmi
 
onta
t surfa
e, visible with an opti
al mi
ros
ope.We have 
he
ked that ohmi
 
onta
ts produ
ed in the 
onditions de-s
ribed above have a linear I � V 
hara
teristi
 in the voltage range usedfor the 
ondu
tan
e measurements on quantum dots (
hapter 3). We 
anonly spe
ulate about the behavior of our ohmi
 
onta
ts up to the voltages
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hapter 5. However the in
uen
e of any nonlinearity of the ohmi

onta
ts on the measurements presented in 
hapter 5 should be very limitedfor two reasons: (1) all our measurements are performed in the 4-
onta
ts
on�guration, so that the 
ontribution of the 
onta
t resistan
es is removedin the measurements; (2) the resistan
es of the 
onta
ts (typi
ally 0.15 -0.25 
.mm) is negligible 
ompared to the resistan
e of the devi
es.2.2.6 Metal GatesThe pro
ess to deposit a metal gate is almost identi
al to the ohmi
 
onta
tspro
ess: an e-beam lithography on a thi
k resist, followed by metal evapo-ration (5 nm Ni and 100 nm Au) and �nally a lift-o�. Metal gates were onlyseldom used in this work: we noti
ed that 
urrent leaks between the top gateand the 2DEG already appeared for small bias voltages (below V � �0:7 V,i.e too low to deplete the 2DEG underneath, or above � 0:5 V). Therefore,we never used voltages beyond that range. The reason for these leaks is not
ompletely understood, but we suspe
t that lateral 
onta
ts between themetal gate and the 2DEG may explain our observations.2.2.7 BondingThe bonding of InGaAs devi
es is not as 
riti
al as for Bi nanodevi
es (seese
tion 2.3.3). The sample is glued with va
uum grease on an epoxy sampleholder. Then gold wires are 
onne
ted both to the ohmi
 
onta
t paths onthe sample and to the metalli
 pins of the sample holder using silver paintor silver epoxy. In the 
ase of silver epoxy, the sample is put in an oven at140ÆC for one hour in order to evaporate the solvent.2.3 Bi samples2.3.1 Bulk Bi properties (overview)The main properties of Bi have been reviewed by several authors. Here,we only present some of them, whi
h will be useful for our data analysis(more information 
an be found in Ref. [88℄). Bi belongs to 
olumn V of theMendeleev periodi
 table. It shares some physi
al properties with metals(e.g. its ele
tri
al 
ondu
tivity de
reases when the temperature de
reases),and some others with semi
ondu
tors (e.g. the 
arrier density in
reaseswith the temperature). As it 
ould not be 
lassi�ed with metals or semi-
ondu
tors, it was named `semimetal' along with some other materials with
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omplex properties, su
h as Sb and As. A big part of the 
omplexity ofbismuth properties, in
luding their strong anisotropy, stems from its rhom-bohedral 
rystal latti
e, whi
h 
an also be viewed as a 
ubi
 latti
e slightlystrained along its diagonal [118, 88℄. The Brillouin zone of Bi, shown onFig. 2.8 is therefore 
lose to that of a FCC latti
e. However, 
ontrary to theFCC Brillouin zone whi
h has eight equivalent hexagonal sides, the Bi Bril-louin zone has only two truly hexagonal sides (
orresponding to the trigonalaxis), the other ones being only `pseudohexagonal'.Fig. 2.8 shows the lo
ation of the ele
tron and hole po
kets in the Bril-louin zone. Isoenergeti
 surfa
es are highly anisotropi
 ellipsoids, whi
hdo not have all their prin
ipal axis along the symmetry axis of the Brillouinzone in the 
ase of ele
tron po
kets (
ontrary to hole po
kets). These energysurfa
es in k spa
e 
an be des
ribed by the following relation :E(k) = (~2=2m0)km�1k; (2.5)where E is the energy, k is a waveve
tor, and m�1 the (dimensionless) re
ip-ro
al e�e
tive mass tensor of Bi, for ele
trons or for holes. If the prin
ipalaxes of the 
arrier ellipsoids are 
hosen as the referen
e frame for m�1, onehas : m�1 = 0BB�m1 0 00 m2 00 0 m31CCA�1; (2.6)where m1 = 0:00119, m2 = 0:266 and m3 = 0:00228 in the 
ase of ele
tronsandm1 = m2 = 0:064 andm3 = 0:69 in the 
ase of holes (data from ref. [88℄;note that there are some signi�
ant variations among the values given in theliterature). Expressing (2.6) in another referen
e frame requires to rotateit, knowing that the tilt angle of the ele
tron ellipsoid axes with respe
tto the 
rystallographi
 referen
e frame is � 6Æ, and that the ellipsoids arerelated by inversion through the Brillouin zone 
enter and by rotation of�120Æ about the trigonal dire
tion.The latti
e distortion is responsible for a very small energy overlap be-tween the L-point 
ondu
tion band and the T -point valen
e band, shownon Fig. 2.8. In bulk Bi, the Fermi level goes trough these two bands, insu
h a way that they are populated by an equal number of ele
trons andholes (
harge neutrality 
ondition; in bulk Bi, EF = 27:6 meV). The dire
tband gap at the L-point is very small (Eg = 13:6 meV). The strong 
ouplingbetween the L-point bands gives rise to a non-paraboli
ity of these bands
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Figure 2.8: Top: The Brillouin zone of Bi, with the Fermi surfa
es of ele
-tron po
kets at L-points (shaded areas; only 3 among 6 are shown) andthe hole po
ket at T -point (adapted from Ref. [43℄). Bottom: s
hemati
representation of the energy band stru
ture of Bi at the L-point and atthe T -point. The dire
t energy gap between L-point ele
trons and L-pointholes is Eg = 13:6 meV at T = 0 K and the band overlap of the L-point
ondu
tion band and the T -point valen
e band is �0 = �38 meV.
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 very 
lose to the band edge, see Fig. 2.8). There-fore, the e�e
tive masses 
hange with the energy of the 
arriers, a

ordingto the following relation (`Lax model') :m�i (E) = mi(1 + 2E=Eg); (2.7)where mi (i = 1::3) are the ele
tron e�e
tive masses at the bottom ofthe band (given above), and m�i are the 
orre
ted e�e
tive masses. Thedispersion relation at L-point must also be 
orre
ted, and be
omes:E(k) = �12[E2g + 2Eg(~2=m0)km�1k℄1=2 � 12Eg; (2.8)where m�1 is the re
ipro
al e�e
tive mass tensor at the bottom of the band.Note that Equ. (2.8) still represents ellipsoids in k spa
e.All the values of band parameters given above are for T = 0 K. As Tin
reases, thermal expansion slightly 
hanges the latti
e 
onstant, whi
h sig-ni�
antly a�e
ts the band parameters. The e�e
tive masses of the ele
tronsand holes at �nite temperature are given by [153℄:mi(T ) = mi1� (2:94� 10�3)T + (5:56� 10�7)T 2 ; (2.9)and the dire
t bandgap follows the relation [153℄:Eg = 13:6 + (2:1� 10�3)T + (2:5� 10�4)T 2 [meV℄ (2.10)These temperature dependen
es are relatively weak below liquid nitrogentemperature, and mu
h stronger at higher temperatures.2.3.2 Bi �lms growthThe �rst step in the fabri
ation of Bi nanodevi
es is the growth of goodquality Bi �lms. The substrate 
onsists of a Si 2" wafer (330�m-thi
k),
overed with a 100 nm-thi
k SiO2 layer, to prevent ele
tri
al leakages. Afterstandard 
leaning of the Si wafer (a
etone-methanol-water), deposition ofthe high purity Bi �lm is 
arried out in an e-beam evaporation system (thepurity of the Bi sour
e is 99:9999%, and is even better in the �lm dueto the evaporation pro
ess). The deposition rate is � 0.1 nm/s and theresidual pressure in the 
hamber during the growth is � 2-3 �10�6 mbar.The �lm thi
kness was measured during the growth using a quartz-basedmeasurement system, and was then re
alibrated using SEM images of 
ross-se
tions of the �lms. Films grown using this te
hnique are poly
rystalline,
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Figure 2.9: X-ray di�ra
tion spe
tra of Bi �lms. The �lm thi
kness is in-di
ated above ea
h tra
e. The insets shows a SEM mi
rograph of a 160nm-thi
k Bi �lm (the left inset is a top view and the right inset is a 
ross-se
tional view.with typi
al lateral 
rystallites dimension of � 100 nm (as shown in the insetof Fig. 2.9). Fig. 2.9 also shows X-ray di�ra
tion spe
tra of �lms of variousthi
knesses, obtained with a Siemens D500 di�ra
tometer 4 (K� = 1:5418�A).The (003), (006) and (009) peaks of Bi are 
learly visible in all the spe
tra,together with the (004) peak of sili
on at � = 69:11Æ. This indi
ates thatall Bi 
rystallites in the �lms have a very strong preferred orientation: theirtrigonal axis is perpendi
ular to the substrate.Our �nal obje
tive was to obtain single 
rystalline nanodevi
es. Wetherefore tried to in
rease the 
rystallites lateral sizes in the �lms using twodi�erent methods, based on thermal treatments taking pla
e either duringthe �lm growth (evaporation on heated substrate) or after the �lm growth(annealing). This required the fabri
ation of an annealing furna
e and themodi�
ation of the e-beam evaporator.54These spe
tra, as well as the polar �gures (Fig. 2.10) were measured by Prof. B.Lenoir at the `E
ole des Mines de Nan
y'.5This was done at UCL by Dr. J. P. Minet as well as the work on the annealing
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264°C 266°C

Figure 2.10: X-ray pole �gure of one of the threefold-symmetry peaks of Bi�lms annealed at 264ÆC and 266ÆC. The radial dire
tion is the tilt angle �between the normal dire
tion of the �lm and the di�ra
tion plane, and theangular dire
tion is the rotating angle.At �rst, we brie
y present the results of the annealing te
hnique. Thistreatment was inspired by the work of Yang and 
oworkers on the anneal-ing of 1-10 �m-thi
k ele
trodeposited Bi �lms [157℄. The annealing system
onsists of a 
ylindri
al 
opper blo
k, ensuring isothermal 
onditions in the
hamber hosting the samples. The 
opper pie
e is inserted in a heatingelement, whi
h is itself 
ontained in a va
uum 
hamber (pressure < 10�1mbar). Thermal treatment 
onsisted in a temperature ramp up to 230ÆCat 20ÆC=min, followed by a ramp to 264ÆC at 1:2ÆC=min, and a �nal slowramp of 0:3ÆC=min up to 266ÆC. Note that this temperature is very 
lose tothe Bi melting temperature (272ÆC).Films of various thi
knesses were annealed using su
h a method. Smallangle X-ray di�ra
tion was used to fully 
hara
terize the �lm texture. X-Ray di�ra
tion polar �gures are shown on Fig. 2.10 for two di�erent �lms,annealed during 24 hours at 264ÆC and 266ÆC. Below 264ÆC, the polar �gureis essentially isotropi
 with respe
t to the angular dire
tion, indi
ating thatthere is no preferred 
rystal orientation in the plane of the �lm. Interestingly,it was found that there is a 
riti
al temperature, between 264ÆC and 266ÆC,at whi
h all the grains get organized and adopt the same orientation in theplane of the �lm. This is demonstrated by the threefold symmetry of thepolar �gure (Fig. 2.10) at 266ÆC. This observation is in agreement with thereport by Yang and 
oworkers [157℄. This improvement of the 
rystallinitytreatment.
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(a) (b)Figure 2.11: SEM mi
rographs of 
ross-se
tions of 500-nm thi
k Bi �lmsbefore (a) and after (b) annealing at 266ÆC.is also 
learly visible on Fig. 2.11, showing 
ross-se
tional SEM mi
rographsof a 500 nm-thi
k �lm before and after annealing at 266ÆC. Despite thisimprovement, it is 
lear from Fig. 2.11 that annealing does not de
reasethe roughness of the top surfa
e of the �lm. Moreover, we observed thatvery thin �lms (thi
kness below 200 to 300 nm),6 of major importan
e inview of the measurements of quantum or size e�e
ts, tend to 
oales
e at thisannealing temperature.The drawba
ks of the annealing method lead us to 
onsider an alternativemethod to improve the 
rystal quality of our �lms. In this 
ase, the Si=SiO2substrates were heated during the �lm growth. A heating system was �t-ted in a small va
uum 
hamber mounted on the main evaporator 
hamberthrough a gate valve. Figure 2.12 shows a global view of the system. Theheater 
onsists of a 2' diameter 
opper blo
k, in whi
h two heating 
artridgesare �tted. A �rst thermo
ouple for regulating the temperature is positionedbetween the two heating elements, while a se
ond thermo
ouple, measuringthe sample temperature, is an
hored 1 mm below the heater surfa
e. Insteady state 
onditions, the temperature di�eren
e observed between thetwo thermo
ouples is less than 0:5ÆC. Standard 2' sili
on wafers, used assample holders for spin 
oating and e-beam lithography, 
an be 
lampedon the heater surfa
e by means of an external ring. Figure 2.12 shows thesample holder with the sili
on wafer �xing ring.The bene�t of heating the substrate during the �lm growth is illustrated6i.e. �lms behaving in a 2D manner; see Fig. 1.10(b).
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Sample holder

Heating cartridgesGate valve

vacuum valve (to rotary pump)

Figure 2.12: Left: heating systemmounted on the top of the main evaporator
hamber. Right: sample holder, �tting inside the va
uum 
hamber shownon the left �gure.in Figure 2.13. The �lm deposited at 100ÆC [Fig. 2.13(b)℄ shows a largergrain size 
ompared to �lms deposited at room temperature [Fig. 2.13(a)℄.When the substrate is heated above 100ÆC, if the evaporation 
onditionsare un
hanged, bismuth 
ondensates in the form of spheres, whi
h are notele
tri
ally 
onne
ted, as shown on Fig. 2.14. However, �lms 
an be grown athigher substrate temperature using a two-steps method. First, the substratetemperature is set to 70ÆC and a 30 nm-thi
k Bi layer is deposited. Then,the substrate temperature is raised to 150ÆC and a 50 nm-thi
k bismuthlayer is deposited. The �lm has a 
rystallite mean lateral size of � 500nm, as shown on Fig. 2.13(
), with a mu
h smoother surfa
e than �lmsgrown at room temperature. We adopted this two-steps te
hnique for thegrowth of the �lms used to fabri
ate the Bi 
avities, presented hereafter. Noannealing was performed after the �lm growth (due to the above-mentionned
oales
en
e problem).2.3.3 Bi nano
avity fabri
ationA relatively small number of pro
ess steps are required to produ
e a Binano
avity (Table 2.4). For example, no ohmi
 
onta
t lithography andevaporation was required: the Bi �lm was dire
tly 
onta
ted to the gold
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(a) (b)

(c)

Figure 2.13: SEMmi
rograph of a Bi �lm grown on (a) a non-heated Si=SiO2substrate, (b) a substrate at a temperature of 100ÆC (the thi
knesses of both�lms are similar). (
) SEMmi
rograph of a Bi �lm grown using the two-stepsmethod (see text). Note that all mi
rographs have the same s
ale.wires. However, almost ea
h step in Table 2.4 brings its own diÆ
ulties.The Bi �lm growth pro
ess has already been des
ribed above. It was onlyslightly modi�ed in view of the fabri
ation of the nanodevi
e : instead ofevaporating over the whole surfa
e of a Si pie
e, the evaporation was donethrough a shadow mask, whi
h 
onsisted of a small metal pie
e with three �1 mm diameter holes. This allowed us to restri
t the total area that had tobe exposed by the ele
tron beam. The spe
i�
 aspe
ts of the `Bi nano
avitypro
ess' are dis
ussed in the following se
tions.
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Figure 2.14: Left: top view of Bi spheres obtained on a Si=SiO2 substrateheated at 120Æ. Right: side view of 
onne
ted Bi spheres formed in the same
onditions (both are SEM mi
rographs).Table 2.4: Standard pro
ess sheet for Bi nanodevi
es fabri-
ation.Step Des
ription Parameters1 Si wafer oxydation oxyde thi
kness : 100 nm2 Si wafer 
utting size: � 8� 4mm3 Standard 
leaning4 Bi �lm growth see se
tion 2.3.25 glueing on 2" Si wafer glue : 
arbon paint6 baking on hot plate 100ÆC - 5 min7 SEM observation see below7 resist spin 
oating PMMA 6% in 
hlorobenzene5000 rpm; 5000 rpm/s; 60 s8 resist baking (hot plate) 150ÆC - 5 min9 SEM lithography (mesa) see below10 resist development MIBK:Isopropanol (3:1) 90 s -Isopropanol 20 s - DI water 10 min10 plasma et
hing see below Continued on next page
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ription Parameters11 resist removal 
old a
etone 10 min12 bonding see belowEle
tron beam lithographyThe ele
tron beam lithography pro
ess on Bi �lms is very similar to thepro
edure for InGaAs samples, des
ribed in se
tion 2.2.3, ex
ept for severaldetails. At �rst, on ea
h Si pie
e, three Bi disks are evaporated througha shadow mask. On ea
h of these disks, a devi
e with four 
onta
ts willbe de�ned by et
hing.7 This requires to lo
ate approximately the 
enter ofea
h Bi disk before the beginning of the lithography. Moreover, we want tomake sure that our 
avity is et
hed in a single Bi grain. In order to a
hievethis, we �nd a large enough Bi 
rystallite on ea
h Bi disk. This is donebefore spin-
oating the resist. The position of the 
rystallite is determinedwith respe
t to three or four points of referen
e on the sample. After theresist spin-
oating, the points of referen
es are lo
ated again, and the SEMstage is blindly moved so that the 
enter of the exposure �eld mat
hesthe position of the large 
rystallite. After the alignment, the smallest �eldis exposed (magni�
ation: �2000, i.e. a 43:4 � 43:4 �m square). Then,the SEM magni�
ation is 
hanged to �400 without moving the stage andthe intermediate �eld is exposed. Finally, the last step 
onsists in de�ninglarge 
onta
t pads at the edges of the Bi disks. This is done at a SEMmagni�
ation of �100.Care must be taken to prevent the small Bi devi
es to be burned out byunwanted ele
tri
al 
urrents, arising from stati
 dis
harges. This point is
riti
al here: Bi has a low melting point temperature (271ÆC), so that evensmall dis
harges 
an damage our devi
es. To prevent this from happening,we have in
luded on-wafer shorts between the 
onta
t pads, 
onsisting ofthin Bi 
ondu
ting strips running along the perimeter of the pattern, asshown on the EBL pattern on Fig. 2.15(a).Plasma et
hingIn a �rst step, the plasma et
hing parameters have been explored on 80nm-thi
k Bi �lms deposited at room temperature. We used an Ele
trote
h7Note that the 
onta
t ele
trodes are in Bi. Contrary to semi
ondu
tor samples, thereis indeed no need to deposit another metal layer on the Bi �lm to de
rease the 
onta
tresistan
e.
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Contact pads

(a) (b)

500 nm

on-wafer short

Figure 2.15: EBL pattern for a Bi nano
avity. (a) large-s
ale view. (b)small-s
ale view. This pattern has been used to fabri
ate the samples shownon Fig. 2.16(a-b).RD600 plasma et
her, applying 40 W power (for a 3" 
hamber diameter),and a mixture of Cl2=He in a ratio 8:3 at 65 mTorr. A similar re
ipe(BCl3=Ar; 20 mTorr; 200 W; et
hing rate: 100 nm/min) was used by Il'inand 
oworkers [87℄ to et
h thin Bi �lms. Figures 2.16(a) and (b) show SEMmi
rographs of �lms et
hed during 1'30" and 2'30". While the et
h is in-
omplete after 1'30", the et
hing pro�le is very sharp after 2'30". One alsoobserves in Figure 2.16(a) that plasma et
hing is anisotropi
 and depends ongrain boundaries and �lm morphology. In the above-mentioned 
onditions,we noted that some unexposed PMMA was always remaining, even after 4'of plasma treatment (overet
hing 
onditions). This ensures that the part ofthe �lm 
overed by the PMMA is not modi�ed by the plasma treatment.Bi sample bondingAs explained in se
tion 2.3.3, unwanted ele
tri
al 
urrents 
an damage oursamples, as shown on Fig. 2.16(
). We have therefore adopted a parti
ularbonding te
hnique to prevent this from happening. At �rst, a long goldwire is soldered on the sample holder, so that all its ele
tri
al 
onta
ts areshorted. The sample is glued on the sample holder using va
uum grease (sothat it 
an be easily removed from its holder after the measurement). Thenwe 
an 
onne
t thin gold wires between the sample bonding pads and on the
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silver

paint

(a) (b)

(c) (d)Figure 2.16: SEM mi
rograph of Bi �lms plasma et
hed during (a) 1'30" and(b) 2'30". (
) SEM mi
rograph of a Bi sample, with bonding wires atta
hedwith silver paint. One of the marks of the s
ribing tool is en
ir
led. Thedevi
e is at the 
enter. (d) SEM mi
rograph of a sample damaged by stati
dis
harges during the bonding.
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onta
ts by depositing silver paint.8 The 
onta
t resistan
ewas always found negligible with respe
t to the resistan
e of the samples.On
e this is done, the 
onta
ts are shorted twi
e. It is therefore safe toremove the on-wafer shorts, using a diamond s
ribe. A SEM pi
ture of as
ribed sample is shown Fig. 2.16(
). The sample holder is then mounted onthe measurement system (after grounding all the 
onne
tions to the sample),and the wire shorting the 
onta
ts on the sample holder is 
ut before themeasurements. After the measurements and before removing the samplefrom the measurement system, a new wire is soldered in order to short allthe 
onta
ts on the sample holder.When a Bi sample is �nished and bonded, it must be measured as qui
klyas possible, be
ause oxydation takes pla
e, and may 
hange the a
tual size ofthe devi
e. This is of 
ourse parti
ularly 
riti
al in samples with very small
ross-se
tion, su
h as nanowires (a 7 nm-thi
k oxyde was observed on Biwires in ref. [43℄). We noti
ed that our Bi 
avity samples be
ame insulatingdue to oxydation 8-12 months after their fabri
ation.2.4 Measurement te
hniquesA s
hemati
 view of the whole magneto
ondu
tan
e measurement systemis shown in Fig. 2.17. Part of the system is dedi
ated to the produ
tionof 
ryogeni
 temperatures, ne
essary to rea
h the ballisti
 and phase 
oher-ent regime in our samples. It is 
omposed of a 
ommer
ial 3He 
ryostatwith some 
ontrol ele
troni
s. Its working prin
iple is brie
y des
ribed inse
tion 2.4.1, as well as the pra
ti
al methods to maintain 
onstant temper-atures in various operating regimes. The other part of the system allowsto perform the ele
tri
al measurements on the samples. The measurementparameters are dis
ussed in se
tion 2.4.2.2.4.1 Low-temperature 3He systemProdu
ing low temperatures using 3He relies on the variation of the vapourpressure of 3He with temperature. The prin
iple is simply to lower thevapour pressure above a liquid 3He bath, so that the bath temperature willultimately rea
h � 0.25-0.3 K. In pra
ti
e, this is done in a two-steps 
y
le:3He is �rst 
ondensed and then pumped. Condensing 3He is realized along asurfa
e 
ooled at � 1.5 - 2 K. This temperature is obtained by lowering the8The tweezers used to manipulate the gold wires are grounded and 
onne
ted to thesample holder's 
onta
t pads.
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Figure 2.17: Ele
troni
s set-up for the measurement in the 3He system.vapour pressure inside a small 
hamber 
ontaining liquid 4He (the `1K pot')using a rotary pump. The 1K pot also limits thermal transfer between thesample and the upper (hotter) part of the 
ryostat. On
e a suÆ
ient amountof 3He is 
ondensed at the bottom of the system, the se
ond step 
an begin.Lowering the vapour pressure over the 3He bath is a
hieved using a sorption(or `sorb') pump, whi
h adsorbs 3He at its surfa
e when it is 
ooled down to4.2 K, and maintains a 3He vapour pressure of � 10�3mbar. When all theliquid 3He is evaporated and adsorbed at the surfa
e of the sorb pump, thetemperature rises in the sample 
hamber. The sorb pump is then heated upto T = 30K so that it releases its adsorbed 3He, whi
h 
an be 
ondensedagain. The temperatures of the sorb pump and the 1K pot are measuredusing 
arbon glass resistors, and 
ontinuously monitored. The duration ofthe pumping 
y
le (i.e. the time during whi
h the sample 
an be maintainedat the base temperature) is � 12 - 24 hours, depending on the amount of
ondensed 3He, of the type of measurements (fast B-sweeps, regulation atintermediate temperatures).



2.4. MEASUREMENT TECHNIQUES 672.4.2 Transport measurementsThe transport measurements presented here are performed using a four-wireslo
k-in te
hnique (the wires for the resistan
e measurements are shown inpink and blue on Fig. 2.17). We apply a low frequen
y (in the range � 3-20Hz) a
 
urrent through the sample using two ohmi
 
onta
ts, and dete
t thea
 voltage a

ross the devi
e using two di�erent ohmi
 
onta
ts, at the samefrequen
y as the input 
urrent frequen
y. We use a bandpass �ltering of themeasured voltage around this frequen
y, provided by the lo
k-in. Additional�ltering is also provided by pi �lters (from RS 
omponents, 5000 pF) at thetop of the 
ryostat.It is important to keep the bias V a

ross the devi
e as small as possiblein order to avoid unwanted heating e�e
ts (otherwise, higher energy statesbe
ome a

essible to ele
trons). One of the 
onditions to full�ll is thereforeeV � kBT ;9 as an example at T = 300 mK, this 
orresponds to V � 25�V.In pra
ti
e, at the beginning of a measurement 
ampaign, we measure G vsB for several values of the input 
urrent, and 
hoose the value of the 
urrentsu
h that: (i) the measured voltage depends linearly on the 
urrent (ohmi
regime); (ii) the amplitude of UCFs does not depend on the 
urrent aroundthe 
hosen value; (iii) the noise level is a

eptable10 (the intrinsi
 noise levelof our measurement system is � 20-40 nV in the best 
onditions).The magneti
 �eld (up to 9 T) is obtained by applying a 
urrent in asuper
ondu
ting solenoid 
ooled down to 4.2 K.11 In our 
ase, sweeping themagneti
 �eld is usually done at a very low speed (� 0.001-0.1 T/min), dueto the ri
h pattern of UCFs that must be a

urately determined. Severalsweeps at di�erent speeds are performed to adjust this rate. Note thatafter the adjustment of the 
urrent and of the B-sweeping speed, we oftenobserved that the sample needed to be `stabilized', as slight 
hanges o

urin the magneto
ondu
tan
e 
urves during the �rst days of measurements,probably due to a relaxation of some impurities in the substrate.The sample temperature T is adjusted between 0.3 K and 1.8 K byregulating the temperature of the sorb pump, and hen
e the 3He vapourpressure in the 
hamber. We use a heating resistor to rea
h and regulate attemperatures above 1.8 K. T is measured by two di�erent 
alibrated sensors- RuO2 and 
arbon glass resistors, depending on the temperature range.9This does not ne
essarily guarantees that heating e�e
ts are avoided.10In our measurement 
on�guration, the noise 
an be easily dete
ted sin
e magnetore-sistan
e or magneto
ondu
tan
e 
urves are symmetri
 with respe
t to B = 0 T.11The magneti
 �eld is dedu
ed from the 
urrent in the solenoid. The error over Bin
reases around B = 0 T, due to the hysteresis of the solenoid. In 
riti
al 
ases, themagneti
 �eld is measured from a Hall sensor patterned next to the sample.
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es between the sample and the thermometer temperature 
anbe observed, as they are positioned at di�erent heights in the 3He bath, andliquid 3He is not a good thermal 
ondu
tor in this range of temperature. Inour measurements, the maximum error over T due to this e�e
t is � 40mK.12Drift of the ele
tron temperature during the measurement is another 
ause oferror. Finally, the sensitivity of the 
arbon glass resistor de
reases at hightemperature. Taking all these e�e
ts into a

ount, we estimate that the
ombined error over the temperature of the ele
tron system never ex
eeds� 10% over the whole temperature range.

12Note that this problem only o

ured during the measurements on the �rst samples:
orre
tions were made to the system to solve the problem.




