
Chapter 5Re
ti�
ation in InGaAsnanojun
tionsNo amount of experimentation 
an ever prove me right;a single experiment 
an prove me wrong.Albert Einstein5.1 Introdu
tionThe subje
t of this 
hapter is quite di�erent from that of the two previous
hapters, although it still deals with ballisti
 and 
oherent ele
tron trans-port. The devi
es investigated here show ele
tri
al re
ti�
ation e�e
ts, re-lated to their parti
ular shape and symmetry. Re
ti�
ation is well-knownin the �eld of 
uid me
hani
s: obtaining su
h an e�e
t from a geometri
alasymmetry was proposed as early as in 1920, when Nikola Tesla patentedthe "valvular 
onduit".1 The devi
e 
onsists of a 
hannel with asymmetri
loops on its sides and presents a resistan
e whi
h depends on the dire
-tion of the 
uid 
ow. Eighty years later, a very similar e�e
t was obtainedfor ele
trons (di�erent ele
tri
al resistan
e for di�erent 
urrent dire
tions),using an asymmetri
 ballisti
 nano-
hannel patterned in a semi
ondu
torheterostru
ture [107℄. In the last few years, a wealth of ballisti
 re
ti�
atione�e
ts have also been predi
ted and eviden
ed in jun
tions of three [76, 137℄and four [140, 108, 48, 53, 32, 61℄ nano
hannels with di�erent geometries and1N. Tesla, Valvular Conduit, US Patent No. 1,329,559.117



118 CHAPTER 5. INGAAS RECTIFIERSdi�erent degrees of asymmetry. Pioneering works have also shown that thevery high frequen
y operation of these devi
es is feasible and very promis-ing [141, 115℄. In su
h appli
ations, tuning the ballisti
 re
ti�
ation e�e
tin situ would be highly valuable.Here, we examine nonlinear re
ti�
ation e�e
ts in two asymmetri
 four-terminal ballisti
 devi
es (shown in Fig. 5.4 and 5.5). At �rst, we brie
yre
all the basi
 model of Fleis
hmann and Geisel [53, 32, 61℄, whi
h inspiredour devi
es' design, and we dis
uss re
ent experimental results for similarfour-terminal devi
es [48℄ (se
tion 5.2). Then, we detail the relevant pa-rameters of our samples and the measurement methods (se
tion 5.3). Wedis
uss the results obtained in di�erent measurement 
on�gurations (se
-tion 5.4). We show that the sign of the slope of the re
ti�ed voltage 
anbe reversed as the 
urrent through the devi
e is in
reased, and we 
omparethis observation to predi
tions of the Fleis
hmann and Geisel model. Inse
tion 5.5, we provide eviden
e that the sign and amplitude of the re
ti�edvoltage 
an be tuned by illuminating the sample as well as by biasing in-plane gates. Moreover, we show that the 
hannels' 
ondu
tan
es govern thesign and amplitude of the re
ti�
ation e�e
t. Finally, we demonstrate thatthe e�e
t is ballisti
 and that sign reversal of the re
ti�ed voltage 
annot beunderstood within the framework of existing models [53, 32, 61, 48, 123℄.5.2 Prin
iple of operation5.2.1 Song's experiment and modelThe origin of the interest in four-terminal ballisti
 nanojun
tions 
omesfrom the seminal experiment of Song and 
oworkers [140℄, based on thedevi
e shown in the inset of Fig. 5.1. It 
onsists of a 
ross jun
tion (withleads labeled S, D, U and L) with a triangular s
atterer inserted in the
enter, fabri
ated from a high-mobility AlGaAs/GaAs heterostru
ture. Atlow temperature, inje
ting a 
urrent between the sour
e (S) and the drain(D) results in a negative voltage VLU = VL�VU , whatever the 
urrent sign, asshown on Fig. 5.1(a). The e�e
t was �rst explained using the following verysimple model: ele
trons eje
ted from S or D into the jun
tion are de
e
tedtoward the lower 
onta
t L by the s
atterer following traje
tories su
h asindi
ated by the arrows in the inset of Fig. 5.1(a). Similarly, inje
ting the
urrent from U or L gives rise to a nonlinear VSD, as shown in Fig. 5.1(b), butwith a mu
h smaller amplitude. Song et al. explained the nonlinear e�e
tin terms of a Landauer-B�uttiker formalism [30℄. The 
urrents Ii 
owing in
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Figure 5.1: (a) VLU vs ISD and (b) VSD vs ILU in the devi
e shown in theinset of (a) (AFM mi
rograph). Arrows represents typi
al ele
tron paths.[From ref. [140℄℄ea
h of the four leads i (potential �i) 
an be expressed as:Ii = 2eh �(Mi � Ri)�i �Xj 6=i Tij�j�; (5.1)where Mi is the number of quantum 
hannels in lead i, Ri is the re
e
-tion 
oeÆ
ient des
ribing ba
ks
attering into lead i, and Tij is the trans-mission 
oeÆ
ient from lead i to lead j. Song et al. [140℄ assumed thatEq. (5.1) still holds in a nonlinear ballisti
 transport regime, and intro-du
ed 
urrent-dependent transmission 
oeÆ
ients. In analogy to the lineartransport regime, the resistan
e RSD;LU = VLU=ISD is then obtained from
urrent balan
e equations, leading to the �nal expression [140℄:RSD;LU = he2D [TLS(I)TUD(�I)� TLD(I)TUS(I)℄; (5.2)



120 CHAPTER 5. INGAAS RECTIFIERSwhere D is a positive fa
tor whi
h does not depend on the 
urrent I . In aperfe
tly symmetri
 devi
e in the linear regime, one expe
ts TLS = TLD andTUS = TUD, equivalent to RSD;LU = 0. When 
urrent rises, however, theele
tri
 �eld gradually 
hanges the velo
ity distribution of ele
trons, so thatpart of the ele
trons will be a

elerated and eje
ted from the narrow leadswith a smaller angle with respe
t to the 
urrent dire
tion (the 
ollimatione�e
t), and another portion will be de
elerated and therefore de
ollimated.If an ele
tri
 �eld is applied su
h that ele
trons 
oming out from lead Sare a

elerated (ISD < 0), TLS will in
rease due to 
ollimation, while TLDwill de
rease as ele
trons 
oming from lead D are de
ollimated. Therefore,RSD;LU > 0, whi
h 
orresponds to the positive slope of VLU vs ISD forISD < 0 on Fig. 5.1(b). Using similar arguments, we obtain RSD;LU < 0 forISD > 0, and hen
e the negative slope of VLU vs ISD for ISD > 0.In this framework, nonlinear ballisti
 transport and geometri
al asym-metry are the basi
 `physi
al ingredients' entering into the explanation ofthe working prin
iple of the devi
es dis
ussed here. In the nonlinear ballisti
transport regime, the ele
tri
 �eld is large enough to 
hange the momentumdistribution of the ele
trons, but not large enough to destroy the ballisti
nature of ele
tron motion inside the devi
e.5.2.2 Fleis
hmann and Geisel proposalAn alternative interpretation to the re
ti�
ation e�e
t in four-terminal jun
-tions was proposed by Fleis
hmann and Geisel (FG) [53℄, based on the sameformalism as above.2 In the FG model, the number of modesMi in the leadsare energy-dependent, instead of the transmission 
oeÆ
ients. FG startsfrom an generalized expression of the in
oming 
urrent `per unit energy E'inje
ted from lead i at an energy E:i+i (E; �i; T ) = 2eh Mi(E)fi(E); (5.3)where fi(E) is the Fermi distribution in lead i at temperature T . Theoutgoing 
urrent per unit energy is therefore i�i (E; f�lg; T ) = Pj Tiji+j .Total 
urrents are then obtained by integration over the proper range inenergy. In the following, we assume T = 0 so that Fermi distributions arestep fun
tions.In order to understand the behaviour of a four-terminal re
tifer, let's �rstexamine the s
heme of Fig. 5.2(b) representing a voltage probe P 
onne
tedvia two leads to the sour
e S and the drain D, with the potentials �S , �P2The theoreti
al validity of this model was re
ently 
riti
ized, see ref. [32, 61℄
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(c) (d)Figure 5.2: (a) Geometry of the experimental setup used in [140℄. (b) S
hemeof a voltage probe. (
) Optimized geometry for a 4-terminal re
ti�er. (d)S
heme of a four-terminal re
ti�er. [From ref. [53℄℄and �D 
hara
terizing the three reservoirs. FG 
onsiders two 
ases, andestimates �P as a fun
tion of the given values of �S and �D: (i) the leadsare narrow (i.e. their width is similar to the Fermi wavelength �F ) so thatthe number of 
hannels remains 
onstant in the 
onsidered energy range; (ii)the leads are wide (
ompared to �F ) so that the number of leads in
reasesas pE. From the 
urrent balan
e equations, one 
an dedu
e the values of�P [53℄: in the situation (i), one has the simple result �P;i = (�S + �D)=2;in the situation (ii) the result is �P;ii = [(�3=2S + �3=2D )=2℄2=3 > (�S + �D)=2.Fig. 5.2(d) shows a s
heme of a four-terminal 
ross-jun
tion fabri
atedfrom two three-terminal jun
tions similar to those dis
ussed above. The topjun
tion is in situation (i) (narrow leads, 
onstant and quantized numberof modes vs E), and the bottom jun
tion is in situation (ii) (wide leads,
ontinuously in
reasing number of modes with E). Based on the expressionsof �P given above, it is natural to expe
t a voltage drop between ele
trodesU and L (proportional to �P;i � �P;ii), whi
h is identi
al upon reversal ofthe S �D 
urrent.It is also worth noting that in the s
heme proposed in Fig. 5.2(d), dire
tele
tron paths between U and L 
an be avoided, 
ontrary to the devi
emeasured by Song et al. (next to the 
entral s
atterer). Su
h parasiti
 linkslower the measured transverse voltage VLU . Therefore, the nonlinear e�e
t



122 CHAPTER 5. INGAAS RECTIFIERSshould be enhan
ed in the geometry shown in Fig. 5.2(
), proposed by FG.Most interestingly, based on their model, FG also predi
t that the sign ofthe slope of VLU vs ISD 
an be reversed at high 
urrent when an additional
hannel opens up in the narrow leads.To summarize the FG model, as 
urrent 
ows between sour
e and drain(S and D on Fig. 5.1(a)), ele
trons a

umulate at the wider voltage probeprovided that the narrow and wide 
hannels of the devi
e show quantizedand ballisti
 transport, respe
tively. However, re
ent experiment on a devi
egeometry similar to Fig. 5.2(
) revealed an a

umulation of ele
trons at theopposite (narrower) voltage probe, i.e. VLU > 0 [48℄. The apparent dis
rep-an
y between the theory and the experiment was attributed to the fa
t thatthe narrow and wide 
hannels in the experiment were in the ballisti
 anddi�usive regimes, respe
tively, in opposition to the FG model assumptions.5.2.3 Monte Carlo methodVery re
ently, nonlinear ballisti
 e�e
ts were analyzed in the framework ofa semi
lassi
al two-dimensional Monte Carlo (MC) method [115, 114℄. TheMC approa
h is very di�erent from Landauer-B�uttikker methods, based onan assumption of 
oherent transport in the jun
tion (i.e., dis
rete numberof quantum modes in the leads). Intuitively, this approa
h 
an be roughlysummarized as follows: parti
les are inje
ted into a devi
e a

ording tothermal and velo
ity distributions des
ribing the sour
e; then ea
h of themtravels a distan
e determined by a probability distribution depending onthe total intera
tion 
ross se
tion, to the site of a 
ollision and s
atter intoanother energy and/or dire
tion a

ording to the 
orresponding di�erential
ross se
tion (more details 
an be found in [114℄ The simulations of four-terminal devi
es in [115, 114℄ are two-dimensional: the devi
e is viewed as asingle patterned layer of ele
trons; the e�e
t of surfa
e 
harges and 
hargedimpurities in the Æ-doping plane is taken into a

ount by in
orporating a`virtual' doping in this layer (impurity s
attering is swit
hed o�). A lateralsurfa
e 
harge is also in
luded in the simulation. The 
on
entrations of theba
kground doping in the 
hannel and of the surfa
e 
harges are adjustedso that reasonnable agreement with experimental data is obtained in verysimple stru
tures (wires, for example).The result of the MC simulations of the VLU vs VS 3 
hara
teristi
 inSong's re
ti�er are reprodu
ed in Fig. 5.3. All the simulation parametershave been adjusted on an InGaAs heterostru
ture very similar to our sub-3VBT vs V in the notations of Mateos [114℄.
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Figure 5.3: Result of the Monte Carlo simulations of the transverse voltage(VBT in the notations of [114℄), as a fun
tion of the voltage V = �VS = VD inthe re
ti�er of Song, for di�erent values of the surfa
e 
harge �. Parametersare adjusted for an InGaAs/InAlAs heterostru
ture. (From Ref. [114℄).strate. Clearly, the MC method reprodu
es the typi
al shape of the experi-mental 
urves of Song (Fig. 5.1(a)) at low V . In this model, spa
e 
hargesplay a dominant role: a region of higher lo
al ele
tron 
on
entration is foundby simulations in the bottom part of the triangular s
atterer (towards the L
onta
t), whi
h is the origin of the negative VLU . This result shows that aquantum des
ription of ele
tron transport may not be essential for the ex-planation of the nonlinear ballisti
 e�e
t. We point out that the advantagesof the MC approa
h over previous models are to take the detailed geometryof the devi
e into a

ount, and to provide 
on
entration maps and maps ofthe ele
tri
al potential inside the devi
es.5.3 Experimental details5.3.1 SamplesThe four-terminal jun
tions studied here, shown on Fig. 5.4 and 5.5(b),are fabri
ated from two di�erent Æ-doped InGaAs=InAlAs heterostru
ture(wafers A and C). Ele
tron-beam lithography and wet et
hing were used to
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tions (see 
hapter 2), formed by three wide 
hannels (`sour
e'S, `drain' D, and `lower' L) and one narrow 
hannel (`upper' U). A diamond-shaped et
hed antidot is shifted from the 
enter of the jun
tions and de�nestwo narrow bran
hes joining 
hannels S-U and D-U (width � 140 nm and100 nm for C1 and A4, respe
tively) and two wider bran
hes (width � 300nm and 260 nm for C1 and A4, respe
tively) joining S-L and D-L. It thereforebreaks the symmetry of the devi
e with respe
t to the S-D axis. In sampleC1, a 
ontrol over the width of ea
h bran
h of the devi
e is provided by fourin-plane gates patterned in the 2DEG, separated from the jun
tion by 150nm-wide et
hed tren
hes.The measurements were performed between 4.2 K and 140 K, in a 4Hedewar. Temperatures above 4.2 K were obtained by maintaining the sampleabove the liquid 4He bath. In both samples, the low-temperature ele
tronsheet density in the 2DEG is ns � 1:7�1016m�2 (see Appendix A for detailson the measurement of ns and �). Illuminating the sample with a red lightemitting diode (LED)4 resulted in an in
rease of up to � 25% of ns throughthe persistent photo
ondu
tivity e�e
t. At 4.2 K, and without illumination,the ele
tron mobility is � = 4 m2=Vs in sample C1 and 7 m2=Vs in A4. Thisis equivalent to ele
tron mean free paths l� = 0:8 �m and 1:7 �m in C1 andA4, respe
tively, larger than the size of the devi
es.5.3.2 Nonlinear measurementsWe used two di�erent setups to obtain the 
urrent-voltage 
hara
teristi
spresented in this 
hapter, namely the a
 setup and the push-pull setup.Histori
ally, our �rst measurements on re
ti�ers were performed using thea
 setup on sample A4. Then, we brought several improvements to thesetup as we wanted to extra
t additional informations to test the theoriespresented in se
tion 5.2. In the next se
tion we des
ribe the original setup,its evolution to the �nal measurement s
heme, and the justi�
ation for theseevolutions.a
 setupThe a
 setup, shown in Fig. 5.4(a), was only used for measurements on A4.On Fig. 5.4(a-b) (as well as on Fig. 5.5), the polarization 
ir
uit is 
olored inred. The probe signal, V applD , is the sum of a d
 voltage whi
h is varied, anda small alternative (a
) voltage of 
onstant amplitude (frequen
y f = 7:334The sample is illuminated during its 
ooldown (between � 30 K and 60 K), for severalse
onds. The LED is mounted 
lose to the sample, on the sample holder.
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Figure 5.4: (a) a
 setup used to measure the VLU vs ISD 
hara
teristi
son sample A4 (polarization 
ir
uit is in red and dete
tion 
ir
uit in blue;this 
ode is the same for following �gures). The white bar on the SEMmi
rograph represents 500 nm. (b) a
 setup used to measure the VDS vsIUL 
hara
teristi
s on sample A4. (
) dVLUdISD vs ISD in sample A4 at 4.2 Kmeasured using the a
 setup in (a). (d) VLU vs ISD obtained by integrationof the 
urve in (
).



126 CHAPTER 5. INGAAS RECTIFIERSHz). V applD is applied on a large resistan
e (R = 1M
, mu
h larger than thedevi
e resistan
e) in series with the sample, 
hannel S being 
onne
ted tothe ground. The resulting probe 
urrent is ISD = V applD =R; the amplitude ofits a
 
omponent is 20 nA, and the d
 
omponent ISD 
hanges from �10 �Ato 10 �A. The measurement wires are 
olored in blue on Fig. 5.4 (as well ason Fig. 5.5): we dete
t the a
 signal at frequen
y f between 
hannels L andU using a lo
k-in te
hnique. A
tually, the lo
k-in measures the derivativeof VLU with respe
t to ISD : dVLUdISD . The transverse voltage VLU = VL � VUis therefore obtained by numeri
al integration of the lo
k-in signal.As an example, the raw data, dVLUdISD vs ISD, and the integrated lo
k-insignal VLU vs ISD measured at 4.2 K in A4 are shown on Fig. 5.4(
-d). 5 VLUvs ISD has a linear and a nonlinear 
ontribution. The linear 
ontribution
omes both from an asymmetry of the polarization (one side of the devi
e isgrounded, and the potential of the other side 
hanges as ISD 
hanges from-10 �A to 10 �A) and from an asymmetry of the devi
e (see se
tion 5.3.3).VDS = VD � VS is measured in the same way as a fun
tion of IUL usingthe setup shown in Fig. 5.4(b). In the following, this setup will be referedto as the `reverse 
on�guration', in opposition to the `dire
t 
on�guration'des
ribed above. Measurement performed using the a
 setup on A4 arepresented in se
tion 5.4.Push-pull setupThere are several important di�eren
es between the a
 setup and the push-pull measurement setup, shown on Fig. 5.5(a-b). The main di�eren
e is thepolarization symmetry. In the push-pull setup, polarization is realized byapplying opposite d
 voltages +V and �V on 
hannels D and S with twolarge resistan
es (R = 0:1M
) in series. The advantage of this symmetri
polarization s
heme is that, in the 
ase of a perfe
tly symmetri
 devi
e,we no longer expe
t to observe the `parasiti
' linear 
ontribution dis
ussedabove in VLU vs ISD .On the dete
tion side, we measure the d
 transverse voltage VLU using ananovoltmeter. As two 
onta
ts are available for ea
h 
hannel, we also simul-taneously measure the longitudinal voltage drop at the edges of the devi
eVSD. Therefore, VSD does not in
lude any 
ontribution of lead or 
onta
tresistan
e (RCS and RCD on Fig. 5.5(a)). The possibility to measure VSDwas added in order to test the predi
tion of Fleis
hmann and Geisel [53℄,5We observe that the noise on the lo
k-in signal (Fig. 5.4(a)) in
reases as the 
urrentISD in
reases. We do not have any explanation for this observation.
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on
erning the 
hange of slope of the nonlinear voltage o

uring as the num-ber of quantum 
hannels in
reases in the devi
e bran
hes. Measurementsresults obtained using this s
heme are dis
ussed in se
tion 5.4.Before the measurements on sample C1, some minor modi�
ations weremade to the push-pull setup (Fig. 5.5(b)). Instead of measuring only thedi�eren
e VD�VS, we rather measured the sour
e and drain voltages VS andVD separately, 2 �m away from the jun
tion. This allowed us to 
orre
t thevoltages applied on 
hannels S and D (�V + �V1 and +V + �V2) so thatwe 
ould obtain VS � �VD. Moreover, as four in-plane gates are patternedon sample C1, d
 voltages (VG1�4) 
an be applied on ea
h gate 
onta
t inorder to independently tune the width of the 
hannels.Contrary to the a
 method, the d
 push-pull method does not require anypost-treatment (VLU is dire
tly measured), whi
h is an additional advantage.Moreover, the pre
ision of the two measurement s
hemes are 
omparable.5.3.3 Channels' 
ondu
tan
esAs we will show below, the knowledge of the 
ondu
tan
e of ea
h bran
h ofthe four terminal jun
tion is essential in the understanding of its nonlinearproperties. For ea
h 
on�guration of in-plane gate biases and illumination,the four-
onta
ts 
ondu
tan
es GIJ between 
hannels I and J have beenmeasured in sample C1 at 4.2 K using a lo
k-in te
hnique. Keep in mindthat, for adja
ent 
hannels I and J, GIJ is the 
ondu
tan
e of the bran
hI-J in parallel with the 
ondu
tan
e of bran
hes I-K, K-M and M-J in series(where K and M are the other 
hannels). GSL, for example, is a relativelya

urate measurement of the 
ondu
tan
e of the bran
h S-L, sin
e the 
on-du
tan
e of bran
hes S-U and U-D are small 
ompared to that of the bran
hS-L. However, GSU 
ertainly overestimates the 
ondu
tan
e of bran
h S-U,be
ause bran
hes S-L and L-D have a higher 
ondu
tan
e.The 
ondu
tan
es GIJ in A4, measured at 4.2 K, are shown in Table 5.1.The two rows 
orrespond to two di�erent 
ooldowns of the sample. Weobserve signi�
ant 
hanges between the values of GIJ in the two rows, due todi�erent illumination 
onditions during the two 
ooldowns. The symmetryof A4 with respe
t to the U-L axis 
an be inferred by noting thatGUS 6= GUDand GLS 6= GLD on the other side. This shows that the symmetry withrespe
t to the U-L axis is slightly broken in A4.In the 
ase of sample C1, we 
ould tune the 
hannels' 
ondu
tan
es usingvoltages on lateral gates and illumination of the sample during the 
ooldown.Many sets of Gij were obtained, and we won't reprodu
e all of them here.However, a graphi
 representation of the 
ondu
tan
es of the upper and



5.4. RESULTS 129Table 5.1: Four-
onta
t 
ondu
tan
es GIJ (in units of 2e2=h) measuredbetween 
hannels I and J of sample A4 (at 4.2 K). The �rst and se
ondrows 
orrespond to measurements performed in the a
 and d
 push-pullsetup, respe
tively (measurements in the a
 and d
 setups were performedduring di�erent 
ooldowns of the sample).Measurement 
on�guration GUS GUD GLS GLD GUL GSDa
 4:07 3:76 18:05 18:21 3:73 12:06d
 push-pull 6:14 5:37 18:16 19:24 6:32 11:72lower part of the devi
e is given in Fig. 5.11. As in A4, di�eren
es of up to20 % are observed between GLS and GLD and up to 15 % between GUS andGUD, indi
ating that C1 is also slightly asymmetri
 with respe
t to the U-Laxis.5.4 ResultsFig. 5.6(a) shows VLU vs ISD in A4, measured using the a
 setup. Note thatthe voltage drop VSD, 
al
ulated using measurements of GSD and ISD, isshown as the top axis. At high temperature (130.5 K), VLU vs ISD is linear.As explained above, this linear 
ontribution is purely ohmi
, and originatesfrom the fa
t that VS 6= �VD in the a
 setup, and from the broken symmetryof the jun
tion with respe
t to the U-L axis.6As the temperature de
reases, a nonlinear 
ontribution of growing am-plitude superimposes on the linear ba
kground. In order to isolate the non-linear 
ontribution, we substra
t a linear �t from the VLU vs ISD data, toobtain ÆVLU vs ISD, shown on Fig. 5.6(b) at several temperatures. ÆVLU vsISD is almost symmetri
 with respe
t to zero bias in the 
onsidered 
urrentrange, ex
ept for very low 
urrents around ISD = 0. This result is qualita-tively very similar to the �rst report on a ballisti
 re
ti�er [140℄ : in both
ases the nonlinear part of VLU vs ISD is negative and has a bell-shape. Inour sample, for a similar ISD, the nonlinear e�e
t is in
reased by a fa
torof � 4� 5 with respe
t to Ref. [140℄ at 4.2 K. At �rst sight, this improve-6It was similarly observed at di�erent levels in almost all previous experimental workson three- and four-terminals nanojun
tions [76, 140, 48℄. In the 
ase of a perfe
tly sym-metri
 devi
e, one expe
ts a vanishing VLU vs ISD in the di�usive limit.
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Figure 5.7: Left: SEM mi
rograph of the devi
e of L�ofgren et. al. Right:Output of the devi
e shown at the left : VLU vs VSD [From ref. [108℄℄. Notethat, here, VLU is averaged over positive and negative VSD.ment is 
onsistent with the predi
tion of Fleis
hmann and Geisel [53℄, whoattributed the enhan
ement to the suppression of the parasiti
 
hannel join-ing dire
tly U and L. However, we re
all that Ref. [140℄ 
on
erns a largerdevi
e fabri
ated on a higher mobility substrate. Therefore, the 
ompari-son between the 
urrent-voltage 
hara
teristi
s in the two geometries is notstraightforward, and the observed enhan
ement of the nonlinear e�e
t maybe 
oin
idental.A more rigorous veri�
ation of the predi
tion of FG would require mea-surements on a devi
e similar to the one investigated in [140℄, but fabri
atedon our substrate and with dimensions very similar to the dimensions of A4.This was almost realized in the re
ent work of L�ofgren et al. [108℄: a devi
ewith a geometry similar to [140℄, but with smaller dimensions and fabri-
ated on an In0:75Ga0:25As=InP heterostru
ture is investigated (see Fig. 5.7;� = 45 m2=Vs, ns = 4:5 � 1015 m�2 and l� = 5 �m in this sample at lowtemperature). Comparing Fig. 5.7 and Fig. 5.6(b), we observe that the non-linear signal in A4 is signi�
antly larger in our voltage range (between �-11 mV and 11 mV), even if the mean free path is a fa
tor of 2-3 smallerin our devi
e. This is in agreement with the �rst predi
tion of FG, andtherefore 
on�rms the in
uen
e of the suppression of the parasiti
 ele
tron



132 CHAPTER 5. INGAAS RECTIFIERSpaths between the upper and lower 
hannels.In a similar way, we examine the reverse 
on�guration VDS vs IUL, shownon Fig. 5.6(
). Again, we observe a linear 
ontribution to VDS vs IUL,whi
h is subtra
ted to isolate the nonlinear part ÆVDS vs ILU , plotted onFig. 5.6(d). Note that, although 
urrent s
ales are identi
al in Fig. 5.6(b)and (d), the voltage s
ales, shown on the top of the �gure, are very di�erentdue to the di�eren
e between GSD and GUL.7 ÆVDS vs ILU shows some dif-feren
es with the results obtained in the dire
t 
on�guration (Fig. 5.6(b)).At �rst, for a given applied 
urrent, the nonlinear 
ontribution to the trans-verse voltage is a fa
tor of � 2 smaller in the reverse 
on�guration. Thedi�eren
e is even larger when these amplitudes are 
ompared for a givenlongitudinal voltage drop. As an example, for VDS = VLU = 10 mV, thenonlinear 
ontribution is more than �ve times smaller in the reverse 
on�g-uration. This di�eren
e is a 
on�rmation that the nonlinear e�e
t is mostlikely related to the broken symmetry of the devi
e, whi
h is mu
h morepronoun
ed with respe
t to the S-D axis than to the U-L axis.Interestingly, in 
ontrast to ÆVLU vs ISD dis
ussed above, ÆVDS vs ILUis asymmetri
 with respe
t to ISD = 0. For positive 
urrents, the sign ofthe slope of ÆVDS vs ILU 
hanges when IUL & 5�A. Su
h a 
hange ofslope is reminis
ent of the "os
illatory" behavior observed at a larger biasin the transverse voltage of the ballisti
 re
ti�er of L�ofgren and 
oworkers(Fig. 5.7). In their work, a qualitative explanation is proposed for both thenegative transverse voltage and the slope reversal, based on the followinghypothesis : (1) as the 
urrent grows, ele
tron 
ollimation at the devi
eopening is in
reased, resulting in a more eÆ
ient de
e
tion of the ele
tronsby the s
attering 
enter and (2) as the 
urrent in
reases, the number oflateral 
on�nement modes at the openings in
reases, widening the angulardistribution of ele
trons 
owing from the opening to the s
atterer. These
ond me
hanisms 
hanges the eÆ
ien
y of the devi
e to redire
t ele
tronstowards 
hannel L, sin
e less ele
trons hit the s
atterer. In our parti
ulardevi
e geometry, however, both e�e
ts are expe
ted to be weaker. Indeed,the 
urrent is inje
ted through larger 
hannels (in whi
h 
ollimation e�e
tsshould be smaller than in L�ofgren`s devi
e) and it is mu
h less likely that a
hange in the angular distribution of inje
ted 
urrent would 
ause a 
hangein the number of ele
trons hitting the s
atterer. We 
an therefore rule out7The voltages s
ales are 
al
ulated from the 
urrent s
ales, using the measured valuesof GSD and GUL, and assuming a linear 
urrent-voltage regime. This 
ondition is notfull�lled at high 
urrent in our samples, as we show below. Therefore, the voltage s
alesare only indi
ative here (espe
ially in Fig. 5.6(
-d). In 
ontrast, voltage drops aremeasuredin the push-pull setup.



5.4. RESULTS 133this explanation in our 
ase.In order to get a further insight into this "os
illatory" behavior, wepresent ÆVLU vs ISD obtained using the push-pull measurement setup onFig. 5.8(a), along with simultaneous measurements of the voltage drop VSDvs ISD, Fig. 5.8(b) (both measured on A4). Fig. 5.8(a) also 
ompares thetransverse voltage measured using the push-pull setup (plain 
urve) and thea
 setup (dotted 
urve). While both measurements are similar for positiveISD , di�eren
es 
learly appear for ISD < 0. We re
all that the 
urveshave been measured for di�erent 
ooldowns of the sample, whi
h results inslightly di�erent values of the 
ondu
tan
es of the bran
hes during bothmeasurements. As we will show below on the basis of data from sample C1,these 
hanges of 
ondu
tan
es are at the origin of the 
hanges of the shapeof the ÆVLU vs ISD 
hara
teristi
.Most importantly, we note that, in addition to the re
tifying behav-ior already observed at low 
urrent, the sign of the slope of ÆVLU vs ISDsu

essively reverses two times at higher negative 
urrent, reminis
ent ofthe behavior observed on Fig. 5.6(d) for ÆVDS vs IUL. These reversals arerelated to 
hanges in the longitudinal 
ondu
tan
e of the devi
e. Indeed,although VSD seems almost linear as a fun
tion of ISD (Fig. 5.8(b)), weobserve on Fig. 5.8(
) that the longitudinal 
ondu
tan
e GSD (= �dVSDdISD ��1)is not 
onstant as ISD grows. GSD smoothly de
reases for in
reasing nega-tive 
urrents, and shows two relatively abrupt jumps for ISD ' �9�A andISD ' �12�A (indi
ated by the dashed lines on the graph); for positive
urrents, the di�erential 
ondu
tan
e slightly in
reases. As indi
ated by thedashed lines on Fig. 5.8, the `step-like' de
reases of GSD 
oin
ide with the
hanges of slope in ÆVLU vs ISD.In the 
lassi
al (ohmi
) regime, in
reasing the bias voltage de
reases theele
tron mean free path, and therefore also de
reases the di�erential 
on-du
tan
e [80, 81℄. Nonlinear and asymmetri
 behavior of the di�erential
ondu
tan
e of narrow 
onstri
tions has also been reported in the quantumregime [99, 142℄. In this 
ase, the di�erential 
ondu
tan
e in
reases or de-
reases with growing 
urrent depending on the energy subband separation,on the position of the Fermi level with respe
t to subband edges, and on therelative 
hange of the ele
tro
hemi
al potential at the edges of the 
onstri
-tion [99℄. In this framework, step-like 
hanges of the di�erential resistan
eare asso
iated to 
hanges in the transverse subbands o

upation. Our obser-vation in Fig. 5.8 therefore seems to 
orroborate with the se
ond predi
tionof Fleis
hmann and Geisel [53℄, linking the 
hange of the number of modesin the narrow bran
hes of the devi
e to the o

urren
e of a reversal of the
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urve) and using the a
setup (dotted 
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) Di�erential longitudinal resistan
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5.4. RESULTS 135slope of ÆVLU vs ISD .However, a more 
areful examination of our data reveals some 
ontradi
-tions with this simple pi
ture. First, one 
an question whether the 
hangeof the number of lateral modes o

urs in the narrow bran
hes or in the widebran
hes. Between 0 and -14 �A, the 
ondu
tan
e GSD is divided by a fa
-tor of � 2. As GSD is a measurement of the 
ondu
tan
e of the narrow andwide bran
hes in parallel and as the narrow bran
hes have a mu
h smaller
ondu
tan
e, a de
rease of the 
ondu
tan
e of the narrow bran
hes 
ouldnot 
ause a fa
tor of � 2 de
rease of GSD. Se
ondly, Ref. [53℄ and [108℄predi
t that the number of quantum modes should in
rease as ISD grows,whi
h should in
rease the 
ondu
tan
e, in opposition with our observation.Note that the model of L�ofgren also invokes a in
reasing number of modesas ISD in
reases.
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Figure 5.9: (a) ÆVLU vs ISD at 4.2 K in sample C1. (b) Di�erential 
ondu
-tan
e GSD vs ISD. The dashed 
urve is a �t to a quadrati
 law.Measurements on C1 also revealed a de
rease of GSD as ISD grows.As shown on Fig. 5.9(b), GSD has a paraboli
-like dependen
e on ISD.This behavior is very similar to that observed by Hornsey et al. in narrow
onstri
tions [81℄. Contrary to the measurements in A4, GSD vs ISD doesnot show any abrupt jumps. On Fig. 5.9(a), a 
hange is observed in the



136 CHAPTER 5. INGAAS RECTIFIERSslope of ÆVLU vs ISD for positive ISD . However, it may originate from animproper subtra
tion of the linear 
omponent of VLU vs ISD , so that the
hange is mu
h less 
lear than on Fig. 5.8(a),8 and more data (for largerISD) would be needed to have a better view of the situation in this 
ase.Our observations therefore lead us to 
on
lude that neither the modelof Fleis
hmann and Geisel nor that of L�ofgren fully explain the `os
illatory'behavior of ÆVLU vs ISD.5.5 Tunable re
ti�
ationIn this part, we mainly dis
uss data from C1, and we investigate the e�e
t ofside gates biases and of illumination on the re
tifying properties. Fig. 5.10(b)shows VLU vs VSD measured using the push-pull method. These raw mea-surements are very similar to data on Fig. 5.6: at high temperature (130 K),VLU linearly depends on VSD (again, an ohmi
 e�e
t, arising from the unin-tentional asymmetry of the devi
e with respe
t to the U-L axis), and, as Tgoes down, a nonlinear 
ontribution superimposes on the linear ba
kground.Most importantly, 
hanging the sample 
ooldown 
onditions tremendouslya�e
ts this nonlinear 
ontribution. Curves A and B on Fig. 5.10(b), bothmeasured at 4.2 K, show opposite nonlinear 
ontribution to VLU vs VSD.Curve A was obtained after a brief illumination at 60 K by the LED, while
urve B was obtained without illumination.In order to shed light on the striking behavior shown in Fig. 5.10(b),we 
arefully investigate 
orrelations between devi
e parameters and the signand amplitude of the nonlinear e�e
t. In addition to illumination, biasingthe in-plane gates also a�e
ts the nonlinear e�e
t. This is 
learly eviden
edon Fig. 5.10(
), where ÆVLU vs VSD - obtained by subtra
ting the linear
ontribution from the VLU vs VSD data - is displayed for di�erent values ofin-plane gate voltages. The amplitude of the nonlinear signal ÆVLU 
hangesbetween � +0:5 mV and � �0:5 mV at VSD = 70 mV. As both illumina-tion and side gate biasing in
uen
e the 
ondu
tan
e of the 
hannels, it istempting to present the amplitude of the nonlinear e�e
t as a fun
tion ofthe opening of the bran
hes.In order to quantify the opening of the upper part of the devi
e, formedby the bran
hes S-U and U-D, we de�ne GU = (GUS + GUD)=2. Simi-larly, the opening of the lower part of the devi
e is proportional to GL =8In Fig. 5.8(a), the 
hanges in the slope do not depend on the subtra
tion of a linear
omponent.
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Figure 5.10: (a) Ele
tron mi
rograph of devi
e C1 (dark regions have beenet
hed). (b) VLU vs VSD at 130 K (bold 
urve) and at 4.2 K with (
urveA) and without (
urve B) high temperature illumination by a LED. (
)ÆVLU vs VSD at 4.2 K for di�erent 
ombinations of in-plane gate voltagesand di�erent 
ooldown 
onditions (
urves 1 and 2 have been obtained afterillumination). The 
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larity.
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 representations of the devi
e are drawn inthe 
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orresponds to GU = GL. Inset: ÆV 30 mVLU vsGL at 4.2 K. The dashed line is a linear �t to the data.



5.5. TUNABLE RECTIFICATION 139(GLS + GLD)=2.9 Fig. 5.11 gathers all our measurements of ÆV 30 mVLU =[ÆVLU(VSD = 30 mV)+ÆVLU(VSD = �30 mV)℄=2 for di�erent 
ombinationsof GU and GL, using a 
olor map where positive values are shown in redand negative in blue.10 Clear trends are observed: positive ÆV 30 mVLU val-ues 
on
entrate at the large GL;U side of the graph and negative ÆV 30 mVLUvalues group at the small GL;U side. Furthermore, Fig. 5.11(inset) showsthat ÆV 30 mVLU vs GL is linear, with a transition between positive and nega-tive ÆV 30 mVLU around GL = 8 � 2 e2=h. The trend is similar in the 
ase ofÆV 30 mVLU vs GU . In summary, widening all devi
e bran
hes leads to an a
-
umulation of ele
trons at the narrow 
hannel, and narrowing the bran
hesresults in a

umulation of ele
trons at the wide one.Importantly, we note on Fig. 5.11 that all our data points fall on thesame side of the dash-dotted line (
orresponding to GU = GL), so that GUis always smaller than GL. Sin
e bran
hes L-S and L-D always remain widerthan bran
hes U-S and U-D, whatever the biases applied on in-plane gates,the observed sign reversal of ÆVLU 
annot originate from an asymmetryreversal of the devi
e (in 
ontrast to referen
e [48℄, where sign reversal isalways observed as devi
e asymmetry is reversed). Indeed, red data pointson Fig. 5.11 
orrespond to negative 
harge a

umulation at the narrowerside of the devi
e, similar to data in referen
e [48℄. Conversely, blue datapoints 
orrespond to a

umulation of negative 
harges at the wider side ofthe devi
e, similar to predi
tions of Fleis
hmann and Geisel [53, 32, 61℄. Wepoint out that our high 
ondu
tan
e data show the same re
ti�
ation signas in ref. [48℄, where GU;L are always larger than in our sample.11 Thiswork is therefore 
onsistent with ref. [48℄, while unveiling new features in anun
overed range of GU;L.In a �rst analysis, the transition from negative to positive output voltage
ould be viewed as a transition between the two di�erent transport me
ha-nisms, des
ribed in referen
es [48℄ and [53℄. Within the framework of thesemodels, the 
hange from negative to positive ÆVLU 
ould in prin
iple beexplained, but only under spe
i�
 
onditions, i.e. widening the bran
hesshould 
ause a 
on
omitant 
hange of transport regime : from quantized toballisti
 in the narrow bran
hes, and from ballisti
 to di�usive in the wideones. While unlikely, we now test this explanation in view of all available9Keep in mind that GU overestimates the a
tual 
ondu
tan
e of bran
hes U-S andU-D (see se
tion 5.3.3); 
omparatively, GL is a mu
h better estimate of the 
ondu
tan
eof bran
hes L-S and L-D.10The 
hoi
e of VSD = 30 mV is arbitrary. Choosing another value for VSD would not
hange our 
on
lusions.11as inferred from �, ns and devi
e size in referen
e [48℄.



140 CHAPTER 5. INGAAS RECTIFIERSdata.The temperature dependen
e shown in Fig. 5.12(
) is 
learly related tothat of the ele
tron mean free path, measured on an unpatterned part ofthe same wafer. This indi
ates that the nonlinear re
ti�
ation is governedby ballisti
 e�e
ts, both for ÆVLU > 0 and ÆVLU < 0.12 This observationrules out the explanation given in the previous paragraph, sin
e the T�1dependen
e expe
ted for thermal broadening of the quantum steps [14℄ is notobserved. On the other hand, our results show that, in addition to quantumtransport, [53, 32, 61℄ ballisti
 e�e
ts 
an give rise to the a

umulation ofele
trons in the wider bran
h of an asymmetri
 
ross-jun
tion devi
e, andthat the dire
tion of a

umulation 
an be reverted in situ. However, theunderstanding of the sign reversal and the tunability of the e�e
t remainsto be theoreti
ally investigated.It is also worth examining data from the other four-terminal re
ti�er(A4), in light of the analysis performed above, on data from C1. GL issigni�
antly larger in A4 (� 18 � 19 � 2 e2=h) 
ompared to C1, while GUis almost in the same range in both samples (� 4 � 7 � 2 e2=h in A4, seetable 5.1). Data from A4 should therefore appear beyond the range of theGL axis on Fig. 5.11, as blue dots (negative ÆVLU).13 This observation raisesthe possibility of another transition from positive to negative ÆVLU as GLin
reases above 12�2e2=h. However, one 
ould also argue that the geometry(
hannel length, shape of the s
atterer) is di�erent in both samples. Thisparameter is indeed likely to be very important in determining the devi
eproperties, as transport is in the ballisti
 regime. We therefore 
an notde�nitely 
on
lude this issue, and suggest that Monte Carlo simulation [115,114℄ may be a good way to predi
t the 
urrent-voltage 
hara
teristi
s ofballisti
 re
ti�ers, sin
e they take into a

ount the full devi
e geometry, andnot only the width of the 
hannels.12The 
urrent used in our experiment 
an be large enough to indu
e Joule heatingof the ele
tron system, so that it is logi
al to 
onsider thermal voltages as a potentialexplanation to the observed nonlinear transverse voltage. However, an earlier work[123℄showed that a ne
essary 
ondition for the o

uren
e of su
h a thermal voltage in a fourterminal 
on�guration is a quantized regime of transport, at least in the narrower partof the devi
e. As the temperature dependen
e of the e�e
t is 
onsistent with a ballisti
regime of transport (and not with a quantized regime), we 
an ex
lude a thermal originfor the nonlinear e�e
t.13Note that ÆV 30mVLU 
annot be 
al
ulated in A4, sin
e no data is available for VSD = 30mV. We 
an just extrapolate up to VSD = 30 mV, assuming that the sign of ÆVLU doesnot 
hange.
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142 CHAPTER 5. INGAAS RECTIFIERS5.6 SummaryIn this 
hapter, we examine the nonlinear properties of asymmetri
 four-terminal jun
tions, in a geometry inspired by a re
ent proposal of Fleis-
hmann and Geisel [53℄. We observe a nonlinear transverse voltage as afun
tion of the longitudinal applied voltage, very similar to previous experi-mental reports on ballisti
 four-terminal jun
tions. Importantly, we observereversals of the slope of the transverse voltage at high longitudinal voltage,
on
ommitant with a de
rease of the 
hannels' 
ondu
tan
es. We show thatthis behaviour 
annot be explained in the framework of available models,based either on an in
reasing number of modes in the 
hannels, or on 
hangesin the 
ollimation e�e
ts at the 
hannels edge when the longitudinal voltagein
reases.Using a sample with in-plane gates patterned 
lose to the 
hannels, wedemonstrated the tunability of the sign and amplitude of the nonlinear trans-verse voltage. The tunability was found to be governed by the 
ondu
tan
esof the 
hannels. Ele
trons a

umulate in the wide (narrow) part of the de-vi
e in the 
ase of small (large) average 
ondu
tan
e. Data suggest thatboth the upper and lower part of our devi
e are in the ballisti
 (but notquantum) regime of transport, whi
h di�ers from previously reported works.[53, 32, 61, 48, 123℄ In our 
ase, the real geometry of the sample should betaken into a

ount, and not only the width of the bran
hes. We suggest thatthis might be a

omplished by means of Monte Carlo simulations, whi
h al-ready proved su

essful with similar devi
es [115, 114℄.Se
tion 5.5 of this 
hapter, 
on
erning the tunability of the transversevoltage, has been re
ently published in Ref. [67℄.



Chapter 6Con
lusions and perspe
tivesTime brings truth to light AristotleThe most signi�
ant 
ontribution of this thesis 
on
erns the temperaturedependen
e of the ele
tron phase 
oheren
e time �� in 
on�ned systems. Wehave observed a low-temperature saturation of �� in ea
h of our InGaAsopen quantum dots, over a wide range of temperature. We 
ould rule outany `extrinsi
' origin, related to the substrate material or the measurementsystem. We found that it is the dwell time that limits the measured phase
oheren
e time, i.e. � sat� = �d (where � sat� is the saturated 
oheren
e timeand �d is the dwell time). Ele
tron interferen
es 
an only o

ur duringthe average time spent by ele
trons inside the quantum dot. The observedsaturation is therefore dire
tly related to the measurement method.As a 
onsequen
e, our work questions the experimental eviden
es forthe existen
e of a low temperature intrinsi
 saturation of �� in 
on�nedsystems. The 
on
lusion of our work implies that the saturation of the `true',or intrinsi
, 
oheren
e time has not been observed yet in any experimenton quantum dots, sin
e we are able to explain all experimental reports ofsaturation of the 
oheren
e time in these systems, and the only availableexperiment on samples with a virtually in�nite dwell time (i.e. 
losed dots)did not reveal any saturation of the intrinsi
 ��.Furthermore, it might be ne
essary to re
onsider previous experimentalreports of saturation of the 
oheren
e time in many other 
on�ned systems,su
h as quantum wires. Indeed, a dwell time 
an also be de�ned in su
hsystems, but has never been taken into a

ount in the extra
tion of ��, as143
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on
lusions for quantum dots are likely tolead to a similar study in quantum wires (in parti
ular short wires, with asmall dwell time), for whi
h many report of low temperature saturation of�� have been published.Our work also 
lears up the way for theoreti
al works. Previous exper-imental reports on quantum dots put 
onstraints on a possible theory ofthe real saturation of ��. As we 
ould attribute previous observations inquantum dots to an intrinsi
, but sample-spe
i�
 origin, part of these 
on-straints is lifted. Even though we do not bring the proof for the existen
e ornonexisten
e of an intrinsi
 saturation of ��, our �ndings help to dis
rimi-nate between experiments reporting a 'real' or 'arti�
ial' - sample spe
i�
 -saturation.In addition, we provide new �� vs T data for open quantum dots, in unex-plored ranges of mean energy level spa
ings, number of modes, and materialsparameters. In the temperature-dependent regime, we found that, in onesample, �� vs T follows quantitatively the theoreti
al predi
tion for de
o-heren
e by ele
tron-ele
tron intera
tions in two-dimensional disordered sys-tems. In the other samples, dis
repan
ies were observed, that we attributeto the population of the se
ond subband in the quantum well. However,theoreti
al work is needed to 
on�rm the latter hypothesis.In 
hapter 4, we study phase 
oheren
e and spin-orbit 
oupling in Bi �lmsand in a single-
rystal Bi 
avity. We show that the 
avity is quasi-ballisti
and zero-dimensional for phase 
oherent pro
esses. Our work therefore pro-vides the �rst insight into the transport properties of this type of Bi systems.�� in �lms is signi�
antly larger than in the 
avity, while the spin-orbit s
at-tering time �so is similar in both systems. The reason for this di�eren
eremains to be investigated. A large unexplained dis
repan
y is also foundbetween our �� data and the predi
tion of the 2D Nyquist theory, althoughthe temperature dependen
e (�� / T�1) is 
onsistent with this model in the�lms and the dot.Beside the questions over the origin of these dis
repan
ies, our work onBi samples raises a large number of interesting perspe
tives. In parti
ular,we believe that the te
hnique developed to obtain �lms with large 
rystal-lites 
an be further improved. Another substrate material 
ould be usedinstead of SiO2, with a latti
e parameter 
loser to that of bismuth. This
ould be 
ombined with a slower deposition pro
ess at higher temperature,and a thermal treatment to align the 
rystallites along the same dire
tion inthe plane of the �lm (whi
h would suppress the un
ertainty over the 
rystalorientation in the 
avity). This would allow to produ
e mono
rystalline de-vi
es on thinner �lms, e.g. in the vi
inity of the semimetal-semi
ondu
tor



145transition. The in
uen
e of the lateral size of the 
avity on the weak an-tilo
alization e�e
t is another interesting problem to study. As explained in
hapter 1, weak antilo
alization 
an be suppressed in GaAs quantum dotswith a lateral size smaller than Lso. One 
an naturally wonder if a similarsuppression would o

ur in the same 
onditions in a Bi sample. In viewof the Lso values that we found, ballisti
 bimuth 
avities with dimensionssmaller than Lso are possible to fabri
ate using the pro
ess that we devel-oped. Su
h a small 
avity, with a small ele
tron dwell time would also allowto test our explanation of the saturation of ��.In the last part of the thesis, we dis
uss the nonlinear transverse voltage-longitudinal 
urrent 
hara
teristi
s of ballisti
 
ross jun
tions. We show thatthe 
ondu
tan
es measured between the 
hannels of the jun
tions are 
ru
ialto the understanding of the nonlinear behaviour. Reversals of the slope ofthe transverse voltage are observed in some 
ases, 
oin
iding with a de
reaseof the longitudinal 
ondu
tan
e. Furthermore, the sign and the amplitude ofthe nonlinear transverse voltage 
an be tuned by 
hanging the 
ondu
tan
es(or the width) of the bran
hes in the jun
tion. Theories based on an energy-dependent Landauer-B�uttiker formalism or on energy-dependent 
ollimatione�e
ts 
an not fully explain these observations. We suggest thatMonte Carlo(MC) methods are better suited to study the behavior of our stru
tures.MC simulations of our 
ross stru
tures have re
ently been undertaken in thegroup of Profs. Javier Mateos and Tomas Gonzalez in Salaman
a University.We hope that the result of these simulations will help to explain our data.
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