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Abstract 

Recent research on bilayer two-dimensional electron ga<ses (2DEG) indicates the possibility of exci­

tonic supertluidity, though experiments have measured small dissipation due to motion of unpaired 

vortices. In regular superconductors, carriers flow without dissipation beacuse vortices are "pinned" 

by impurities. This research investigates the effects of C and Si dopants within the quantum well 

of a siugle quantum well 20EG. These dopants are candidates for improving vortex pinning in bi­

layer 2DEG systems. Four C-doped samples, with dopant density ranging from 3.5 x 1014 cm- 3 to 

2.5 x 1016 cm- 3 , and one Si-doped sample, with 2.3 x 1015 em- :\ Si ions are studied by electron 

t ransport measurements as functions of magnetic field strength. We llnd that minima in longitudinal 

resistance as a function of filling factor 11 are wider and offset toward'S lower I/ in samples with higher 

doping. This widening and shift is shown by mimina up to a // that decreases with increasing C 

dopant density, but is not observed at a ll for minima in t he Si-doped sample. 
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Chapter 1 

Introduction 

Over the past three decades, an entirely new branch of condensed matter physics has emerged , 

namely the study of low dimensional electron systems . Though semiconductors, the host for these 

systems , had been studied intens ively for decades, the novel behavior they show in exotic circum­

stances were entirely unpredicted thirty years ago. The first surprising behavior, the integer quantum 

Hall effect (lQHE), ha'3 since been used to meagure the ratio of fundamental constants to an accuracy 

of one part in I 09 , and is now used a'3 the standard for resistance [1 J. Even more surprising than the 

IQHE was the discovery of the fractional quantum Hall effect (FQHE) , which can be explained only 

in terms of exotic quasiparticles with fractional charge [2]. One a rea of research on low-dimensional 

electron systems investigates the properties of two interacting two-dimensional electron gases (bilayer 

2DEGs) and the strange new behavior they exhibit1 

The IQHE and FQHE arise when elect rons are confined to move in a plarw perpendicular to a 

strong magnetic field. T his so called two-dimensional electron gag (2DEG) is achieved most com­

monly through band engineering in semiconductor devices (e.g. GaAs / AlGaA:;), in which thin layers 

of diffe rent semiconducting compounds are stacked to create a specific potenti al lt\ ndscape in one 

dirPC tion . At sufficiently low temperature, conduction elt>ctrons are confined to movt> in one layer or 

at a n interface between layers. Thest> layered semiconductors a re referred to a'3 heterostructures [3] . 

1.1 Heterostructures 

The most common heterostructures in use for the s tudy of 2DEGs are rnwle from combinations 

of thin layers of GaAs and AIGaAs~ . These two com pounds are used beca uSt> they have ident ica l 

crystalline structure, y ielding nearly perfect crystal interfaces. Smooth interfaces allow the confined 

electrons to move about more freely, and their behavior c;~n then be studied in mort> detail. T he 

two conu11on methods of confining electrons to motion in two dimensions ar<' df'picted in Figure 1.1. 

11lere we provide t he minimum introd uct io n to t his r ich fie ld tha t is requirf'd to understand t his resea rch; for a. 
more t horough in t rod uct ion, see j3, 4j. a.nd for a. mo re technica l d iscussion, see j5, 6j . 

2T his sect ion wa.s ada.pted fw m Ref. j7j, in which Cooper p rovides an expansive int ro<l uct io n to t he su bjc<: t . 
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T he first construction involves one layer of GaAs and one laye r of AICaAs with n-type (positiv<'ly 

charged ion) doping (c:ommonly Si) far from the interface. Once th t> dopants release electrons into 

the crystal3
, they create an attractive potential fo r the electrons. Normally, th<' electrons would 

s i111ply migrate past the interface b~ck to the positive ions, but at low tempt>raturt> ("' I K), the 

Fernli energy of electrons in the crystal is low enough that they becom<' trapped in the triangular 

well and are effectively confined to motion in a plane. The second construction t raps the electrons 

in a layer of Ca.As sanc.lwiched between layers of AlGaAs in what is essentia lly a finite quantum 

square well. 

a) n-AIGaA~ GaAs b) AlGaAs GaAs AIGa As 

~~ 
2DES -

Figurt> I . L: Band engineering to create a two-d imensional electron system . T hese diagrams depict 
the energy as a function of pos ition in the heterostructure. After Reference [7] . 

1.1 .1 Heterostructure Fabrication 

Ht>terost ructures are grown by molecular beam epitaxy (MBE), a process that has undt>rgone co n­

s iderable iruprovensent ill t he past few decades. T he most precise MHE processes can build c rystal 

wafers olle atomic layer at a time, with less thau one part ill 105 impurities. To grow a heterostrw­

ture, a wafe r of CaAs substrate ill high vacuum is exposed to beanrs of ruolecules to create layers 

in thf' wafe r. Befort> t he delicate anc.l sens itive quantum well for t> lectron confillemt'nt is prod uced . 

a super lattice of altemating layers of GaAs and AIGaAs is grown o n the GaAs substrate to smooth 

t ht> surface a.nd rec.l uce the influence of any impurities (st>f' Figure 1.2). Oil top of the superlattict>, 

a t hick layer of AIGaAs is grown. T his laye r illcludes a sheet heavily dopt>d wit h Si ions to act a:; 

elect ron donors. Next , t he quantum well de pictec.l above (Figure l.lb ) is row:Muctt>d , followec.l by 

a nother layer of AIGaAs with a dopant sheet . These c.lopauts a rl? inrluded as a sourcf' for electrons , 

but. are far fro nr the quant um well to ma inta in t lrt> ho nrogeueity of the crystal Sf'en by tlw e lt>ctrons 

(adding such dopants far fro111 tire 2D EG is referred to as delta dopiug). 

1.2 The Quantum Hall Effect 

T he classical Hall effect, much more ea.'lily observed than its qua ntizt>d countt>rp<lrt., occurs whenever 

an electric· current flows perpendi<'ular to a magnetic field . Discovered in 1 Rfi7 hy 8dwin Herbert 

3 T his proce-s is enhllnct>d by illuminating he terost.ructures; captured photons a llow e lectrons to overcome their 
bind ing energy to the Si dopants, !\tid they can t hen migrat.e to the 2DEG. Tho ugh illum inlltion is 11 common pmctice 
iu quantum Hall syst.E'm research, the de ta ils o f the process are largely unknown (set> [7, C h. 3]). 
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Figure 1.2: Layers of the heterostructurP wafer used to observe the quantum lla ll eft'ect. After 
Reference 171. 

Hall , t he Hall effect descri bes a potential dift'erence perpendicular to both the current and magnetic 

field lines, proportiona l to the strength of thP ntagnetic field . In 1980, whi le studying Si field effect 

transistors Klaus Von Kli tzing of the Max Planck Institute for Semiconductor Research in Munich 

first observed the quanti<~ation of Hall rPsistance at various transistor carrier densities IRI. In his 

research , he varied the carrier density by changing the gate voltage on the transistor and observing 

various Plectron trans port phenomena of the transistors at low temperatures and high maguPtic 

fields. Most interesting was his observation that platPaus in the sample's Hall resistance occurred 

at resistances 
R _ ..!!__ _ 2.5812.81 n 
.- . '"} - . ' 

Je- J 

whcr<' j is an integer, h is P lanck's constant and e is t hP magnitud1' of the elec:tron 's d.arg<'. For 

his discovPry of the quantization of t he Hall voltage, Von Klitzing wag awarded the Nobel Prize in 

Physics in 1985. More common in modern observations of t he LQHE is Uw lltPthod of a pplying a 

fixed current to a sample with constant carrier density. T he strength of t hl" magn<'tic field is varied 

while 111NL'3uring t lw potential difference bPtweett two points on the santple dift'er<'nt front tlte current 

source and drain (sf'f' Cltapter 4). Figurf' 1.:1 shows typical rPsu lts of such an exp<'riment , displaying 

both tltE Hall resistancP and the longitudinal rPsistance as functions of magnetic field stre ngth. 

1. 2.1 Theory of the Quantum Hall Effect 

Though a detailed explanation of the IQHE is only possibiP in t lw context of quantum nwchauics, 

a sl:'micla.s:; ical pictur~ will exposP ntost of th~ physical pl tenomena nbsPrvPd~ . Consider a sheet of 

electrons wit hin a h~'terostruct ure, es. entially free to move in a plane, wit h a co ntinutun of enl"rgies 

in the conduction band up to the Fermi Energy. Once a magnetic field is <:lpplied perpendicular to 

thf' plane of motiou of the electrons, they move iu circular paths with cyclotron radius r c invf'rsPI.v 

4 T his sC<:tion wM nclnpt<:>d from Refs. ]4. 5]. 
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Fig ure 1.3: Sample Data obtained from a low-temperature heterostructure. The dotted trace rep­
resents the Hall resistance as a function ·of. magnet ic fi eld strength (scale on left axis) and the solid 
trace represents the longitudinal resistance as a function of magnet ic field strength (scale on right 
a.xis ). 

proportional to the strength of the field. The cyclotron radius is the classical radius at which an 

electron of given kinetic energy K and mass m e will orbit in a magnetic field of st rength B, given by 

~ 
eB 

Due to the interaction between the electrons and the magnetic vector potential A in two dimensions 

described by the Hamiltonian 

H = (p"' + eAx )2 + (py + eAy)2 
2m 

·~ Qvt 
these radii will take discrete va lues, and the discrete energy levels corresponding to these radii are 

known a.'> Landau levels. [n two d imensions, the magnetic field will thus break the energy degeneracy 

of the Fermi sea into these discrete Landau levels. T he degeneracy of these Landau levels is inver:;ely 

proportional to the field strength, and can be estimated by dividing the area of the sttrnple by tlw 

area of a cyclotron orbit . T he ratio of independent electrons per unit area to magnetic field strength 

is constant and is equal to the ratio of fimdamental constants e/ h. 

The plarw of motion of the electrons necessarily contains some charged impurities. T hese im­

purities are closer to some electrons than to others, so the energies of st ates in each Landau level 

;ue spread out. In each Landau level, the highest and lowest energy states are spatially localized 

near impurit ies ("localized states"), and hence cannot conduct electric current macroscopically. T lw 
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electron statE'S with euergy 

E ~ (11 + ~ )hwc, with n = 0, 1,2, . . . 

a re extended spatially iu the sa111ple ("extended states" ), and move about to couduct electric current . 

The number of elec trons relative to the degeneracy of Landau levels is characterized by their ratio 1/. 

Essentially, the para111eter I/, called tlw "filling facto r" desc ribes the number of Landau level<> t hat 

are filled with electrons. Changing tlw strength of the magnPtic fi eld will change the degeneracy of 

each Landau level, causing the n1ost energetic electrons (those near the Fern1i ene rgy) to be eith«>r 

exte nded or localized . Thus, if the system is perturbed away from intf'ger v such that the states at 

tlw Fermi energy are localized , the macroscopic conductance will not change. T his behav ior leads to 

tlw plateaus in the Hall resistance at va lues of h/je2 corresponding to I/ = j integer filling factors. 

Auother important phenomenon evident in F igure 1.3 is the oscillation of the transverse resis­

tam:e. Most importantly, the transeverse resistance is nearly zero over tl1 e range of magnetic field 

strengths a'Ssociated with I QHE pla teaus. To explain this feature, consider resistance as a rough 

ruea.'lure of power d iss ipation within the sample. To diss ipa te power, an electron must transition 

to a s ta te with lower energy, which is only possible if there is a nearby empty s ta le to transition 

into. For n1aguetic field strengths at which the Hall resistance ha':! plateaued, aU the highest energy 

electron::> a re localized near impurities, and there exist no nearby states of lower erwrgy to trans it ion 

into. When thf' Ferrni energy lies within extended states, however, the electrons may trans ition to 

lower energy states far away in the 2DEG. Th«> behavior of the transvers«> resistauce is known a.-; 

Shulmikov-de Haa'S oscilla tion !31. 

1.3 The Fractional Quantum Hall Effect 

Th«> 199!:! Nobel Prize in Physics was awarded to Laughlin , Stbrmcr, and Tsui for their discovery 

and explauation of the Fractiona l Quautum Hall Effect. (FQHE)5 . Stormer and Tsui were studying 

the IQHE in very pure heterostructures at very high rllagu«' tic field .. They diS!'Ovcrcd plat t:>aus ill 

the Ha ll resistance correspolldiug to filling factors of I /3 and 2/3. T hese spec ial states indicated 

that the clrarge ca rriers ill the systen1 ac ted as if they carried cha rge e/3. These qua~iparticles w«> re 

explaiut>d by the theoretical fran1ework of a quantum liquid, pro posf'd hy Laughliu . 

To llllderstaud thf' subt le quant11111 mechanica l behavior of t'lec tro ns flf'ar fmctiOII<tl fi lli11g fac·tors, 

w«> collsider a semiclassical pictur«> of the two-dimensional (•lectron gas. We imugille tilt' viewpoint 

of o11e electron : it will hav«> lL probability density that va ries over the plane nf t l1e sample. W lw n the 

samplt' is placed inside a perpendicular magnet ic fit' ld , tl1e plan€' wi ll be pierced b.v n1agnetic flux 

6 T his s..ct inn WI\~ 1\dl\pted from Ref. [2). 
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quanta (cliscre tC' units o f magne tic flux, tl1f' quantum analog of mag ne tic fif'ld linf's, which produce 

dips in the wave func tiou , callf'cl "vort icf's"(HE'e Figure 1.4a) . H we consider thf' o ther e lectrons in 

the samplr, t h ey will coincide witl1 the vor t ices (sPe F igure 1.4b) . lf a ll o f Ll1e vo rt ices p roduced by 

the n ux quan ta are fi lled by o tlw r Plectrons, the Landa u level is fillrd . This s tate corrrsponds to t he 

v = I integer q ua ntum Ha ll statf•. l f we thC'n cons idf' r inc reasing the magne tic field by a factor of 

3 , th<'n 3 t imes as nmny m agnrtic nux quanta will pierce Ll1e surfacP (seP F igure 1.4c). Tt LUI'IIS ou t 

that it. is energetically favora b le for an Plt>c trou to "bind" mo re tha n oue fl ux quantum rath<'r tl1a11 

a llowing t he vorticPs createcl by t lw excf's.-; nux q ua nta to re n1ain frer. Thus, at I/ 

t Jm ' f' nux quanta pit' rct> eacl1 r lect ron (sef' F' igure 1.4d). 

1/3, f'Xactly 

FigurE:' 1.·1: Repn'S<' IIl <tl io n o f FQJJE wawfunction . (a.) DPpiction the wrwPfunctio 11 of a s ing le 
e lectro n piNe('(] by m agnetic flu x q ua nta. (b ) Ot he r e lectro ns rC'sidP i11 t he vortic<>s. (c) Pur low<>r 
<>]Pet ro11 d e ns it ies, SOli II' vorLicC'::; a r<' )Pft unpa ir d . (d) A 111o re favorablr arra11ge1llf' nt, pairinr; Pa<.:h 
e lrrt ro 11 with t.l1ree vortices. T his corresponcls to the v l /3 fracti o 11a l s tatC'. A ft Pr RPff' re iiCP [2 j. 

D<•via tio n fro n1 thi,-;pxact. fi lling factor rrsult s in qw:L'l ipa rtic l<>s o f d tm gr ( /3 appearing in th<> 

systPm , acting ide ntically to PIPct.ron::; 11ear t h<' I/ = I IQ II E state, t>XcE>pt fo r n dill't>r<' nce iu <'ha rgf' 

(awl , pe rhaps, in I' !Tf'ct ive lli aBS). ln a na logy to Llt r IQ II E, t l11' PQ ILE platf'aus a nd nliuin1a occur 

bPcausP t l1esf' q uasip(l.rticles urf' localiz<'d by itu pu riLi <':s in t lw c ry:slal lattice (l.lld cannot couduc t uor 

dis..,ipat «:> e ue rgy. 

1.4 Bilayer Systems 

If n h<> t.e rosl.ruc turr is g row11 will1 a pair o f CjUanl.um wC'I Is ll<'ar Ollf' a 11otlt<'r, t l1 r «:> IPcLrom; tmpp«:>cl 

ill Oil <' lft.wr will intNact. wi tl1 t l1e u<'igl1 bori ug PIPclrons in both laye rsb T it<' s lr<' ng t.ll of' iuterartio us 

wit h <' IPctrous ill tiH' othE'f layPr is de te rmiu<'d by tl1f' lay<'!' S<:'paratio n . cllld C<lll lw n tade W<'akPr 

" TillS S('<'t ion wns adapt.'<! fmlll n .. r. [ I [. 
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than, stronger than, or comparable to interactions with electrons in the same layer . As the interlayer 

separation is decreased, interactions between layers become stronger, and the electrons begin to 

tunnel between the two. T llis behavior is very sensitive to the layer separa tion, indicating that 

a phase transition occurs in the system for total filling factor IJT = 1 (i.e. v = ~ in each layer , 

see Figure 1.5). T he phase transition that occurs is the formation of excitons (bound electron­

hole pairs). One can imagine simply exchanging empty electron states in the uppermost Landau 

level of one layer with positively charged holes, and exchanging electrons with empty hole states. 

T his electron-hole transformation is completely consistent with semiconductor t heory and permi ts 

analysis in terms of excitons, or electrons from one layer bound to the imagined holes in the other . 

Exciton.-; are normally created when an electron in a semiconductor is excited out of the valence 

band by absorption of light, leaving behind a hole to which it is attracted. The resulting exciton 

is w1stable and quickly decays back into a valence electron by emit ting light. T he bilayer exci­

tons described above exhibit much longer lifetimes, which permits more extensive studies 0 11 their 

behavior. 

2mV 

Figure 1.5: lnte rlayer tunneling in bilayer systems for a range of interlayer separations. Layer 
spac;iug is larger for traces at the back, and smaller for those a t the front . T he development of a 
near discontinuity suggests a phase transition, namely exciton formation . After Reference [1 0]. 

Since excitons are bound pairs of fermions (electrons and holes), t hey a re compound bosous, 

and a re hence not restricted by the Pauli Exclu::; ion Principle. At very low teluperature, then•fore, a 

collection of excitons may all occupy the quantuna ground st ate of the systena. When the exciton::; all 

occupy the ::;ame quantum state, the pha.-;e of the wavefunctiou is coherent ovf'r many particles, and 

the quantum propert ies of the wavefunction become observablE' 1uacroscopically. T his phenomenon 

is known as BosP-Eiustein Condensation. 
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In the bilayer 2DEGs described above, if the layers are spaced closely enough and the magnetic 

field strength tuned to give vr = 1, Hall voltages (and hence Hall resistances) in both layers vanish 

(see Figure 1.6). To achieve this result, opposite currents are passed through the two layers. The 

vanishing Hall resistances indicate that no charged particles flow in either layer, implying that tht> 

electrons in one layer have all paired with holes in the other to form neutral excitons. This astonishing 

effect, a loug with the tunneling phase transition discussed above, suggest that the excitons form a 

Bose-Einstein Condensate. 

Figure 1.6: Vanishing Hall resistance (Rxy) caused by exciton formation. The left plot shows data 
taken at different interlayer separations, and the right plot shows data taken with fixed interlayer sep­
aratiou at different temperatures . This behavior suggests that the excitons form a superfluid. Some 
current research investigates whether this state is a 13ose Einstein Condem>ate. After Reference 19]. 

Closely related to Bose-Einstein condensation is superfluidity: the flow of particles with vanishing 

dissipation. In a bilayer system, superfluidity would result in vanishing longitudinal resistance in 

both layers. The teams that have observed exciton condensation , however, have measured a small 

resistauce where there should be none. This effect is due to the motion of unpai red vortices through 

the sample, which will dissipate energy when a current is applied 110] . In regular superconductors, 

dissipation due to vortex motiou is eli1uinated by "pinning" the vortices, that. is, localizing them 

near attractive defects in tht> materia l. In analogy, t>xcitonic superfluidity would then be exp('(~ted if 

one could localize vortices in a bilayer 2DEG. The most natural mechanism for localizing electrons 

and holes in a 2DEG system is to introduce impurities within the quantum well, such as C and Si 

ions. This research studies the effects of introducing impurities within a single quantUin well 2DEG. 

Once tlw effects of selective doping an' understood in the context of a single 2DEG layer, tlw study 

may be refined and advanced to bilayer systems. 
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1.5 Disorder in a Single Quanum Well 

Though disorder is one of the major ingredients of the IQHE, it is not well understood to what 

extent impurities within the quantum well of the heterostructure will effect IQHE states. A simple 

explanation proceeds as follows: consider a system with exactly an integer number of Landau levels 

filled, and consider perturbing the system slightly by changing the magnetic field. If the field is 

changed to perturb the sample towards higher filling factor, the degeneracy of the Landau levels will 

decrease, and there will be a small excess of electrons. In the absence of any impurities, these extra 

electrons would conduct current macroscopically, and the sample would no longer be in an IQHE 

state. Now we introduce some positively charged impurities within this hypothetical sample (for 

example, some positively charged Si ions). The few excess electrons will be localized around these 

impurities, and will not contribute to macroscopic current within the sample, leaving it in an IQHE 

state. Thus, introducing Si ions into the quantum well is expected to widen the IQHE state in filling 

factor spaee towards higher I/. Now, eonsider the reverse situation: start at an exact integer filling 

factor, and increase the field strength to decrease the filling factor in the sample. Instead of thinking 

of this situation as a depletion of electrons, we consider it as an excess of holes (the two views 

are mathematically equivalent). Then, the introduction of negatively charged impurities such as C 

ions will cause the excess holes to be localized and prevent them from contributing to macroscopic 

current. Thus, introducing C ion impurities into the quantum well should extend the IQHE states 

towards lower v. The extensions of IQHE states predicted by this model should be proportional to 

the number of impurities introduced, since more impurities will localize more electrons or holes. 

This research tests the above prediction for electron/hole localization around charged impurities 

in the GaAs quantum well of a heterostructure. We test samples with Si or C dopants of various 

concentrations, introduced into the quantum well during the MBE fabrication process, by observing 

@ngitudinal resistances as functions of magnetic field. We expect to observe that the extension 

of the IQHE state is proportional to dopant concentration and occurs in only one direction in 1/-space. 
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Chapter 2 

Experimental Method 

2.1 Heterostructures 

T he devices used in this study were fabricated at Bell Laboratories in New .Jersey using the MBE 

tt'chniques described in the previous chapter. The heterostructures studied were grown specifically 

for the purposP of s tudying disorder in 2DEG systems, with either C or Si impurities intentionally 

mixed with the GaAs in an otherwise clean 300 A quantum well . Introducing these impurities reduces 

the mean free path of the electrons in the 2DEG, reducing their mobility. T he sample numbers, 

a pproximate doping level, and approximate mobility are summarized in Table 2. 1. Of each wafer 

grown, o nly a small strip ("-' 5 mm x 2 cnt ) was sent from Bell Labs. 

I Sample II Dopant Concentration (cm- 3) 2D e- Mobil ity (cm2/V ,;) 

12-18-03. 1 3.5 X 10 14 (C) 3.8 X ] QO 

12-9-03 . J 2.8 X 1015 (C) 3.0 X 105 

12-5-03.2 1.0 x 1016 (C) 6.5 X 104 

12-:H-03. 1 2.5 X 1016 (C) 1.:3 X 104 

6-2-03. J 2.3 X 1() 1 ~ (Si) 3.1 X 10~ 

Table 2.1: The samples studied in this research. Introducing more dopants into t he quanttmt well 
reduces the elect ron mobility, independent of dopant type. Nomenclature of samples indicates the 
date of fabricat ion , and the order of the wafer produced that day. 

2.2 Sample Preparation 

Fro111 Pach strip of wafer sturlied , a small squa re ("" 5 x 5 mm2 ) is cleaved for wire-upl To removt> any 

surface irupuritie:> such a.<; dust or residuals from the MBE process, each sample is gent ly scruhbPd 

in an acetorw bath, then rinsed in isopropanol and dried using a jet of nitrogen gas. T he samples 

a rt> o bserw·d under a microscope tor any notable imperfections iu thf' heterost ructure surface (see , 

for example F igure 2.1) and recleanPd if necessary. Once t ire surface of the samples are deemed 

1This proced ure, in la rge part , wru; adapted frorn the sampk• pre pa rat.ion procf'dure descr ibed in [I LJ, whe r<" 
Spie lm an pres<"nt.s a rather extens ivf' and detailed ~;uid<> fo r a variety of processin g; me thods. 



suita bly clean , small In contacts are soldered by hand to the corners and midpoints (see F igure 2.2) 

a nd annea led at 425•C for 5 minutes, during which t ime a constant flow ("-' 2 standa rd liters per 

minute) of forming gas (15% H2 gas, and 85% N2 gas) passes through the annealing chamber. T lw 

annealing process causes the In contacts to diffwsc into the heterost ructure down to the level of the 

quantum well , creating an Ohmic contact. After annealing,""' 1" long, 0.001" diameter Au wire is 

so ldered tu each of the In contacts. T he other end of each Au wire segment is so ldered to a pin 01 1 

a n 18-pin plastic body header, to which the sample is attached us ing rubber cement . Since t>ach 

sarnple only attaches to 8 of the pins, two samples a re placed together on each header to allow for 

s imulataneous cooling and measurement of tlu' samples (see Figure 2.3). 

Figure 2. I: Sample 12-05-03.2A . T he fine ho ri zontal lines are artifacts from t ht> wafer fabricatio n 
process, and the small dots arc t iny surface defects. (Actual s ize: ""' 1 x 1 1Hn12 ) 

Pigure :.!.2 : Sa111ple 12-:3 I-03. 1A. T his i1uage :;how:; tl1e 8 hand-soldered In contacts before annealing. 
(Actual s ize: ""' 5 x 5 mm2 ) 
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F igure 2.3: P ractice Samples. T hese two pieces of scrap G aAs a re wired up just likt> regula r samples 
to re f1ue t he processing ntetltod . (Actua l s ize : ~ 3 x I cnt2 ) 

2.3 4He Dewar Dip Test 

O nce Uw samples a re attad ted to ltcaders , the contacts a re tested at low tempera ture by d ipping 

in liq ttid 4 H!:' (4.2K) . Each lteader is attached to a dipstick, cousis t ing o f a samp]P chamber wi t h a 

low-tentpt>ra ture GaAs light-Pntitting d iode (LED) for illumina tion attached t.o a cont rol box with 

19 HNC connec tors (18 fo r t he hNt.der , a nd 1 for the LED) v ia a 1.5 111 s ta iuless s tee l tube (to a llow 

for dipping into 60 L 4 He dewars) . T he dipstick is lowered s lowly to a llow t he sample chamb<'r 

te nt pera t ure t o equilibra te wit h t he I iq uiri 4 He. Event ua lly, t he sample cha mber is intmersed a nd 

filled with 4 He , then the sa ntple is illumina ted by passing a I mA current t hrough t he LED fo r :30 s 

(s<'e c ircuit , A ppeudix A . I ). After illumination, each contac t. is tested and its resistance compared 

with s ta nda rd resis tors (see c ircui t, Appendix A.2) . If too ma uy contacts a rc bad (having resist auc!:' 

mudt bigge r t ha n ~ l kO) , the sample is reannealed aud rewired accord ing t o neces.'l ity. 

2.4 Top Loading aHe Cryostat 

Afte r t<"sting Pacl t sant p le a t 4 .2 K, headers .are inserted into t he sarn ple chant be r o f a cryostat. 

dipstick, also· wit h a low-temperature LE D, at the end of a f) m s t a inless s teel stick wit h a. cable 

inte rface at th<' o pposit<" <"nd . 1 'ht> st ick is attaclted to the top o f tlw :1He C. r,vosta.t aud puntped 

to ncar vacuum (~ fiO m'forr ), which takes a bout a n hour~ . During t ltis tinre, t he pressure in t lw 

iune r vacuunt claaru ber (IVC) of t h<' c ryost at is checked a nd residua l g<LS is pun tpt>d if llf'Ct>ssary 

usiug a diffus io n p ump . T h<" s t ick is a lso connt>cted to au e lectro nics rack with JJNC conueC'Iors fo r 

each pill a ud fo r t he LED during this t ime . D uring t he lowering prof·css, a ll t it~ pi11 conneC'tors a re 

kept g ro unded , and a s liding seal o n t lw s tick is puruped (t ltc i11ncr cha mbt>r of tlte st ick , whiclt is 

co~tnectc>d t.o tit~ iuuer c lt a urbe r o f' tlte c ryosta t , contai ning ~He , is uot pumped ). Once tire st ick 

~Most. of t.h<:' tim~ flllrl piU'flnlt:'I.NS ttS€'<1 in opemt.ion of the cryostat are t~pproximnt e, and were recommended hy 
coli agues in the lab. Each cxperimelltcr will usut~ lly develop uniqtte parameters. 
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reaches vacuum, the gate valve separating the stick from the inner cryostat chamber is opened , and 

the stick lowered slowly. During lowering, the sorb (a piece of activated charcoal with a heater 

and 4 He cooling system) containing 3 He is heated to release gaseous 3 He to allow temperature 

equilibration between the stick and the 4 He bath. Once the stick is full y lowered, the 1 K pot is 

filled with 4 He and pumped, and the sorb is heated to liberate more gaseous 3He to a llow the sample 

chamber to reach ...., 1 K. After one hour of heating the sorb and cooling the sample chamber, the 

sorb heater is turned off to allow the 3 He to condense, cooling the sample to :300 mK. During the 

condensation process, the sample is illuminated with the LED for 30 s (see circuit, Appendix A.1) 

Under ideal circumstances, this procedure keeps the sample at low temperature for eight hours. 

2.5 Data Acquisition 

Once the sample reaches 300 mK, the lock-in amplifier is attached to the stick's electronics with 

BNC cables for four-point measurements (For a single lock-in configuration , see ci rcuit, Appendix 

A .3. For two lock-in configuration, see circuit, Appendix A.4. ) . T he sample is fed an alternating 

current of ...., 100 nA (nns) at 13 Hz (chosen so that 60 Hz line noise will not be detected hy the 

lock-in as a harmonic of the signal). The magnetic field perpendicular to the 2DEG is produced by 

a superconducting magnet which is swept between 0 T and 9 T . As the magnetic field is swept, t lw 

output of t he temperature sensor, the current through the magnet, and the output. of the lock-in(s) 

a re read by computer using a Lab View routine written by Ian Spielman. T he most rapid field sweeps 

take one hour (to prevent heating by the magnet). The data are output as plain text files and arc 

given filenames identifying the date the sweep was taken as well as the system it was taken on, and 

whicb data sweep during the day it was (for example, "2lfeb06b.003" refers to tllf' third data sweep 

taken using the 3 He cryostat on February 21st, 2006). 
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Chapter 3 

Data 

In this chapter we present plots of longitudinal resistance (R,., or RLong) as a function of perpen­

dicular magnetic field strength. For each sample tested , only one representative trace is reproduced. 

For each sample tested, between 2 and 8 pin configurations are tested, with some pin configurations 

tested multiple t imes (sweeps from 0 T to 1 T with the same pin configurations, and sweeping the 

magnetic field both up and down). In most cases, Rxx as a function of magnetic field strength 

appears the same for all pin geometries, with s light shifts in sample density and magnitude of resis­

tance. Sample 12-05-03.2A exhibits strange behavior at v = 2 dependent on field sweep direction, 

so extra plots are shown for that sample. 

In this chapter, filling factors v a re inferred by the approximate magnetic field. Since all of the 

samples tested have approximately the same electron density, an IQHE state will occur at roughly 

the same field strength for all samples. v is determined by examining Hall resistance as a function 

of magnetic field (for example, Figure 1.3) . For all the samples tested, I/= 1 occurs at,....., 9 T , v = 2 

at......, 4 .5 T, v = 3 at "" 3 T , and so on. 
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3.1 Sample 12-18-03.1A (Low C-doping) 
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Figure 3. 1: A plot of longitudinal resistance ('RLongitudinal) as a function of magnetic field strength 
for sample 12-18-03.1A. 

The longitudinal resistance of sample 12-18-03.1A (see Figure :~ . 1 ) demonstrates characteristics 

common to high-mobility samples: a small magnitude resistance, well-resolved Shubnikov-de Haas 

oscillations even at very low field ("' 0 .5 T) , and fairly clear FQHE states at high field ("' 2.5 

T corresponding to I/ = 7/ 2, "' 3.5 T corresponding to v = 5/2, aud "" 5-6 T corresponding to 

v = 5/'J , 7/5, and 4/3) . T he I/ = I minimum at "" 8 T does not reach ze ro resis tance, a nd it 

exhibits a strange shape, though this effect is small . Additionally, spin-splitt ing (resolved odd filling 

factor peaks) appears at very low fields ( < 1 T) . 

3.2 Sample 12-09-03.1A (Medium C-doping) 
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Figure 3.2: A plot of lougitudiual ff'Sistance (RL ony ) as a function of 111agnetic field strength for 
samplf' 12-09-03.1A. 
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Sample 12-09-03.1A exhibits some of the characteristics of a high-mobility sample (see Figure 

3.2), though not as clearly as the previous sample. The magnitude of tlae resistance is roughly 4 

times greater than that of sample 12-18-03.1A, as would be expected since the mobility is lower . 

Also, minima due to fractional states are present, but only at high fields (~ 6 T corresponding to 

11 = 5/3, 7/5, and 4/3). The minima at medium fields appear wider for this sample than those for 

sample 12-l8-03.lA, and the spin splitting becomes resolved at,....., 1 T. 

3.3 Sample 12-05-03.2A (High C-doping) 

0.6 

0.4 

0.2 

o.oL---~~--~~~~~======3E~----~--------~----_J 
0 2 4 6 8 

Magnetic Field [Tesla) 

Figure 3.3: A plot of longitudinal resistance (RLong) as a function of magnetic field strength for 
sample 12-05-03.2A. 

Sample 12-05-03.2A (see FigurE> 3.3) shows very few of the features of the first two samples: 

though the magnitude of the resistance is about the same a<> sample L2-09-03.1A, the resistance 

at zero field is higher. Also, minima due to FQHE states are essentially noinexistent. Moreover, 

the only spin-split peak is at 11 = :3. The minima at high field appear wider than those of sample 

12-09-03.1 A. 

Sample l2-05-03.2A also exhibits strange hysteretic behavior near 11 = 2. Depending on the 

direction of rnaguetic field sweep , the longitudinal resistance will either d ecrease (for increasiug 

field strength) or increase (tor decresing field strength), independent of field sweep rate (~e Figure 

3.4). The magnitude of this effect varies with pin configuration, but its shape is very similar for all 

configurations. Of the traces lo r all the pin configmations tested for this sample, the trace iu Figurf' 

3.:3 had the smallest magnitude hysteretic effect. 
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Figure 3.4: A plot of longitudinal resistance (RL,ong) as a function of magnetic field strength for 
sample 12-05-03.2A. Strange hysteretic behavior at v = 2 appears independent of field sweep rate, 
and only dependent on sweep direction. In the plot legend, "A/s" refers to the ramp rate in the 
contacts of the superconducting magnet used to produce the field perpendicular to the sample, and 
"Up" and "Down" refer to increasing and decreasing magnet current, respectively. 

3.4 Sample 12-31-03.1A (Very High C-doping) 

Sample 12-31-03.1A (see Figure 3.5) exhibits the effect of large amounts of impurities within the 

quantum well very dra.'3tically: the magnitude of its longitudinal resistance is the largest of the 

sample::;, the minimum corresponding to v = 2 is zero over a range of 3 1' with an average of 

rv 4.5 T, there is virtually no structure other than for even integer filling factors, and there are 

only 8 resolved minima in the trace. Another interesting teature present in this trace which is not 

discernible from Figure 3.5 is that the longitudinal resistance increases sharply as the magnetic field 

strength approaches 0 T, both as the field strength is swept upward and downward. Though this 

effect is very small (rv 50 n), it is only observed in this sample. 

3.5 Sample 6-02-03.1A (Medium Si-doping) 

The behavior of sample 6-02-03.1A (see Figure 3.5) appears similar to that of sample L2-1 8-03.1A, 

but with a magnitude similar to that of sample 12-09-03.1A. There are well-resolved Shuhnikov-de 

Haas oscillations at low field strength, and FQHE states at high field (rv 3.5 T corresponding to 

v = 5/2, and rv 5-6 T corresponding to v = 5/3, 7/5, and 4/3). Spiu-splitting appears at very low 

fields, and almost all of the minima approach zero resistance. 

From the data presented here, it appears that increased quantum well dopiug (both with C and 

with Si ions) generally increa<;es the width ofiQHE minima, decrea<ses the number ofresolved minima 

(both spin-split and uon-spin-split) , and inereases the magnitude of R xx · In order to quanti tY these 

effects better, further analysis is performed (see Chapter 4). 
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Magnetic Field [Tesla) 

Figure 3 .5: A p lot of longitudinal resistance as a functio u of magnetic field strengt h for sample 
L2-31-03.J A . 
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Figurt> :3 .G: A plot of lougitudinal re:;istance as u fu u t ion of 1uagnetic fie ld strength for sampl t> 
G-02-03.1A. 
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Chapter 4 

Data Analysis 

Data analysis is carried out using the IGOR wave manipulation software1 . Data are loaded from text 

files and appropriately scaled to produce waves representing longitudinal resistance a.':> a function of 

perpendicular magnetic field. Minima in this wave are automatically computed and displayed with 

the wave so the user can appropriately modify the list of minima to remove erroneous minimum 

detections as well as minima associated with wide features in the resistance (see Figure 4.1). 

80x1D'3 

60 

i\ /\· i\ . 
: I ;\ :1 
i ~ I 

. I l Ji 
t ; • : ''l 
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. ' 
~ i 

ii 

! i 
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i· r, 
·! 
i . 
i 

I' 

i . 

FigurP 4.1: The first step of data analysis. A trace of resistance as a function of magnetic field is 
displayed as the solid line, and tlw computed minirna art> displayed as circles. At the top of thP 
window are tL'>er controls for processing the minima, including start point to search f{)r minima, a 
sliding box size for minima searching, and point deletion. A cursor is shown over the point selected 
for deletion. 

1T his procedure is automated as much as possible, requiring a minimum of Lime and e ffort. to process the data. 
Not only did this save timt- during data analysis, but. it a lso lead t.o ~~;reater consistency as well as east• of repeating 
part of the analysis. A sample of the code is reproduced in Appendix B. 
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The magnetic field o f the minima in thb wave a re plotted agains t inverse filling factor 1/v, with 

minima assigned an integer v starting wi th a test factor of 8 and increasing by one for each successive 

minimum at lower magnetic field . To assign the correct test factor , the data with a linear fit a re 

displayt>d on screen, with a user dia log to change thP test // and reperform tht> best fi t . v is t hen 

adjusted by hand until the linear regression and the data matches best, and th t> zero field offset in 

inverse I/ is minimized (this corresponds to the correct v values, see F'igure 4. 2) . Prom the slope of 

the line is calculated t he density of electrons N. in t he :.!DEC according to the formula 

1 eB 
-;; - Nsh' 

Using this fit, a conversion between magnetic field and filling factor // is calculated . 
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Figure 4.2: The second st t>p o f da t<l analysis. Assigned invNse filling factor is plottt>d versus M<lgnetic 
field for t>ach of the detected minin1a , with da ta shown in ci rc!Ps a ncl the linear regression shown as 
a da:~hPd line. T he data shown here havt> been auto 111atically assigned filling factors incre<:L<>ing fron• 
8, whicl1 is incorrect sincf.' the cla ta d o not appear linear and the regression does not pass close to 
th t> origin . T he correct fi lling factors for these data increase fron1 9. 

A wave rcprt>St>nting longitudinal resistanct> as a hmct.ion of // is t hen calculatt>d , and t lw minima 

found a utomatic<1lly (a nci JH'oc·essed manually as before). T he minima arc t l1t> n a<;.<; igw'd 11 values by 

hancl , a nd th<' syn1111etry and shape of t llf• 1ninima are a..<;,<;essed as fo iJows: at a user-dt>fined levrl 

a bove t he n1inin.a. both towards higher and towards lower v , are found "111inima t>clges" . T lw v a1 
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which the right edge (towards higher v), and the left edge (towards lower v) occur are averaged to 

find the "center" of the minimum. Uncerta inty in edge detection is assessed by a lso detecting edges 

at 1/2 and 3/2 the defined edge level. This essentially gives the slope of the minimum edge (see 

FigurP 4.3). The diffe rence between the right an<.lleft edge; is taken to calculate t he "width'' of the 

minimum. The 11 of the center is compared to t he assigned integer 11 for each minimum to calculate 

the "offset'' (see Figure 4.4). Finally, both offset and width as functions of 11 are tabulated to be 

compared between samples. 

~ 0.03 

.. . 
ot on 
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000 
1.4 1 5 1 6 20 2.2 2.4 

Figure 4.3: Two different minima and their detected edges for sample 12-31-03.1A. The filled circles 
are the detected minima, the empty circles are the edges detected at a user-defined level, and the 
triangles are upper and lower edges used for calculating uncerta inty in edge position. As can be seen 
in the plot , detected minima don't necessarily occur at the center of the minima, especially for flat 
minima. 

The IGOR analysis procedure is normally executed a ll at once, sta rting with the data input 

step, and carried through until the analysis for a given pin configuration is complete. All data 

and variables are stored in a data folder within the IGOR experiment, so they may be retrieved 

or modified later. The analysis procedure may also be restarted from otw of four points requiring 

user input. (recalcula te the density, recalcuJate the conversion between B and v, n•find minima, and 

reassign filling factors) . T his allows the user to correct mistakes without the neecl for redoing tlw 

entire analysis. Additionally, the user can creatP color or black and whitP versions of various plots 

with plot formatting pPrformed automatically. 



24 

0.35 

0.30 

0.25 

G' 
i!. 

0.20 

J 

Fig un"' tJ.4: T lte fina l ,;tc p o f iud ivid ua l data a ua lysis. A tract> o f rcsis la llC<' versus fl lliug facto r i. 
d isplayed ;.t.-; a solid lin<' , a,; wel l ;,t.-; tlu' d t>lect('(lruiuima (circ lt>s) an d le ft <u rd right t>d ges (tria ug!Ps) . 
Each miuim urn i:; theu assigned tlrt> integer fi lling facto r tlra t it cor resr o uds to, a llo wing corup utatio n 
o f tire uriuinruru 's o fl'st> t a nd widt h iu // . 



25 

Chapter 5 

Results 

In this chapter we present results of the analysis described in Chapter 4 for all of the samples 

tested. We provide plots of longitudinal resistance R..., as a function of filling factor 11, as well as 

plots of minima width and minima offset as functions of 11 for all the samples tested. These plots 

art> meant to summarize the most important differences between samples caused by doping. For 

easier comparison, plots for the four C-doped samples are grouped together as follows: the plots of 

resistance as a function of filling factor for the four samples, followed by the four plots of minima 

width as a function of filling factor, then the plots of minima offset as a function of filling factor . 

Results for the Si-doped sample are provided in section 5.2. 

5.1 C-doped Samples 

5.1.1 Rxx as a Function of v 

In Figure 5.1 we show plots of R.,., as a function of 11 for all four C-doped samples. In Figure .'5.1a, 

most of the features of sample 12-18-03.1A seen in Figure 3.1 an' evident, but it can also be seen that 

the minima get wider and shallower with increasing 11. The minima at low 11 appear very narrow, 

in contrast to the wide minima seen in Figure 3.1, reflecting the nonlinear transformation between 

n and II . Additionally, spin-split (odd 11) minima begin to appear at II~ 23. 

Figure .5.1b shows R..,x versus IJ for sample 12-09-03.1A. All of the minima appear wider than 

those in Figure 5.1a, and spin-split minima do not appear for 11 > 11 . In general, Rxx has fewer 

features for sample 12-09-03.1A than for sample 12-18-03.1A, though the minima at high 11 appear 

more asymmetric. 

Figure 5.lc shows Rxx versus 11 for sample 12-05-03.2A. The minima in tl1is tra<~e all appear wider, 

and becorne much shallower for high 11 , and the Shubnikov-de Haas oscillations almost disappear 

altogether. The only spin-split peak occurs at 11 = 3, and there is hardly any structure between 

minima. A slight asymmetry in the 11 = 4 minimum is evident. 
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Figure 5.1d shows Rxx versus v for sample 12-31-03.1A. Almost no features other than the 

minima at even v are seen in this plot, with only a slight dip in the trace corresponding to v = 3. 

The Shubnikov-de Haas oscillations are only resolved for v $ 16, where the oscillation is very small. 

The minima at v = 2 and 4 are the only minima with near zero resistance, and they are both very 

wide compared to minima in Figures 5.1a-c. 

5.1. 2 Minima Width and Offset as Functions of v 

Figures 5.2 and 5.3 summarize the asymmetry in minima in Rxx as a function of v by quantifying the 

width and offset of the minima, respectively1 . In both figures, different symbols represent different 

pin configurations or sweep directions, but the symbol for a given data sweep is the same in both 

figures. The error bars in both plots depict the error due to minima edge selection, not a statistical 

sample variance. As can be seen from 5.1, minima are not resolved at higher I/ for some samples, 

but the axes on figures 5.2a-d and 5.3a-d are kept the same for easier comparison. 

In figure 5.2a, the widths of the minima for sample 12-18-03.1A appear to increase linearly with 

l/ 1 with spin-split minima narrower than other miuima. The former effect is due to the broadening of 

the minima seen in figure 5.la, and the- latter due to the fact that the spin-split minima are not, in 

general, as deep as the- other minima. Figure 5.3a depicts the minima offset versus v for 12- l8-03.1A. 

The offsets appear to be zero for all v except perhaps I/ = 3, though the offset is not significantly 

different from zero . 

Figure 5.2b depicts minima width versus v for sample 12-09-03.1A. Unlike in the previous sample, 

the widths do not increase with I/. The even-1/ minima increase for low v , then decrease to a constant 

width of rv 0.2. There is a peak in width at v ~ 8, and the widths increase as v is lowered below 

v ~ 12. Figure 5.3b shows the corresponding offsets for sample 12-09-03.1A. T he spin-split minima 

are, in general, more offset towards lower I/ than neighboring non-spin-split minima. For I/ ;::: 12, 

the minima show no significant offset, but for I/ < 12, the offsets exhibit a hump in offset towards 

lower filling factor. 

In figure 5.2c, the minima widths for sampl«" 12-05-03.2A are shown. At high l/ 1 the widths 

increase rapidly with v , but for lower l/1 the minima exhibit odd behavior. With the exception of 

the spin-split v = 3 minimum (which is much narrower than the neighboring minima) , the width 

of minima for v $ 4 is roughly constant, then decreases until it reaches a minimwn width at 

v = 10. The magnitude of these widths is almost twice as large as those for sample 12-09-03.1A. 

Th«" corresponding offsets are di.<Jplayed in figure 5.3c. Minima offsets for v ;::: 6 are not significantly 

different from zero, and they are offset towards lower v for v < 6, with the magnitude of offset greatest 

for the spin-split peak. The minima offsets for sample 12-0!'i-03.2A are in the san1e direction as those­

in sample 12-09-03.1A, but greater in magnitude, and nonzero over a smaller range of I/. 

1 See Chapter 4. 
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Figure 5.2d displays the minima widths for sample 12-31-03. 1A, exhibiting the most extreme 

behavior of the four C-doped samples. For v ~ 6, the widths increase quadratically with v , and for 

v $ G, the widths decrease linearly with v . The magnitude of the greatest width is greater than that 

of sample 12-05-03.2A, and the I-' at which the smallest minimum width occurs (v - 6) is less than 

that of 12-05-03.2A . The corresponding offsets shown in Figure 5.3d are equally extreme. The offst'ts 

for the minima at I-' ~ 4 are not significantly different from zero, and the offset of the minimum at 

1-' = 2 is about as large in magnitude as the greatest non-spin-split offset from salllple 12-05-03.2A. 
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12- IIS-03. 1A (a) , 12-09-03. 1A (b) , 12-05-0:~.2A (c ), and 12-31-0:UA (d) . Different symbols represent. 
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L2-18-0:3.1A (a), 12-09-03 .1A (b) , 12-D."i -03 .2/\ (c) , and 12-31-0:.l. lA (d ). Different symbols represent 
d iffprent pin geometries. Error hars are calcula t!"d f'ro 111 edge dctertiow; at L/2 a nd 3/ 2 of the USN 

defineJ level, and roughly correspond to t he slope of t hl" miuima edges. 
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5.2 Si-doped Sample 

F'igure 5.1 shows a plot of Rxx versw:; v for sample 6-02-03.1A. Qualitatively, t his plot appears 

intermediate to Figures 5.la and 5. lb. The minima widen slightly with increasing // for low l/ 1 

but reruain the same widt h for largP I/. Minima widths appear to be wider than those iu 5 . l a and 

narrower than those in 5.lb. Spin-spli t minima begin to appear at v ~ 17, and minima seem slight ly 

asy rnruetric, skewed opposite those of 5. lb. 

Figures 5.5 and 5.6 swnmarize the minima widths and offsets, respectively, of sample 6-02-

03. 1A . The minima widths iucrease linearly for low v , then reruain roughJy constant for higher //, 

Qualt itatively ,this behavio r seems similar to t hat show in Figu re 5.2b without thl:' peak at lower I/. 

None of the minima offsets a re significantly d ifferent from zero, simila r to those in 5.3a. 
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Figure 5 .4: A plot of longit udinal resistance as a function of fi lling factor for sample 6-02-0:.l. lA 
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Figure 5.5: Minima width ~L'> a function o f filling factor for a ll analyzecl pin configura tions for s~ullp lc 
tl-02-03.1A. DifferPnt symbols rPpresent different pin geouaetries. Error bars art' calculatPd from 
edge dPtections at 1/'2 and 3/2 of t lw user clefiued level, and roughly con es pond to the slopP of t he 
mininaa edges. 
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Figure 5.6: Minima offset ag a function of filling factor for all analyzed pin configuration:; for sampl t> 
G-02-03. 1A. Different symbols represent differPnt pin geometries. Error bars are calculated frmn 
edge detections at 1/2 a nd 3/2 of the user defined level, a nd roughly correspond to the slope of t he 
nrinima ed ges. 

T he results of t he data analysis indicate that sample hehavior is la rgely indpendent of pin con­

figuration for this exper iment . T hese re:;ults a lso quantify the effect of increased C ion dopant 

concent ration on electron transport in a single layer 2DEC. As C ion concentra tion increa<>es, min­

ima in Rxx at low 11 generally widen and shift towards lower v. Additionally, Si doping at sinrilar 

concent ration has a nltlch sma ller effect on transport me<~'> urements. 

5.3 Summary and Discussion 

Summa rized in Table 5. 1 a re the main results obta ined for the five samples tested . T lw values in 

the table are meant to summarize the peaks observed in samples 1 2-09-03. 1A. 12-0!"•-0:3.2A, and 

.12-:3 1-03.1A for minima with and offset in 11. Since these peaks were not observed in sanrples 12-

18-o:J. lA and G-02-03. 1A, no s umnra ry is provided . It appears tha t both t he peaks in width and in 

ofrset have rnagnitude roughly proportional to dopant concentration, and width roughly inversely 

proportiona l to dopant concent ration. lucreased l'll tlgnituo~' of mininra width and ofbet with greater 

dopant concentration is precisely wltat we pn'dicted in Section 1.5. 

T he irtcreaged rnugnitude of the efif.r:t:; with higher dopant concentrution can b<' expla int>d by 

cons idering the mobili t ies of charge ca rrier:; in the va rious santples . Wit h inc rea<>ing dopant. conce n­

tration , tire electron mobility and thf' hole mobility decrt>ase (see Table 2. 1 fo r approxima te t> lectron 

mobilities) , reflecting a greater number of interactions ht>tween charge curriers and oth~r objects JWr 

unit time2
. If t he CXC<'SS clmrg~ ca rriers (in this case, holes) havP lower mobili ty, t lt t>y are morP likt>ly 

to bP locali ,ed by a C' io n. 

2 1t is assumed her<" thl\t e lectron tno bil ity and hole rn<>bi lity in a give n sample I.U'f' positively corre lat.E'd , sn tha t. 
t he tested samples with high e lec t.ro n mo bili t il'S wi ll have high ho le mo bilit. i<"s as well . 
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T he dec reasing range of the widening aud sh ift ing of minima can be expla ined oy tht> "lifting" 

of the minima seen at lower v for higher dopant concentrat ion. Since the minima don't reach zero 

res istance, they don' t spread out , and appea r na rrower aud more symn1etric. The fac t that minima 

width and offset a re chauged much less fo r t he Si-doped sample (G-02-0:U A) than for the C-dopt>d 

sample with s imilar dopant concentration (J2-09-03.1A) may be due to tlu, much la rger effective 

mas:s of holes than elect rons in GaAs~ . Since the elect rous havP a much lower effect ive mass, they 

will be less easily loca li zed by impurit ies than holes, and t he effects of the dopants on macroscopic 

t ransport will bt> smaller. 

I Sample Widest minimum Vm a.. Largest offset l/ o 

12-18-03.1 - - - -
12-9-03.1 0.28 14 -0.10 12 
12-5-03.2 0.34 10 -0.25 8 

12-:3 1-03.1 0.50 G -0. 13 4 
G-2-03. 1 - - - -

Table 5.1: A sum mary of experimenta l results. Widest n1inimum is the wides t minimum observed 
in the peaks at low v . V m a:r is t he maxintUm I/ at which the peak in widths is observed (th is 
qua utifies the width in // -space of this effect) . v0 is the min imum v after which all t he minima a re 
not significant ly off:set . Dashes for samples 12-18-03. 1A and G-02-03.1 A reflect that no siguificant 
widening or offset of minima is observed . 

3 T he effecti ve mns~ of t he• ele<:' t ron in GttA s i~ 0.067 m.,, where 1n e is t.h<> mass of t he ek•ct. ron. The cH'<"<' t ive mass 
c, f ho les in GnA~ is ·~OA5 n1.,, t hough in h<>terost ruct.ures, i t has h<>en obs.o•rved wi t h diiTer<"nt. values. S""' Ref. [ I :.! J. 
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Conclusion 

In this research we investigated the effects of introducing C or Si impurities within a single quantum 

well 2DEG . We observed that increased dopant concentration not only reduces the magnitude of 

longitudinal resistance Rx:r, but also dec reases the number and dept! a of minima in Rxx as a function 

of perpendicular magnetic field strength. In the four C-doped samples tested, increasing dopant 

concentration wideus the IQHE minima a nd offsets them towards lower v , but over a range of v that 

decrea.<>es with increa."ling dopant concentration. We do uot observe t llis effect in the Si-doped sample 

6-02-03. 1A, with dopaut ion concentration similar that of sample 12-09-03.1 A. This discrepancy is 

likely due to the difference in effective mass between electrons and holes in GaAs. 

These results are promising. Future tests on samples with higher Si ion concentration will clarify 

the discrepancy between C and Si doping. We expect that samples with higher concentratious of 

Si ion dopants will exhibit similar behavior to the C-doped samples tested in this research. 0 11ce 

widening and offset are confirmed for samples with electron donor impurity ions likf' Si, an extension 

of this experiment to b ilayer systems seems likely to reveal rich phenomena. If a ll goes well , future 

experimeuts may test the effects of dopan1 ion concentration and species on naacroscopic exciton 

transport . 
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Appendix A 

Circuits 

A.l LED Illumination 

The circuit depicted in F igure A.1 is used for illuminating samples hoth at 4.2 I< in 4 He dewars 

and at 1 K in t he 3He cryostat. A voltage source is connected to the sample via a standard J krl 

resistor. The 1 krl resistor acts as a current meter for the LED: when the two voltmeters differ by 1 

V, the current passing through the circuit is 1 rnA. In practice, the voltage provided by the source 

is increased until the observed voltage difference between the two end<> of the resistor is 1 V, then 

reduced after 30 s. 

Voltage Source 

- -

1 K 

~ED 

~ 

Volbneter 

Volbneter 

Figure A.l: The circuit u<>ed to illuminate the sample using a low temperature GaAs LED. 

A.2 Contact Testing 

A simplP mPthod for testing if a contact is working is to measure the resistance of thP contact and 

sample when all the other contacts a re groundt->d. The circuit depicted in Figure A.2 is used to test 

the contacts of eac·h sample at 4.2 K. The output of the Lock-in amplifier is fed through a voltage 



36 

divider consisting of a 511 n resistor and a 1 n resistor to ensure that the excitation voltage does not 

damage the sample. The output voltage Yout is attached to the pin for a contact on the sample (all 

of the pins are kept grounded until tested) through a box of standard resistors (switched by a dial on 

the box) . The current passes through the standard resistor, then through the sample to ground, so 

the circuit is essentially another voltage divider. The voltage difference across the standard resistor 

is measured, and the sample resistance calculated using the formula 

V;n 
Rsample = Rbox( V- 1). 

out 

Good contacts have Rsample ~ 1kn, and bad contacts usually have resistances greater by an order 

of magnitude. If one or two out of eight contacts are bad, the sample may still be tested, depending 

on which contacts are bad. 

Lock-in Amplifier 

RSample 

Figure A.2: The circuit. used to test sample contacts. RBox is a set of known resistances that are 
sele<:ted with a knob. The component o f Vout at the same frequency as the output signal is mea:sured 
by the Lock-in. 

A.3 One Lock-in Four Point Measurement 

The circuits depicted in Figure A.3 are used to make most of the measurements of Rxx (Figure A.3a) 

and RHall (Figure A.3b) a'3 ftmctions of magnetic field. The output of the Lock-in amplifier is sent 

through a 10 Mn resistor to effectively convert the voltage source into a current source, since the 

impedance of the sample is much less than 10 Mn. This output current is mea'lured using a current 

amplifier which outputs a signal proportional to the current. To make a four point mea·mrement , 

the current. output is attached to the drain pin, a shorting cap to the sourcE> pin, and two BNC 

cables connecting th«> voltage measurement pins to the input of the lock-in measurement stagE> (all 

pins are grounded during connections) . Then, all the pins are floated (disconnected from ground) , 
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a nd the current ra mped up slowly. T he output frequeucy of the lock-in is set at. J3 Hz, a nd the 

measurement frequency is set to "' 13 Hz, but varied (typically hy"' 0.3 H;r, ) to maxinaize tlw s ignal 

fo r a given measurement. T he pha:;e offset of t he output and mea<~uremf'nt st ages is a lso adjusted 

to correct for capacitive elements iu the c ircuit . T his is done by oflsetting the pha"Se of t he signals 

by 90 degrees, and adjusting the pha-;e offset so that tht> mea"Surt>d signal vanishes. T he 90 df'gree 

o ffset is then removed lo r making mea"Surements. 

Lock-in Amplifier Lock-in Amplifier 

a) b) 

Figurt> A.3: T he circuits used to mea.o:;ure samples. In (a) , the circuit mea."Sures longit udinal voltagt> 
(to calculate Rxx), and iu (b), tht> circuit rnf'a<; ures Hall voltage (to calculate R.ry). T ire compo ue nt 
of V 01, 1 at the same frequeucy as the o utput signal is nwa'3ured by tire Lock-in . 

A.4 Two Lock-in Measurement 

In geuera l, th<' t.wo Lock-ius a re ust>d independe nt ly to measure R:rx 0 11 two d iflerent sar11ples s imul­

taneou.·ly. In the ca.<>es where only one sample is cooled at onc:t>, howf'VPr, both Lock-ins nray be 

used to simultaneously mea<;ure V xx and V 1/ (,u fo r a single sample. The output of Lock-in A is sent 

to tlw refe rence channel of Lock-in 13 to nratdr t il<' frequency, so that th<" two may nrf'asure voltages 

corresponding to tht> output currt>nt. of Lock-in A. For details on preparatiou of t he Lock-in circ uit. , 

see SeC' t iou A.a. 
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-
-

Figure A.4 : T lte circuit used to measure hotlt longitudinal and Hall voltages simultanPously. The 
line connecting tlw two Lock-in voltage sourres represents tlw reff'rence signal for Lock-in 13. Thf' 
components of VA and VB at the same frPqueucy as tlw output signal of Lock-in A arf' nwasured 
by Lock-ins A and 8 , rcspPct ively. 
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Appendix B 

IGOR Data Analysis Code 

In t his section, we present samples of the IGOR a ualysis codt> used to analyzt> raw data. T his cod<' 

is saved as an IGOR procedure file, and ca lled from wi thin an IGOR experiment (an environ ment 

in which data is mauipulatf'd) using a macros menu. Data are loaded frorn a text fil t> aud storffi a.-; 

waves (lis ts tha t can be assignt>d uni ts a nd scaled in both iudependent, a.nJ depf'ndeut. variabl<'s) iu 

data folders co ntained within tire expertrnent . 

B .l Density Calculat ion 

T his code is used to calculate t hf' elect ron dens ity fo r t he samplt> data, using a wave of invt>rsf' filling 

factor as a funct ion of magnetic fie ld . T he linear regression u. t>d to obtain t lw value for t lw d!'ns ity 

is also used to create a wavf' repre. ent ing lo ngitudi nal resistance as a function of filling factor. T lw 

beginning of t he code contains initialization procedures, so t hat waves created in previous analysis 

can bC' loaded iuto th<' ana lysis environrnent. AftPr in itializat ion, a w>er tntNactive window is 

activated to display both t he wave of detected minima a nd t lw li nt>ar regression , with a fi t>ld to 

changP- tire assigned fi lli ng factors. Following t hat is t he cod!' t ha t creates a nPw waw r<'prt>sent ing 

resistance as a funct ion of fi ll ing factor. 

//Calculates the density from a plot of 1/nu vs . B t o map waves t o R vs. nu 

Duplicate /0 Mins_x, Mins _nu 

Variable i = 0 , j = 8 //Default i nitial nu va lue 

For (i = DimSize (Mins _nu , 0); i > 0 ; i 1) 

Mins_nu[i - 1] = j 

j += SS_coeff 

Endfor 

Dupl i cate /0 Mins _nu , Mi ns_nuinv 
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Mins_nuinv = 1 I Mins_nu 

Make /D /0 IN = 2 Mins_coeff //Variables for linear fit 

Duplicate /D /0 Mins_x, Mins_fit 

CurveFit line kwCWave = Mins_coeff, Mins_nuinv /X Mins_x /D Mins_fit 

Mins_fit = Mins_coeff[O] + Mins_coeff[1] • x 

Wave W_sigma = W_sigma //creates local reference to wave 

//•••••••••Control window for adjusting filling factors•••••••••••••• 

Display /W = (0,0,850,600) Mins_nuinv vs Mins_x 

ModifyGraph mode(Mins_nuinv)=3, marker=42, rgb(Mins_nuinv) =(19456,39168,0) 

ModfiyGraph msize(Mins_nuinv) = 2,mirror=1,standoff=O 

Label left "1/\\F'symbol'n\\F'arial'" 

Label bottom "B [T]" 

SetAxis/A/E=1/N=1 l eft 

SetAxis/A/E=1 bottom 

AppendToGraph Mins_fit 

ModifyGraph rgb(Mins _fit)=(0,0,65280), lstyle(Mins_fit)=3, grid=1,tick=2 

SetAxis left 0,0 . 15 

SetAxis bottom 0,1.1 

TextBox/N=myTitle/F=O/A=MC/X=3/Y=48.4/E titl e 

Variable /G nu_start = 8 

Variable density = 1.6022/6.626068/Mins_coeff[1], offset=Mins_coeff [O] 

ControlBar 70 //Window controls 

SetVariable setFilling,pos={200,5},size={200,30},proc=FullSetFilling 

SetVariable title="Lowest Filling Factor:" 

SetVariable setFilling,labelBack=(32768,40704,65280), fSize = 16 

SetVariable setFilling,limits={0,100,1},value= nu_start,bodyWidth= 100 

Button finishMins,pos = {1000,25}, size = {120,30},proc=FullFinishWindow 

Button finishMins,fColor=(32768 ,65280,32768), fSize = 16,title="Continue" 

DoWindow /F /C control_graph //Allows user to use window controls 

PauseForUser control_graph //until Continue button is pressed 

Variable /G sig_dens = 1 .6022 I 6.626068 I Mins_coeff [1] ~ 2 • W_sigma[1] 

Variable sig_off = W_sigma[O] 
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density= 1 . 6022 I 6.626068 I Mins_coeff[l] 

offset = Mins_coeff[O] 

String /G Mins_legend "\\s(Mins_nuinv) Minima\r\\s(Mins_fit) Linear Fit" 

String /G Mins info = "e/Nh = " + num2str(Mins_coeff[1)) + " " 

Mins_info += num2str(W_sigma[1])+ " T\\S- 1\\M" 

Mins_info += "\rN\\Bs\\M = " + num2str(1 . 6022 I 6 .626068 I Mins_coeff[1]) 

Mins_info += " " + num2str(1 . 6022/6.626068/Mins_coeff[1]~2•W_sigma[1]) 

Mins_info += " 10\S11\M cm\S-2" + "\r\\F'symbol'n\\F'arial'\\Boff\\M 

Mins_info += num2str(Mins_coeff[O]) + " " + num2str(W_sigma[O]) 

End If 

/!••****************************************************•Convert from B to nu••• 

//Creates a wave of R vs. nu using the calculated density 

If(doNuAdj == 1) 

If(doDensity == 0) //Initialize Variables , strings and waves 

NVAR wave_length,density,offset ,new_density,new_offset,sig_dens,sig_off 

SVAR title 

Wave Long_wave, B_wave, W_sigma 

End If 

Variable /G new_density = density, new_offset 

Print density, new_density 

offset 

Duplicate /0 Long_wave , Long_wave_copy 

Duplicate /0 B_wave, Nu_wave 

Nu_wave = min(abs(1 I (1.6022/density/6 . 626068•Nu_wave +offset)), 40) 

//Throws out data above nu = 40 or negative 

For(i = 0; i < DimSize(Nu_wave, 0); i += 1) 

If(Nu_wave[i] > 39) 

DeletePoints i, 1, Nu_wave, Long_wave_copy 

End if 

Endfor 

Interpolate2 /T = 1 /N = (wave_length) /Y 

Duplicate /0 Long_nu, Long_nu_adj 

End If 

Long_nu Nu_wave, Long_wave_copy 
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B.2 IGOR Plot Output 

This code is used to produce an lGOR plot to he exported as a graphics file. The firs t plot created 

is minima width as a funct ion of filling factor, and the second is a plot of minima olfsf't as a 

fuuction of filling factor. "ModifyG rapl•" commands a re !CO lt forrnattiug comma nd::; tu changf' 

such parameters as axis scaling, plot trace color, marker style, etc. 

If(plot_edge_err == 2) 

Wave avs_diffs, edge_nus, avs_upper_error, avs_lower_error, edge_widths 

Wave edge_upper_error, edge_lower_error 

Display avs_diffs vs edge_nus as "Minima Offset vs . Nu" 

ErrorBars avs_diffs Y, wave= (avs_upper_error, avs_lower_error) 

ModifyGraph mode(avs_diffs) =3, marker(avs_diffs) =19, msize(avs_diffs) =2 

ModifyGraph gridRGB=(O,O,O), rgb=(O ,O, O) , zero(left) =2 

ModifyGraph manTick(bottom) ={0,4,0,0}, grid = 0, nticks 

ModifyGraph mirror=!, standoff=O, lowTrip(left) =0 .01 

Label left "Offset in \\F'symbol'n\\F'arial"' 

Labe l bottom "\\F' symbol 'n\ \F' aria!"' 

SetAxis/A/E=O/N=l left 

SetAxis bottom 0 ,40 

TextBox/N=myTitle/F=O/A=MC/X=3/Y=48.4/E title 

Display edge_widths vs edge_nus as "Minima Width vs. Nu" 

5, tick=2 , 

ErrorBars edge_widths Y, wave = (edge_upper_err or, edge_l ower_error) 

ModifyGraph mode(edge_widths) =3, .marker (edge_widths) =19, 

ModifyGraph msize(edge_widths) =2 , tick=2, mirror=!, standoff=O 

ModifyGraph manTick(bottom) ={0 ,4, 0 ,0}, grid = 0 , nticks = 5 

ModifyGraph gridRGB=(O,O,O), rgb=(O,O,O) , zero( left) =2 ,lowTrip(left)=0 .01 

Label left "Width in \\F'symbol'n\\F 'arial'" 

Label bottom "\\F'symbol'n\\F'arial"' 

SetAxis/A/E=O/N=1 left 

SetAxis bottom 0,40 

TextBox/N=myTitle/F=O/A=MC/X=3/Y=48 . 4/E title 

End If 
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