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As devices in the semiconductordustry tend to shrink below0.1 pm
guantum devices thatork because of their smadlize, rather than in spite of it,
become more attractive. It may bseful tosimulate the operation of these devices
whose behavior depends upajquantum tunneling and interference effeatsng
comprehensive simulation tools.

In this work a two dimensional SchrodingePoisson self-consistent
simulator is described and demonstratédulti-valley coupling of effectivemass
equations is demonstrated and evaluated. A one dimensional Schrétbrggsm
self-consistent algorithm based on the tight binding formalism is also described and
applied to heterostructugevices. Datafrom simulations based on these methods
are compared with experimental data..

The methods developed allow tlséudy of devices exhibiting quantum
coherence effects combined with space charge effedteipresence of complex
band structures and higtlectric fields. Suchcharacteristics are present in a



variety of heterobarrier problems and in structures with ultra-thin oxi0esself-
consistent tight binding algorithm has been tested on several device structures.

Vi



Table of Contents

TABLE OF FIGURES ... o e I X
TABLE OF TABLES e e e XV
CHAPTER 1 INTRODUCTION .ttt e 1
CHAPTER 2 QUANTUM SWITCHING ... et 3
D2t Y/ @ Y7 1] 3
2 .2 DEFINITION OF QUANTUM STORAGE .. ..ttt ettt et aee e 4
2 .3 CELLULAR AUTOMATON. ittt ettt ettt ettt e et e et e e e ettt e et e et s e anae e ateerneeans 5
2 4 RTD BASED LOGIC. ittt e e e e e 9
2 .5 MEMORY SWITCHING . ...ttt ettt ettt e e et e et e et e et e e et e e e e e aae e enaeseanaeeanes 12
2 .6 QUANTUM STORAGEDEVICE. ...ttt 14
D A 1Y 1LY 7N = 22 18
CHAPTER 3 EFFECTIVE MASS APPROXIMATION ... 20
I A = Y01 2e] = 0 1] N T 20
R € = = =1 N £ ] N Lo i T ] 21
3 .3 TIME INDEPENDENTEFFECTIVEMASSEQUATION. .. .titiitiiiiie i veieeeeeeieaaans 22
3 42D DISCRETIZATION. .ttt ittt ettt ettt ettt e et e et e et e e e e et e e s ae e e anaeeaneeennens 23
3 .5 HOMOGENEOUSSOLUTION. .ttt ettt etee et et ae e et e taee et ee e aae e raeeianeeeaneeen 25
3 .6 INHOMOGENEOUSSOLUTION ...ttt ettt ettt e taeee et s et e eateeeteeeatae e aaeeaneeeness 31
3.7 CONCENTRATION CALCULATION .11ttt ittt ettt ettt e e et e et e et e et e ateesnaeeaas 40
3 .8 GURRENT CALCULATION ..ttt ittt ettt et e e e e et e e et e et s e e e ate e steeeaneeas 42
3.9 TESTS OF THEALGORITHM. ...ttt ittt ittt ettt et ee ettt e et e et te et aae e e aaeeeaneeeaneeeanes 44
3.9.1 One Dimensional Simulation..........cooiuiieii e 44
3.9.2 Two Dimensional SimuUlation..........ooeiiiiii e 45
300 BIMMARY ittt e, 49
CHAPTER 4 TIGHT BINDING APPROXIMATION ... it 51
L I Y 01 1 = 18] V] o S 51
s 1T I =1 T 01T 52

Vil



4 .3 BAND STRUCTURES ...t utititititit ettt ettt et ettt e e e et e e r e r e e aaaas 62

4 /4 DISCRETIZATION ..ttt ettt ettt et ettt et et e e e et e aeaas 63

4 .5 TRANSFERMATRIX METHOD ....ucuiiiiiiiiiiitiiete ettt et e e 66

4 .6 QIANTUM TRANSMITTING BOUNDARY METHOD (QTBM).....ccoviiiiiiiiiiiiiiennes 69

4 7 FLF-CONSISTENTSIMULATION ..teuiiiiiiiieeieie e e et ettt e e e e neeaae s 70

4 .8 OONCENTRATION .ttt ettt ettt sttt et e e e et et e e e e e 70

T @ 8] = PP 72

4 L0 RESULT S ittt 73

4 11 SIMMARY Lottt 87

CHAPTER 5 MULTI VALLEY EFFECTIVE MASS APPROXIMATION ....... 89

5 1 MOTIVATION ottt ettt e ettt e e ettt e e e raaaas 89

5.2 MULTI-VALLEY oottt ettt aes 89

5 .3 QIMMARY Lo 96

CHAPTER 6 QUANTUM STORAGE DEVICES ... .. 98

6 .1 BACKGROUND. ...t utitittie et ittt ettt et et e ettt e e e e e aes 98

6 .2 MEMORY SWITCHING PHENOMENA IN QUANTUM WELL DIODE...........ccuueeee. 100

6 .3 QSDMODELING AND DEVICE PHYSICS 1.ttt eieettetinteneeeraenaeneeneeennannans 103

6 .4 THREE TERMINAL MULTI-STATE QUANTUM STORAGEDEVIC.......covvviviiiiiinnns 114

6 .5 2D BVIULATIONS OF QS DS .ttt 126

6.6 SIMMARY Lottt 127
APPENDIXA L.t e 129
APPENDIXB .o 131
APPENDIXC Lo 132
BIBLIOGRAPHY ...ttt e e 133
VT A e 138

viil



Table of Figures

Figure 2.1: AQCA wire is shown wherdhe charge state at one end of the arragiabé
effects the charge distribution at tbther. Here dark dotsontain charge andlear
dots do not. Coulombic forces cause charge atign asshown. Inreferring to
occupied dots the numbering scheme shownisused...................... 6

FIUIE 2. . e 8

Figure 2.3: This is atypical currentdensity versus biasurve for a Double Barrier
Resonant Tunneling Diode (DBRTD). Here a load linghiswn as well. This is not

quantitatively the load line used in this measurerhnt...................... 10

Figure 2.4: This is a memory cell based upon a RTD using load line swiéhing

Figure 2.5: These curveshow several read write cycles of @SD. The curves are
grouped into statedl" and"2". Application of aboutl.2 volts switchesthe device

from curve "1" to curve "2". Application of about -1.2 volts switcties device from
CUNVE 2" 10 CUIVE ML e 15

Figure 3.1: This is the two dimensional discretization scheme. dz and dy are node spacings
in z and y, respectively. The model space is indexed in i along z and j alongsj.a z

solution at the node 10CatIoN (I, )u .. vvveeeeeiiii e 23
Figure 3.2: This is the symmetric Lanczos algorffm.................c..ceen... 26
Figure 3.3: This is a flow chart of theprocess used taletermine eigenvalue and
=10 1] 01V o1 (o ] £ 30
Figure 3.4: This is the sparse matrix element structure.......................... 37

Figure 3.5:This isthe density of states (DOS) atrdnsmissiorcoefficint spectrum (t) at
several locations in thBBRTD (Double Barrier Resonant Tunnelirigjode) device
shown above thegraph. Curve 1 correspontlse beginning of the device at the
contact, curve 2 corresponds to the enthefN+ region, curve 3corresponds to the
N- region adjacent to the barrieand curve 4corresponds tahe heterostructure
qguantum well. Note that the transmission coefficient in curve 5 peaks at about 0.2 eV.
This coincides withthe peak in theDOS spectrum of curve 4 which is the
heterostructure quantunvell. All other curvesshow aminimum atthis energy
indicating the electron lifetime is small except in thell. The othermaxima and
minima particularly incurve 1 are due to interference between incideve and the
wave reflected from the barrier. Here DOS is defined as G*G.......... 39

Figure 3.6: Onthe left is aself-consistent solver flovehart and on the right is an
illustration of the convergence of the space charge madmum potential update



versus iteration. Positivepace chargerrorsare symbolized bypoxes andhegative
errors by circles. The + and -symbols showmaximum potential update oeach
iteration. Notethat after about 10 iterations the space chamger is+10" and the
potential update is neaero. Ineach case there #me oscillation betweamegative
aNd POSILIVE VaAlUES.. ... .t e e e e 42

Figure 3.7: Theelectron concentration profile of a wide DBRT[Plerethe concentration
on either end is in theontactregion and in between concentration is in the
heterostructure quantum well. This is a wide model with 565A betwedes. The
solution is similar to independent solutions at 565A spacing across the device46

Figure 3.8: This is the structure of the two dimensional DBRTD model..... 47

Figure 3.9 This is the concentration profile in a very narrow DBTRD. A barrier is used on
the sides tsimulate Fermlevel pinning. The high concentration oeither end is in
the contact region. The N++ regions show lateral interference effects 48

Figure 3.10: This is the self-consistent potential profile......................... 49

Figure 4.1: This is the zinceblend nearest neighbor strucithie. light sphere is an anion
(a) and the dark spheres are cations (.C.).......ccoovvvieeeiiiiiiiinnnnnn. 54

Figure 4.2 This isthe bandstructure of tHest conduction band in GaAs and AlAs. A
valence band offset of 0.54 eV isused...........ccoviiiiiiiiiii i 63

Figure 4.3: This is a plot of the transmission coefficient versus k|| and ekdrgg/ varied
from 0 onthe left to 2/a on the rightwhere a ighe node spacing.Energy is varied
from O in front to about 20kT (0.518 eV) the back. The transmissiorcoefficient is
highly dependent on K||...........oovveiiiiiii 73

Figure 4.4: This is a comparison betwedine self-consistent simulations usirlge tight
binding and effectivanass approximation. These aretwo curves, dark fortight
binding and light for effective mass. These two curves are nidarijical making the
separate curves difficult to distinguish. No adjustable parameters are used to achieve a
matchbeyond reasonable band aeffiective mass parameters. Hettee density of
states (DOS) of the first conduction band is used. The calculationthsitgtal DOS
gives the same reSUILS.. ... 75

Figure 4.5: This concentration profilshows acomparison between tight binding and
effective massapproximation simulations of 200 A AlAs barrier. The solid line
shows the tight binding concentration which is about Ad@i® in the barrier. Since
the effective mass waves are evanescent in the barrier, there litleecpncentration

INthe dashed CUINVE. ... e e 76
Figure 4.6: This is a single barriedevice structure in the GaAs/AlAs materialgstem.
Here the AlAs barrieris 14 A or about 5 ML...........cccovviviviniiinnnns, 78



Figure 4.7: Potential profilesareshown onthe left at zerand 0.3 volts bias. Electron
concentration is shown to the right for these t@ses. Irboth caseshe solid curve
is for the 0.3 volt bias case. Note concentration increase on upwind $iaelHrrier
AL POSITION B . e 78

Figure 4.8: Current density versus bias is shown for 5 ML and A& barriers. The
dotsare intermediatgpoints as convergencmcurs. These simulations ardone at

T K e e e 79
Figure 4.9: This ishe DBRTD devicestructure. It is aymmetric structure with a 50 A
heterostructure quantum well with 17A AlAs barriers....................... 80

Figure 4.10: This is the density of sta(B$S) andtransmission (t) at several locations in
the DBRTD device shown above the graph. Curve 1 correspottids beginning of
the device at theontact, curve Zorresponds tthe end of théN++ region,curve 3
corresponds tthe N- regionadjacent to the barrieand curve 4corresponds to the
heterostructure quantum well. Note that tfEsmissiorcoefficient in curve 5 peaks
at about 0.18 eV. This coincides with the peak in the DOS spectrum of curve 4 which
is the heterostructure quantum well. All other cuisiesw aminimum atthis energy
indicating the electron lifetime is small except in thell. The othermaxima and
minima particularly incurve 1 are due to interference between incideve and the
wave reflected from thbarrier. The transmissiorcoefficient is larger than ikigure
T 81

Figure 4.11: This figureshowsthe potential and concentration proffler this DBRTD.
The solid curve is the tight binding approximation and the dashed curveeciéeitieve
mass approximation. Nothat the concentration igery similarexcept in the barrier
region where the tight binding concentration is larger, as expected. As a consequence
the potential profile from the tight binding simulation is about 13% largé2.

Figure 4.12: These are the tight binding simulation potential and concentyatadites at
zero and 0.30 volts bias. Note the upwind potential barrier at positior820

Figure 4.13: This is the DBRTD transmission spectrufhe resonance at aboitl8 eV
is shown as well as at 0.36 eV and 0.42 eV. The resonance at 0.36 eV is a resonance-

antiresonance pair @anno resonance) causedibierference between-Ir andlM-X

waves. This is confirmation 6FX band mixing.....................ccoeii. 83
Figure 4.14: This is a plot of current densitsersus biavoltage for this DBRTD using

severalassumptions. Curve 1 is a self-consist@nmulation based othe effective

mass approximation. Curve 2 is a non self-consistight binding simulation
assuming a straight line potential approximation. Curve 3 is a non self-consggtent



binding simulationassuming éetter potentialapproximation. Curve 4 is a self-
consistent tight binding simulation. ... 85

Figure 4.15: This is a delta doped MODFET device structure................. 86

Figure 4.16: The potential profile ishown tothe leftand the concentration profile is
shown tothe right. Two curvesare shown. The dashed one is a Thomas Fermi
simulation and thesolid one is atight binding simulation. Notethe interference
minimum that is located in the vacinity of the pulse doped region..........

Figure 5.1: This is aoncentration profile comparison between tight binding and coupled
effectivemass simulations. Cthe left the tighbinding and coupled effectivenass

simulation with $, = 0.42areshown. Onthe right a logarithmidlow up of the
concentration in the barrier regiatelculated bythesetwo methods isshown.

Coupled effectivemassapproximation based concentrations with, $3anging from
0.1 to 0.5are compared to concentration calculatiamsing the tight binding
= 0] ] £0) 4] 11 F= 11 [0 o 1 92

Figure 5.2: This is the potential profile thle coupled and tight bindirgmulations. The
arrow shows the two best matches where the dark curve is the tight binding simulation

and the light curve is the coupled effective mass simulation witlr$.42.92

Figure 5.3: This is a comparison betwedine tight binding and coupled effectiveass
simulations for an AlAs barrier of 17A....... ..o, 93

Figure 5.4: Usinghe coupling parameter. 3 = 0.35 the concentration in the barrier
region is a fairly good match. In the heterostructure itself the concentration is flat.

.......................................................................................... 94
Figure 5.5: The potential profile using coupling is between the single valley effecs®
and tight binding CUIVES...... ... 94

Figure 5.6: This is a comparison between transmission spectrum finentight binding
and coupled valley effectivmass approximationsThe light curve isfrom the tight
binding simulation and the dark curvax® coupled effectivenass simulations. Note
compared to the single valley effectimgass spectrunthese coupled effectivenass

simulations show transmission peak®lated tol-X mixing. The low energy
transmission spectrum is much lower destiite coupling parameters ranging from

S-x = 0.1 to 0.25 tried.Note in additionthat thetransmission peakare at aower
energy for the coupled effective masscase...........ccovvvviiiiiinnnnn... 96

Figure 6.1. A QSD structure ghown onthe leftand currents from SchrdodingBoisson
self-consistent simulations of this structure are shown on the right.



Figure 6.2: The Schrodinger Poissooconduction band edgese shown onthe left with
one potentiakolution about0.53 eVbelow the other. This solution is below the
contacts, resulting in quasi-bound states. The concentration in this regi@xis’
cm? lower. The difference in concentration in this region is 1.8x10m°. For this
zero bias case both solutions are globally space charge neutnat siee difference in
concentration is made up elsewhere in the device........................ 103

Figure 6.3: This parameterstudy showsthe relationship between thE++ layer
concentration and the ratio between tberrents of the two solutions. The
concentrationgor the bar chart arrom left to right 1e18, 2e18, 4el8, 5el8, 6el8,
and 8el18. The 4el8 is the belsbicebelow the solid solubility limit in GaAs. This
suggestother materials thatupportgreater concentrations might have larger current
7= 11101 P 105

Figure 6.4: Aparametestudy is done taetermine thevidth of the N+ and N+egions.
Current ratios arshown inthe bar charfor N+ and N- widths ofl70A, 136A,
101A, 51A, and 34A. Best current ratios are shown for N+ widtt0a@f and width
OF BAATO 50A. ..o 106

Figure 6.5: This is a suggested device structure with 100A N++ region.. 107

Figure 6.6: The potential profile in the graph on sbwsthree self-consistersiolutions.
The solutions with lower potentials the N++ regions around positions &bd 140
might beassumed to have lowenergy. The lower potential solutionshave more
oscillatory concentration profiles in themegions. The character of theolutions in

the N++ regions suggest a function of DeBrogle waveleRgths........ 108

Figure 6.7: The plot on the lefshowsthe potential profilefor the device structure in
Figure6.4. The switched state ishown onthe right. The resonant structures are
VEIY SIMIIAT. ... e 111

Figure 6.8: The second solutiorshown onthe rightside of Figure6.7 contains quasi-
bound states.The quasi-bound states occur at abeéuD2 ev. The concentration in
those quasi-bound states is ab81@x10’ cm® as shown above.The two curves,
solid and dashed, are from eigenvectors corresponding to slightly different
eigenvalues for the two layers. ... ..o 111

Figure 6.9: The graph on the left shows the density of sftes) spectrunfor the N++
layer and the heterostructure quantum WelQW). The transmissioncoefficient (t)
spectra is alsghown. The transmission resonance peak is at alfoli8 eV for the
solution on the left and 0.16 eV for the solution on the right. These correspond to the
left and right solutions above, respectively. At these transmission resottzreets
a DOS node elsewhere in the device. The resonance at 0.038 eV in the solution on the

Xiil



left peaks inthe N++ regionsand is diminished but still a resonaneksewhere.
Resonances also occur at about 0.078 efarieftsolution and at abou@.08 eV on
the right solution and are diminished in the heterostructure quantum well. . 112

Figure 6.10: I', X, and L log concentration profilee shown. Usingthis coupling
parameter the potential profile is very similar toffthenly case............ 113

Figure 6.11: This isthe tight bindingDOS and transmission spectfar a tight binding
simulation. These curvesre very similar tothose showrwith the effectivemass
approximation in Figuré.9. Transmission coefficientare generally higher at low
energy than withthe effectivemass approximation. The solution onthe left has
similar resonances except that the HQW peak is at about 0.2 eV which i€ diteu
above the corresponding solution in Figure 6.9. This is dtigetbigher potential in
that portion of the devictor the tight bindingsolution. The resonances othe right
are shifted down about 0.015 eV from those on the right side in Figure 6.9.114

Figure 6.13: This plot shows the advantage of on/off resistance rdtie performance of

aresistance based memory cell..........coooiiiiiiiii 118
Figure 6.14: This is a three terminal triple barrier device structure......... 119
Figure 6.15: This is atriple barrier devicestructure. It issimilar to the readerminal

structure in the figure above..............oooii 120

Figure 6.16: These are current ratios betwesslutions for arange of device structure
parameters. This suggests AlAs barriers of 17A and QW width of 50A or 100 A.
........................................................................................ 121

Figure 6.17: Orthe left are potentigbrofiles from self-consistent Schroding@oisson
solutions and on the right are concentration profiles. Curve 1 is a solution with quasi-
boundstatesolutions and curve 2 is a solution without quasi-bostade solutions.

The top two graphs are based on the effective mass approximation and the bottom two
are based on the tight binding approximation.............................. 123

Figure 6.18: The current density versus bialéage plotshows two solutions.The inset
region on the box in the curve on the left is showth@curve on theight. Curve 1
is thequasi-boundstatesolution, curve 2 is thesolution not supporting quasi-bound
states. Curves 3 and 4 are tight binding solutions....................... 125

Figure 6.19: Current density versus bias curvegasured in the laboratoghow two
solutions. Both solutionshow inflections suggesting resonance peaks ‘aalteys.
A discontinuity is also shown at about 0.6 volts bias..................... 125

XV



Table of Tables

Table 4.2: The valence band offsettat GaAs/AlAs heterostructure interface at room
temperature using the simple ratiQ.. ... 61



Chapter 1 Introduction

There are a number of novel devidbat depend uporguantum tunneling
and interference effects. Since some of these device ideas are difficult to test in the
laboratory,the need to do optimization and inverse modelinglésign of these
devices suggests development of more comprehensive simulation tools.

Effective mass approximation-based Schrédingeissonsimulation tools
make it possible to rapidly simulate large dewioedels. Convergence is an issue
in part because the density of states function is highly nonlinear inghasems.

The tight binding Hamiltonian can be used to do simulations of a rangeatefials
including band mixing between materials. Valley mixing affects carrier
concentration and transmission in devices wdimplexstructures. Less rigorous
methods based on effective mass approximations may be ugpdréximate these
effects. Howeverthere are differences between simulatibased on coupling of
effective mass equations and on the tight binding approximation.

One class of novel devices is simulated with thes¢hods. The quantum
storage device (QSD) is one of the new class of novel devices based on simulations
and laboratory measurements. The addition of simulation methods intrdureed
add to theunderstanding of this device. Self-consistent solutions to the
Schrodinger andPoisson equations have been widelysed to identify both
qualitative, and with varying degrees sidiccessgquantitative behavior oDouble
Barrier Resonant Tunneling Diodes (DBRTDs}. Self-consistent solutions are

essential because quantum well diodes often incorplaghtly doped layers, and



the resulting space-charge effects can significantly influendevice

characteristicd4.



