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Chapter 6 Quantum Storage Devices 

Chapter 6 .1 Background 

Self-consistent solutions to the Schrödinger and Poisson equations have 

been widely used to identify both qualitative, and with varying degrees of success, 

quantitative behavior of DBRTDs1,2.  Self-consistent solutions are essential 

because quantum well diodes often incorporate lightly doped layers, and the 

resulting space-charge effects can significantly influence device characteristics3,4. 

In device structures that contain N- / N++ / N- doped layers in close 

proximity to heterobarriers as opposed to the usual lightly doped layers 

calculations based on both Schrödinger-Poisson and Wigner-Poisson models 

result in multiple self-consistent solutions, even at zero bias 19-22,59-61.  Each 

solution produces a distinct current-voltage (I-V) curve that extends continuously 

across zero bias.  This new behavior is distinctly different from the N or S-type I-

V characteristics typical of normal DBRTDs.  Several double barrier device 

structures embedded between layers that incorporate the N- / N++ / N- scheme 

have been fabricated in the GaAs/AlAs material system where this multi-state 

behavior was experimentally verified20.  These devices can be reversibly 

switched between two distinct conduction curves and exhibit memory switching 

behavior at room temperature.  This device is refered to as a Quantum Storage 

Device (QSD).  Experimental findings indicate that these states remain stable 

even under short circuit conditions and can only be switched from one state to 

another with the application of bias in excess of certain threshold voltages.  

Furthermore, calculations using a self-consistent coherent tunneling model 
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indicate that it is possible to design QSD cells with more than two states, creating 

the possibility of multi-state logic and multi-bit storage.  Conventional quantum 

well diodes without the N- / N++ / N- layers do not show evidence of multiple 

conduction curve phenomena.  The new multi-state behavior has been observed to 

occur in devices with thin heterobarrier structure in close proximity to a large 

space charge region. 

The QSD is a promising new quantum structure that should have digital 

circuit application.  For instance, the QSD can be used as a memory cell.  

However, unlike MOS devices, the QSD does not rely on the storage of charge on 

a capacitor to retain its memory.  Instead, it can be envisioned as a multi-discrete 

valued resistor which can be programmed by application of an appropriate bias.  

The state of the device is maintained even after all bias is removed.  The device is 

based on quantum interference effects, which should scale to extremely small 

areas.  It is thoght that memory circuits could be fabricated in which the total 

number of components per cell is only one, directly addressed in a row/column 

configuration.  This compares with two components per cell (the storage capacitor 

and the gate transistor) found in standard MOS dynamic memories. 

QSDs are functionally dissimilar to Shockley diodes, which also change 

resistance at a breakover voltage but return to the original resistance at low 

voltage.  The distinct differential resistance corresponding to each state in a QSD 

is retained even at zero bias until another switching voltage is applied, at which 

point it changes to that associated with the other state. 
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The potential advantages of the QSD over existing technologies are 

significant.  First, the QSD can be scaled down to the limit of the 

photolithography system.  From our initial findings, we believe that the cell 

should work at very small geometries creating the possibilities of extremely high 

density memory or logic.  Compared to other mesoscopic devices, the QSD 

operates at room temperature.  Furthermore, there is a possibility that the QSD can 

serve as a static, non-volatile memory element or logic device with zero holding 

power, since multiple conduction states are stable for extended periods of time 

even when completely disconnected from any power supply.  Finally, since the 

QSD is a simple two dimensional structure, memory cells may be stacked on top 

of each other.  This fact, coupled with the possibility of more than two conduction 

states per cell, offers other possibilities of achieving very high densities. 

Chapter 6 .2 Memory Switching Phenomena in Quantum Well Diodes 

A variety of self-consistent tunneling models have shown multiple 

conduction states exist in diodes that combine thin heterobarriers in close 

proximity with N- / N+ / N- doped layers.  A prototypical asymmetric QSD using a 

double barrier quantum well is shown in Figure Chapter 6 .1.  This device has 

been grown on a Varian Gen II MBE system and fabricated using standard 

methods.  The double barrier quantum well structure consists of an 18 monolayer 

(ML) lightly doped n-type (1016 cm-3) GaAs quantum well sandwiched between 

nominally symmetric 6 ML unintentionally doped AlAs barriers.  Background 

doping is believed to be n-type with an ionized doner concentration of about 1016 

cm-3.  On top of the quantum well is an 18 ML n-type (1016 cm-3) GaAs layer, 43 
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ML N++ (4x1018 cm-3) GaAs layer, and 65 ML n-type (1016 cm-3) GaAs layer.  The 

doping sequence is crucial to device operation. 

We have experimentally observed multiple, stable room temperature I-V 

curves in this device, as shown in Figure 2.513.This QSD can be repetitively 

switched between states by the application of an appropriate threshold voltage in 

this case around 1.2 volts. 
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Figure Chapter 6 .1:  A QSD structure is shown on the left and currents from 
Schrödinger Poisson self-consistent simulations of this structure are shown on the 
right. 

Schrödinger - Poisson self-consistent simulation of the device structure in 

Figure Chapter 6 .1 shows multiple I/V curves that qualitatively match the 

experimental measurements.  Note that the active regions of the device extend 

over only a few thermal wavelengths, and the assumption of coherent transport 

should be valid.  Multiple solutions result only if interference effects are included 

in the simulation.  Identical structures that omit the N++ doped layer show no 
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evidence of multiple solutions.  The conduction band edges and electron densities 

at zero bias for three self-consistent solutions, together with the doping profile in 

the device, are shown in the left panel of Figure Chapter 6 .2.  Note that the main 

differences between the solutions occur in the thin N++ doped layer.  The self-

consistent concentrations are shown for both solutions in the right panel in Figure 

Chapter 6 .2 and are different by about 6.9x1017 cm-3 in the N++ layer.  In 

addition, the electron concentration tends to be more oscillatory because of the 

inclusion of different concentrations in resonances and quasi-bound states.  

Simulations based on the tight binding approximation have shown poor 

convergence for solutions containing quasi-bound states for this structure. 
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Figure Chapter 6 .2:  The Schrödinger Poisson conduction band edges are shown 
on the left with one potential solution about 0.53 eV below the other.  This 
solution is below the contacts, resulting in quasi-bound states.  The concentration 
in this region is 6.9x1017 cm-3 lower.  The difference in concentration in this 
region is 1.3x1013   cm-3.  For this zero bias case both solutions are globally space 
charge neutral so that the difference in concentration is made up elsewhere in the 
device. 

Chapter 6 .3 QSD modeling and device physics 

Much insight into the behavior of quantum well devices can be obtained 

using a self-consistent Schrödinger - Poisson model.  In addition to being the 

simplest level at which the essential physical processes can be included, the model 

is also efficient and was the key to discovery of the memory switching phenomena 

described.  In this work both Schrödinger - Poisson models using the effective 

mass and tight binding approximation may be used.  Γ-X mixing in the very thin 

AlAs layers impacts the potential profiles and the  magnitudes of the calculated 

currents of these devices. Including Γ-X phase space mixing may improve 

quantitative agreement between simulations and experimental measurements. 
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It is tempting to optimize our design and understanding of QSDs by doing 

a broad parametric study of devices with quantum interference effects that may be 

modulated by varying their charge distribution.  To find the optimum device 

characteristics the parameter space is very large.  If the search is limited to a range 

of total number of layers, thickness of those layers, available pseudomorphic 

materials, doping concentrations, and carrier type, the sample space, although 

reduced, is still extremely large.  Assuming convergence of an arbitrary model to a 

solution, an exhaustive search of the potential profile space would be required to 

demonstrate the lack of a second solution.  For this reason parametric studies are 

limited to specific structures for which assumptions may be reasonably made 

about some switching characteristics. 

Starting from the device structure shown in Figure Chapter 6 .1 a 

parametric study was done, with its goal an increase in the current ratio between 

the two solutions.  In the interest of keeping the parameter space as small as 

possible the concentrations and layer thickness in the modulation doped region 

were varied and current ratios were simulated.  The results of this study are shown 

in Figure Chapter 6 .3 and Figure Chapter 6 .4.  A N++ layer concentration of 

4e18 and width of 100Å separated from the heterostructure quantum well by 50 Å 

were chosen. 
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Figure Chapter 6 .3:  This parameter study shows the relationship between the 
N++ layer concentration and the ratio between the currents of the two solutions.  
The concentrations for the bar chart are from left to right 1e18, 2e18, 4e18, 5e18, 
6e18, and 8e18.  The 4e18 is the best choice below the solid solubility limit in 
GaAs.  This suggests other materials that support greater concentrations might 
have larger current ratios. 
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Figure Chapter 6 .4:  A parameter study is done to determine the width of the N+ 
and N- regions.  Current ratios are shown in the bar chart for N+ and N- widths of 
170Å, 136Å, 101Å, 51Å, and 34Å.  Best current ratios are shown for N+ width of 
101Å and width of 34Å to 50Å. 

The resulting device structure is shown in Figure Chapter 6 .5.  A 

symmetric structure has some advantages in simulation efficiency and higher 

current ratios between solutions.  In addition it may have mixed solutions in one 

state on one side and a different state on the other.  Figure Chapter 6 .6 shows that 

if the initial potential profile guess is scanned by varying the potential in the 
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vacinity of the N++ layer, at least three stable solutions result.  Each lower 

potential has a larger number of peaks in the concentration in this layer. 
 

 

Figure Chapter 6 .5:  This is a suggested device structure with 100Å N++ region. 

 



 108

-0.1

0

0.1

0.2

0 100 200
POSITION (a

L
)

1

2

3

 

    

0

1E+18

2E+18

3E+18

4E+18

0 100 200
POSITION (a

L
)

1

3

2

 

Figure Chapter 6 .6:  The potential profile in the graph on top shows three self-
consistent solutions.  The solutions with lower potentials in the N++ regions 
around positions 80 and 140 might be assumed to have lower energy.  The lower 
potential solutions have more oscillatory concentration profiles in these regions.  
The character of the solutions in the N++ regions suggest a function of DeBrogle 

wavelengths62. 

Although convergence from one solution to another does not duplicate the 

dynamics of the physical process, it does provide some understanding of the 
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development of multiple solutions.  Starting with the solution labeled 1 in Figure 

Chapter 6 .6, and reducing the potential slightly in the vicinity of the N++ layers 

convergence occurs to the next lower solution.  Due to the resonances (shown in 

Figure Chapter 6 .7 and Figure Chapter 6 .11) between the barriers created by the 

two N++ regions, the density of states is highly nonlinear.  The N- regions near 

the contacts provide barriers of about 0.1 eV above the contacts.  In this case 

because elastic transport is assumed, electron transport from the contacts through 

these N- barrier regions is diminished.  Carriers between these barriers mainly 

occur in resonances as shown in Figure Chapter 6 .9.  There is a complex interplay 

between concentration and potential which is unlike that in bulk material 

governed by a simple density of states function and Fermi Dirac distribution.  This 

causes convergence to even lower potentials eventually including quasi-bound 

states which occur below the contact conduction band levels.  It is the creation of 

these high concentration states that causes convergence. 

The physical process that occurs during switching may be theorized.  At 

high bias the two solutions converge because the resonances and bound states can 

no longer be supported, resulting in only one solution at high bias and only one at 

low bias.  For an asymmetric device such as the one in Figure Chapter 6 .1, at 

positive bias charge is concentrated in the N++ layer which characterizes the 

solution with no quasi-bound states.  At negative bias charge is depleted from this 

layer which characterizes the state containing quasi-bound states.  Based on this 

process, in truly symmetric devices asymmetric states should occur.  These 

asymmetric solutions would be characterized by N++ layers with low 
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concentrations and potential profiles supporting quasi-bound states on one side of 

the hetrostructure quantum well and N++ layers with high concentrations and 

potential profiles not supporting quasi-bound states on the other.  Symmetric 

devices pose a large number of potentially stable states.  The challenge is 

accessing these symmetric and asymmetric solutions. 

The character of the solutions in the N++ regions suggest a function of 

DeBrogle wavelengths62 which should occur at resonances given by  

E
h

m
r =

⋅

2

22 *λ
 ,    ( Chapter 6 .1 ) 

where λ is the observed wavelength of the phenomenon.  The width of the 

oscillatory behavior is about 17 nm which corresponds to an energy of about 

0.078 ev.  Resonances of about 0.08 eV are observed in the zero bias solution 

shown on the right side of Figure Chapter 6 .7.  For the third solution the 

resonance energy would be around 0.17 ev. 

From Figure Chapter 6 .7 and Figure Chapter 6 .11 the density of states at 

the resonant energies shown peak in the vicinity of the N++ regions.  They 

diminish somewhat in the heterostructure quantum well except for resonances 

above the N- barriers where the concentration peaks in the heterostructure 

quantum well and is a node elsewhere. 
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Figure Chapter 6 .7:  The plot on the left shows the potential profile for the device 
structure in Figure Chapter 6 .4.  The switched state is shown on the right.  The 
resonant structures are very similar. 
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Figure Chapter 6 .8:  The second solution shown on the right side of Figure 
Chapter 6 .7 contains quasi-bound states.  The quasi-bound states occur at about -
0.02 eV.  The concentration in those quasi-bound states is about 8.9x1017 cm-3 as 
shown above.  The two curves, solid and dashed, are from eigenvectors 
corresponding to slightly different eigenvalues for the two layers. 
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Figure Chapter 6 .9:  The graph on the left shows the density of states (DOS) 
spectrum for the N++ layer and the heterostructure quantum well (HQW).  The 
transmission coefficient (τ) spectra is also shown.  The transmission resonance 
peak is at about 0.18 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 resonances there is a DOS node elsewhere in the device.  
The resonance at 0.038 eV in the solution on the left peaks in the N++ regions and 
is diminished but still a resonance elsewhere.  Resonances also occur at about 
0.078 eV in the left solution and at about 0.08 eV on the right solution and are 
diminished in the heterostructure quantum well. 

In an attempt to take the effects of Γ-X mixing into account, self-

consistent solutions are generated with simple valley to valley coupling 52.  

Corresponding self-consistent solutions result.  In Figure Chapter 6 .10 

concentration profiles corresponding to these two solutions show X valley 

concentration of about 1X1017 in the left solution and 2x1017 cm-3 for the right 

solution.  The resulting simulations are very similar to those generated with a Γ 

only assumption. 
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Figure Chapter 6 .10:  Γ, X, and L log concentration profiles are shown.  Using 
this coupling parameter the potential profile is very similar to the Γ only case. 

Simulations using the tight binding approximation show similar results to 

those found with the effective mass approximation except that the potential is 

greater in the heterostructure barrier regions.  The concentration in the AlAs 

barriers are always greater particularly under high bias.  Multiple solution 

characteristics are verified in simulations based on the tight binding 

approximation. 
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Figure Chapter 6 .11:  This is the tight binding DOS and transmission spectra for a 
tight binding simulation.  These curves are very similar to those shown with the 
effective mass approximation in Figure Chapter 6 .9.  Transmission coefficients 
are generally higher at low energy than with the effective mass approximation.  
The solution on the left has similar resonances except that the HQW peak is at 
about 0.2 eV which is about 0.02ev above the corresponding solution in Figure 
Chapter 6 .9.  This is due to the higher potential in that portion of the device for 
the tight binding solution.  The resonances on the right are shifted down about 
0.015 eV from those on the right side in Figure Chapter 6 .9. 

The tight binding approximation has also been used to examine this 

phenomenon.  The complexity and nonlinearity of the density of states makes 

convergence to any solution difficult.  It may be desirable to search for structures 

with good convergence characteristics hoping that these would be particularly 

robust solutions.  The existence of concentration in the barriers causes the 

solutions to have higher potential in the hetrostructure quantum well region. 

Chapter 6 .4 Three terminal multi-state Quantum Storage Device 

Current densities during laboratory switching of these devices are on the 

order of 60 Kamps/cm2.  For a ten by ten micron device switching occurs at 60 
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milliamps and 1.2 volts.  The switching power is then 0.072 watts decreasing to 

0.014 watts after the state switch.  The minimum switching time, determined by 

the difference in concentration in the N++ layer and the switching current, is 

about 3.5 ps.  Although it leads to a very short switching time the current and 

power dissipated by the device at switching voltages makes it impractical for high 

density applications.  An alternate method of switching the device from one state 

to the next at low current would significantly increase its applicability.  For this 

reason there has been some emphasis on developing a three terminal device with 

improved switching characteristics. 

Since the main differences between the solutions occur in the N++ layer; 

the device might be switched from one state to another by influencing the 

concentration and potential in the N++ layers directly as shown in Figure Chapter 

6 .14, rather than by applying a switching bias.  The third terminal, located at the 

N++ layer, is used only to provide the transients required for switching.  Since the 

top terminal may be used to sense the state and the side terminal to change the 

state, this is a QSD with separate read and write terminals.  It was hoped that this 

three terminal device would have superior switching performance, enhancing the 

application of this device for memory and logic functions.  The write terminal 

would normally be left floating and would be used only when a change in the 

device state is desired.  A critical issue for a three-terminal QSD is whether the 

structural modifications required for fabrication are compatible with the device 

physics governing operation.   
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A three terminal implementation of the QSD might be applied to high 

density memory.  A possible circuit implementation consisting of a three terminal 

QSD vertically integrated with a standard p-n junction diode, is shown in Figure 

Chapter 6 .12.  The diode provides the isolation between the different memory 

cells but can be included as part of the QSD growth or contact metalization 

process, not requiring an additional device per memory cell. 
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Figure Chapter 6 .12:  This is a memory circuit implemented with a three terminal 

QSD (TQSD). 63 

A three terminal device would be functionally similar to an asynchronous 

D type flip-flop.  If we use a resistive model for the device and require that the 

input and output be self-compatible (i.e., the output should be sufficient to drive 

the "write" terminal on the next device) then the required ratio of the resistances 

produced by the two states of the QSD can be determined. Figure Chapter 6 .13 

shows the voltage difference (from the supply or "rail" voltages) produced by the 

two states as a function of the ratio of their resistances.  This indicates we must 
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achieve a ratio greater than five, but preferably at least ten, to have well separated 

on and off voltages at the "read" terminal.  There does not seem to be significant 

advantage to ratios greater than about 40.  Optimization of our QSD design to 

achieve such high on-off resistance ratios is a main focus of the proposed 

parameter study. 
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Figure Chapter 6 .13:  This plot shows the advantage of on/off resistance ratio in 
the performance of a resistance based memory cell. 

Ideally the 2/D Schrödinger-Poisson routine described in Chapter 3 could 

help determine current paths during read and switch operations.  This would allow 

optimization of the design of such a three terminal device. 
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The fabrication of such a device requires that it be possible to selectively 

etch down to the N+ layer and deposit the desired metal.  Development of the 

fabrication process requires the addition of an AlAs barrier above the N+ layer.  

This new device structure shown in Figure Chapter 6 .14 was first suggested by 

Gullapalli.  Using such a structure requires that memory switching be observed in 

triple barrier resonant tunneling diodes (TBRTDs).  The TBRTD device structure 

shown in Figure Chapter 6 .15 is a simplified version of the three terminal 

structure. 
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Figure Chapter 6 .14:  This is a three terminal triple barrier device structure.   

Simulations suggest that multi-state behavior occurs in triple barrier 

devices as long there is a large space charge region in near proximity to the 

heterobarrier.  Quantum tunneling models developed by our group will be used to 

optimize device design and determine the behavior of three-terminal versions of 

the QSD. 
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Figure Chapter 6 .15:  This is a triple barrier device structure.  It is similar to the 
read terminal structure in the figure above. 

A parameter study shown in Figure Chapter 6 .16 has been done to 

determine widths of the AlAs barriers and of the N+ doped heterostructure 

quantum well.  These results suggest thin barriers 17 Å and a 50 Å N+ doped 

quantum well.  Because of the desire to place a metal contact on top of this layer 

the N+ thickness is doubled to 100 Å which should only give a slightly lower 

switching current ratio. 
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Figure Chapter 6 .16:  These are current ratios between solutions for a range of 
device structure parameters.  This suggests AlAs barriers of 17Å and QW width 
of 50Å or 100 Å. 

Schrödinger Poisson self-consistent simulations are done of this device 

using effective mass and tight binding approximations.  Zero bias potential and 

concentration profiles are shown in Figure Chapter 6 .17.  These profiles show 

two separate solutions.  More solutions may exist.  As before the concentration is 
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lower in the state containing quasi-bound states.  Multiple solutions are also 

observed using the tight binding approximation. 
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Figure Chapter 6 .17:  On the left are potential profiles from self-consistent 
Schrödinger Poisson solutions and on the right are concentration profiles.  Curve 
1 is a solution with quasi-bound state solutions and curve 2 is a solution without 
quasi-bound state solutions.  The top two graphs are based on the effective mass 
approximation and the bottom two are based on the tight binding approximation. 

The current density versus bias voltage for these two solutions is shown in 

Figure Chapter 6 .19.  At low bias the two solutions are different but the currents 

merge at high voltage.  The two curves track each other after a given bias and it 
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may be assumed that two potential profile solutions do not exist above that given 

bias.  In Figure Chapter 6 .18 there appears to be only one solution above about 

0.14 and below about -0.15 volts bias.  Correspondence between the simulated 

and measured current density versus bias profiles is poor.  Peaks are observed in 

the simulated solution at about -0.4, -0.36, -0.05, 0.05, 0.1 and 0.45 bias volts.  

There are inflections in the measured data at about -0.8, -0.2, and 0.2 and a 

discontinuity at about 0.6 volts.  Assuming a voltage drop of 0.15 volts in the 

laboratory, current peaks for positive bias correspond well.  For negative there is 

not good correspondence between the peaks and the observed inflections.  

Assuming a 0.15 volt drop in the laboratory the inflections should be observed at -

0.2 and -0.55 volts. 

Current density simulations based on the tight binding approximation 

show multiple solutions only at zero and small positive bias (+0.01 volts).  At 

other bias values only solution #1 from Figure Chapter 6 .17 is supported. 

Currents at these peaks are much higher in the simulation than in 

laboratory measurements.  For the low bias peaks the ratio between simulated and 

measured currents is about four.  For the high bias peaks the ratio is more than 

ten. 
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Figure Chapter 6 .18:  The current density versus bias voltage plot shows two 
solutions.  The inset region on the box in the curve on the left is shown in the 
curve on the right.  Curve 1 is the quasi-bound state solution, curve 2 is the 
solution not supporting quasi-bound states.  Curves 3 and 4 are tight binding 
solutions. 
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Figure Chapter 6 .19:  Current density versus bias curves measured in the 
laboratory show two solutions.  Both solutions show inflections suggesting 
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resonance peaks and valleys.  A discontinuity is also shown at about 0.6 volts 
bias. 

Three terminal devices have been fabricated in the laboratory, built on the 

framework of the TBRTDs described above.  Since there is an unavoidable air 

interface between the TBRTD structure on the left in Figure Chapter 6 .14 and the 

write terminal on the right, the N+ layer should tend to be depleted.  This is a 

major failure mechanism for these devices.  For this reason a Schottky contact is 

chosen for the write terminal.  It was hoped that by forward or reverse biasing the 

Schottky contact the N+ layer concentration could be maneuvered near one of the 

solutions causing the device to settle to that solution when the write pulse is 

removed.  Obviously this is a complex operation.   

Fabricated devices were tested for proper electrical relationship between 

the read write and backside contacts.  Only those devices that passed this test were 

used.  None of these devices demonstrated any switching behavior with any bias 

on the write terminal or with it floating.  This problem may potentially be 

understood by 2D simulation. 

Chapter 6 .5 2D Simulations of QSD’s 

There are two problems that may be solved using the 2D Schrödinger-

Poisson routine described in Chapter 3.  First, it was hoped that this routine would 

allow modeling of lateral states and charge movement in two and three terminal 

devices, which aid in their development and understanding.  Simulations of 

complex 2D structures converge slowly and poorly.  Convergence for complex 

problems has proven to be unlikely.  There are a couple of reasons for this.  One, 

the size of real problems overwhelms available resources.  Two, the density of 
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states spectrum is a highly nonlinear function of energy and bias.  This is 

consistent with results obtained by other researchers. 

Second, the 2D routine should allow examination of multiple solutions for 

very thin RTDs.  This is important because the understanding of two solutions 

may be dependent on the physical dimensionallity of the problem.  Also, the 

perspective of using these devices for high density memory requires small devices 

operate correctly.  Very thin 2D DBRTD simulations have failed to converge to a 

convincing degree.  This suggests that for very narrow devices multiple solutions 

may be limited. 

Chapter 6 .6 Summary 

Multiple solutions have been shown for several devices in the laboratory 

and in simulations using the effective mass and tight binding approximations.  

Although no general conclusion may be drawn from the poor convergence 

characteristics observed for some devices using tight binding simulations, the lack 

of multiple solutions observed at high bias suggests that one solution is less stable 

under these more restrictive assumptions.  Generally the effective mass and tight 

binding approximation simulations differ in the carrier concentration in barrier 

layers.  This results in a different potential solution in this region of the device 

particularly at high bias.  Transmission spectra are higher in the tight binding 

approximation and show other effects due to valley mixing. 

Using this type of simulation other materials and combinations of 

materials may be used.  This will significantly effect design of future devices.  To 

enhance usability improvements should be made in convergence characteristics.  
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This may lead to simulation based parameter studies capable of optimizing a 

range of devices. 
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