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EXECUTIVE SUMMARY 

The overall objective of this project is to develop a commercial quality, validated computer aided 
Lsign (CAD) tool, THz quantum based semiconductor devices. THz device design must account 
t quantum effets such as quantum resonant modes, quantum mode mixing tunneling 

teSand transitions, side wall scattering, and surface recombination to^« 
CAD tools available that incorporate all the proper physics for designing THz quantum devices^ 
TheProposed quantum CAD tool will be a device simulator with the ability to investigate the 
LeraTonofand generate reduced models (S-parameters) for quantum based, electronic and 
Xotonic THz sources and detectors such as quantum cascade lasers, superlattices, and multiple 

quantum wells. 

The obiective of this Phase I proof of the concept project is to determine the current capabilities 
a^S^dcU* needs of the Quantum device simulator, NEMO for modeling quan urn 
rTasedterahertz devices. In Phase I, an existing quantum simulator, NEMO, has been coupled to a 
d rift St model to enable multi-scale studies of semiconductor device, ^^^ 
simulator linked to a classical model has been demonstrated and verified on RTDs, ^Perlattices 

and QCLs with varying levels of success. Finally the ^ ^^«J^a'S^ GW 
commercial microelectronics CAD environment by converting the GUI to FOX (a CbDKL, uui 

library technology). 

The approach taken for solving drift-diffusion in the terminals is to use a <J«|-^™t »jl 
carrier density to determine the gradient of the fermi-level across the terminals The ferrn,Tevel is 
Sv fixed at the emitter and collector boundaries. This is a typical approach when 
ÄrZsae in the semiconductor device because the fermi level is piece-wise continuous 
tTenToners can be characterized by a fermi-level. The formulation is currently only fo 
dectrons anTdoes not include recombination or generation effects. The dnft-diffusion (DD) 
£«I was demonstrated on a GaAs/Al0,Ga0,As RTD. The inclusion of DD is see  to 

effect the fermi level near the collector region for the cases shown. The fermi-level s effect o 
S^^cairier density in the collector region was also shown. Decreasing the doping leve 
rd the electron mobility is seen to increase the effect (the fermi-level deviation from the flat 

band) of DD in the terminals. 

The equilibrium characteristics of a InAs/AlSb superlattice based device being developed at the 
UdveS of California at Santa Barbara (UCSB) were calculated. The conduction band edge 
Si level carrier density, electric potential, and electric field were calculated at zero bias 
eZibrium) The carrier levels increased in the highly doped regions which occurred every 

e!gh h period in the superlattice design. This increase in carrier density puled up the^negative 
^MS an osdllating electric potential and electric field in the superlattice with a period 

of eight superlattice periods. 

Important capabilities that would allow NEMO to model THz devices are *~^^* 
Zough multiple quantum wells and improvements in the material database. NEMO can 
curentW model only coherent transport. Also the material database is missing parameters for 
higher onter band structure models for different materials. Other matenal systems have out of 
K^eTor guesses. A study was carried out on the Quantum Cascade Laser (QCL) to highlight 

:j 8278/2 



future development requirements. This is an important terahertz device and will be a long-term 
Sf(?NEMO to model. The gamma conduction band minimum energy and electric potential 
were calculated at different bias points and different spatial regions of the device. 

Finally the process has begun to integrate NEMO into CFDRCs CAD environment. The first issue 
fs updaüng the Graphical User Interface (GUI). The GUI used Motif and third party Motif widget 
sets (xrt pdO for plotting and table routines. The GUI is being transitioned to use the open-source 
mX^^^.cL.cmJFOX/fox^). This will lower CFDRC support costs and allow 

ports to the windows platforms. 

in 
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1.        INTRODUCTION 

This is the final report describing the technical progress of a 6 month Phase I SBIR for a US 
Armv/DARPA Research Project (Contract # DAAH01-00-C-R120) entitled CAD Tool for 
Terahertz Device Development". The overall objective of this effort is to develop a commercial 
quality validated computer aided design (CAD) tool to aid in the development of THz quantum 
based semiconductor devices. THz device design must account for quantum effects such as 
quantum resonant modes, quantum mode mixing, tunneling, intersubband transitions side wall 
scattering and surface recombination. Currently, there are no CAD tools available that 
incorporate all the proper physics for designing THz quantum devices. The proposed quantum 
CAD tool will be a device simulator with the ability to investigate the operation of and generate 
reduced models (S-parameters) for quantum based, electronic and photonic THz sources and 
detectors such as quantum cascade lasers, superlattices, and multiple quantum wells. 

In Phase I an existing quantum simulator, NEMO, has been coupled to a drift-diffusion model to 
enable multi-scale studies of semiconductor devices. The quantum device simulator linked to a 
classical model has been demonstrated and verified on RTDs, superlattices, and QCLs with 
varvins levels of success. Finally, the tool was further integrated into CFDRC's commercial 
^electronics CAD environment by converting the GUI to FOX (a CFDRC GUI library 

technology). 

1.1       Tyrq hertz Devices 

THz devices, or more specifically sources, detectors, and circuits in the 0.3 THz to 10 THz region 
of the electromagnetic spectrum, offer a large set of potential applications such as trace gas analysis 
(pollution control, breath analysis, chemical and biological toxin detection on battlefield), new 
point-to-point communication systems (secure battlefield, space based), short range object 
detection (collision avoidance, battlefield characterization), night vision, and spectroscopy. 
However, as shown in Figure 1-1 there a few devices that operate in this region of the 
electromagnetic spectrum. The Terahertz region of the spectrum has historically been difficult to 
design for This problem region begins where semiconductor devices based on diffusive electron 
transport reach their frequency limit. The upper limit is set by the transient time and the parasitic 
RC time constants. Given electron mobility values and the smallest feature size the upper limit is 
several hundred GHz. The problem region ends at the lower frequency limit of semiconductor 
devices based on quantum mechanical interband transitions. The limit is set by frequencies higher 
than frequencies corresponding to the semiconductor energy gap, which is higher than 10 THz tor 

most bulk semiconductors. 
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Figure 1-1. There exists a range of frequencies in the THz region where few devices exist 
(illustration from the Center for Terahertz Science and Technology, UC Santa 

Barbara) 

Recent strides in nanoelectronics are enabling devices to be designed for the Terahertz spectrum 
These nanoelectronic devices use quantum mechanical effects based on device size and 
intesubband transitions (electrons making energy transitions between subband levels within the 

con* 
material growth and the unfavorable fast nonradiative relaxation rate these ^J***£ 
devices have only recently been developed (they were proposed in the 1970s for example 
[Kazarinov et. al.. 1971]). Some of these devices include Rf^1^^,1^^1^ 
Reddv et al, 1997], Superlattice detectors and sources [Q. Hu et. al., 1998], Quantum Cascade 
Lasers (QCLs) [Capassoet. al., 1999], and Quantum Well Infrared Photodetectors (QWIPs) [Beck 

and Faska, 1996]. 

Resonant Tunneling Diodes (RTDs) 
fn reTonan tunneling diodes, negative differential resistance (NDR) can be achieved at room 
emp X   Multiple quantum wells are engineered in the device to provide resonant states for 
Sers being transported through the device. A typical 2-barrier RTD consists of two 
erCondul8r barriers embedded in a lower band-gap material ^.^^f^^ 

basic operation of the RTD, one can consider the conduction bands to form a simple 1- 
dfmensTonal potential for the carrier electrons. When the quasi-Fermi level in the emitter contact 
coincides with the energy of the quasi-bound state in the quantum well   electrons tunnel 
eso   ntly through the semiconductor barriers. Increased bias shifts the quasi-Fermi ^el above 

the quasi-bound state. This causes a peak in the device current (Figure 1-2b)   Without an 
intermediate state to transmit the electrons, the current drops dramatically, forming a NDR region. 
As the bias increases further, more transmission through higher quasi-bound states or over the 
potential barriers causes the current to start increasing again. Scattering processes due to phonons 
or defects also contribute incoherent components to the current. 
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Figure 1-2. (a) Resonant tunneling diode with two InAlAs barriers and an InGaAs weih (b) 
Comparison of calculation (NEMO) of current versus voltage of InGaAs/InAlAs 

RTD with experimental data. 

While the above explanation captures the essential RTD features   in practice it is quite 
challenging to accurately calculate the electronic characteristics of an RTD   The resonan 
electrons transmit at energies significantly higher than the conduction band edge of^he _weU 
material The parabolic band model often breaks down at these energies and the effect of multiple 
Energy bands can have a significant effect on the current flow. The bamer material has an 
imaginary band structure component which must be taken into account for tunneling earners The 
Zel boundary conditions and scattering effects also add serious complications to the analysis. 
For these reasons, simulations prior to the creation of NEMO were extremely inaccurate. 
Calculated currents often differed from experimental results by several orders of magnitude 
particularly in the valley current minimum where incoherent scattering and band structure effects 
dominate. In addition to these theoretical complications, typical quantum device simulations 
required excessive amounts of computing power and time. 

Suoerlattice Detectors and Emitters 
Other devices which rely on multiple quantum wells and intersubband transitions are detectors and 
emitters of THz radiation. Shown in Figure 1-3 are band profiles highlighting the dev1Ce design 
and operation of electrically and optically pumped superlattices. 

The electrically pumped device is a three energy level system based on a triple quantum well 
structure The radiation transition takes place between E3 and E2, and the fast LO-phonon emission 
keeps the level E2 empty. The optically pumped device is a four energy level system based on a 
coupled triple quantum-well structure. Electrons can be pumped from the Ex to the E4 level by a 
C02 laser They then quickly relax to the E3 level by LO-phonon scattering. Similarly, the electrons 
on the E2 level can be emptied quickly to Ex through LO-phonon scattering. THz emission takes 

place between E3 and E2. [Q. Hu et. al., 1998] 



FIR Quantum Well Laser Design 

electrically pumped optically pumped 

Figure 1-3.   Band profiles and squared wave functions for electrically and optically pumped THz 
emitters and detectors. [Q. Hu et al., 1998] 

Quantum Cascade Lasers (QCLs) 
The basic operation of the QCL is shown in Figure 1-4 (QCL). The basic idea is that many photons 
can be created by a single electron cascading through many quantum wells. A QCL is made by 
creating two regions of multiple quantum wells such that three energy levels exist. The quantum 
wells are "made" by growing a few atomic layers of different alloys with different band gaps. Some 
material systems used are InGaAs/InAlAs and GaAs/AlGaAs. The two regions are the injector and 
active regions. The energy levels are designed so that an electron transition of E3 to E2 generates 
photons of frequency v = (E3 - E2)/h, the residence time of electrons at E2 are made small by 
designing E{ to contribute to a scattering process such as LO phonon scattering which will greatly 
reduce the electron residence time at E2 relative to E3, and under bias the Et and E3 energy levels 
allow efficient electron tunneling from one active region to the next via resonant tunneling in the 
injector region The injector region is also designed to promote mode confinement. The design 
allows an electron to cascade through a set of stacked injector/active regions giving the possibility 
for one electron to generate many photons. 
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active region 
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active region 
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Design of energy levels 3 and 2 to achieve: 
♦ Desired laser frequency v:    v=(E3-EJIh 
♦ Light amplification: level 3 full of electrons; level 2 empty of electrons 
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i nil 
TXluulXiuQI 
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Figure 1-4. Conduction band profiles illustrating the operation and design of the Quantum 
Cascade Laser (QCL) and the superlattice QCL. [Faist et al., 1996], [Capasso et al., 

1999] 

Some of the attractive features of the QCL are that the operational wavelength can be designed into 
the THz region and is determined by the layer thickness rather than by material composition, so 
potentially all the mid infrared spectrum can be covered by the same material Also, since each 
electron creates in principle N laser photons in traversing an N-stage cascaded structure (N = 20 - 
15 Ztheoretical quantum efficiency is high making the device an intrinsically high power laser. 
FmaUy, due to its semiconductor construction, the QCL will potentially have a low failure rate, a 

long lifetime, and have low fabrication costs. 

The QCL has made many milestones. Laser wavelengths from 3.4 to 17 urn have been shown 
Pulsed mode peak optical powers of 0.5 W at room temperature and an optical power of 0.2 W at 
SuTd nitrogen temperature in continuous mode have been demonstrated. The optical signal has 
beeTshown to have high spectral purity enabling single mode lasing. Wide single-mode tuning has 
been demonstrated enabling high resolution spectroscopy. The gas sensing capability of grown 
QCLs has also been demonstrated. The flexibility of design of the QCL has also been shown wtth 
the superlattice QCL shown in Figure 1-4 which uses a superlattice to create minibands whlch 

set the electron energy of electron transition for photon production [Capasso, et. al., lwyj. 

Two major obstacles face quantum cascade laser designers to enable operation in the longer- 
wavelength THz range [Q. Hu et. al., 1998]. The first obstacle is that the narrow energy level 
Tequi ements (1 THz = 4 meV) will push crystal growth technology, make the detection and analysis 
of spontaneous emission difficult, and increase the effect of heating and hot electron tunneling The 
second obstacle is mode confinement. Mode confinement is difficult at longer wavelengths where 
conventional dielectric waveguide confinement is not applicable because the evanescent field 
penetration, proportional to the wavelength and on the order of several tens of microns, is much 
greater than the active gain medium of several microns. 
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Ouantum Well Infrared Photodetectors (QWIPs) 
A Ouantum Well Infrared Photodetector (QWIP) uses intersubband transitions in multiple quantum 
wells to detect frequencies in the infrared. QWIPs operation is diagrammed in Figure 1-5- infrared 
radiation incident on the MQWs photoexcite bound state electrons into the quasibound states and 
onlum states generating photocurrent which can be detected by a circuit. ***n*™M 

use small band gap materials and rely on valence band to conduction band excitation. Currently 
however low band gap materials are extremely difficult to grow. 

qausiboun4 
state 

continuum 
states 

bound state 

Figure 1-5.   Conduction band diagram illustrating Quantum Well Infrared Photodetector (QWIP) 
operation. 

By varying the thickness of the layered materials (such as GaAs/AlGaAs) a designer can tune the 
spectral responsivity of the QWIP. Improving the performance of the QWIP depends largely on 
mmimizing the dark current (current flowing through the device when no photons are incident on 
Z device) The three main sources of dark current in QWIPs are ground state tunneling, thermally 
assisted tunneling, and thermionic emission. Ground state tunneling ^^f^^ 
depends on barrier height and widths, and dominates at lower temperatures (< 30 K). Therma ly 
assisted tunneling of a thermally excited electron through the barrier tip into the continuum states 
dominates at medium temperatures. Thermionic emission dominates at high temperatures (bound 
state electrons thermally excited into the continuum states). 

1.2      importance of a Terahertz Quantum Device Design Topi 

The development of solid state terahertz devices (0.3 THz -10 THz) will enable the development 
of sources and detectors for use in atmospheric sensing, object detection, point to point 
communication, spectroscopy and biological detection. Many ^ ™ ^J^^ 
multiple quantum wells designs with electrons making intersubband transitions. The THz device 
design must account for quantum effects such as quantum resonant modes, quantum mode mixing, 
tunneling, resonant tunneling, intersubband transitions, side wall scattering, and surface 
recombination. Currently, there are no CAD tools available that incorporate all the proper physics 
for designing THz quantum devices. Such a design tool could be used to lower research cycle time 
by minimizing empirically-driven device and circuit development. 

Circuit designers use circuit simulators such as SPICE to design and analyze high speed circuits. 
In circuit simulators equivalent lumped elements characterize the actual device behavior. The 
equivalent lumped element parameters are typically extracted from the DC current-voltage curve 
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and the frecuency dependent S-parameter curve. Both curves can be measured experimentally and 
„cludeS "i  devL effects Computer modeling of individual devices shouW calculate these 

curvets 
that impact the overall circuit performance. 

The Quantum device simulation CAD tool discussed here can be used to lower quantum device 
TeaT yde time by minimizing empirically-driven device and circuit development, atd n 
formlting new device concepts, and help quantify the performance tmde-offs when tncorporattng 

quantum devices into circuits. 

1.3       Prnjprt Objectives 

The overall objective of this effort is to develop a commercial quality, validated computer aided 
Lsien (CADTOOI to aid in the development of THz quantum based semiconductor devices. The 
faantum CAD tool will be a device simulator with the ability to investigate the operation of and 
S^^s (S-parameters) for quantum based, electronic and photonic THz sources 
8and detectors such as quantum cascade lasers, superlattices, and multiple quantum wells. 

The approach to accomplish this objective is to modify and validate an existing quantum simulator 

NEMO: 

couple to drift-diffusion and/or hydrodynamic models to enable multi-scale studies of 
semiconductor devices 

further improve the small signal ac analysis to allow the study of THz devices 

demonstrate and validate the quantum/classical model on several different quantum 
devices using published experimental results 

d.        integrate the tool into CFDRC's commercial CAD environment 

THP nlanned focus for phase II would be a more thorough solution of the electromagnetics problem 

uÄ^ 
Zed conmct regions, and in the metal contacts where skin effects become important Large ac 
S anS would be implemented into the simulator to enable s-parameter generation which 
ÄÄte^^ integrate the MQW solid state THz devices into a circuit. Rate equaüons 
fe ÄTSÄ wouldbe solved. Equations for photon creation and transport would be 
oved  implex mobilities would be incorporated into the contact regions to address high 
«^effe    of electron transport when the driving frequency exceeds the scattering; rate. The 

gy equation would be solved for to determine heating effects on device performance. 

a. 

b. 

c. 

ener 
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2.0      NEMO 

An existing quantum simulator, the NanoElectric MOdeler (NEMO) [Blanks et al., 1997], is being 
used to solve the Schrödinger wave equation and Poisson's equation. An overview tf NEMO will 
be given followed by a more detailed description of the calculations earned out in NEMO. 

NEMO was developed under government funding by Raytheon / TI for the quantitative analysis of 
resonant tunneling diodes. NEMO is presently the only quantum device design and analysis code 
that can predict and analyze the performance of realistically extended tunneling structures including 
h effectTof contacts,yscattering, and bandstructure. For instance, NEMO is the first quantum 

device design tool that has proven to be quantitatively predictive in the DC current-voltage 
simulation of real world high performance resonant tunneling diodes. The generality and 
oIprthensiveLs of NEMO stem from the non-equilibrium Green's function (NEGF) theoretic* 

approach This formalism enables the inclusion of the essential semiconductor electron transport 
phvsics such as open systems, realistic bandstructure models, charging, and scattering. Other 
methods such as the Schrödinger wave equation, Density Matrix, or Wigner function approaches 
^simplifications of and can be derived from the more general NEGF approach. These other 
approaches have promised to simulate the full time-dependent electron transport dynamics in RTDs. 
However, in more than 15 years of research these approaches have not ^^^^ 
predict the simple DC current voltage characteristic of a suite of real world RTDs NEMO wh ch 
fe based on NEGF, is the first simulator to have done so. NEMO was originally limited to he 
simulation of DC current voltage characteristics. Recent modifications by CFDRC have also 
allowed NEMO to carry out small signal AC analysis. 

axis  (nm) 
-05 00 05 

Normalfeed Momentum 

Figure 2-1 NEMO example calculations of (a) band profile as a function of energy and position^ 
(b) 10- band, band structure for AlGaAs, and (c) density of states for a 2-barner RTD 
device as a function of energy and position 

The NanoElectric Modeling (NEMO) program is the result of a three year development effort 
involving four universities and the corporate research lab of Raytheon (formerly Texas 
Instruments) The program is a quantum device modeling tool for layered semiconductor structures. 
NEMO can model one-dimensional two-terminal heterostructure devices. Some example 
calculations are shown in Figure 2-1. NEMO calculates 10 main quantities: 

8 8278/2 



I-V curves (current through the device as a function of the voltage applied across the device) 

carrier density, n(z) 

spectral distribution (or density of states) A(E,k,z) as a function of particle energy E, 

momentum k, and position z 

transmission coefficient of carriers through layered heterostructure, T(E,k) 

current density of carriers, J(E,k) 

energy of the carriers, E(k) 

resonance list, specifically the complex poles (eigenvalues) of (E - H0 - I
R - XRB)" where 

H0 is the bare Hamiltonian, IR is the self energy resulting from scattering, and XRB 

accounts for the open system boundaries. 

resonant wave functions corresponding to resonance list (eigenfunctions) 

band structure, specifically the band edges at T and X (points in the brillouin zone which 
correspond to direct and indirect bands) as a function of energy and momentum 

AC analysis as the admittance of the system (I/V = Y = G + jB) 

NEMO includes the effects of quantum charging, bandstructure and incoherent scattering from 
alloy disorder, interface roughness, ionized dopants, acoustic phonons, and polar optical phonons. 
The Schrödinger time independent wave equation solution is based on the non-equilibrium Green s 
function formalism [Lake et al., 1997]. Band structure can be included in four different models. - 
band tight binding, 2-band k-p, nearest-neighbor sP3s*, and 2nd nearest neighbor sP3s* The self 
energies resulting from static disorder or phonons can be calculated to any finite order or to infinite 
order in the self-consistent Born approximation. Charging can be calculated semi-classically 
(Thomas-Fermi) or quantum mechanically (Hartree). 



InGaAsflnAlAs RTD 
InGaAs/AlAs RTD 

0.2 0.4 0.6 O.i 
Applied Bias (V) 

GaAs/AlAs RTD at 4.2 K 

0.2 0.4 0.6 
Applied Bias (V) 

AVSi02/Si - Single Barrier Tunneling 

0.2       0.25 0.3       035       0.4      0.45       0.5 
Applied Bias (V) 

0    0.2   0.4  0.6 0.8     1    1.2   1.4   1.6   1.8    2 
Applied Bias (V) 

Figure 2-2 I-V simulations for four different classes of tunneling devices obtained using.NEMO 
' in previous work. The simulations are compared to experimental data, (a) MGaAs/ 

InAlAs lattice-matched RTD at room temperature. Simulation is based on a foil- 
band quantum-charge self-consistent sp 3 s* model without scattering, (b) High 
performance InGaAs/AlAs pseudomorphic strained RTD at room temperature. 
Simulation model is the same as in (a), (c) GaAs/AlAs RTD at 4.2 K showing a 
scattering-assisted valley current (phonon peak). The single-band simulation 
includes scattering caused by polar optical phonons, interface roughness and 
acoustic phonons. Band structure effects can be ignored in this device at low T. (d) 
Si/Si02/Al single-barrier structure. Simulation is based on single-band model. 

The non-equilibrium Green's function formalism provides a method for calculating the non- 
Luilibrium statistical ensemble average of the single particle correlation operators. The open 
boundary conditions model large regions of the contacts as collector and emitter reservoir.even 
wTn there are spatially varying potentials in the regions. The boundary conditions allow modeling 
C^TwSUy aVaU region requires a more rigorous quantum mechanical treatment 
such asTe mclusion of scattering. The boundary conditions are also capable of injecting electfons 
nto the device from mixed, non-asymptotic states in the emitter. Interface roughness is modeled 

asalaye» 
self-energies are calculated for both Gaussian and exponential autocorrelation models. 

NEMO incorporates the important physics of band structure, charging, and incoherent scattering 
for a wide variety of materials as demonstrated in Figure 2-2. Self-consistent quantum charging 
rndaccurateTand structure are essential for modeling the high-performance n-based RTDs shown 
L pfguri 2 2(a) and Figure 2-2(b). The band structure must be calculated for bulk materials and 
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also for the strained, pseudomorphic materials used in the best RTDs, as illustrated in Figure 2- 
2(b) For the very best RTDs [Moise et al., 1995], one must also include incoherent scattering to 
quantitatively predict the valley current. Presently, NEMO includes incoherent scattering within a 
single-band model, as shown in Figure 2-2(c) for a GaAs/AlAs RTD at 4.2 K. NEMO is not limited 
to III-V compounds. Figure 2-2(d) shows the tunneling current through an Al/Si02/Si structure for 
various Si02 thickness. More examples of NEMO calculations are presented at the NEMO web 

site located at www.cfdrc.com/nemo. 

Emitter, Quantum, and Collector Regions 
NEMO separates a quantum device into three regions: the emitter reservoir, the quantum region 
and the collector reservoir. The reservoirs are treated semi-classically, assumed to be in thermal 
equilibrium, and act as a source (or sink) of charge carriers. The distribution of these carriers in 
allowed energy states of the emitter reservoir serve as a source of carriers at each energy. The second 
region is the quantum region and is made up of some type of barrier/well combination. 
Semiclassically, no carriers are allowed to traverse the barriers unless they have energies greater 
than the height of the barriers. So, the quantum region is treated quantum mechanically by solving 
the one-dimensional time-independent Schrödinger wave equation from which, among other things, 
the transmission coefficient in the quantum region as a function of energy can be calculated. The 
third region is the collector. It is treated the same way as the emitter, except that the distribution of 
unoccupied energy states are calculated. These are the energy states which carriers may flow into 
when exiting the device region. 

For current to flow, there must be free carriers available in the emitter at energies at which the 
transmission of the device region is greater than zero and there must be unoccupied energy states 
in the collector. Or, more succinctly stated: 

J(E,k) = T(E,k)[fEm(E) -/C(E)] (2-1) 

where E is the energy of the carriers, k is the transverse momentum of the carriers, J(E,k) is the 
carrier current density at energy E and transverse momentum k, T(E,k) is the transmission 
coefficient of the quantum heterostructure, and fEm(E) and fc(E) are the probability of a carrier 
(i e electron or hole) occupying an energy state E in the emitter (Em) or collector (C) regions of 
the device respectively. Described above is the main calculation that NEMO does. In the process 
of this calculation, it also calculates many intermediate quantities, such as density of states (also 
called spectral function), resonances of the device region, etc. 

In the emitter (collector) the available (unoccupied) carrier density at each energy level n(E) is 

calculated from 

n(E) = DOS(E) (EjEf)/(kT) (2-2> 
1 +e 

and depends upon the temperature T of the bulk material and the density of states (DOS). 
Temperature effects the thermal equilibrium occupation and the band structure, E(k). Given the 
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DOS and T one can calculate the Fermi level in the reservoirs. For the DOS, a parabolic E(k) 
relationship can be assumed or it can be calculated numerically from the Hamiltonian where the 
band structure model selected for the device is used. Inelastic scattering in the emitter and collector 
is also accounted for by letting carriers occupy quasi-bound states in the reservoirs that will exist 
when band bending causes there to be a small notch just beside the first barrier. The lifetime of 
particles in these states can be specified as either exponential decay, Lorentzian decay, or energy 

independent. 

Electric Potential of the Device 
When a bias is applied to the device, the free carriers will redistribute themselves until they reach 
equilibrium This will cause a change in the electric potential <|>(z) across the device. In order to 
take this effect into account, the charge and potential are calculated self consistently, according to 
the user specified potential model (Hartree or Thomas-Fermi). The electrostatic potential is 

calculated using Poisson's equation: 

v.erV(t) = _5.[NDi-ni((t))] (2.3) 
eo 

where q is the electron charge, NDi and n{ and are the donor concentration and free electron density 
respectively at layer i, and e is the electric permittivity. In the reservoirs ni ~ ft DOS(EX where fj 

is the Fermi-Dirac distribution function for layer i. In the quantum region n{ - G<
i>i for the Hartree 

potential and n{ = 0 for the Thomas-Fermi potential. In the reservoirs, the DOS(E)i is calculated 
taking to into account. In the quantum region, the n{ is calculated quantum mechanically. The n and 

$ parameters are calculated iteratively until convergence is achieved. 

Calculation and Integration of Green's Function 
In the quantum region of the device NEMO solves, among other things, the one-dimensional time- 
independent Schrödinger wave equation. The general form of the Hamiltonian used is 

H = H0 + Hpop + Hac + Hir + Hal + Hid (2-4) 

where H0 contains the kinetic energy and the effects of the band structure, the applied potential, 
and the Hartree potential. The five terms to the right represent the potential felt by the electrons 
due to polar optical phonons, acoustic phonons, interface roughness, alloy disorder, and ionized 

dopants respectively. 

H is broken down into five terms which are the Hamiltonian of the quantum region, the left contact, 
the right contact, the coupling of the left contact to the quantum region, and the coupling of the 
right contact to the quantum region. 

H0 = H0
D + H0

L + H0
R + H0

LD + H0
RD (2-5) 

One method of solving Schrödinger equation is to find the Green's function, which satisfies the 

equation: 
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[H(k) -E]G(k,E) = 8(r - r') (2-6) 

soG(k,E) = [H(k)-E]"1 (2-7) 

NEMO uses the non-equilibrium Green's function approach to perform an ensemble average over 
the free charge carriers in the device. The density of states, transmission coefficients, current, etc., 

all fall out of the calculation of the correlation Green's function, G<(k,E). In general, there is a G<
y 

for every layer i and j in the device region, and it is an mxm matrix where m is the number of bands 

in the model used. 

G is a function of longitudinal energy, E, and transverse crystal momentum, k. Any observable 
(current or charge, for example) calculated with G, must be integrated over E and k. For example, 

the current at layer i 

J;of JdEdkT(k, E)[fL(E) - fR(E)] (2-8) 

where T(k,E) is the transmission coefficient, calculated with G<, and fL(R) is the thermal equilibrium 

fermi factor in the emitter (left lead) and collector (right lead). 

One of the band models available in NEMO is a parameterized single band model that mimics the 
E(k) dispersion relation found using a more complicated model. This is a more efficient way of 
treating a device that exhibits strong non-parabolicity in the conduction band, but in which current 
flows mainly in the conduction band. In this situation, it is essential to use a multiband model in 
order to correctly reproduce the structure of the conduction band, but not essential to account for 
current flowing in more than one band because significant current does not flow in any other band. 
Consequently NEMO uses a parametrized version of the single band effective mass L's equation. 
To do this, it must first find the structure of the band, then the hopping elements and site energies 
are parameterized as functions of E and k. 
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3.0      DRIFT DIFFUSION TRANSPORT FOR CARRIERS IN TERMINAL 
REGIONS OF NEMO 

One of the objectives of this project is to include better physical transport models in the collector 
and emitter terminal regions in NEMO. Before the development, NEMO modeled the emitter and 
collector terminals as a reservoir of carriers in thermal equilibrium with the lattice. This was 
implemented by enforcing a flat band condition (flat fermi level) in the terminal regions. This 
approximation works well for degenerately doped semiconductors. However, for thin or moderately 
doped contacts this approximation begins to breakdown. In this project NEMO underwent 
development to demonstrate electron transport using a drift-diffusion formulation instead of 
assuming a thermalized sea of electrons. This has improved the carrier transport mechanism in the 

terminal regions. 

The basic equations for the drift-diffusion model [Sze, 1981] are Poisson's equation and the 
current continuity equations for electrons and holes take the following traditional form 

V«erVd> = -- (3il) 
r
 £ 

^ = Ga-Ua + (-l)a+1V.[HacaE + (-Da+1DaVca] 0.2) 
9t ex        a 

where a = 1 or 2 denotes the equation for electrons or holes respectively, ca is the particle number 
density Ga is the particle generation rate, Ua is the particle recombination rate, *ia is the particle 
mobility Da is the particle diffusion coefficient, * is the electric potential, e, is the electric 
relative permittivity, e0 is the permittivity of free space, and p is the space charge due to electrons, 
holes or traps. From the electric potential the electric field E is calculated (E = -V<K>. The 
generation (G) and recombination (U) terms can include phenomena such as impact lonization, 
photon generation of carriers, or spontaneous and stimulated emission [Li, 1997]. 

The drift-diffusion formulation can be used for the bulk region, where the material composition 
changes slowly. Poisson's equation is already solved for in NEMO. However, modifications must 
be made for materials with position-dependent band structure [Grupen, 1991]. Also, at an abrupt 
heterojunction interface the thermionic emission process [Hess, 1988] and tunneling across the 
heterointerface [Zeeb, 1992] must be taken into account. Both thermionic emission and tunneling 
at the heterointerface can be taken into account as a thermionic-field boundary condition at the 

abrupt heterojunction [Yang, 1993]. 

Since NEMO uses a Green's function approach for tunneling and quantum charging a different 
approach was taken when solving the drift-diffusion equations. The approach uses the total carrier 
density and current density due to all effects, quantum and classical, to determine the variation of 
the fermi level in the terminals (previously these were set to a constant value). The details of its 
implementation follows. First, there is a discussion of boltzmann transport where the expression 
solved in the terminal regions is derived. Next is a discussion of the numerical implementation of 
drift diffusion in the terminal regions of NEMO. 
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3.1       ftolt/mann Transport and Drift Diffusion 

The distribution function f can be constructed based on the quasi-thermal equilibrium distribution 
function f0 using perturbation theory [R. Stratton, 1972] 

f(r, k) = f0(r, k) - x(r, k) h_kVf ^^k.E 
* 0 

27Im■ 27rm'3£ 
(3.3) 

where r is the position vector, k is the wave number vector, x is the relaxation time and depends 

on position and wave number, E is the electric field, m* is the effective mass, and £ is the carrier 

kinetic energy. For electrons the carrier kinetic energy is £ = E - Ec, where E is the total carrier 

energy and Ec is the conduction band edge. 

Once the distribution function f is known the current density can be determined. For electrons the 
current density is 

Jn = -qfvf(r,k)—^kxdk dk2 
J (2K) 

(3.4) 

where v is the carrier velocity. 

Eq. 3.3 and Eq. 3.4 can be simplified by making some assumptions. One is to assume the effective 

mass m* is constant for a parabolic band structure in which case the carrier velocity v and wave 

number k are related by v = hk / 2rari*. Second is to assume the relaxation time x can be simplified 

to depend on position r and kinetic energy £ (i.e., x(r,k) = (r,£)). With these assumptions Eq 3.3 

and Eq 3.4 can be simplified to 

f(r,v) = f0(r,v)-x(r,£) v.Vf0-q—°vEn 

3£ 
(3.5) 

Jn = qjx(r,£)vv.Vf0d
3v-q2 Jx(r,£)—°wd v 

3f„ 
•E. (3.6) 

where En = VEc/q, the kinetic energy £ = mV/2, and the expressions are for electrons. 

Assume the quasi-thermal equilibrium distribution function f0 takes the form of Fermi-Dirac 

statistics given by 
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f0(
r> k) 

1 + exp 
8(k) + Ec(r)-EFn(r) 

kBT„ 

(3.7) 

Taking the gradient of the quasi-thermal equilibrium distribution function f0 

Vf0(r,k) = — 
98 

VEC-VE 
8(k)+Ec(r)-EFn(r) 

Fn' 
VT_ (3.8) 

and plugging into the simplified current density expression (Eq. 3.6) yields 

Jn = n|inVEFn + qn 
T   W3F1/2(Tln)        )-\vr (3.9) 

where n is the electron number density, m is the electron mobility, Dn
T is the thermal diffusivity 

for electrons, Fm and F.m are fermi integrals, and Planck's constant Tln = (EFn - Ec)/kBTn. The 

electron mobility |in is given by 

187C   £Z*r„,_ c^£
3/2

d£ (3.10) 
88 -.■^«*.^« 

Assuming there are no temperature gradients throughout the device Eq. 3.9 reduces to 

Jn =  n^nVEFn 
(3.11) 

This is the expression which is solved in the contact regions of the NEMO simulator. The change 
in the fermi level through the terminals is determined from the known current density and carrier 

density. 

3.2      Numerical Implementation 

The NEMO solver divides the heterostructure device into different simulation domains as shown 
in Figure 3-1 The terminal regions define where the Fermi levels are flat and the free earners are 
calculated semi-classically. The quantum region is where the wave function is solved using the 
Green's function formalism. Within the quantum region there are the non-equihbnum, quantum 
charge and resonance finding regions. In the non-equilibrium region transport and scattering can 
be calculated. The quantum region which is not a part of the non-equilibrium region is treated as a 
reservoir with a characteristic relaxation rate. The quantum charge region is where charge is 
calculated quantum mechanically. Outside this region charge is taken from a semi-classical solution. 
The quantum charge region is larger than the non-equilibrium region. The resonance finding region 
is the region of space where eigen-state maxima must appear in order to be accepted as bound states. 

16 8278/2 



Non-ct|uJ!£rium 
Rcttio« 

I Relax 
latioii 

Scattering 
RcJax-l 

Qaaaaiin Charge 
RCKJO« 

Scmi-daftxiail 
free charge 

Quantum aacelnuriea] 
free charge 

So«ii-ülai«ka] 
free charge 

Ftndi*K RcKJc 

FJ£c»-S*a*c 
Manaaa 

Figure 3-1.   Conduction band edge of a layered heterostructure and simulations domains in 
NEMO. 

The model used is To try and get a i-v curve a problem was set-up where quantum transport by 
resonant tunneling is calculated in the center quantum well in the superlattice and the other quantum 
wells are modeled as equilibrated fermi baths of carriers with a characteristic relaxation time. 

The reservoir relaxation model used in the terminal region where quantum quantities are calculated 
is as follows. Electrons can be sourced out of emitter quasi bound states in a NEMO I-V simulation. 
These emitter quasi bound states are not directly coupled to the flat-band state continuum. To serve 
as carrier sources these states have to be given a finite scattering life-time due to inscattenng of 
carriers from higher states in the reservoir. The current is proportional to the rate of filling of these 
emitter quasi bound states. The relaxation rate enters the Hamiltonian in the leads as an optical 
potential o = h/4nx above the conduction band edge. For the treatment of o(z,E) below the 
conduction band an exponentially damped relaxation is used given by 

E-Ec(z) 

G(z,E) = G0e (3.12) 

where z is the spatial coordinate, E is energy, EC is the conduction band edge as a function of 
position, 8 is a damping factor, and a0 is an optical potential (h/47tx). 

The terminal regions are where Eq. 3-11 is used. In the previous formulation the fermi level is 
constant across the terminal regions although the conduction and valence band edges are allowed 
to bend With the new formulation the fermi level is now a function of position. The fermi level 
relative to the conduction band is fixed at the emitter and collector boundaries. The variation through 
the terminal region is then calculated using a discretized form of Eq 3-11 given by 
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k+ 1   ^k ^n ,_k+ 1   _k 

E- ^E-Fo  =  ^ z) (3.13) 

where the index k delineates mesh points on the grid, and z is a spatial position on the grid. 

Currently this calculation is done only for electrons and with no generation/recombination 
mechanisms. This option is integrated into the GUI. A snapshot of the GUI with this option 
highlighted is shown in Figure 3-2. 

drift/diffusio 
option 

Figure 3-2. NEMO GUI showing location of option to solve for a simple drift/diffusion 
formulation in the terminal regions. 
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4.0      SMALL SIGNAL AC ANALYSIS 

Small signal AC analysis is implemented in NEMO via a linear perturbative approach described 
by Fernando and Frensley [Fernando and Frensley, 1995]. A small sinusoidal potential is added to 
the diagonal of the Hamiltonian resulting in the generation of harmonics. Each harmonic 
corresponds to the order of response of the system due to the perturbing potential. The electric 
current resulting from the first and second order harmonics can be expressed as follows: 

v,    iwt      * -icot. 
i = io + ^ye   +y e    ) + 

arectv v ,        2i(Ot 
+ -g-(a2coe 

*   -2icot 
+ a2coe ) (4.1) 

Here, I0 is the DC current, v is the amplitude of the sinusoidal perturbation, y is the AC 
admittance, a^t is the 2nd order rectification coefficient, and a2(0 is the 2nd order generation 
coefficient. The simulation of N orders of response requires the solution of N coupled 
Hamiltonians. 

An AC potential is included in the Hamiltonian by adding the matrix elements of a sinusoidal 
perturbation. These matrix elements result in the generation of harmonics whose first order 
coefficients provide AC conductance and susceptance. The matrix elements of the DC 
Hamiltonian in NEMO is represented as follows, 

<a,L,k|HDCkuk'> = Da
DC

a,(k)5UL,-ta!L
D^L,(k)6L,jL±.^ (4.2) 

The submatrices DDC and tDC are of the order of the basis of the bandstructure model. The diagonal 
block contains the on-site orbital energies and the electrostatic potential while the off diagonal block 
contains site to site interaction energies. The addition of an AC perturbation results in coupled 
harmonic sidebands. The AC Hamiltonian including only the first order harmonics may be 
expressed as follows: 

D 
AC 

D 
DC    hcov 

AC 

2TC  2 

DC    hcov 
AC 

27T    2 

.AC 

DC 

DC 

DC 

(4.3) 

where (O is the frequency and vAC is the magnitude of the perturbation. In NEMO all physical 
observables are calculated using the retarded Green's function. The retarded Green's function for 
a three monolayer device takes the following mathematical form. 

19 



GR = 

„     „AC     VRB 
'1,1 

.AC 
1,2 t 

AC 
C2,1 E-D2 

.AC 

AC .AC 
t 

t 3,2 

2,3 

E-DJC-I ,RB 
J3,3 

(4.4) 

The boundary self-energies, ZRB, couple electrons within the device to contact reservoirs assumed 
to be in thermal equilibrium. For the AC case the boundary self-energies take the form, 

GR = 

DC 
[0, 1 

DC 
C0, 1 

DC 
l0,1 

' -1 
J()3C-hv   -hv3C-hv 

JiXozoXo 

-l    ' -i 
J_iX-hvZ-hvX-hv J-2X-hv^-hv5C-hv 

JoXozoXo J_iXozoXo 

' -1 ' _1 T' 7 ~* J2XhvZhvXhv        JlXhvZhvXhv JoXhvZhvXhv  . 

(4.5) 

J = J v—^ m       m   hco 
(4.6) 

where Jm is the Bessel function of the first kind. The matrix Z^ is a diagonal matrix of Bloch 
propagation factors for the bulk DC Hamiltonian shifted by energy AE. The columns of the matrix 
XAE contain the corresponding Bloch eigenvectors. 
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5.        COMMERCIAL CAD ENVIRONMENT INTEGRATION: 
CONVERTING GUI TO FOX 

The process has begun to integrate NEMO into CFDRCs CAD environment. The first issue is 
updating the Graphical User Interface (GUI). The old GUI uses Motif and third party Motif widget 
sets (xrt-pdf) for plotting and table routines. Also, many parts of the GUI motif code were 
automatically generated using a GUI builder. The machine generated motif code that the GUI 
builder creates is very difficult to read, develop, and be further supported by humans. The GUI 
builder locks one into using the builder. Also, the Motif based code and 3rd party widget set cannot 
be ported easily to Windows (95/98/NT) machines. The GUI is being transitioned to the use of FOX 
libraries which are open source libraries (Free Objects for X, www.cfdrc.com/FOX/fox.html). This 
will allow a cross-platform GUI design from a single source, no reliance on a mixture of third party 
tools for GUI stability, and allow tighter integration with other CFDRC software. FOX is a C++ 
based tool kit for quickly developing fast, low memory, platform independent GUIs. 

As a first step the FOX library will be used to replicate the functionality of the old GUI. In future 
releases the GUI will be enhanced and reorganized. Snapshots of the new GUI are shown in 
Figure 5-1. The main i-v calculation window, device window, and parameter list are completed. 
The database explorer, the material parameter list, and the band structure portions of the GUI shown 
in Figure 5-2 are near completion. 

Figure 5-1.   NEMO GUI using FOX libraries. Shown from left to right are the main window with 
an i-v calculation. The "device" window, and the "parameters" window. 
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Figure 5-2.   Parts of old NEMO GUI using Motif and 3rd party libraries. Shown are the material 
parameter, material database explorer, and bandstructure windows. 
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6.0      RTD STUDY 

A resonant tunneling diode (RTD) device is used to demonstrate the drift-diffusion capability put 
into the contact regions of NEMO (Chapter 3) The resonant tunneling diode geometry which was 
simulated is shown in Figure 6-1. The ML unit used here is half the lattice constant of GaAs 
(0.2833 nm). The layer thickness (t) variation is assumed to be in the [111] lattice direction. All 
doping levels cited are donor number densities (ND). 

GaAs 

GaAs 

Al0.4Gao.6As 

GaAs 

Al0.4Ga0.6As 

GaAs 

GaAs 

ND(cm"J) 

lxlO1 

2x10' 

2x10 15 

2x10' 

2x10' 

2x10 15 

1x10 18 

t(nm) 

30.03 

20.11 

4.53 

6.23 

4.53 

20.11 

30.03 

t(ML) 

106 

71 

16 

22 

16 

71 

106 

comments 

nemo "collector" 

nemo "emitter" 

Figure 6-1.   Layer sequence of simulated resonant tunneling diode. 

Solving drift-diffusion in the terminals will allow the terminals to drop part of the total voltage 

applied to the device. The doping in the terminals (Nt = 1018,1016 cm"3) and the electron mobility 

(Li = 103 102 cm2/V-s) were varied. The electron mobility will only have an effect for the drift- 
diffusion cases. Plots of the conduction band edge, fermi level, electron density, and doping density 
are shown in Figure 6-2 with terminal doping and mobility varied. For instance the first two plots 

from the top correspond to Nt= lO^cm"3, \i= 103 cm2/V-s, and a 0.5 V bias across the 
heterostructure with and without drift-diffusion calculated in the terminals. The case with drift- 
diffusion is marked. Without drift-diffusion (DD) the fermi levels remain flat, with DD the fermi 
level is seen to slowly vary with position near the collector terminal. The varying fermi-levels near 
the collector has an impact on the carrier concentration (slightly increasing the earner level). 

To explore when drift-diffusion will have more of an impact on device performance the doping 
density in the terminals was decreased and the mobility in the terminals was decreased. Both 
decreasing mobility and terminal doping density increase the effect of DD in the terminals. This 
can be seen in Figure 6-2. All cases show the applied voltage at which the fermi level begins to 
deviate from the flat band approximation. For high doping and mobility this is around 0.5 V. When 
the terminal doping is increased the applied voltage were an effect is seen is around 0.325 V. When 
the mobility is reduced the effect is seen to begin at around 0.45 V. 

It should be emphasized that this is just a feasibility study. Much work needs to be done to improve 
the solver convergence. Holes, as well as generation and recombination effects, need to be included 

in the formulation. 
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Figure 6-2.   Conduction band edge and charge density plot versus position with and without drift 
diffusion in the terminals. 

24 



7.0 SUPERLATTICE STUDY 

7.1 Superlattice Design Concerns 

A THz device being developed at the University of California Santa Barbara (UCSB) is a Bloch 
oscillating miniband superlattice (Wanke et al., 1996,1998; Zeuner et al., 1996; Schomburg et al., 
1998- Sibille et al., 1994; Unterrainer et al., 1996). A Bloch oscillating miniband superlattice, is 
both a transport and a quantum transition device. Under strong electrical bias, quantum well states 
are pulled out of resonance forming a Stark ladder, the current density falls and transport can occur 
by making quantum transitions between the Stark split ground states of neighboring wells. 
(Figure 7-1(a)) There is no inversion, temperature has only secondary effects but enhanced gain 
occurs just below the Stark splitting (Loss occurs above.) Dynamics separate loss from gain. 

Miniband superlattices in the AlGaAs system have been used (Keay et al., 1995) to demonstrate 
new phenomena that lay the foundation for the device physics used here: (a) multi-photon assisted 
tunneling, (b) dynamic localization, (c) absolute negative conductance and, (d) multi-photon 
resonance with Bloch oscillation. 
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Figure 7-1. (a) A schematic miniband super-lattice (left) breaks into a Stark ladder under bias 
(right), (b) Dynamical conductance of a quasi-optical array of miniband superlattice 
diodes. This is a 50 period AlGaAs/GaAs superlattice comprised of 8 nm quantum 
wells and 2 nm barriers producing a miniband width of 20 meV or -5.5 THz, the 
intrinsic tunneling rate between quantum wells. The frequencies correspond to the 
Stark splitting between adjacent quantum wells. The cross hatched area represents 
the "available" gain. 

There are important material features, (a) No inversion is required for gain, (b) The gain is enhanced 
near the Stark splitting and is voltage controlled (Gunn devices are limited to frequencies below 
the energy relaxation time), (c) Power combining takes place in the material. (In principal the gain 
of a 50 quantum well miniband superlattice will saturate at twice the THz field as a 25 quantum 
well miniband superlattice. Very roughly speaking, we have 50 very fast RTDs in series.), (d) Non- 
linearities are strong and THz fast. The devices will be power combined in quasi-optical arrays 
(York et al., 1997). The THz cavities will be loaded with these quasi-optical arrays to form an 
electrically driven solid state oscillator. The electron mini-bandwidth must be broad but less than 
the LO phonon energy, momentum scattering long, and mobility high. 
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Underlying device physics has been largely explored and cleanly demonstrated in the prototypical 
AlGaAs There are better materials. InAs/AlSb/GaSb grown to the perfection of the AlGaAs system 
could make substantial improvements in the projected device performance. High optic phonon 
frequencies for the AlGaN materials (20 THz in the nitrides vs 10 THz for III-V s) make them very 
attractive. Doubling the optic phonon frequency opens the lOTHz region by removing lattice 
absorption and reducing phonon mediated relaxation. Since NEMO can simulate a variety o 
material systems, it is a strong base upon which to develop simulation tools that optimize material 

as well as device configuration. 

Fundamental to device operation are miniband superlattices that support ballistic electron transport 
over several superlattice periods. Coherence is essential. Heavily doped superlattices that limi 
transport to less than a period will exhibit I-V characteristics that mimic Bloch oscillation but will 
be controlled by energy relaxation and are "Gunn" like devices. 

Figure 7-l(b) shows the calculated dynamical conductance versus frequency for an electrically 
biased superlattice in the Bloch limit where transport is limited by Bragg scattering. Each curve 
represents a different electric field, labeled by the Stark splitting between adjacent quantum wells. 
The feature that emerges is a steadily rising gain or negative dynamical conductance up to a 
frequency just below the Stark splitting (See Figure 7-l(a)) or Bloch frequency. The dynamical 
conductance refers to the sheet conductance of an appropriate quasi-optical array. Gunn effects 
and the aforementioned superlattice work in heavily doped superlattice material produce gain only 
^frequencies below the energy relaxation time -100-200 GHz. But, here the cut-off frequency is 

the Stark splitting. 

The negative resistance at DC is problematic and signals various field instabilities, which will be 
only compounded when the device is embedded in a quasi-optical array. But the gain rises with 
increasing frequency and we can shunt the negative conductance, at low frequencies by a positive 
conductance equal to the DC value, without extinguishing the resonant gain near the Stark splitting 
or Bloch frequency. Indeed, if the shunt behaves like a resistive element, its THz impedance can 
only increase with frequency leaving the THz gain, near the Stark splitting, exposed. In Figure 7- 
1(b) the cross hatch regions indicate the gain available after the material is shunted by a positive 

conductance to stabilize the DC bias. 

7#2      S.ipprlattice from University nf California at Santa Barbara 

NEMO was used to simulate a superlattice structure from the University of California at Santa 
Barbara (UCSB). The superlattice is grown on a GaAs substrate and uses the InAs/A Sb material 
system. The layer sequence of the grown superlattice is shown in Figure 7-2(a) and some 
experimental J-V measurements are shown in Figure 7-2(b). 
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Figure 7-2.   (a)   Layer   sequence   of  grown   InAs/AlSb   superiattice.   (b)   Measured   J-V 
characteristics of superiattice for three different cross-sectional areas. 

The superiattice geometry which was simulated is shown in Figure 7-3. When comparing with 
Figure 7-2(a) it should be noted that the simulated layer sequence shows no GaAs as well as some 
other material layers that were etched away when fabricating the device. NEMO is used to simulate 
only those device layers where carrier transport is occurring in the superiattice. The ML unit used 
here is half the lattice constant of InAs (0.30292 nm). NEMO allows only whole ML units for layer 
thicknesses so layer thicknesses may differ from those cited in Figure 7-2. Cited experimental 
distances have been rounded of to the nearest ML. The layer thickness (t) variation is assumed to 
be in the [111] lattice direction. All doping levels cited are donor number densities (ND). The 

undoped carrier level was taken to be 5 xlO16. Also, none of the simulations used the number of 
superiattice periods of the experimental device (LSL = 158). There is a memory limit to the number 

of periods NEMO can simulate. 

ND(cm-3) t(nm) t(ML) comments 

InAs 3e+17 199.927 660 nemo "collector" . 

InAs 5e+16 12.1 40 

AlSb 
InAs 

5e+16 
5e+16 

0.6 
12.1 

2 
40 

repeated LSL periods, every 8th period InAs doped 2e+17 

InAs 3e+17 199.927 660 nemo "emitted' 

Figure 7-3.   Layer  sequence  of simulated  superiattice  modeled  after UCSB's  InAs/AlSb 
superiattice device. 

Shown in Figure 7-4 is an equilibrium calculation (zero applied voltage) of aLSL = 64 InAs/AlSb 
superiattice The Hartree potential was used to calculate the quantum charge throughout the 
superiattice A simple parabolic single band model was used. The conduction band edge (black) 
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and fermi level (tan) versus position is plotted in Figure 7-4(a). The doping level (tan) and the 
charge density (black) is shown in Figure 7-4(b). The doping increases every eighth penod as 
specified The charge density goes through various maxima in the quantum wells throughout the 
superlattice corresponding to the high charge density in the highly doped regions (every eighth 
superlattice period). The charge density is large enough in these highly doped periods to perturb 
the electric potential as seen in Figure 7-4(c). Consequently, the static electric field also exhibits 

an oscillatory behavior on the order of +/- 10" V/nm. 

NEMO cannot be used to calculate non-equilibrium features of the superlattice due to its inability 
to model carrier transport through the superlattice. Although NEMO can handle coherent transport 
through the superlattice, NEMO cannot currently model incoherent transport as well as scattering 
and phonon interactions through many quantum wells. The most NEMO can currently handle is 
transport through a double barrier. 
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Figure 7-4 Equilibrium calculations for UCSB's InAs/AlSb superlattice (described in Figure 7- 
3) with LSL = 64. Shown are the (a) conduction band edge, (b) doping profile and 
charge density, (c) electric potential, and (d) electric field. 
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8.0      QCL STUDY 

The main goal of Phase I is to see what capabilities NEMO currently has to aid in THz device design 
and what modifications are needed to better address THz device modeling needs in the future. To 
this end a study was made of the Quantum Cascade Laser (QCL). This is an important terahertz 
device and will be a long-term goal for NEMO to model. The exercise here is to see what NEMO 
can solve now and what development will be needed in the future to model QCLs. Although the 
current model cannot calculate the light power out versus current (L-I), the model can calculate a 
subset of the semiconductor laser problem. For instance, the model can calculate quantities such as 
the eigenstates in the system, the wave functions, the electric potential, and the i-v characteristic of 
the device (including only coherent transport). 

For example, NEMO was used to analyze the mid-infrared QCL discussed in (Sirtori et. al 1997). 
The device is grown on an InP substrate and uses the Ga0.47ln0.53As-Al0.48In0.52As material system. 
The layer sequence of the waveguide cladding, waveguide core, and the Injector/Active region in 
the core is shown in Figure 8-1. The nominal width and length of this mesa etched ndge waveguide 

laser is 18 um x 1.8 mm. 

The layer sequence in Figure 8-1 has only one stage in the injector/active region. The ML unit 
used here is half the lattice constant of InP (0.293435 nm). NEMO allows only whole ML units 
for layer thicknesses so layer thicknesses here may differ from those cited in (Sirton et. al., 1997). 
The graded areas are AlGalnAs with the In and Al mole fractions stepped in 3 ML intervals to 
transition from one material type to another. 
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Figure 8-1.   Layer sequence of simulated QCL. 
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Figure 8-2. Erroneous conduction band edge calculation for QCL device. Shows the over 
prediction of band bending in the highly doped collector region where the parabolic 
density of states assumption breaks down. 

The calculated conduction band edge for the whole device (cladding and core) is shown in 
Figure 8-2 and just the injector/active region with bound state energy levels in Figure 8-3. These 
calculation were done with the semi-classical models in NEMO. The semi classical free carrier 
density is calculated throughout the device using quasi-fermi levels. Within the terminals a 
constant quasi-fermi level is defined based on the doping and the band edges of the left most 
(right most) site of the left (right) terminal. In between the terminals the fermi levels are linearly 
interpolated. The fermi-levels are determined using a parabolic density of states effective mass 
approximation. The effective masses for the T conduction band are used. 

If the whole QCL device is considered (cladding and core, Figure 8-2) the results are in error, as 
expected, when the simple semi-classical models are used. The band bending in the highly doped 
regions are over predicted when using the simple semi-classical models. That is, the simple 
parabolic density of states does not hold for these highly doped regions. The core and cladding 
band edges are compressed toward the fermi level. The highly doped collector region has pulled 
the fermi level unrealistically many eV above the conduction band edge. 
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Figure 8-3.   Conduction band edge with calculated energy levels, i-v curve, and electric potential 
versus position for the injector/active region. 

NEMO was originally formulated to handle transport of carriers between two reservoirs of 
carriers through energy barriers where coherent transport is important. NEMO cannot handle 
incoherent transport through superlattices or transport through extended regions of 
semiconductors with no heterostructures present. Incoherent transport through the superlattice 
will need to be addressed in phase II work. Another deficiency in NEMO is that the quaternary 
used in the graded region has no band model parameters for the multi-band models in the material 
database The multi-band models are typically used if non-parabolic density of states need to be 
calculated. The k • p multi-band model with the appropriate band model parameters will be tried 

in the second half of this project. 

If iust the injector/active region is simulated using the simple semi-classical models (Figure 8-3) 
the results are more reasonable. In the near term this is what NEMO has to offer designers of THz 
devices- a detailed quantum description of the superlattice region of the device (eigenstates 
wavefunctions, quantum charge). Figure 8-3 shows the conduction band edge for three applied 
voltages, the electric potential, and the i-v curve. The QCL is operated under a positive bias 

corresponding to an average electric field of 6.2 xlO4 V/cm. For the spatial region of the device 

simulated in Figure 8-3 this is close to the 0.536 V voltage case (6.13 xlO4 V/cm). The energy level 
differences calculated are AE74 = 175 meV and AE43 = 41 meV which are near 145 meV and 
41 meV cited in (Sirtori et. al., 1997). A parabolic single-band effective mass was used in the 
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calculations The parabolic band assumption makes upper energy levels inaccurate. The semi- 
classical model also predicts a non-uniform electric field across the device with a slight increase 
of the electric field in the active region of the device. 

In the terminals Thomas-Fermi statistics are used with non-varying (with position) fermi levels, 
Hartree self-consistency is used in the non-equilibrium regions. There is no scattering nor 
incoherent transport being modeled. The consequence of no scattering and only coherent transport 
can be seen in the electron density calculations shown in Figure 8-4. Neglecting scattering and 
incoherent transport under predicts the amount of carriers in the super lattice. Given no scattering 
and no incoherent transport NEMO can not handle transport through many injector/active stages 
Figure 8-5 shows calculated conduction band edges and electron densities for multiple injector/ 
active regions at two different applied voltages. The "bowing" in the band diagram is a result of an 
insufficient number of free carriers in the superlattice. 
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Figure 8-4. Electron density (nm"3 = 1021 cm"3) versus position for varying applied voltage. 
Also, electron density and doping profile versus position at four different applied 

voltage slices. 
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Figure 8-5.   Conduction band edge, electron density (nm"3 = 1021 cm"3), and doping levels 
versus position for two applied voltages and multiple injector/active stages. 

33 



9.0      COMMERCIALIZATION 

CFDRC is committed to commercialize NEMO software. During the Phase I effort, the NEMO 
GUI is being transitioned to the FOX library. The GUI which is using third party widgets is being 
converted into a FOX based widget set. This free source CFDRC technology will enable tighter 
integration with other CFDRC products. The conversion will also allow the code to be run on 
windows platforms as well as the unix flavors the tool currently runs on. 

A web site for marketing, training, support, and distribution has been established. The NEMO 
web pages which were formerly served by Raytheon are now on the CFDRC's web site 
(www.cfdrc.com/~nemo). Since the web site has been put on line approximately 20 unsolicited 
requests for more information have been received. 

CFDRC will invest internal and sponsored (U.S. industry, DoD, . . .) resources to prepare the 
quantum tool for commercial sale and support. The documentation is being updated and put in a 
form conforming to CFDRC support staff requirements. 

There are plans to advertise the CAD tool at exhibitions, conferences (eg., APS, IEEE,. ..), and 

in trade magazines. 

An open development environment will be established for academic research (physics 
enhancements, validation,...) and interfaces to commercial TCAD tools will be developed. 

A license to develop and sell NEMO is being finalized between Raytheon and CFDRC which 
gives CFDRC access to the latest NEMO source code, the right to develop and exclusively 
commercialize NEMO. Raytheon has also recognized JPL as an entity in which NEMO 
development can occur. Finally CFDRC is recognized by Raytheon as the caretaker of the 
"universal" source to be developed and marketed during the SBIR project. 
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10.0 CONCLUSIONS AND PLANS FOR FUTURE WORK 

This chapter presents the conclusions from the current project and the plans for future extensions 

and applications of the Quantum CAD tool. 

10.1 Summary of ArrnmplishmentS 

The significant achievements during phase I of the project are an existing quantum simulator 
NFMO has been coupled to a drift-diffusion model to enable multi-scale studies of 
SonducL devic s. The quantum device simulator linked to a classica model has been 
SS^and verified on RTDs, superlattices, and QCLs with varying levels of sue««, 
"the tool was further integrated into CFDRC's commercial nucroelectronics CAD 
environment by converting the GUI to FOX (a CFDRC GUI library technology). 

in conclusion the main development requirements for NEMO to model quantum based THz 
dev'cef which consist of multiple quantum wells, is the inclusion of incoherent transport 
ores es^^nd improving the material database. The incoherent tranport processes would include 
reSlevel trSions within quantum wells and scattering between energy levels as the came 
a^s^ted through the multiple quantum wells. The material database improvements would 
rclud'tmaries InAs, AlSb, and SiGe. Not all of these materials presently have accurate 

parameters for the higher level band models. 

102    Po^mmpnrtPd FytnrPIWlonment, Validation, and Application? 

There are several important needs for enhancing the Quantum CAD tool. Some of the most 
important improvements relevant for THz devices follow. 

Rate equations for carrier transitions including energy relaxation and in-plane momentum 
fcatterCTo implement the carrier transitions each well in the superlattice will be discret zed 
pa X with a single node for each well. Each spatial node will have 100-1000 transverse (in plane 

rnnrlelT associated with it Transitions can happen between spatial nearest neighbors among 
momenta) associated wnn      i FF     994) Th  transport will be solved with an 
various in-plane transverse momenta (Klimeck et. ai., iw). iuc u«  F KTc\/rn 
iterativeScheme of the linear system. The traasitioaal levels are already calculated m NEMO. 

Material Database Development. When simulating the THz devices under this study, it became 
an™.me material database need to undergo improvements. To implement the class,^ 
Sort models mobility needs to be added in the database. The mobtfi.y ts a fitnc ton of he 
matS Tonized dopan density, the lattice temperature, the earner temperatures, and the 
ZXdtaTand transverse electric fields. The mobilities for alloys such as ternarte» and 
«uaternaries needs to be researched. Many of the bandstructure parameters are not ava lab e 
ZM material systems. For example, the sp3s* band model parameters are not defined tn the 

code for SiGe and AlSb. 

Time domain Green function model. Many Quantum devices will be incorporated into future 
Sal circuits. In digital circuits the step response of the device is ^J^0^^ 
step response of Quantum devices such as RTDs one cannot use large signal AC. A full time 
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dependent simulation is necessary to analyze the step response of quantum devices. A general, 
Swum Green function, time-domain model could address this need. A general theory 
usmg a model Hamiltonian has been previously described by Wingreen Jauho, and Merr 
[Wkgreen et. al., 1993]. The theory can be rewritten for the localized orbital basis used in 
Sos bandstructure models and optimized for numerical implementation. The theoretical 

development would have 4 main components; 

(i)       Formulate the open system bulk boundary conditions. 
(ii)      Formulate the time-dependent generalized boundary conditions equivalent to those used 

in NEMO 
(iii)     Develop the most efficient algorithms for calculating the current and charge across the 

(iv)     Formulate several different algorithms for including incoherent scattering from phonons 
ionized impurities, interface roughness, and alloy disorder. The algorithms would trade off 

accuracy with numerical cost. 

Implement small and large signal AC into an existing Quantum simulator Circuit designers 
n L real world use the circuit simulator SPICE to design and analyze radio frequency W 
circuits The SPICE simulator uses equivalent lumped elements that mimic the actual devices to 
pX the behavior and effect the devices have in a complete circuit The equivalent lumped 
element parameters are typically extracted from (i) the DC current-voltage curve and (11) the 
f equency dependent S-pararneter curve of the device. Both characteristics can be measured 
experimentally including parasitic device effects. Simulations which can calculate these two 
characteristic^; could also calculate equivalent lumped element parameterization for use in 
SPICE NEMO has already been proven to match well with experimental DC i-v curves ot actual 
devtees The AC signal analysis could be incorporated into NEMO. Small signal AC analysis has 
Sy been demonstrated. The formulation for the large signal AC analysis which is charge self 
consistent has been developed under a previous project. The AC analysis can be generalized and 
exuded to large signal device response. The number of harmonics will vary. The open system 
Ä^pSLeJk et al., 1995;Lake et al., 1997] that makes NEMO so versatile can be 
enhanced to account for the higher order harmonics generated from the sinusoidal potentud 
response The AC charge can be calculated self-consistently with the AC potential. The total 
current (particle plus displacement) can be calculated and generated as output. 

Automate compact model parameter extraction for circuit design. The equivalent lumped 
dleTparameters can be calculated from DC current voltage and S-parameter curves that were 
grated from NEMO. The circuit parameters or reduced models characterizing the device and 
Lde a function of frequency and voltage can be calculated automatically and optimized using 
optimization algorithms such as genetic algorithms (GAs). 

Optical effects. To enable the characterization of THz detectors the AC model developed in the 
quPan urn simulator could be enhanced to include optical effects. The Hamiltonian developed for 
me electronic AC analysis can be altered slightly for optical analysis. Instead of using the torn, 
Vcos^t) in the Hamiltonian, one would use p • Acoscot. The change affects only the matrix 
dements that couple the harmonics in the Hamiltonian. This would enable the modeling of the 
current response of a device such as an RTD or superlattice illuminated by a laser (i.e., a THz 

receiver). 
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Inverse RTD design problem. Given some desired i-v characteristic an RTD design (layer 
number thickness, mole fraction, material, and doping levels) will be calculated which exhibits 
the desired characteristics. A genetic algorithm-based approach to back RTD structural 
information out of the RTD current-voltage characteristic could be used. 

Increase Quantum Simulator from ID to 2D. Increasing the number of dimensions in the 
quantum simulator will require fundamental changes to the structure of the code. Issues that will 
need to be addressed include the inclusion of side wall depletion, electron recombination and 
charging at surface states, multidimensional electron energy state distribution, band structure, and 
multidimensional effects on electron scattering. Also, increasing the spatial dimension in quantum 
simulator from ID to 2D requires new meshing paradigms, infrastructure, numencal solvers, 
theory reformulation, and GUI modifications. Also, increasing the quantum simulator from ID to 
2D will allow the inclusion of a third contact. 

Integrate NEMO into CFDRC commercial technologies. To enhance the calculation speed the 
linear equations and eigenvalue problems in the code solved using the freeware linear algebra 
oackaee (LAPACK) can be transitioned to numerical solvers at use at CFDRC. The output data 
formats can be transitioned to an open standard (www.cfdrc.com/~DTF/). The Graphic User 
Interface (GUI) can be transitioned to the use of FOX libraries which are open source libraries 
(Free Objects for X, www.cfdrc.coiWFOX7fox.html). This would allow a cross-platform GUI 
design from a single source and allow tighter integration with other CFDRC software. FOX is a 
C++ based tool kit for quickly developing fast, low memory, platform independent Graphical 
User Interfaces. The internal structure of the tool an be rewritten to provide a clear software 
interface between the solver and GUI. 

Couple Quantum simulator to a classic device physics model such as a hydrodynamic or 
Boltzmann formulation. Currently, the Quantum simulator models the emitter and collector 
contacts as a reservoir of carriers in thermal equilibrium with the lattice. This approximation 
works well for degenerately doped semiconductors. However, for thin or moderately doped 
contacts this approximation begins to break-down. The electron and hole transport can be 
calculated using a hydronamic or Boltzmann formulation instead of assuming a thermalized sea 
of electrons Thus effects such as carrier heating and non-local effects can be properly mode ed. 
Linking the Quantum simulator with classical semiconductor device tools will allow complete 
multi-scale modeling solutions of quantum devices utilizing the computationally costly Quantum 
simulator only in the quantum regions. 
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