






CHAPTER 5. VASP BENCHMARKING RESULTS

Figure 5.13: VASP 5.4 van der Waals DFT GGA simulation data of MoS2 plotted against
NEMO5 MoS2 simulations. Spin-orbit is applied during both simulations.
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Chapter 6

Conclusions

6.1 Summary of Work

This thesis has set the groundwork necessary for successful fabrication of TFETs

with TMD channels at RIT. For such work to become a reality, simulations have

to first be performed so as to reduce fabrication cost and increase the likeliness of

generating functioning devices. Quantum simulations were identified as a necessity

over TCAD simulations through a thorough study of simulation results performed by

other groups. The study discussed in this paper is by Jiang et al . [10].

The goal of quantum simulations are E − k plots and I − V characteristics that

correspond to ”real” or experimental data. This means that the simulated data must

converge onto reality; the Jacobian iterative method was considered as an example

algorithm used by the NEMO5 simulation package to achieve convergence. NEMO5

and VASP 5.4 were both considered and used for the first time at RIT in device design

capacity in this thesis. The understanding developed of both is crucial for further

work in designing TFET devices.

Previous Esaki diode data was simulated in NEMO5 and the match to reality

was poor. To determine why this was so, the band gaps for the material systems

were simulated: for GaAs and InAs as simulated by NEMO5, reasonable results were

seen, but the band gap for InGaAs was significantly higher than the reality. This
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was fixed by developing an understanding of the virtual crystal approximation model

used as the tight-binding parameters in NEMO5, and then editing these parameters to

contain the effects of bowing parameters as described in Luisier et al . [15]. The Esaki

diode data was simulated using the newly generated model containing the bowing

effects and the results were seen to match reality closely. Thus, the understanding

of the bowing effects and how they can be applied to create a calibrated simulation

model in NEMO5 is considered a huge find in this study.

Preliminary VASP 5.4 band gap calculations were performed for various III-Vs

and other common semiconductors. An experiment was run to determine the most

accurate simulation method and the HSE06 with GGA simulation method (a type

of meta-GGA) was determined to be the most promising, while the Hartree-Fock

the least useful (as well as time-consuming). The Hartree-Fock method is not a

viable method of predicting material characteristics such as energy band gap, possibly

because it requires more computational power.

Lattice constant variation effects in VASP 5.4 were considered for both standard

III-V and MoS2 and WTe2 systems. More work should be done in this regard if there

is any interest in the effects of strain on 2D materials. Finally, VASP 5.4 and NEMO5

results for MoS2 bandstructure simulations were plotted together, which is the first

step to calculating a set of bowing parameters for this material system.

6.2 Future Work

As this thesis has been merely a first look at using NEMO5 and VASP 5.4 for

quantum simulations at the Rochester Institute of Technology, there is substantially

more work to do in terms of benchmarking both software packages before actual TMD

TFETs can be simulated meaningfully. The ultimate goal is, of course, fabrication of

such devices.

Some suggestions for more immediate work include a study of bowing parameters
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for other material systems, specifically TMDs. Sharma et al ., Mourada and Czycholl,

Zhao et al ., and Kang et al . are all suggested as good starting materials in this regard

[40, 41, 42, 43]. Another item is to edit the newly created all .mat InGaAs file to

remove the d -orbital effects and analyze the results to determine the necessity of the

d -orbital for a true simulation. This is especially useful as the matrix corresponding

to the new file would be smaller and thus take less time to simulate, but the accuracy

difference between the two simulations must be considered.

Further necessary VASP benchmarking includes developing an understanding of

the basic TMD Brillouin zones and the way VASP goes about traversing these, as well

as running more standard simulations for TMD energy band diagrams. Also necessary

is the further development of a super-cell structure in VASP as this is necessary to

simulate compounds such as InGaAs.
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Appendix A: Hohenburg-Kohn Theorem Proof

[1]

Proof: if Ψ 6= Ψ'then ρ 6= ρ'.

Assume Ψ 6= Ψ'and ρ = ρ', and prove that this is untrue.

Ψ is the ground state of Ĥ with ground energy Egs,

and Ψ'is the ground state of Ĥ' with ground energy E'gs.

Assuming the same number of electrons:

Ĥ = T +W + V (A.1)

and

Ĥ' = T +W + V ' (A.2)

so

Ĥ = Ĥ'− V ' + V. (A.3)

Applying the variational principle:

Egs = 〈Ψ|Ĥ|Ψ〉 < 〈Ψ'|Ĥ|Ψ'〉 = 〈Ψ'|Ĥ'−V '+V |Ψ'〉 = E'gs+

∫
ρ'(r̄)[v(r̄)−v'(r̄)]dr̄.

(A.4)

Now repeat the argument, starting with Ψ':

E'gs < Egs +

∫
ρ(r̄)[v'(r̄)− v(r̄)]dr̄. (A.5)

Assuming ρ = ρ', add the previous statements:

E'gs + Egs < E'gs + Egs (A.6)

This is clearly a contradiction. Therefore, ρ 6= ρ'has been proven.
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Appendix B: Brief Guide to Using MedeA 2.22.2

for VASP 5.4 Simulations

B.1 Part 1: MedeA Set-Up

Begin by opening runJobServer and runTaskServer from the Materials Design

folder. Once these are loaded, open MedeA 2 .22 .2 . These options can be seen in Fig.

B.1.

Figure B.1: Materials Design folder as seen running Windows 10 Pro.

Next, click on Tools and load InfoMaticA and VASP 5 .4 from the drop-down

menu. These two tools will appear up top as extra drop-down menus.

Now click Job Control and Select Server to select the relevant server. The default

in this example scenario is the local server which refers to the laptop MedeA is installed

on, but other servers can be called as well, and these will appear here. Note that it

is also possible to point to a remote machine for execution, but this is beyond the

scope of this example.
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SIMULATIONS

B.2 Part 2: Cell Set-Up

Select InfoMaticA and load the Search function. The InfoMaticA Search menu

will appear. Click Add New Criterion from the bottom half of this menu and select

Formula from the drop-down menu. Type the molecule of interest into the box which

appears. In this example case this is indium arsenide (InAs). The relevant existing

structures in the library will appear in the top half of the search menu, as seen in

Fig. B.2. If there are multiple results, as is the case in this example, click Edit and

Find Median Structures to narrow it down to one selection.

Figure B.2: InfoMaticA Search menu as seen after selecting InAs for this example.

Next, right click on the molecule that is left and select View . A figure will appear
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in MedeA which can be rotated by clicking the molecule and dragging the cursor; this

is the molecule in question. The molecule in its initial state, as seen in Fig. B.3(a),

is bond-less; to add bonds right-click on it and select Edit bonds . Click OK if the

bond parameters correspond to what is known about the molecule; this will result in

Fig. B.3(b).

Figure B.3: (a) The InAs molecule chosen as seen without bonds applied. (b) The InAs
molecule chosen as seen with bonds applied.

To edit things such as the lattice constant (A= 6.048 Å for InAs remains un-

changed in this example case) or to add, move, or remove atoms, right click the cell

in question again and click Edit Cell . After this, the cell has been set up and VASP

is ready to be run.

B.3 Part 3: Structural Optimization using VASP 5.4

The cell must now be minimized, and this is done with VASP 5.4. Click VASP

5 .4 from the menu bar and select Run. The menu which will appear is seen in

Fig. B.4. All the settings in Fig. B.4 correspond to the standard for Standard

Optimization. Specifically, these include turning on Relax atom positions , Allow cell
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volumes to change, and Allow cell shape to change; the functional can be changed

to any functional of interest, though the Density functional with the GGA−PBEsol

exchange correlation selected is one of the fastest to run; Spin − orbit magnetic can

be turned on or off from the Magnetism option (note that turning it on will increase

simulation time substantially); Standard 500 is the simplest Precision to run. The

Spacing of k − points can be edited under the SCF menu (0.5 1/Å is standard for

InAs). Do not forget to edit the Title to something meaningful before running the

simulation by clicking Run.

Figure B.4: General setup for Structural Optimization of the chosen InAs molecule.

A Submit VASP Job menu will appear where the server Queue may be chosen,

as well as the Number of processors and Priority of the job at hand. This can be

seen in Fig. B.5. The Number of processors is dependent on the machine the chosen

server is running on (in the case of this example “minint-3famcrr” has an Intel Core

i5-5200U Processor, which corresponds to two cores and four threads, so two is the

maximum number of Processors available). The greatest Priority is 1 and the lowest

is 10. Do not forget to add a relevant comment describing the job about to be run.
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Figure B.5: The pre-run menu.

B.4 Part 4: Viewing and Controlling the Job requested

To view the job, open an Internet browser and type 127.0.0.1:32000/index.html

into the search bar. The resulting page is seen in Fig. B.6.

Figure B.6: The Materials Design JobServer menu.
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To see the status of the current job, click Jobs . After the job in question is shown

as Finished , load it into MedeA by clicking File and selecting Open structure from

job.

B.5 Part 5: Band Structure and Density of States using

VASP 5.4

To acquire meaningful data such as Band structure or Density of states information

using VASP, start by clicking on VASP 5 .4 from the menu again. Next, select

Single − point , followed by whichever Properties are of interest. In this case, Band

structure and Density of states are both selected. As before, select the Functional

of interest as well as the Precision. Fig. B.7 shows a sample set-up.

Figure B.7: Sample set-up of band structure and density of states run for the InAs model
chosen.

Proceed to Run, view and control the job as before.
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B.6 Part 6: Analysis

Click Analysis from the top menu, followed by the property of interest (in this

case Band structure or Density of States), and choose the relevant job. These files

can be exported for further analysis by clicking Analysis , Export , and finally File

Select and selecting the relevant file.
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Appendix C: NEMO5 Sample Device Simulation

Files

The following files correspond to InGaAs-6 which was simulated in this study.

C.1 Typical Material and Structure definition

Material { crystal_structure = zincblende

doping_density = 7E19

doping_type = N

name = GaInAs

x=0.47

regions = (3)

tag = InGaAs_highDoping }

Material { crystal_structure = zincblende

doping_density = 7E19

doping_type = N

name = GaInAs

x=0.47

regions = (2)

tag = InGaAs_lowDoping }

Material { crystal_structure = zincblende

doping_density = 9.6E19

doping_type = P

name = GaInAs

x=0.47

regions = (1)

tag = GaSb_high_doping }
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C.2 Domain definition

Domain { base_material = InGaAs_lowDoping

crystal_direction1 = (1,0,0)

crystal_direction2 = (0,1,0)

crystal_direction3 = (0,0,1)

dimension = (48,1,1)

leads = (source_contact,drain_contact)

name = device

output = (xyz,coupling)

periodic = (false,true,true)

regions = (1,2,3)

space_orientation_dir1 = (1,0,0)

space_orientation_dir2 = (0,1,0)

starting_cell_coordinate = (0,0,0)

type = pseudomorphic }

C.3 Contact definitions

source contact,source source contact,source source source contact

source mode contact,source source mode contact

drain contact,drain drain contact,drain drain drain contact

drain mode contact

C.4 Mesh Domain definition

Domain{

mesh_from_domain = device
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name = fem_device

number_of_refinement_steps = 1

refinement_regions = (1,2,3)

type = finite_elements

periodic = (false,true,true)}

Domain{

mesh_from_domain = drain_contact

name = fem_drain_contact

number_of_refinement_steps = 1

periodic = (false,false,false)

refinement_regions = (2,3)

type = finite_elements}

Domain{

mesh_from_domain = drain_drain_contact

name = fem_drain_drain_contact

number_of_refinement_steps = 1

periodic = (false,false,false)

refinement_regions = (2,3)

type = finite_elements}

C.5 Region definition

Geometry{Region{

max = (9.38992,2,2)//represents 16 UC of InGaAs per div, a=0.58687 nm

min = (-20,0,0) //Hopefully I don’t need to change this #.

priority = 1

region_number = 1

shape = cuboid}
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Region{

max = (18.77984,2,2) //represents 16 UC of InGaAs per div, a=0.58687 nm

min = (9.38992,0,0)

priority = 1

region_number = 2

shape = cuboid}

Region{

max = (40,2,2)

min = (18.77984,0,0)//represents 16 UC of InGaAs per div, a=0.58687 nm

priority = 2

region_number = 3

shape = cuboid}}}

C.6 QTBM Solver definition

solver{

type = MetaPoissonQTBM5

name = QTBM

active_regions = (1,2,3)

clean_all_in_reinit = true

contact_domains = (source_contact,drain_contact)

contact_aux = (source_source_mode_contact)

output = (JE,NE,current,ldosn1d,ldosp1d)

tb_basis = sp3d5sstar

energy_grid_constructor = QTBM:adaptive_grid_generator

number_of_MPI_ranks_in_real_space = 1

density_solver = QTBM:Transformation1

derivative_of_density_solver = QTBM:Transformation1
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solve_on_single_replica = true

solver_type = compression

with_poisson = true

no_file_output = true

debug_output_job_list = false

regions_adjacent_to_source_electrode = 1

regions_adjacent_to_drain_electrode = 3

source_voltage = 0.0

drain_voltage = 0.0

ramper_voltage (-0.65,-0.6,-0.55,-0.5,-0.45,-0.4,-0.35,-0.3,-0.25,-0.2,-0.15,-0.1,-0.05,0,0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85)

ramper_contact = source

no_integration_for_transmission = true

system_type = quasi_1D

kxmax = 0.5

kxmin = 0

kymax = 0.5

kymin = 0

number_of_k_points = 14

degeneracy_factor = 4

non_rectangular_energy = true

laplacian = (x)

bands_number_of_nodes = (100)

number_of_eigenvalues = 80

number_of_eigenvalues_to_use = 16

output_line_corners = [(0, 0.2, 0.2), (40, 0.2, 0.2)]

number_1D_output_points = 100

homogeneous_initial_potential = 0.3
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selfconsistent_algorithm = fast

electron_hole_model = true

electron_hole_heuristics = omen_smooth

particle_source = hole

particle_drain = electron

iteration_output = false

poisson_max_iterations = 24

bandstructure_smart_parallelization = true

parallelize_adaptive_grid_construction = true

residual_criterion = 1.e-5}
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