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From Atoms to Devices: 
Microchips 

Sanghamitra Neogi

“the most complex piece of machinery 
ever assembled by humans.”



“Microchips are the new oil.”
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From Atoms to Devices

Bulk Silicon Silicon Channel Silicon Channel 
Heterostructure

Field Effect Transistor Chip/Chiplet/Circuit

~size of a Coronavirus
iPhone has 
15 billion 
transistors on 
the main chip
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From Atoms to Devices: Our Efforts
Bulk Silicon Silicon Channel Field Effect Transistor Chip/Chiplet/CircuitSilicon Channel 

Heterostructure

1. Atoms-to-Structures: Thermal and Electronic Properties 
of Semiconductor Heterostructures
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Silicon 
Nanostructures

ACS Nano 9 (4), 3820-3828 (2015)
EPJB 88 (3) 73 (2015)

Appl. Phys. Lett. 109, 053902 (2016)
Phys. Rev. B, 95(18), 180301 (2017)

Phys. Rev. B, 99(1), 014207 (2019)
Phys. Rev. Applied 14, 024004 (2020)

1. Thermal Properties of Semiconductor Heterostructures



12

Sanghamitra Neogi

Silicon 
Heterostructures

Phys. Rev. B, 99(1), 014207 (2019)
Appl. Phys. Lett. 115, 211602 (2019)

J. Electron Mater, 49, 4431-4442 (2020)
J. Appl. Phys. 129, 025301 (2021)

npj Comput. Mater. 7, 93 (2021)

J. Mater. Chem. C,10, 7525-7542 (2022)
arXiv:2302.00261 (2023)

2. Electronic Properties of Semiconductor Heterostructures



13

Sanghamitra Neogi

From Atoms to Devices: Our Efforts
Bulk Silicon Silicon Channel Field Effect Transistor Chip/Chiplet/CircuitSilicon Channel with 

Insulating Layer

3. Atoms-to-Circuit: Thermal Model of Microelectronic Systems 
University of California, Berkeley Purdue University
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Atomistic Model of Transistor

Sayeef Salahuddin
University of California, Berkeley 

Accelerated learning of interactions using GPUs and machine learning (ML) potentials
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From Atoms to Devices: Our Efforts
Bulk Silicon Silicon Channel Field Effect Transistor Chip/Chiplet/CircuitSilicon Channel with 

Insulating Layer

4. Reverse model: Predicting thermal properties of 
structural images 
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Outline

1. Atoms-to-Structures: Electronic Properties of 
Semiconductor Heterostructures

2. Reverse model: Predicting thermal properties of 
structural images
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Outline

1. Atoms-to-Structures: Electronic Properties of 
Semiconductor Heterostructures
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Electronic Transport Property Calculation

ficient of samples A, B, and D fit the theoretical calculations
for well and barrier widths of 43 and 30 Å, respectively.
However, sample C is well fitted with the well and barrier
widths of 50 and 30 Å, respectively. This variation could be
due to different growth rates between epitaxial growths. The
thickness variations were verified by measuring the superlat-
tice period accurately with the use of x-ray diffraction.

VI. SUMMARY

We described detailed calculation of thermoelectric ef-
fects in short period superlattice devices. Nonmonotonic be-

havior of the cross-plane Seebeck coefficient versus doping
was observed. This was explained due to miniband conduc-
tion regime. Simple diagram shown in Fig. 1 suggests that
the sign of the Seebeck coefficient could be changed com-
pared to that of bulk n-doped material. However, we did not
observe the sign change experimentally. When we carefully
examined the theoretical model, we found out that only when
the electron’s transverse momentum is not conserved during
quantum mechanical transmission the sign of the Seebeck
coefficient could be changed !see Fig. 5". Transverse mo-
mentum conservation is a consequence of translational sym-
metry in the plane of quantum wells, and it could be violated
by adding any substructure that breaks this symmetry such as
embedded quantum dots. Calculations in Ref. 16 illustrated
indeed the Seebeck coefficient sign change as p-doping in-
creases for Ge/Si quantum dots superlattices. In the case of
planar barrier, when transverse momentum is conserved, sign
of the Seebeck coefficient does not change and we only see a
nonmonotonic variation of the Seebeck coefficient versus
doping.
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Si0.5Ge0.5(6nm)/Si (14nm) 
grown on Si(001)

Appl. Phys. Lett., 59 (18), 2242 (1991)

The stacking sequence of atomic planes along the 
(111) direction in a diamond structure can be denoted as 
A-aB-bC-CA-a, where the spacing between A-a is three 
times the spacing between aB. Using a simple kinematic 
analysis of the relative intensities of extra reflections, Le- 
Goues et al.’ were able to determine that in the ordered 
phase the stacking sequence of the preferred Si and Ge 
plane is Si-GeGe-SiSi-GeGe-Si (type II) rather than Si- 
SiGe-GeSi-SiGe-Ge (type I) as assumed by all previous 
studies.” We note that high-energy electron diffraction is 
dynamical in nature, and the observed intensities of extra 
reflections can deviate substantially from the kinematical 
values, depending on electron energy, sample thickness, 
and the degree of order. The degree of order is usually 
defined by a parameter S = rsi + ro, - 1, where rsi and 
ro, are fractions of Si sites and Ge sites that are occupied 
by the preferred atom. The value of S is 0 for a completely 
random configuration and 1 for a perfectly ordered struo 
ture. The dynamical simulations using the multislice 

TABLE I. Effects of growth surface on alloy ordering and defect structures. 

Growth 
surface 

Strained-layer superlattices 
(100) 
(100) 
(111) 
(111) 
(110) 
(110) 
SiGe thick layers 
(1W 
(100) 
(111) 
(111) 
(110) 
1110) 

Growth 
temperature 

400°C 
580°C 
400°C 
6WC 
400°C 
580°C 

400°C 
580°C 
4OOT 
600°C 
4OOT 
580°C 

Layer thickness 

Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe( 14 nm) 

Si(5 nm/SiGe(9 nm) 
Si(4 nm/SiGe( 16 nm) 
Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe(20 nm) 

500 nm 
500 nm 
500 nm 
500 nm 
500 nm 
500 nm 

Ordering 

no 
no 
no 
no 
IlO 

no 

Yes 
no 
no 
no 
no 
no 

Relaxation mechanism 

surface undulation (?) 
twinning 
twinning 
twinning 

twinning, dislocations 

dislocations 
dislocations 

twinning, dislocations 
twinning, dislocations 

twinning 
twinning, dislocations 
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FIG. 1. Bright-field (710) cross-sectional image of S&GQ~(~ tim)/ FIG. 2. (a) Diffraction pattern from a Si,,Ge&Si superlattice grown at 
Si( 14 nm) superlattice grown on a (OOl)-oriented Si substrate at 580 “C 400°C on a (001) Si surface. (b) Diffraction pattern from a thick 
and then annealed at 450°C for 30 min. The SiGe layers, appearing in Si,,,Ge,,, layer grown at 400 “C on top of the superlattice in (a). Extra 
dark contrast, exhibit substantial surface undulations. reflections at l/Z{ 11 I] indicate the presence of long-range order, 

2243 Appl. Phys. Lett., Vol. 59, No. 18, 28 October 1991 

method carried out in this work indicate that as the elec- 
tron energy increases and/or the degree of order decreases, 
the effect of multiple scattering becomes less important. By 
comparing the intensities of extra reflections relative to 
fundamental reflections such as 220 or 111 in Fig. 2(b) 
with the simulated results, we estimate that the degree of 
order in the SiGe layer grown at 400 “C should be less than 
0.1, taking into account the presence of four orientations of 
ordered domains in the layer. Furthermore, in Fig. 2(b) 
the intensities of extra reflections decrease with scattering 

(a) 

T. S. Kuan and S. S. lyer 2243 

Rough interfaces

Sci Rep 8, 2891 (2018)

Presence of islands

TEM

ADF (Si)m/(Ge)n SLs 
grown on Si(001)

Presence of nanodots

Phys. Rev. Lett. 111, 115901 (2013)

AFM

Structural Features of Heterostructures

Sanghamitra Neogi
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Local Structure of Superlattices

Si24/Ge4 
superlattice

non-uniform 
local strain in 

heterostructure

on Si (001) on Ge (001)
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Modulated 
Seebeck 

Coefficient

Energy 
level 
shift

more
Strain

Sanghamitra Neogi

Structure-Electronic Property Relationships

BoltzTrap

Electronic transport of semiconductor heterostructures can be tuned using strain
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Hypothesis: Local structure-energy bands relationships, 𝑓 𝐶𝑁(𝑟), 𝐸 , are transferable

Model systems

The stacking sequence of atomic planes along the 
(111) direction in a diamond structure can be denoted as 
A-aB-bC-CA-a, where the spacing between A-a is three 
times the spacing between aB. Using a simple kinematic 
analysis of the relative intensities of extra reflections, Le- 
Goues et al.’ were able to determine that in the ordered 
phase the stacking sequence of the preferred Si and Ge 
plane is Si-GeGe-SiSi-GeGe-Si (type II) rather than Si- 
SiGe-GeSi-SiGe-Ge (type I) as assumed by all previous 
studies.” We note that high-energy electron diffraction is 
dynamical in nature, and the observed intensities of extra 
reflections can deviate substantially from the kinematical 
values, depending on electron energy, sample thickness, 
and the degree of order. The degree of order is usually 
defined by a parameter S = rsi + ro, - 1, where rsi and 
ro, are fractions of Si sites and Ge sites that are occupied 
by the preferred atom. The value of S is 0 for a completely 
random configuration and 1 for a perfectly ordered struo 
ture. The dynamical simulations using the multislice 

TABLE I. Effects of growth surface on alloy ordering and defect structures. 

Growth 
surface 

Strained-layer superlattices 
(100) 
(100) 
(111) 
(111) 
(110) 
(110) 
SiGe thick layers 
(1W 
(100) 
(111) 
(111) 
(110) 
1110) 

Growth 
temperature 

400°C 
580°C 
400°C 
6WC 
400°C 
580°C 

400°C 
580°C 
4OOT 
600°C 
4OOT 
580°C 

Layer thickness 

Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe( 14 nm) 

Si(5 nm/SiGe(9 nm) 
Si(4 nm/SiGe( 16 nm) 
Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe(20 nm) 

500 nm 
500 nm 
500 nm 
500 nm 
500 nm 
500 nm 

Ordering 

no 
no 
no 
no 
IlO 

no 

Yes 
no 
no 
no 
no 
no 

Relaxation mechanism 

surface undulation (?) 
twinning 
twinning 
twinning 

twinning, dislocations 

dislocations 
dislocations 

twinning, dislocations 
twinning, dislocations 

twinning 
twinning, dislocations 
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FIG. 1. Bright-field (710) cross-sectional image of S&GQ~(~ tim)/ FIG. 2. (a) Diffraction pattern from a Si,,Ge&Si superlattice grown at 
Si( 14 nm) superlattice grown on a (OOl)-oriented Si substrate at 580 “C 400°C on a (001) Si surface. (b) Diffraction pattern from a thick 
and then annealed at 450°C for 30 min. The SiGe layers, appearing in Si,,,Ge,,, layer grown at 400 “C on top of the superlattice in (a). Extra 
dark contrast, exhibit substantial surface undulations. reflections at l/Z{ 11 I] indicate the presence of long-range order, 

2243 Appl. Phys. Lett., Vol. 59, No. 18, 28 October 1991 

method carried out in this work indicate that as the elec- 
tron energy increases and/or the degree of order decreases, 
the effect of multiple scattering becomes less important. By 
comparing the intensities of extra reflections relative to 
fundamental reflections such as 220 or 111 in Fig. 2(b) 
with the simulated results, we estimate that the degree of 
order in the SiGe layer grown at 400 “C should be less than 
0.1, taking into account the presence of four orientations of 
ordered domains in the layer. Furthermore, in Fig. 2(b) 
the intensities of extra reflections decrease with scattering 

(a) 

T. S. Kuan and S. S. lyer 2243 

Experimental 
heterostructures

Local environment: 𝐶𝑁(𝑟)

Energy bands: 𝐸(𝑘, 𝑏)

𝐶𝑁∗(𝑟)

<𝐸 𝑘, 𝑏 =?

Approach

Sanghamitra Neogi
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1. Train ML models to predict 𝑓 𝐶𝑁(𝑟), 𝐸 , for unknown local environments 

2. Sum local properties to get global properties 

Model systems

The stacking sequence of atomic planes along the 
(111) direction in a diamond structure can be denoted as 
A-aB-bC-CA-a, where the spacing between A-a is three 
times the spacing between aB. Using a simple kinematic 
analysis of the relative intensities of extra reflections, Le- 
Goues et al.’ were able to determine that in the ordered 
phase the stacking sequence of the preferred Si and Ge 
plane is Si-GeGe-SiSi-GeGe-Si (type II) rather than Si- 
SiGe-GeSi-SiGe-Ge (type I) as assumed by all previous 
studies.” We note that high-energy electron diffraction is 
dynamical in nature, and the observed intensities of extra 
reflections can deviate substantially from the kinematical 
values, depending on electron energy, sample thickness, 
and the degree of order. The degree of order is usually 
defined by a parameter S = rsi + ro, - 1, where rsi and 
ro, are fractions of Si sites and Ge sites that are occupied 
by the preferred atom. The value of S is 0 for a completely 
random configuration and 1 for a perfectly ordered struo 
ture. The dynamical simulations using the multislice 

TABLE I. Effects of growth surface on alloy ordering and defect structures. 

Growth 
surface 

Strained-layer superlattices 
(100) 
(100) 
(111) 
(111) 
(110) 
(110) 
SiGe thick layers 
(1W 
(100) 
(111) 
(111) 
(110) 
1110) 

Growth 
temperature 

400°C 
580°C 
400°C 
6WC 
400°C 
580°C 

400°C 
580°C 
4OOT 
600°C 
4OOT 
580°C 

Layer thickness 

Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe( 14 nm) 

Si(5 nm/SiGe(9 nm) 
Si(4 nm/SiGe( 16 nm) 
Si(5 nm)/SiGe(9 nm) 
Si(6 nm)/SiGe(20 nm) 

500 nm 
500 nm 
500 nm 
500 nm 
500 nm 
500 nm 

Ordering 

no 
no 
no 
no 
IlO 

no 

Yes 
no 
no 
no 
no 
no 

Relaxation mechanism 

surface undulation (?) 
twinning 
twinning 
twinning 

twinning, dislocations 

dislocations 
dislocations 

twinning, dislocations 
twinning, dislocations 

twinning 
twinning, dislocations 
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FIG. 1. Bright-field (710) cross-sectional image of S&GQ~(~ tim)/ FIG. 2. (a) Diffraction pattern from a Si,,Ge&Si superlattice grown at 
Si( 14 nm) superlattice grown on a (OOl)-oriented Si substrate at 580 “C 400°C on a (001) Si surface. (b) Diffraction pattern from a thick 
and then annealed at 450°C for 30 min. The SiGe layers, appearing in Si,,,Ge,,, layer grown at 400 “C on top of the superlattice in (a). Extra 
dark contrast, exhibit substantial surface undulations. reflections at l/Z{ 11 I] indicate the presence of long-range order, 

2243 Appl. Phys. Lett., Vol. 59, No. 18, 28 October 1991 

method carried out in this work indicate that as the elec- 
tron energy increases and/or the degree of order decreases, 
the effect of multiple scattering becomes less important. By 
comparing the intensities of extra reflections relative to 
fundamental reflections such as 220 or 111 in Fig. 2(b) 
with the simulated results, we estimate that the degree of 
order in the SiGe layer grown at 400 “C should be less than 
0.1, taking into account the presence of four orientations of 
ordered domains in the layer. Furthermore, in Fig. 2(b) 
the intensities of extra reflections decrease with scattering 

(a) 

T. S. Kuan and S. S. lyer 2243 

Experimental 
heterostructures

Local environment: 𝐶𝑁(𝑟)

Energy bands: 𝐸(𝑘, 𝑏)

𝐶𝑁∗(𝑟)

<𝐸 𝑘, 𝑏 =?

Approach
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ML model extrapolates structure-electronic property relationships to 
larger systems, bypassing expensive computation 

~600	atoms

ML model

Forward Electronic Transport ML Model

Sanghamitra Neogi

16-atom Si/Ge ordered and disordered units
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Descriptors of CN(r⃗)
Voronoi cell Crystal graph

1. Perform VT of crystal structure
2. Calculate statistics of VT derived attributes
3. Construct CG through adjacent cells
4. Calculate order parameters https://github.com/CUANTAM/Crystal-Graph-Features

npj Comput Mater 7, 93 (2021)  

Voronoi 
tessellation (VT)

Phys. Rev. B 96, 024104 (2017)
Phys. Rev. 77, 669 (1950)

Sanghamitra Neogi

https://github.com/CUANTAM/Crystal-Graph-Features
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Crystal graph

Q!
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∑0'22ω)A) − ∑3'22ω4A4

backtracking steps

species aware

all steps

Order parameters

● Unique representation of CN(r⃗)
● Quantify proximity to an interface
● Representative of directionality or inhomogeneity
● Scalable to large system sizes
● Obtainable from imaging data

Adequate Representations: Directionality

Sanghamitra Neogi

Directional bias:

ω! = ( cosϕ! sin θ! , sinϕ! sin θ! , | cos θ! |)

https://github.com/CUANTAM/Crystal-Graph-Features
npj Comput Mater 7, 93 (2021)  

https://github.com/CUANTAM/Crystal-Graph-Features
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https://github.com/CUANTAM/Crystal-Graph-Features
Pimachev and Neogi, npj Comput Mater 7, 93 (2021)

Descriptors of CN(r⃗): Input to ML

Sanghamitra Neogi

https://github.com/CUANTAM/Crystal-Graph-Features
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Descriptors of CN(r⃗): Input to ML

Sanghamitra Neogi
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1. Global features
2. Statistical parameters of VT derived attributes
3. Statistical parameters of order parameters

4. Electronic band structures: 𝐸(𝑘, 𝑏) 

𝐶𝑁(𝑟)

Train ML models to learn 𝑓(𝐶𝑁 𝑟 , 𝐸(𝑘, 𝑏)) 
and predict <𝐸(𝑘, 𝑏), given 𝐶𝑁∗ 𝑟  

Training ML Model

Sanghamitra Neogi

PBE exchange-
correlation functional

Generalized gradient 
approximation 

BoltzTrap
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Able to predict electronic properties of larger structures after being 
trained on 16-atom units

Training set:
Si/Ge units

Testing structures:
Si/Ge superlattices

350 16-atom Si/Ge units 32-atom Si/Ge superlattice
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RF 
NN 
DFT

RF 
NN 
DFT

Superlattice with imperfect layers

Testing Validity of Hypothesis: 
Transferable 𝑓(𝐶𝑁 𝑟 , 𝐸(𝑘, 𝑏)) Relationships

Sanghamitra Neogi
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ML-predicted 𝐸(𝒌, 𝒃) used to predict 
electronic properties of ~600 atom 
semiconductor heterostructure 

Bulk-alloy interface

Forward Electronic Transport ML Model

Sanghamitra Neogi

npj Comput. Mater. 7, 93 (2021)
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Reverse Model

Pimachev and Neogi, arXiv:2302.00261 (2023)

Angle-resolved photo electron spectra
(ARPES)

Extract atomic structures from spectroscopy images 
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Sanghamitra Neogi

Outline

1. Atoms-to-Structures: Electronic Properties of 
Semiconductor Heterostructures

2. Reverse model: Predicting thermal properties of 
structural images
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Thermal Sprayed Coatings

Two-Dimensional (2D) Backscatter Electron Images of Niobium Thermal Spray Coatings

Sanghamitra Neogi
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Thermal Sprayed Coatings

Sanghamitra Neogi

Microscopic structural features that affect thermal 
properties, eventually durability and lifetime of coatings 

How do different ‘classes’ of nano-to-microscale features 
affect thermal properties?



Model Workflow

FEM

Learning

Unsupervised 
learning of features 
(styles) in RGB 
images

Training Set

RGB images with channels

Blue: Experimental 
backscatter electron (BSE) 
images;
Red: FEM computed top-
to-bottom heat flux;
Green: FEM computed 
left-to-right heat flux;

Augmented with new 
images obtained by slicing 
BSE images into smaller 
images and small rotations

Output

Model generates 
structural images 
for styles 
provided as input

Generates New Coating Images for Input Style Maps
FluxGAN Model

Sanghamitra Neogi
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Unsupervised Learning of ‘Styles’

Styles @define different ‘classes’ of nano−to−microscale features of coatings
are closely associated with distribution of heat flux in coatings 

Sanghamitra Neogi

Styles can be associated with processing parameters
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Guided Image Generation for Target Heat Flux

Input

Outpaint

Input

Input

Outpaint

Outpaint

Validation against FEM results

Sanghamitra Neogi
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From 2D to 3D

Sanghamitra Neogi

Provide information about inner structures difficult to access from outside

Pimachev, Settipalli and Neogi. arXiv preprint arXiv:2310.04622 (2023)
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FluxGAN Model
GAN: Generative Adversarial Network

1. is developed using 9 experimental images 
2. generates new structures AND physical phenomena of interest
3. provides guides for synthesis (e.g., styles created due to spray rate)
4. provides insights to predict materials reliability
5. can be easily generalized to other 2D structures/materials
6. as well as 3D structures

Sanghamitra Neogi

Pimachev, Settipalli and Neogi. arXiv preprint arXiv:2310.04622 (2023)
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Sanghamitra Neogi

From Atoms to Devices: Summary
Bulk Silicon Silicon Channel Field Effect Transistor Chip/Chiplet/CircuitSilicon Channel with 

Insulating Layer



43

Takeaway messages

Physics input combined with machine learning approaches can greatly 

Ø Facilitate theory-experiment relationship

Ø Predict materials behavior in complex devices 

Ø Allow application of basic physics knowledge for device design

Sanghamitra Neogi
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Thank you!

Sanghamitra Neogi
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Back up slides

Sanghamitra Neogi
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Sanghamitra Neogi

Atom-to-Circuit Thermal Model of 
Microelectronic Systems 

Sayeef Salahuddin
University of California, Berkeley 

6 nm
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Sanghamitra Neogi

Bottom Up: Atomistic Model of Transistor

Sayeef Salahuddin
University of California, Berkeley 

Fully atomistic model of channel region



48

Sanghamitra Neogi

Bottom Up: Atomistic Model

AI to model interaction potential between atoms

Molecular dynamics (MD) to explore dynamical properties

Accelerated learning of interactions using GPUs and machine learning (ML) potentials
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Sanghamitra Neogi

Atomistic Model: Training Data
ML-potential can capture effects due to different channel thicknesses
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Sanghamitra Neogi

Si(6 nm)/
SiO2(0.85 nm)

Si(3.6 nm)/
SiO2(0.85 nm)

Si(2.1 nm)/
SiO2(0.85 nm)

Si(1.1 nm)/
SiO2(0.85 nm)

Thermal 
conductivity 
(cross-plane, 
W/m-K)

2.39 1.12 0.89 0.68

Thermal 
conductivity 
(in-plane, 
W/m-K)

11.31 8.04 3.50 2.46

Interfacial 
conductance
(GW/m2-K)

0.768 0.535 0.645 0.751

Interfacial 
Resistance
(×10!" 
m2-K/W)

1.30 1.87 1.55 1.33

Atomistic Thermal Model: Interfaces
Prediction of thermal 

bottlenecks in 
channel region
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Sanghamitra Neogi

Transient Response

….... Heterostructure 17A Si
____ Heterostructure 60A Si

𝑒!
"
#!

𝑒!
"
#"

Time-dependent temperature 
decay due to different Si 

layer thickness
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Next Step: Scaling Up

Steady-state and transient heating dynamics analysis 
using ML potentials and atomistic molecular dynamics



Sanghamitra Neogi


