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Heat dissipation: a bottleneck to scaling
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Optoelectronic applications
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Thermal transport in supported graphene | - =-=
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2D-3D thermal interface problem
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2D-3D thermal interfaces pose significant concerns 0 . 4% , 80
* governed by vdW forces TBC (MWim".K)
« sensitive to approaches in synthesis Most heat generated in a 2D device dissipates into the supporting substrate.
 essentially all interface Hence, the thermal (2D/3D) interface formed strongly dictates the

capabilities of thermal management in 2D devices.
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2D stacks for device applications

Problem: self-heating degrades carrier mobility

No 2D materials has simultaneously high mobility and thermal
boundary conductance
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2D/3D Interface thermal resistbance
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NanoEnergy Lab, MSE@Utah

BP °D
100 T T T 60
[ e MOS,_/SIO )
[ 22 sapphire
[ _\u"\u’E‘:eze’SlO2
| - -Mosgfsapphire 190
L - -WSezfsapphire =
o 440 2
e E
o >
E Si0 =
= 10} 2 430 2
= [ _ - o
o =77 os, 5
e c
2
F_ﬂ 120 S
———————— o3
WSe, 110
"o 100 260 360 200 :
Tk MoS MoS
[K] Nat Commun 11, 3385 (2020). https:// oi.org/10.1838/s41467-020-1664@5 2




IMAGINE U UNIVERSITY

OF UTAH*®

Drain

Gate
Source *
L Oxide

Gate and Source-Drain Bias

Hot electrons

In-plane
Acoustic
Phonons

Hot Optical
Phonons A

Qut-of-plane (flexural) phonons

mterlayer,’
substrate |

coupling

Substrat

)

Flexural pathway of 2D-3D

thermal transport

2D- 3D TBC:

[rpc(w)
weak van der Waals (vdW) bonding TBC
* No cross-plane propagation (v, = 0)
» Primary carrier of heat is ZA (flexural) phonons
» Scattering facilitates transport across the interface
Correa et al., Nanotechnology 28 (2017) 135402

Adv. Mater. Interfaces (2017), 4, 1700334
Adv. Mater. (2018), 30, 1801629.

Internal resistance:
Rmt — Gmt X I‘mf:

TA/LA phonon Rint ZA phonon
populatlon population
external resistance:
3§—§%§?§\ Rsup s_ulb = Gsub X Tsup
substrate

substrate, T,
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ML GaN[__] diamond[] SiO, AIO,

...at low energies!
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External TBC strongly depends on DOS overlap. Cameron J Foss and Zlatan Aksamija

2019 2D Mater. 6 025019

A narrower ZA bandwidth should lend itself to a Iarier external TBC.
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TBC of 2D-crystalline interfaces
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DFT+pBTE calculations data collection machine learning analysis
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Goal(s): Develop a streamlined predictive model that can be used to suggest ultrahigh/low TBC pairings and

distill the most imiactful material descriitors from our theoretical model usini sensitiviti analisis.
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Results: room-temperature TBC and ML fitting
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« Best performing pairs are BAs/PMMA, hBN/CaF,, and BAs/SiO, (100-150 MW.m=2.K-1)
« Worst performing substrates are diamond, Al,O,, and 6H-SiC (<10 MW.m2.K-")
» Paper: Foss and Aksamija, Appl. Phys. Lett. 122, 062201 (2023), Data: https://nanoenergy.mse.utah.edu/codesdata/
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Dissipation and self-heating in 2D WSe, devices

Top layer *  Few-layered 2D devices offer higher mobility and current
(b) carrying capacity

. Current flow and heat dissipation are not uniform
=  We characterized and simulated an 18-layer WSe, FET
tint m " =  Raman measurements quantify temperature
tint “ Rint = Significant self-heating leads to mobility degradation
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Initial model: Das and Appenzeller, Nano Lett. 2013, 13, 7, 3396-3402 40 -20 3 y 20 40
Our model+experiments: Majee et al., ACS Appl. Mater. Interfaces 20, 14323, 2020 g V)
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Novel current re-routing mechanism
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Adding self-consistent Schroedinger-Poisson

Experimental current-voltage data

4
Use Schrodinger-Poisson equation to
calculate charge density and screening
length Phonon dispersions of 2D material and 3D substrate
4 2
T+AT Electrical modeling to obtain layer-wise power dissipation

 /

—p[ Thermal modeling to obtain thermal boundary conductance (TBC)

4

Use power dissipation and TBC to calculate layer-
wise temperature rise ( AT)

No

Exit

Convergence
reached?

. Solve the coupled Schroedinger-Poisson in the vertical (through-plane) direction at every “slice” along channel

. Wrap the self-consistent electro-thermal loop around the electron transport model

. Each layer has a temperature-dependent mobility, Joule heating, and effective thermal conductance
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Mobility degradation for 10-layer stacks
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. We compare mobility degradation due to self-heating across the 4 canonical TMDs and BP

. BP has the highest TBC (lowest TBR), resulting in the lowest mobility degradation
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Conclusions

* Heat dissipation a crucial bottleneck to 2D devices

* Heat transfer primarily via vdW bonds to substrate

« Exacerbated in 2D stacks: added interlayer thermal resistance

« Matching 2D layer to 3D substrate controls TBC

* Machine Learning to predict ideal 2D-substrate pairings

* Coupled electro-thermal model to identify best performing materials

« QUESTIONS? zlatan.aksamija@utah.edu
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