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Anisotropic Vapor-Solid (VS) Growth of GaAs NW

Anisotropy of Catalyst-free VS Growth
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Among various crystallographic directions, GaAs NW prefers to grow along <111>B at narrow (T,P) range
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Crystallographic View Point to Why <111>B ? 

Anisotropy of Nucleation Rate on Surface

Among various crystallographic directions, the distinctive surface structure makes difference in interactions with vapor sources.
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Source (s): Ga+As2+As4

Nucleus (n)
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ሶ𝑁𝑛|𝑆𝑢𝑟𝑓(𝑇, 𝑃) = ሶ𝐶(𝑆𝑢𝑟𝑓, 𝑇, 𝑃) ∙ exp −
∆𝐺𝑠𝑛

∗ (𝑆𝑢𝑟𝑓, 𝑇, 𝑃)

𝑘𝑇

Surface Orientation Dependent Nucleation Rate:
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“Rate of source supply”

“Nucleation barrier”

In the lattice of zinc-blende (ZB, 𝐅ഥ𝟒𝟑𝐦), <111>A and <111>B are inequivalent and opposite directions of <111>



Appl. Phys. Lett. 62, 1370 (1993)
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Changes in Surface Structure Depending on T, P

Anisotropy of Surface Structure and its Variations

Each surface shows distinctive bonding geometry and stoichiometry, depending on T-P conditions

Phys. Rev. B 51, 9836 (1995)

Observed by In situ RHEED
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Prediction of Changes in Surface Structure Depending on T, P

PAs= 10-5 atm

Conventional Surface Energy (𝛍) Surface Energy (T,P) Total Surface Energy (T,P)

“Equilibrium”
𝜇𝐴𝑠(𝐺𝑎𝑠) = 𝜇𝐴𝑠(𝐺𝑎𝐴𝑠)

“Surface vibration”
𝛾 = 𝛾𝑒𝑙𝑒𝑐 + ∆𝛾𝑣𝑖𝑏

Yeu et al., Sci. Rep. 7, 10691 (2017) Yeu et al., Sci. Rep. 9, 1127 (2019)
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Anisotropy of Surface Structure and its Variations: Ab initio Thermodynamics

GaAs(s)
𝐏𝐭𝐨𝐭𝐚𝐥 = 𝐏𝐀𝐬𝟐 + 𝐏𝐀𝐬𝟒
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Changes in Adsorption Site Depending on T, P

Anisotropy of Surface Structure and Adsorption onto the Surface

PAs= 10-5 atm

Most stable reconstructions 
for each surface
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Prediction of Changes in Adsorption Energy Depending on T, P

Anisotropy of Surface Structure and Adsorption Energy

ሶ𝐶(𝑆𝑢𝑟𝑓, 𝑇, 𝑃): 111 𝐵 ≫ 111 𝐴 ≅ (110) > (100)

ሶ𝑁𝑛|𝑆𝑢𝑟𝑓(𝑇, 𝑃) = ሶ𝐶(𝑆𝑢𝑟𝑓, 𝑇, 𝑃) ∙ 𝑒𝑥𝑝 −
∆𝐺𝑠𝑛

∗ (𝑆𝑢𝑟𝑓, 𝑇, 𝑃)

𝑘𝑇

Ga-vacancy(2×2)
Filled( 𝟏𝟗 × 𝟏𝟗)

ζ(4×2)

cleavage(1×1)

Ga-vacancy 𝜶(2×2)

Ga adsorption As adsorption

ሶ𝐶(𝑆𝑢𝑟𝑓, 𝑇, 𝑃):

Ga+As2+As4
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Extreme Anisotropic Growth: Calculation vs. Experiment

𝜇𝐴𝑠 𝐺𝑎𝑠 < 𝐸𝐴𝑠(𝑎𝑑)
111 𝐵

(T,P) where As adsorb 
preferentially on (111)B

J. Cryst. Growth 298, 616 (2007)
J. Mater. Res. 26, 2127 (2011)

Nanotechnology 19, 265604 (2008)

SA-MOVPE NW (O)

SA-MOVPE NW (X)

SA-MBE NW (O)

SA-MBE NW (X) 

Experiments

Preferential Adsorption  Preferential Nucleation  <111>B NW Growth



SF SF

<111>A <111>B

“ANW” "BNW”
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Asymmetric Formation of Stacking Sequence: ANW vs. BNW

Asymmetric Formation of Stacking Sequence

Adv. Mater. 27, 6096 (2015)Nanoscale 10, 17080 (2018)

<111>A <111>B

Between the two opposite directions of NW growth,

density of planar defects is much higher in <111>B than <111>A.

However, the stacking fault energy (SFE) in ANW and BNW is the same!

J. Cryst. Growth 287, 5004 (2006)



ሶ𝑁𝑛|𝑆𝑢𝑟𝑓(𝑇, 𝑃) = ሶ𝐶(𝑆𝑢𝑟𝑓, 𝑇, 𝑃) ∙ exp −
∆𝐺𝑠𝑛

∗ (𝑆𝑢𝑟𝑓, 𝑇, 𝑃)

𝑘𝑇
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Kinetics Approach to Asymmetric Stacking

The SF Formation must be Stochastic during

Propagation

Propagation Nucleation
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Ab Initio Calculation for Nucleation Gibbs Free Energy

Change in Gibbs Free Energy during Nucleation
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Source (s): Ga+As2+As4
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Surface Reconstruction with SF
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Energy Cost on Top Surface by SF

T=913 K, PAs=3×10-9 atm

∆𝑮𝒔𝒏
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Stacking Sequence of Nucleation: ZB vs. SF

𝑃𝑛(𝑆𝐹) =
ሶ𝑁𝑛(𝑆𝐹)

ሶ𝑁𝑛(𝑍𝐵)+ ሶ𝑁𝑛(𝑆𝐹)

=
𝑓∙𝐶∙exp −

∆𝐺𝑠𝑛 𝑆𝐹
∗

𝑘𝑇

𝑓∙𝐶∙exp −
∆𝐺𝑠𝑛 𝑍𝐵

∗

𝑘𝑇
+𝑓∙𝐶∙exp −

∆𝐺𝑠𝑛 𝑆𝐹
∗

𝑘𝑇

T=913 K, PAs=3×10-9 atm PAs=3×10-9 atm

PAs=3×10-9 atmPAs=3×10-9 atm
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Asymmetric Stacking: Calculation vs. Experiment

Nanotechnology 24, 475601 (2013)

ACS Nano 10, 2424 (2016)

The average 

twin-free 
length 

= 531 Å

Polarity dependence: ANW < BNW

T dependence: high T < low T

P dependence: low P < high P

“SF Probability”

Measured by TEM for Grown BNWsAb Initio Prediction



Summary

ሶ𝑁𝑛 = 𝑓 ∙ 𝐶 ∙ exp −
∆𝐺𝑠𝑛

∗

𝑘𝑇
Anisotropic Growth Asymmetric Stacking

Yeu et al., Appl. Surf. Sci. 497, 143740 (2019) Yeu et al., Nanoscale 12, 17703 (2020), Outside Front Cover
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