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Semiconductor Nanostructures

O Semiconductor NWs ——— quasi-one dimensional crystalline structures (diameters typically < 100 nm &
length of several um)

d Novel properties:
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Efficient strain relaxations
Defect-free growth of heterostructures
Carriers confinement
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 Technological relevance: applications in electronics, photonics, chemical sensing...




Nanowire growth mechanisms

Vapor-Liquid-Solid (VLS)

O Foreign metal assisted
O Self-catalyzed

Vapor- Solid (VS)

O Selective area epitaxy (SAE)
O Self-induced or catalyst-free

Foreign metal
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@ Chemical Beam Epitaxy (CBE)
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CBE system at NEST lab Schematic of CBE
Riber Compact-21 CBE for the growth of 111-V NWs
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Metal-organic precursors

Group III : TMIn, TEGa, TMAI

Group V : TBAs, TBP, TDMASD,
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Advantages of CBE system
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InSh; Motivation & Challenges

INnSb Heterostructures:

O Narrow bandgap = mid-infrared optoelectronic devices
O High bulk electron mobilities (7.7 x 10* c¢cm?/(Vs)), small effective mass §

(0.018 m,) —— high-speed and low-power electronic devices

Q Strong spin-orbit interaction, large Land¢ g-factor (~ 50) —— spintronics and

topological quantum computing

Growth Challenges:
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O Solution = InSb nanostructure growth on nanowire stem (efficient strain
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morphology; a detailed explanation of the growth mechanism and morphology

tuning is required.




InSb morphology control by tuning growth
parameters on INAs stem

I. Verma, V. Zannier, F. Rossi, D. Ercolani, F. Beltram, and L. Sorba, “Morphology control of single-crystal InSb nanostructures by tuning the growth parameters,” Nanotechnology,
vol. 31, no. 38, 2020, doi: 10.1088/1361-6528/ab9aee.




InSb growth temperature

InAs NW stem
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Length= (314 + 32) nm, diameter= (148 £ 14) nm

- InAs and InSb have 30° rotated side facets.

- InSb radial growth rate is enhanced at lower growth temperatures and hence a 3D morphology is favored.

Conclusions
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Substrate rotation & Orientation
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L= (1048 + 108) nm, W= (112 £ 18) nm, T= (87 + 2) nm

- Stopping the substrate rotation before initiating InSb growth triggers asymmetric growth.

- Alining the cleaved edge surface {110} of the substrate facing the TMSDb injector, so that the projection of the Sb beam impingement direction on the substrate
surface is perpendicular to one of the six {110} sidewalls of the InSb NW.

- InSb is elongated along [-12-1] direction.




Sb flux gradient

T ture (°C i
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InSb NF growth

- Additional 30’ InSb growth with linearly increasing TMSb from 2.3 Torr to 2.6 Torr without substrate rotation =» asymmetric growth enhancement.
- Nearly 100% yield of NFs.

- 2 families of NFs with aperture angles of about 145° and 160° elongated in the same direction.
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Sb flux gradient
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InSb NF growth

- Additional 30’ InSb growth with linearly increasing TMSb from 2.3 Torr to 2.6 Torr without substrate rotation =» asymmetric growth enhancement.
- Nearly 100% yield of NFs.

- 2 families of NFs with aperture angles of about 145° and 160° elongated in the same direction.




Transmission electron microscopy

145° aperture angle

160° aperture angle

Zone Axis E
[10-1]

200 nm

Geometrical phase analysis

Zone Axis
[-101]

Conclusions

- Defect-free ZB crystal structure.

- Stiochiometric composition.

Relaxed lattice parameter.
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InSb NFs grown for longer time
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Increasing InSb growth time
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60’ InP (0.6/1.2)@ T,,p=400°C on InP 111B substrate

InP NW stem

Problem
- InSb segments grows larger with increase in growth time.

- Thin untapered InAs stem bends, leading to loss of alignment with the precursor
fluxes and consequently of the InSb orientation.

- Preferential growth direction vanishes, and 3D-like InSb structures are obtained.

Solution

- We need more robust NW stem, like tapered InP NWs, instead of thin untapered
InAs stems.
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InSb nanoflags on InP NW stems
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I. Verma, S. Salimian, V. Zannier, S. Heun, F. Rossi, D. Ercolani, F. Beltram, and L. Sorba, “High-Mobility Free-Standing InSb Nanoflags Grown on InP Nanowire Stems for
Quantum Devices,” ACS Appl. Nano Mater., vol. 4, no. 6, pp. 5825-5833, 2021, doi: 10.1021/acsanm.1c00734.




InSb NFs on InP NW stem

(a) (b) Configuration B

Sb beam | {4 {112}
projection
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- InP NW stems were grown with sample rotation for 90’ to provide more sturdy support,
followed by InSb growth at AT = =30 °C without rotation with an abrupt switch in
group V flux from TBP to TMSb without variation in the TMIn flux.

- An additional 60’ of growth, linearly increasing the TMSDb line pressure. Sb flux
grading helps to enhance the asymmetric growth, increasing the lateral dimensions of
the NFs.

- How to decouple W & T: growth model.

- When the sample is oriented in configuration A, only the 3 backside InSb facets
(opposite to the Sb beam) are totally screened from Sb impingement, while the
sidewall perpendicular to the Sb beam projection will receive the direct beam, and
the two adjacent inclined facets will be reached by the beam at grazing incidence:
NFs will be larger and less elongated.

- In configuration B, there are only two {110} facets facing the Sb injector, that is,
reached by direct impingement, so the growth rate on these two facets will be
higher compared to the other four sidewalls, and we obtain thinner flags.
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I. Verma, V. Zannier, V. G. Dubrovskii, F. Beltram, and L. Sorba, “Understanding the morphological evolution of InSb nanoflags synthesized in regular arrays by chemical beam
epitaxy,” accepted in MDPI Nanomaterials.




Morphological evolution of InSb NFs via Au-assisted SA growth

Lithographically patterened regular Au NP arrays on InP (111)B substrate Top view SEM image

(a) Sputtering (b} Spin coating (c) Exposure
) PMMA fe - Pitch ‘a’: 500, 700, 900, 1100 and 1500 nm.
20 nm sputterd Si0O2 .
substrate

(d) Develop (e) HF-Wet etching SiO, () Au deposition - SiO, mask on InP(111)B to suppress the

—_— A parasitic growth on the substrate surface.
A A B & B A A AR @
IR B I o - 6O IO NW grovh 0,612 T, of (405 2 5)°C

(q) Lift-off g™

InP NW stem+ 60’ InSb 0.6/1.2 AT = -40°C

Model describing InSb NF growth and morphology as a function of time and pitch
of the NW/NF array.




VLS axial growth %‘i

t, is the moment in time at which the NF length reaches A;,,. Fitting is done for A;,, = 724 nm at a = 500 nm with A = 0.158 min"!, B = 1 nm/min, and

C =0.013 min!

- Non-linear length evolution, considering the In-limited VLS axial growth rate containing two contributions:
(1) the direct impingement and (2) In adatom diffusion on the NF sidewalls.

- Surface diffusion of In adatoms from the substrate = neglected as InP NW is ~1.2 um long.

- (1) 1is constant; In adatom diffusion from both InP and InSb sidewalls. InSb NF L vs growth time for different pitches
- When.L >\, (effective In diffusion length) contribution from sidewall LS = 500 nm pitch ' ' '
diffusion decreases. 1600 e 700 nm pitch
e 1 4 900 nm pitch
- Axial growth rates | for smaller pitches due to shadowing or ] : 1288 22 S::gﬂ |

competition between the neighboring NFs for the material flux. —— 500 nm pitch

1000+ T

- For larger pitches (a > 700 nm) the NF lengths are almost independent

Length (nm)
[0}

00 - .
of the pitch, indicating no competition above this threshold.
600 -~ .
400 .
200 - .
L=2(eA=1), L< AL = Ay + (Clp + BY(t — to), L > Ay, o+
2 0 30 60 90 120
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VS radial growth
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VS radial growth rate of the InSb NFs, which controls the NF width and thickness, is 10 times lower than the VLS axial growth rate.
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simplified 2D geometry

Width and Thickness model takes into account direct, re-emitted fluxes of Sb, and the shadowing effect.

Additional NF width is due to direct impingement of Sb flux on only 2 of the facets.

In adatoms can reach the back side of the NF sidewall, while Sb atoms can impinge onto the back side only from re-emitted flux (non-directional).

NF thicknesst only due to re-emitted flux, which can be almost fully shadowed by‘ the pitch.

Thickness and width can be decoupled when re-emitted flux is completely suppressed!




Electronic properties of InSb nanoflag based
devices

S. Salimian, M. Carrega, I. Verma, V. Zannier, M. P. Nowk, F. Beltram, L. Sorba and S. Heun, “Gate-controlled supercurrent in ballistic InSb nanoflag Josephson junctions,” Appl.
Phys. Lett., vol. 119, no. 21, 2021, doi: 10.1063/5.0071218.




Transport measurements- Field effect

Hall-bar device

10 nm Ti/190 nm Au contacts

Substrate: Si/Si0,

Channel width (width b/w contacts 1-3 & 2-4)=325 nm
Channel length (1-2 and 3-4)=1.5 um.
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2108 | Sb
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Rep(4.2K, V=50 V) = 2.5 KQ

-3x10°

Four-probe configuration at 4.2K

VSD= 1mV

40

T

1 " 1 " 1 " 1 " 1 " 1 " 1

30 20 10 O 10 20 30 40 50 60

Veo(V)

e = 28000 cm?/ V.s

- Presence of good ohmic contacts between InSb NF and the metal contacts.
- Absence of Schottky barrier.

- Varitation of injected current vs BG voltage: n- type characteristic of InSb
NFs under BG modulation. No ambipolar behavior.

- The four-probe field effect mobility is then obtained using the formula:

n - L ( dG
PREwe,, | dVg,

with L/W = 4.6 and Cox = 10 nF/cm?




Transport measurements- Hall measurements

Mobility (10> cm*/Vs)
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- Forward and backward
reproducibility of measurement, plus the fit to the experimental data,
from which the carrier concentration is obtained.

B

\Y

Xy

- Performed using a constant AC bias of 100 nA at 4.2K. Minimum Vg4
of 15V is required at which channel is well open.

sweep of the

J s Ae= (hp/e)(2mn) V2

- Hall mobility u,, carrier concentration n and mean free path lengths for
each back gate voltage is calculated using the formulas:

L (Vy
= ==L - Nn
. w<vxx>(sj'

B(T), to demonstrate
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Electron Hall mobility = 29500 cm? V.s
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10°

10 nm T1/150 nm Nb contacts g . - _ T =250 mK
Substte: SUSIO, 2

Channel length L=200 nm

Channel width W=700 nm -Dissipationless transport. 1

The NF thickness d ~100 nm. -Proximity-induced superconductivity in the |

Ballistic regime! InSb NF. Y m
Mean free path A, > length L of the junction, _ N - .
A, > L. -Bias current exceeds the critical value of 50 1 -

nA, superconductive = normal state transition, s

. . 1 h ~ Q 1 . Nmn
Josephson Junction Device with ~330 Q resistance o “

50 Color scale plots
dV/dl vs I, and Vi
40

-Central white region represents the zero-resistance supercurrent branch.
-V}, from 20 to 50 V, supercurrent ~ S0nA.

-Ve< 20V, supercurrent decreases, until it disappears for 5V.

- Gate tunable supercurrent.

dV/dl vs I, and B

- Superconducting quantum interference was observed in the dependence of
the supercurrent on a B applied perpendicular to sample plane.

- Supercurrent maxima is obtained at Bj=6 mT. Offset due to residual
magnetisation in the cryostat.

- [B-By | > 5.2 mT, supercurrent supressed.

- Modulation of Ic by quantum interfernce is one of the hall marks of
Josephson effect. 23

<
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Conclusions

Finding the parameters that affect axial and radial growth is
important for controlling and tuning the nanostructure
morphology.

More robust NW stem for longer growth time and sustenance of
orientation.

11.8
116
114

g
A simplified 2D growth model was presented which allowed for semi-

quantitative description of the NF morphology as a function of the growth
time and pitch. W and T decoupling.

1.0

Mobility (10° cm?/Vs)
N
N

0.8

Carrier density n (10 cm?®)

Electron Hall mobility of about 29500 c¢m?/ V.s reported for free-standing
InSb NF. Mean free path upto 500 nm.

InSb NFs: versatile and convenient 2D platform for advanced quantum
technologies.
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