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Parts 7, Outline

Local Fabrication Techniques

• Focused ion beam (imaging, milling, implantation, deposition)

• Probe microscopes as fabrication tools (printing, grafting, deposition)

• Mechanical manipulation

• Light-assisted technologies

Example of technology for specific device (single photon transistor)



Nanotechnology 32 (2021) 472004

Focused Ion Beam (FIB)

Configuration of scanning electron 
microscope (SEM) 

Liquid-metal ion sources:
Au, Si, Ga, Al, As, Cu, Ge, Fe, In, Pt, Pd
(alloys can be used as well)

Gas ion sources: He

Possible spot size: ~ 5-10 nm

GIS = gas injection system



FIB: milling

Examples from
Nanotechnology
32 (2021) 472004

Fiber

Lens

3 m

Parameters: current, time (dose), 
scan rate, scan direction



FIB: droplet sputtering

~10 nm gap (deposition of ~2 nm 
clusters (droplets)

< 15 A ~ 50 A

J. Vacuum Sci. Technol B 
36 (2018) 06J101

J. Vacuum Sci. Technol B 
16 (1998) 3789



Local CVD using FIB + SEM monitoring

J. Vacuum Sci. Technol. 
B. 6 (1988) 1035

Styrene, 2.2 Torr

Ga-ions - W(CO)6

J Appl Phys 104 
(2008) 093913

Three-component
solid, Tc ~ 5 K

Carbon from organic precursors

Tungsten from carbonyl precursor

J. Nanosci. Nanotechnol. 10 (2010) 7436



Vacuum 86 (2012) 1014-1035

Various precursors and regulating parameters



Probe microscopy configuration for nanofubrication

Tip geometry

Tip-support distance z

Support morphologycurrent (SТМ),

force (AFM)

Gap composition

Field, heating, mechanical action

Lateral rate

Itun ~ exp(-z/b)



Anodic (electrochemical) etching of tips (probes)

Tungsten: NaOH, KOH

Pt-Ir: with cyanide additives

J.Vac.Sci.Technol.

B 14(1996)1

Rev. Sci. Instrum.85 (2014) 095109

Nanotechnology

24(2013) 355702



It is also possible to etch tungsten under AC mode 

Gas bubbles

Rev.Sci.Instrum. 
64 (1993) 159

J.Vac.Sci.Technol.A 8 (1990) 441

Compare to mechanical sharpening:

‘Natural’ crystallographic features can be used:

AlN

CNT

Critical Reviews Solid State Mater. Sci. 31 (2006) 15



Tips modification: the preliminary bonding of a small portion of metal

Langmuir 24 (2008) 8918

NaBH4-CH3 → -COOH

Energy-dispersive X-ray

analysis (EDX) confirms Ag

Cl3Si-….-CH3 Ag+

Direct Ag deposition, for comparison



‘Jump-to-contact’ – mechanical transfer from the tip during a short mechanical contact

Cu clusters on Au3Cu(001), 350 x 350 nm image 

J. Electrochem. Soc. 150 (2003) C111

Cu clusters on gold



Chem. Rev. 97 (1997) 1195

~ 100 х 20 nm

Ag on graphite

Electrochemical re-deposition

Au on silicon



Deposition in condensed water layer

Humidity (%)

Thickness of

Condensed

Water later
gold

Highly oriented 

pyrolytic graphite

(HOPG)

14 nm

40 nm

Ni(CO)4 → Ni

Deposition from gas phase

Chem. Rev. 

97 (1997) 1195



Nanopages 7 (2012) 1

Cutting graphene with STM tip in condensed water layer

Nano Lett. 18 (2018) 8011

Humidity 10….85%:

0.4 m
50 nm



Local anodic oxidation (LAO)

Si is transformed to SiO2;

then chemical etching of unprotected Si (TMAH is
tetramethylammonium hydroxide), and finally
HF etching of oxide „resist“

J. Phys. Conf. Series

1082 (2018) 012051

LAO time



Lithography with self-arranged molecular layers 
operating like resists

Chem. Rev. 103 (2003) 4367

Resolution can approach

1 nm under pulse mode



«Dip-pen» (DPN) lithography

Water enhances the transfer of molecules

Typical ‘inks’:

octadecanethiol (CH3(CH2)17SH

mercaptohexadecanoic acid,

MHA (HO2C(CH2)15SH

2

2

4 4

16

16

Spreading along Au surface: 2, 4, and 16 min

Chem. Rev. 103 (2003) 4367

10 - 100 nm/s



Chem. Rev. 

103 (2003) 4367



Adv. Mater. 13 (2001) 1501

AFM – manipulation, Au colloids

(waveguide construction) Au (15 нм) on mica

Int. Robotics Res. 28 (2009) 512

Mechanical manipulation using the tip



Au

Chem. Rev. 103 (2003) 4367

Au colloid immobilization at oxidized fragments of support



Langmuir 26 (2010) 17726

Fluorescent polymer

Micrometer-scale technologies based on the local illumination of 
monolayer molecular “resist”



• S. Kramer, R. R. Fuierer, C. B. Gorman, Scanning Probe Lithography Using Self-Assembled Monolayers, Chem. Rev. 103 
(2003) 4367-4418. 

• Engineering Thin Films and Nanostructures with Ion Beams (editor E. Knystautas), CRC Press, 2005.

• X.N. Xie, H.J. Chung, C.H. Sow, A.T.S. Wee, Nanoscale materials patterning and engineering by atomic force microscopy 
nanolithography, Mater. Sci. Eng. R 54 (2006) 1-48. 

• H.-J. Gao, L Gao, Scanning tunneling microscopy of functional nanostructures on solid surfaces: Manipulation, self-
assembly, and applications, Progr. Surface Sci. 85 (2010) 28-91.

• C.-S. Kim, S.-H. Ahn, D.-Y. Jang, Review: Developments in micro/nanoscale fabrication by focused ion beams, Vacuum 86 
(2012) 1014-1035.

• J. Gierak, P. Mazarov, L. Bruchhaus et al., Review of electrohydrodynamical ion sources and their applications to focused 
ion beam technology, J. Vacuum Sci. Technol. B 36 (2018) No 06J101.

• P. Romagnoli, M. Maeda, J.M. Ward, Fabrication of optical nanofibre-based cavities using focused ion-beam milling: 
a review, Appl. Phys. B 126 (2020) No 111.

• S.T. Howell, A. Grushina, F. Holzner, J. Brugger, Thermal scanning probe lithography—a review, Microsystems & 
Nanoengineering 6 (2020) No 21.

• P. Li, S. Chen, H. Dai et al., Recent advances in focused ion beam nanofabrication for nanostructures and devices: 
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Local fabrication techniques: reviews



1. Science 361 (2018) 57–60 = https://arxiv.org/abs/1805.01964

Figure 1B shows a scanning electron microscope
image of the fabricated cavity, which is based
on a three-hole defect in a two-dimensional photonic
crystal (19).

19. Materials and methods are available as supplementary
materials.

We start device fabrication with an initial wafer composed of a 160-nm-thick GaAs membrane grown on top of a 900-nm-

thick Al0.78Ga0.22As sacrificial layer. The GaAs membrane contains a single layer of InAs quantum dots at its center (density of 

10 - 50/μm2). Due to residual doping background, a fraction of quantum dots naturally confines an additional electron, which 

can be further stabilized by a weak He-Ne laser illumination. We fabricate photonic crystal structures using electron-beam 

lithography, followed by inductively coupled plasma dry etching and selective wet etching of the sacrificial AlGaAs layer. The 

cavity design is based on a three-hole defect in a triangular photonic crystal (33), with a lattice constant of 240 nm and a hole 

radius of 72 nm. The cavity is single sided due to a distributed Bragg reflector composed of 10 layers of GaAs and AlAs

grown below the sacrificial layer. 

Wafer/ 10 layers GaAs and AlAs /900 nm AlGaAs/160 nm GaAs+InAsQD ?
No data on the size and location of QD! 

33. Opt. Express 13, 1202–1214 (2005) 

Single photon transistor: technology

https://arxiv.org/abs/1805.01964


18. Nat. Nanotechnol. 11 (2016) 539–544
(previous work of the same group)

Methods. Device design and fabrication. The initial wafer for device fabrication was composed of a 160 nm thick GaAs 
membrane with a single layer of InAs quantum dots at its centre (density of 10–50/µm2). A fraction of quantum dots in the 
sample were naturally charged due to the residual doping background. We used weak white light illumination to stabilize the 
extra electron confined in the dot. The membrane layer was grown on top of a 900 nm thick Al0.78Ga0.22As sacrificial layer. A 
distributed Bragg reflector composed of 10 layers of GaAs and AlAs was grown below the sacrificial layer and acted as a high 
reflectivity mirror, creating a one-sided cavity. Photonic crystal structures were defined using electron-beam lithography, 
followed by inductively coupled plasma dry etching and selective wet etching of the sacrificial AlGaAs layer. The cavity design 
was based on a three-hole defect in a triangular photonic crystal50, with a lattice constant of 240 nm and a hole radius of 
72 nm. 50. Opt. Express 13, 1202–1214 (2005), the same as 33 above.

Supplementary information is available in the online 
version of the paper. (28 pages, nothing about device).

Nothing new in Methods

Wafer/ 10 layers GaAs and AlAs /900 nm AlGaAs/160 nm GaAs+InAsQD ?
Again, no data on the size of QD! 

And on their location as well.

https://www.nature.com/articles/nnano.2015.334#ref-CR50


33 = 50. Opt. Express 13 (2005) 1202–1214 ….we fabricated samples having various air

hole displacements. Initially, a resist mask (ZEP-520) 

was coated onto a silicon-on-insulator

(SOI) substrate. PC patterns were drawn on this resist 

mask by electron-beam lithography.

The resist patterns were then transferred to the upper 

Silicon layer using inductively-coupled

plasma reactive-ion etching (ICP/RIE). After the dry-

etching procedure, the resist was

removed using an O2 plasma. Finally, the SiO2 layer 

under the PC layer was selectively etched

away using hydrofluoric (HF) acid to form an air-

bridge structure. We selected a lattice

constant a of 420 nm and for comparison used the 

same parameters as for the calculated

structure for this fabricated structure. The PC area was 

15μm 250μm

Only geometry, no any semiconductors,
no QD. We need to consider two subsequent
stories:
- (1) formation of layered structure,
- (2) formation of holes.



Jap. J. Appl. Phys. 
40 (2001) 2058-2064

Search for “GaAs membrane AND InAs quantum dots” demonstrates that the story is old enough

and many other articles of 1990s can be found, which allow to understand that
- luminescence from InAs QD crucially depends on its surrounding, QD must be embedded into foreign semiconductor,
- formation of 3-dimensional QD is nucleation of InAs; it starts when the total amount of deposited InAs exceeds 2-3 
monolayers,
- QD do not obligatory form ordered layers, but it is possible in case of heteroepitaxy, i.e. depends on surrounding solid.

Slightly better understood general technological scheme: 
(1) formation of layered structure: MBE, with special attention to InAs nucleation
(2) formation of holes: e-beam lithography, dry ICP etching, wet AlGaAs etching

2D electron gas



Review in Front. Phys. 10 (2015) 108101 (citing 425 Refs)

„....self-assembly implies that the formation of these self-assembled nanostructures cannot be controlled by just 
adjusting the growth parameters, such as the substrate temperature T and epitaxial flux rate F“.

“In the epitaxial growth of InAs QDs on the GaAs(001) substrate, the substrate temperature T is generally kept within 480–
530◦C, and the As pressures PAs are kept within (2–8) × 10−6 Torr. Before indium deposition, the clean GaAs(001) surface exhibits 
c(4×4) or (2×4) reconstruction depending on the substrate temperature and arsenic flux, as revealed by the in-situ streaky 
reflection of high-energy electron diffraction (RHEED) pattern. With an indium deposition flux F of 0.01–1 monolayer per 
second (ML/s), a flat or 2D InAs WL of about 1.5 ML forms first. With additional InAs deposition, an ensemble of QDs develops 
progressively on the surface of the InAs WL.“ <WL = wetting layer>

InAs QDs begin to appear on the WL around a critical InAs coverage θc of ∼1.5 ML, and the QDs’ areal density Ndot increased
sharply from zero to more than 1 × 1010/cm2 with increasing InAs coverage θ. The experimental data can be fitted well to the 
curve represented by the power law Ndot = N0(θ − θc)1.76, where N0 is a constant independent of θ. In addition, the InAs QDs grew 
in size at a remarkably rapid rate, and with an additional coverage of Δθ ∼ 0.01, their average height increased by about 9 nm 
or 30 monolayers, which is 1000 times more than the increment in θ. 

1 × 1010/cm2 = 100/m2, compare with 10 - 50/μm2  in initial article.

For (1) formation of layered structure by MBE, you need to find MBE 
machinewith As, In, Ga, Al, and Si sources, and experienced people 
operating this machine. Realistic way to characterize the material is 
luminescence (Supplementary from initial article).



https://www.samcointl.com/tech-resources/(2a) inductively coupled plasma dry etching 

GaAs pillar etching:
Etch Depth : 5 µm
Aspect Ratio : 8.06
Etch Selectivity : 16.6 (over photoresist)

GaAs anisotropic Etching
Etch Depth : 24 µm
Etch Rate : 1.25 µm/min
Etch Selectivity : 4.2 (over photoresist)

GaAs trench etching was performed for field-
effect-transistor (FET) fabrication.
The etched profile showed smooth and vertical 
sidewalls.

AlGaAs/GaAs Etching for VCSEL
<vertical-cavity surface-emitting laser>
Etch depth control
Non-selective etching between 
AlGaAs/GaAs
Smooth and vertical sidewalls
Clean surfaces

…… /900 nm AlGaAs/160 nm GaAs+InAsQD <hole radius of 72 nm>

AlGaAs Array Fabrication for LED
Etch Depth : 60 µm
Etch Rate : 1.54 nm/min
Etch Mask : gold

1m

1m

1m

100 m

1m

GaAs Etching for Photonic Crystal Fabrication
precise etching technology of various materials 
including GaAs, InP and silicon to fabricate 
periodic optical nanostructures

100 nm (Consider available plasma chambers!) 

http://www.samcointl.com/portfolio/indium-phosphide-etching/
http://www.samcointl.com/portfolio/si-etching/


(2b) selective wet etching of the sacrificial AlGaAs, 1st possibility: HF (10…..48 wt.%) 

J. Electrochem. Soc. 151 (2004) G347

Additional oxidant CrO3

48 wt.% HF
40 C

Al0.9
Al0.85
Al0.8

J. Vac. Sci. Technol. B 20 (2002) 1107
We hardly need CrO3 because the layer is thin enough
for reported etching rates.
It makes sense to try with low concentration, to see whether any complications with gas bubbles (or other) appear.
Alternatively, we can try HCl.



(2b) selective wet etching of the sacrificial AlGaAs, 2nd possibility: HCl 

Example demonstrating selectivity at 0 C
Solid-State Electronics 53 (2009) 1032

AlGaAs

GaAs

In a limiting case , we can start reading the review  Materials 
Science and Engineering R 31 (2001) 1-438:
„AlGaAs from GaAs“ 
HCl; Application: Al0.5Ga0.5As selective etch from GaAs;Ref. 
(Dumke,W.P.,1972) 
HCl, hot; selective removal of AlxGa1-xAs from GaAs if x>0:42 HF, 
hot; selective removal of AlxGa1-xAs from GaAs if x>0:38; Ref. 
(Malag,A.,1993)

Wafer/ 10 layers GaAs and AlAs /900 nm AlGaAs….. !!!! Sequence of these sublayers is important, as AlAs will be
also etched by the same etchant as AlGaAs!!! 



https://www.nanocenter.si/qt-future/summer-school-2024/
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