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Quantum point contacts (QPCs) in high-In-content InGaAs modulation-doped 

heterostructures fabricated using a focused ion beam (FIB) system equipped with a N2 gas field 

ion source (GFIS) are demonstrated. The minimum physical size of the fabricated QPC 

structures in this study is ~30 nm, which is smaller than the typical physical size of QPCs (> 50 

nm) obtained by electron beam lithography and etching techniques. In addition, the fabricated 

QPCs are characterized electrically at low temperatures with magnetic fields. Since some of 

them show conductance quantization behaviors, the results indicate that the GFIS-FIB process 

is promising for quantum device fabrication.  
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Modulation-doped heterostructures (MDHs) including high-In-content InGaAs have been 

expected to be applied to spintronic quantum devices, because they show high electron mobility, 

large g-factor, and strong Rashba-type spin-orbit coupling (SOC), which can be controlled by 

external electric fields.1-3) Quantum point contacts (QPCs) are typical quantum nanostructures, 

which can be applied to spintronic quantum devices.4-5) Indeed, QPCs made from InGaAs 

MDHs have been intensively studied, 6-12) and some of them have focused on spin polarizers7, 

10) and Stern-Gerlach spin splitters.12) These QPCs have been fabricated by electron beam 

lithography and etching techniques; however, the achievable physical size of the structures is 

~50 nm.  

 

A gas field ion source (GFIS) ionizes gas molecules in a high electrical field on an atomically 

sharp tip-like field ion microscope,13) creating a beam of charged particles; thus, it can be used 

as a source of focused ion beams (FIBs). Since the GFIS has a smaller beam spot than a typical 

Ga liquid metal ion source, GFIS-FIB is more suitable for fine patterning than Ga-FIB. A 

conventional GFIS-FIB system uses an ionized He beam, and it is called a helium ion 

microscope (HIM).14) HIM has been used for the direct fine patterning of graphene;15-16) 

however, the low mass of He is not suitable for deep patterning. To realize the deep patterning, 

we have chosen N2 for GFIS-FIB, which is, to the best of our knowledge, the first attempt in 

the world. The minimum line width realized by physical sputtering using an ionized N2 beam 

is 10 nm or even smaller with a depth of ~50 nm.17) On the other hand, Ga-FIB has also been 

used for the fabrication of QPCs made from GaAs18) and InGaAs MDHs.19) Therefore, if N2 

GFIS-FIB is used for the fabrication of QPCs, there is a possibility of realizing QPCs with a 

physical size < 50 nm, which is difficult to obtain by electron beam lithography and etching 

techniques. 

 

In this study, we employed N2 GFIS-FIB to form QPCs in an inverted high-In-content InGaAs 
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MDH20-21) by physical sputtering. To control QPCs electrically, we formed top-gate structures 

by atomic layer deposition (ALD) of Al2O3 followed by Ti/Au evaporation and lift-off after 

GFIS-FIB fine patterning. We also carried out electrical measurements of the fabricated QPC 

structures at low temperatures to confirm their operations. 

 

The inverted high-In-content InGaAs MDH was grown on a semi-insulating GaAs (001) 

substrate by molecular beam epitaxy with InAlAs step-graded buffers (SGBs).20-21) The MDH 

consists of a 60-nm-thick InGaAs channel (top), a 20-nm-thick InAlAs spacer, a Si delta-doping 

layer, a 200-nm-thick InAlAs barrier, and InAlAs SGBs (bottom). The nominal In content is 

0.75 for active layers (channel, spacer, and barrier). For QPC fabrication, we first formed Hall 

bar mesas by conventional photolithography and wet chemical etching. Then, we carried out 

photolithography, AuGeNi evaporation, lift-off, and annealing for ohmic electrodes of Hall bars. 

After the Hall bar fabrication, some samples were wet-chemically etched to reduce the InGaAs 

thickness to 40 nm. Then, we fabricated µm-size constrictions at the center of the Hall bars 

using Ga-FIB or the combination of photolithography and wet chemical etching. After the 

fabrication of µm-size constrictions, we loaded the samples into a GFIS-FIB fine patterning 

machine. With imaging by ionized N2 beam scanning, we found out the µm-size constrictions, 

and then we formed QPCs by physical sputtering of an ionized N2 beam. The nominal depth of 

the physical sputtering is ~200 nm, and the process time for the QPCs formed is ~10–15 min. 

Figure 1 shows scanning electron microscopy images of the QPC after GFIS-FIB fine 

patterning. The length and width of the QPC are ~30 and ~100 nm, respectively. These results 

indicate that GFIS-FIB enables us to perform fine patterning (~ 30 nm) for compound 

semiconductors such as InGaAs MDHs. After GFIS-FIB fine patterning, we carried out ALD 

of Al2O3 with trimethylaluminum and water. The thickness of Al2O3 is ~30 nm. The post-

deposition annealing was carried out at 350 °C for 30 min in Ar/H2(10 %) ambient. Finally, we 

formed the top gate by photolithography, Ti/Au evaporation, and lift-off. For electrical 
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measurements, we used a 4He cryostat with a superconducting magnet and a standard AC lock-

in technique with AC voltage excitation (VD: 0.1-100 mV peak-to-peak) and a current 

preamplifier.  

 

First, we carried out electrical measurements of QPCs without the wet chemical surface 

etching of Hall bars. Figure 2 shows the conductance G curve of a QPC with a 60-nm-thick 

InGaAs channel as a function of the gate voltage VG. The conductance G was calculated by 

measuring drain current and the root mean square of AC voltage excitation. The length and 

width of the QPC are 70 and 200 nm, respectively. Despite the application of a negative gate 

voltage, the reduction in conductance seems small (~ 0.3 x 2e2/h) at -9 V < VG < 0 V. Moreover, 

the increase in conductance at approximately VG < -9 V can be seen. Since the gate current in 

the QPC is < 100 times lower than the drain current, the increase does not originate from the 

leakage. In addition, another QPC with the same 60-nm-thick channel and a smaller constriction 

(30 nm length and 100 nm width) showed a smaller conductance (~ 0.5 x 2e2/h) but a similar 

increase behavior. Thus, the smaller constriction does not help in enhancing gate controllability, 

and it seems difficult to achieve the pinch-off of QPCs as well as quantized conductance steps 

in the case of the 60-nm-thick channel. This may originate from the generation of the inversion 

layer at the Al2O3/InGaAs interface after the application of a high negative gate voltage due to 

the narrow bandgap of the thick InGaAs.  

 

Next, we carried out electrical measurements of QPCs with the wet chemical surface etching 

of Hall bars. Figure 3 shows the conductance G and numerically derived dG/dVG curves of a 

QPC with a 40-nm-thick InGaAs channel as a function of the gate voltage VG. In this case, the 

conductance becomes almost zero when the gate voltage is approximately VG ~ 0 V. Therefore, 

the generation of the surface inversion layer seems to be suppressed owing to the small channel 

thickness, and the pinch-off of the QPC seems to be almost realized. Moreover, dip structures 
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in the derived curves, which correspond to step-like structures in the conductance curves, can 

be seen at approximately the quantized conductance value (~ 2e2/h). Thus, this result can be 

considered as conductance quantization and suggests that the QPCs fabricated using N2 GFIS-

FIB can work as quantum devices. However, the half-integer quantized conductance (0.5 x 

2e2/h = e2/h), which is expected to appear in the case of strong SOC,7, 10, 12) could not be 

observed. Since similar InGaAs MDHs experimentally show strong Rashba SOC (~10-11-10-12 

eVm),20-22) ionized N2 beam irradiation during imaging and/or sputtering in the GFIS-FIB 

process may reduce the sheet electron concentration locally and weaken the SOC owing to the 

reduction in effective electric field. Also, the conductance seems saturated less than twice the 

quantized conductance (2 x 2e2/h). Since the physical width of this QPC structure is ~150 nm 

and the length is sufficient compared with a typical Fermi wavelength, the result also implies 

that the beam irradiation affects electrical conduction properties such as reductions in sheet 

electron concentration and electron mobility. Since we did not control the beam irradiations in 

the present experiments, we could not quantitatively evaluate the negative effect of damage 

caused by the beam irradiation. In the future, we will control the beam irradiations and evaluate 

the irradiation-induced damage through electrical properties.  

 

To investigate the conductance quantization in more detail, we carried out electrical 

measurements of QPCs in magnetic fields. Figure 4 shows the G and numerically derived 

dG/dVG curves of another QPC with a 40-nm-thick InGaAs channel under various magnetic 

fields as a function of the gate voltage. With increasing magnetic field, the conductance of 1st 

step-like structures at VG ~ 0.8 V seems reduced from ~2e2/h to ~0.5 x 2e2/h (= e2/h). In addition, 

the conductance of 2nd step-like structures at VG ~ 2.5 V seems also reduced from ~2 x 2e2/h 

(= 4e2/h) to ~1.5 x 2e2/h (= 3e2/h). These results can be understood by considering Zeeman spin 

splitting, and provide evidence of the QPC operation. However, we note that there seem no 

step-like structures of ~2e2/h at 0.8 V < VG < 2.5 V under high magnetic fields. This behavior 
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is unexpected, but we have no idea on how to explain this at the moment. 

 

 In summary, we fabricated QPC structures in inverted high-In-content InGaAs MDHs by 

physical sputtering using N2 GFIS-FIB. The minimum length of the QPC structures is ~30 nm, 

which is smaller than the size achievable by electron beam lithography and etching techniques. 

We also carried out electrical measurements of the fabricated QPC structures at low 

temperatures. We confirmed that the QPC structures with a 40-nm-thick InGaAs channel show 

step-like structures in the conductance curves, which correspond to the quantized conductance 

(2e2/h). In addition, we confirmed half-integer quantized conductance behaviors (e2/h and 

3e2/h) under magnetic fields. These results indicate that the GFIS-FIB process is promising for 

quantum device fabrication. 
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FIGURE CAPTIONS 

Fig. 1. (Color online) Scanning electron microscopy images of a QPC fabricated using N2 GFIS-

FIB. The images were taken immediately after the GFIS-FIB patterning process before the top-

gate formation.  

 

Fig. 2. (Color online) Conductance curve of a QPC with a 60-nm-thick InGaAs channel as a 

function of the gate voltage. The length and width of the QPC are 70 and 200 nm, respectively.  

 

Fig. 3. (Color online) Conductance and numerically derived curves of a QPC with a 40-nm-

thick InGaAs channel as a function of the gate voltage for various AC voltage excitations. The 

curve offset is 2e2/h. The length and width of the QPC are 30 and 150 nm, respectively. The 

blue broken line represents the position of the 1st quantized conductance step. 

 

Fig. 4. (Color online) Conductance and numerically derived curves of another QPC with a 40-

nm-thick InGaAs channel as a function of the gate voltage for various magnetic fields. The 

curve offset is 2e2/h. The length and width of the QPC are 30 and 150 nm, respectively. Arrows 

represent the positions of the 1st and 2nd quantized conductance steps. 
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Figure 1 

  



11 

0

0.5

1

1.5

2

-12 -10 -8 -6 -4 -2 0

G
 (

2
e

2
/h

)

V
G
 (V)

T ~ 1.7 K
V

D
 = 1 mV

 

Figure 2. 
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Figure 3. 
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Figure 4. 

 


