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1 EXECUTIVE SUMMARY 

This deliverable reports on the first-year efforts of the Consortium carried out by FORTH on optimizing its 
nanofabrication processes towards achieving the final goals of IQubits, with reference to the description of 
work reported in Part B. IMT and UofT offered consultations. The process design and implementation for (i) 
nanoscale gated Hall bars test structures and (ii) two possible III-N single electron transistor (SET) devices, 
are described. 
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2 TECHOLOGY WITH III-NITRIDES 

2.1 Introduction 

For the reporting reriod, the III-N based devices nanofabrication effort, was aimed towards the realization of 
two types of structures: (i) nanoscale gated Hall bars test structures and (ii) single electron transistor (SET) 
devices. 

Gated Hall bars is an essential test structure for the study of low density two dimensional electron/hole gas 
(2DEG, 2DHG) heterostructure properties, the related carrier scattering mechanisms and quantum coherence 
phenomena. A series of such test structures with dimensions (bar width) ranging from 500 nm down to 20 nm 
was aimed, in order to study quantum transport phenomena and their temperature dependence in Hall bars 
with dimensions comparable and below the expected carriers mean free path. Additionally, reduction of 
dimensions is important in the realization of dislocation free structures (usual III-N epilayers have ~108 cm-2 
threading dislocation densities) and studying quantum transport in the absence of dislocation scattering effects. 
The top gate feature of these test structure will permit control of the 2DEG/2DHG densities and the detailed 
study of carrier scattering mechanisms. 

The single electron transistor (SET) is the “core element” of semiconductor spin qubits. Careful design of III-
N SET structures is of particular importance for successful demonstration of “Coulomb blockade operation 
regime” at temperatures higher than the deep cryogenic regime. We estimated that a reduction of the quantum 
dot size down to ~20 nm is required for SET operation at ~100 K, in the case of III-N low density 2DEG based 
devices. In Fig. 1, the estimated SET upper operation temperature limit versus the III-N quantum dot lateral 
dimension is shown. For the estimation, the model reported in [1] was employed. An AlGaN/GaN 
heterostructure was considered with 20nm AlGaN barrier and 10nm top Al2O3 oxide layer. The dot 
self-capacitance CΣ was estimated as twice the gate capacitance Cg.  

 

 
 

Fig. 1: Upper temperature limit of III-N SET operation vs QD lateral dimension 

The gate and total capacitance of the fabricated transistor structures should also be minimized for high-T 
operation. Furthermore, the dimensions and energy scale of the barriers are important for tuning the contacts 
“tunneling resistance”. To address these requirements, two different approaches in III-N SET nanofabrication 
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were planned: a “tri-gate” SET, with electrostatically gated controlled barriers and a “rhombus” SET 
configuration with mesa etched defined barriers. 

2.2 Characterisation device design and fabrication 

This section describes the fabrication processing procedure for a gated Hall bar. This type of device is 
actually a metal oxide semiconductor – high-electron-mobility transistor (MOS-HEMT) type device designed 
like a typical Hall bar as the one shown in Fig. 2. Fig. 3 shows the layout of the Hall bar core structure along 
with its mesa-based interconnecting areas. 

 

 

Fig. 2: Typical Hall Bar example with “regular” sized features and contacts 

 

Fig. 3: MESA structure definition layout. 

Fig. 4 shows the zoomed-in area of the core mesa of the Hall bar structure. The L and D dimensions are 
scaled and varied in order to find out the optimum mean free path of the 2DEG structure carriers by using 
quantum Hall effect measurements. A schematic crossection of the first mesa patterning step is shown in Fig. 
5. 
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Fig. 4: Zoomed-in area of the core mesa Hall bar with the descritpion of various dimensions. 

 

Fig. 5: Crossection of the mesa description on active core of the Hall bar. 

All the processing steps are designed and fabricated using electron beam lithography (EBL) since the pattern 
dimensions “demand” the highest possible resolution. So, each processing step mentioned further, either 
consists of an EBL resist transfer pattern, and hard mask deposition and patterning, when a dry plasma 
patterning etching is required, or an EBL resist transfer pattern and metallic contact electron-gun evaporation 
deposition. Further details are mentioned for each individual step. 
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Fig. 6: SEM images of the various Hall bar dimensions of the metallic Nickel dry etch patterning mask. 

The result of the first processing step is shown in Fig. 6. This step is done by spin coating a bilayer of two 
different molecular weight concentrations of positive EBL resist polymethyl methacrylate (PMMA). The two 
molecular weights were 495 and 950. So, the bilayer was a PMMA 495 (2% in anisole) with a PMMA 950 (2% 
in anisole) on top of the previous one. This way the thinnest possible resist stack is chosen in order to be able 
to pattern sub-100nm metallic patterns (by “lift-off” technique) and at the same time acquire the best resolution 
for this type of lithography configuration. The metallic mask shown on Fig. 6 consists of Nickel and is applied 
by high vacuum electron-gun evaporation. This type of hard mask is required for the subsequent reactive ion 
etching (RIE) dry plasma etching for the isolation patterning of the structure. 

The result of the chlorine based RIE mesa pattern is shown in Fig. 7. There is an evident sidewall inclination 
that further increases the effective active area of the 2DEG structure, but it will be addressed and “corrected” 
in the next step. Also, a new inductively coupled plasma (ICP) RIE, currently installed in our research 
laboratory, will further improve the “resolution” of the whole final structure morphology, since it will provide 
vertical sidewalls and it will demand lower hard mask thickness due to improved mask to semiconductor 
selectivity etch ratio. So, the thinner hard mask patterning requirements provide larger “processing window” 
for easier and higher resolution EBLs. 

The etch depth of the patterned mesa structure must be just below the active III-N HEMT 2DEG structure 
and marginally into the buffer layer (Fig. 5). 

A wet chemical etching treatment is performed using a commercially available developer AZ 826MIF from 
Microchemicals. It is a ready-to-use solution of Tetramethylammonium hydroxide (TMAH) 2.3% in water. This 
wet chemical etching has the effect of etching Gallium Nitride and other similar III-N crystallin materials with 
different etch rates in relation to different crystallographic orientations (Fig. 8) [1]. So, using this property, the 
result of Fig. 9 is possible. Vertical sidewalls lead to narrower 2DEG channel effective areas. 
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Fig. 7: Dry plasma patterning etching of mesa active area. 

 

Fig. 8: Example of the TMAH-based horizontal crystallographic orientation etching. From inclined wall etching to vertical 
sidewalls. 
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Fig. 9: Sidewall wet etching treatment for sidewall inclination correction. Left: SEM images right after the RIE patterning. 
Right: Result to vertical sidewall. 

The next processing step is performed where a new EBL step (using a bilayer PMMA stack) is used to 
pattern the ohmic contacts on top of the interconnecting mesa pads. The metallic contact is patterned using 
high vacuum electron-gun evaporation and lift-off. The metallic stack is the standard n-type ohmic contact for 
Gallium Nitride which is a stack of Ti / Al / Ni / Au. In Fig. 10, the layout, SEM photos and a crossection 
schematic of the ohmic contact formation on interconnecting access pads and “back gate” is shown. Further 
investigation will follow with an attempt to replace Ni as a diffusion barrier before the Au overlayer, since Ni is 
a magnetic material and it may lead to serious magnetic interference, when applying strong magnetic fields 
during characterization measurements, even destruction of the device structure. Pt or Mo are two possible 
candidates to replace Ni. 
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Fig. 10: Layout, SEM photo and crossection of the ohmic contact formation on interconnecting access pads and “back 
gate” 

After the deposition and the lift-off patterning, a rapid thermal annealing (RTA) at 750ºC in vacuum takes 
place for the activation of the ohmic contacts. 

The next step is a deposition of the thin dielectric used as a junction barrier under the gate by atomic layer 
deposition (ALD). The dielectric used is Al2O3 and its thickness is 10 nm. In Fig. 11, the layout, SEM photos 
and a crossection schematic of the dielectric Al2O3 material and patterning of the access “window openings” 
is shown. The lithography once again is performed by EBL and the “window opening” is done by buffered oxide 
etch (BOE) standard procedure. 

After the dielectric, the gate contact is once more patterned by EBL and lift-off. For this trial, a 50 nm thick 
Au gate is applied. In Fig. 12, one can see the layout, SEM photos and a crossection schematic of the gate 
contact and gate electrode. 
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Fig. 11: Layout, SEM photo and crossection of the dielectric Al2O3 material and patterning of the access “window” openings. 

 

Fig. 12: Layout, SEM photo and crossection of the gate contact and gate electrode. 

Following the gate patterning, the first smaller interconnects are created in order to connect the smaller pad 
areas to the outer larger bonding pads. In Fig. 13, the layout and SEM photos of the smaller interconnect 
electrodes are shown. This is the final EBL followed by a high vacuum electron-gun evaporation 100nm-thick 
Au interconnect metallization patterned by lift-off. In this particular trial, the best device found by microscopy 
was chosen to be connected.  

Fig. 14 is shows the final bonding of the device. It is fabricated by the only optical lithography procedure of 
the relatively larger macroscopically bonding pad structures. 150nm-thick metallic pads connect with the 
previously patterned internal interconnects. 
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Fig. 13: Layout and SEM photo of the smaller interconnect electrodes. 

 

Fig. 14: Layout and SEM photo of the final device bonding pads. 
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2.3 Single Electron Transistors (SETs) - Design 

 

This section describes the processing design procedure (layout and process flow) for two possible SET 
devices, one is a tri-gate version and the other is a “rhombus” version. These devices are the unit devices 
used as a base for integrated qubit devices, since a possible qubit device consists of at least two SETs 
integrated together in a same structure.  

The tri-gate version enables the control of the source and drain junctions by controlling the voltage on the 
outer gates (controlling the depletion region of the underlying 2DEG channel of the HEMT structure below the 
MOS gate contact) and by controlling the voltage of the main central gate, the energy levels of the defined 
quantum dot is manipulated. The detailed schematic image of the tri-gate configuration will be visible below in 
further schematics. The fabrication techniques mentioned are mainly based on the relevant already mentioned 
techniques from the gated Hall bar structure. 

The “rhombus” version does enable any control of the source and drain junctions because they are defined 
strictly by topography isolation of the mesa etching (but its simplified EBL and patterning simplicity makes it 
really appealing). The design is for “rhombus” –shaped quantum dot with a size of 30x30nm. By controlling the 
voltage of the gate, the energy levels of the defined quantum dot are manipulated. The detailed schematic 
image of the tri-gate configuration will be visible below in further schematics. 

Fig. 15 shows a schematic and layout of the mesa thin line channel of the tri-gate SET along with its 
interconnect mesa pad, the low density 2DEG structure crossection schematic and mesa definition crossection 
schematic and the equivalent circuit and / or schematic of basic diagram of SET device. In Fig. 16 the 
schematic and layout of the mesa channel of the “rhombus” SET is shown along with its interconnect mesa 
pad , the low density 2DEG structure crossection schematic, and the mesa definition crossection schematic. 

 

 

Fig. 15: Left: Schematic and layout of the mesa thin line channel of the tri-gate SET along with its interconnect mesa pad, 
Right: low density 2DEG structure crossection schematic and mesa definition crossection schematic, Bottom: equivalent 
circuit and / or schematic of basic diagram of an SET device. 

After the deposition and the lift-off patterning, a rapid thermal annealing (RTA) at 750oC in vaccum will take 
place for the activation of the ohmic contacts. 
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Fig. 16: Left: Schematic and layout of the mesa channel of the “rhombus” SET along with its interconnect mesa pad, Right: 
low density 2DEG structure crossection schematic and mesa definition crossection schematic. 

 

Similar to the previously mentioned Hall bar structure, the next processing step will pattern the ohmic 
contacts on top of the interconnecting mesa pads. The metallic contact will be patterned and will be applied by 
high vacuum electron-gun evaporation AND lift-off. The metallic stack will be the standard Ti/ Al/ Ni/ Au n-type 
ohmic contact for Gallium Nitride. In Fig. 17, the schematic and layout of the ohmic contacts of both SET 
versions, and a crossection schematic of both version ohmic contacts patterning deposition is shown. Further 
investigation will follow with an attempt to replace Ni as a diffusion barrier before the Au overlayer, since Ni is 
a magnetic material and it may lead to serious magnetic interference, when applying strong magnetic fields 
during characterization measurements, even destruction of the device structure. Pt or Mo are two possible 
candidates to replace Ni. The details are shown in Fig. 17. 
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Fig. 17: Left: Schematic and layout of the ohmic contacts of both SET versions, Right: crossection schematic of both 
version ohmic contacts patterning deposition. 

The next step will be a deposition of the thin dielectric used as a junction gate barrier under the gate by 
atomic layer deposition (ALD). The dielectric used is Al2O3 and its thickness is 10 nm. In Fig. 18, the layout 
and a crossection schematic of the dielectric Al2O3 material and patterning of the access “window openings” 
is shown. The lithography once again will be performed by EBL and the “window opening” will be done by 
buffered oxide etch (BOE) standard procedure. 

 

 

 

Fig. 18: Layout and crossection of the dielectric Al2O3 material and patterning of the access “window” openings. 

 

Fig. 19 and Fig. 20 show the two different configurations of the gate formation of the two different versions 
of the mentioned SETs. The optimum version of the tri-gate configuration is depicted by an extremely “strict” 
and demanding electron beam lithography requirement in terms of resolution, where the three gates are 10 
nm in length with a spacing distance between them of 10nm. The gate for the “rhombus” configuration is not 
strict in terms of resolution, but it is quite demanding in terms of overlay accuracy. There is a need for a very 
high precision in placement of the gate exactly over the quantum dot active area without overlapping the source 
and drain junction areas. Both versions will be investigated and optimized by advanced EBL technique trials. 
Finally, Fig. 21 shows the same approach for both versions regarding interconnecting and providing bonding 
pads for electric measurements characterization. 
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Fig. 19: Layout and crossection of the gate patterning of the tri-gate version SET. 

 

 

Fig. 20: Layout and crossection of the gate patterning of the “rhombus” version SET. 
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Fig. 21: Layout and crossection of the inner interconnections and final bonding pads. 

2.4 Detailed flow design  

 

This section contains the design of the fabrication processing procedures described above, created with the 
dedicated program Flow Designer by Phoenix software.   

FlowDesigner is a software tool for designers and process engineers. This module, combined with the 
lithography layout editor, delivers cross-sectional process flow (etch, deposition) visualisation. The process is  
visualised step by step and can be exported in successive pictures per step. The mask layouts can be 
transferred to the flow visualisation tool in order to ensure that processes are working as expected in the 
cleanroom. 

2.4.1 Gated nano-Hall Bar device 

The detailed cross-section process flow of the device begins in Fig. 22 describing the mesa patterning 
definition process. 
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Fig. 22: Crossection of the mesa patterning. 

The next processing step is presented in Fig. 23 showing the cross-section definition of the ohmic contacts. 

 

Fig. 23: Crossection of ohmic contacts. 

In Fig. 24 the dielectric deposition and contact “window” openings are defined in cross-section viewing. 
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Fig. 24: Crossection of dielectric contact “windows”. 

The next processing step is presented in Fig. 25 showing the cross-section definition of the gate contact. 

 

Fig. 25: Crossection of gate contact. 

In Fig. 26, the interconnection contacts are defined in cross-section viewing. 
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Fig. 26: Crossection of inner interconnect contacts. 

2.4.2 Tri-Gate SET device 

The detailed cross-section process flow of the device begins in Fig. 27 describing the mesa patterning 
definition process. 

 

Fig. 27: Crossection of the mesa patterning. 

The next processing step is presented in Fig. 28 showing the cross-section definition of the ohmic contacts. 
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Fig. 28: Crossection of ohmic contacts. 

In Fig. 29 the dielectric deposition and contact “window” openings are defined in cross-section viewing. 

 

Fig. 29: Crossection of dielectric contact “windows”. 

The next processing step is presented in Fig. 30 showing the cross-section definition of the gate contact. 
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Fig. 30: Crossection of gate contact. 

In Fig. 31, the interconnection contacts are defined in cross-section viewing. 

 

 

Fig. 31: Crossection of inner interconnect contacts. 
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2.4.3 Rhombus SET 

The detailed cross-section process flow of the device begins in Fig. 32 describing the mesa patterning 
definition process. 

 

Fig. 32: Crossection of the mesa patterning. 

The next processing step is presented in Fig. 33 showing the cross-section definition of the ohmic contacts. 

 

 

Fig. 33: Crossection of ohmic contacts. 

In Fig. 34 the dielectric deposition and contact “window” openings are defined in cross-section viewing. 
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Fig. 34: Crossection of dielectric contact “windows”. 

The next processing step is presented in Fig. 35 showing the cross-section definition of the gate contact. 

 

Fig. 35: Crossection of gate contact. 

In Fig. 36, the interconnection contacts are defined in cross-section viewing. 
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Fig. 36: Crossection of inner interconnect contacts. 
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