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1 EXECUTIVE SUMMARY 

This document complements the previous version of D4.2 (Final Version 1.0) reporting the updates expected 
for the completion of the process optimization. The most relevant updates are highlighted with the yellow 
markups. The updated conclusions are reported in §3. 
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2 TECHNOLOGY FOR III-NITRIDE DEVICES 

2.1. Introduction 
This document is a progress report on D4.2: Nanofabrication Process Optimization (M20), with the expected 

updates following the previous version (Version 1.0). This report contains information continuing the work 
already reported in D4.1. For this reporting period, an effort has been made in order to further optimize the 
current electron beam lithography resolution of the current lithographic process using the standard PMMA EBL 
resists and also further optimization of the two alternative resists as HSQ (EM Resist) and ZEP 520A (Nippon 
Zeon) has been acquired and tested. Furthermore, the III-N based devices nanofabrication was continued 
towards the fabrication optimization of the mentioned two types of structures: the nanoscale gated Hall bars 
test structures and the single electron transistor (SET) devices. 

2.2. Electron Beam Lithography further optimization 
Below follows a description of an effort to further “push” the Electron Beam Lithography (EBL) technique 

resolution down in order to fabricated the required projects nanostructures. For the positive polarity lithography 
resist process optimization, which is the type of needed resist for material etch and metallic structure patterning 
(by lift-off techniques), the alternative to the positive-tone PMMA resist, the ZEP 520A (Nippon Zeon) was 
acquired (Due to COVID-19 the delivery from Japan was delayed more than 6 months from order . It arrived 
end of summer 2021). This specific resist promises higher sensitivity, higher resolution, less line edge 
roughness and increased etch durability, similar to standard optical lithography novolac-based resists with 
proven stability, especially during chlorine-based dry etching, needed especially for III-nitride material pattern 
dry etching, for electron beam lithography applications. For the negative polarity lithography resist process 
optimization, which is the type of needed resist for material etch and reaching the promised ultimate resolution 
and contrast of the EBL technique (for etch-back techniques), the negative lithography polarity resist EM Resist 
Hydrogen SilsesQuioxane (HSQ) was chosen (although there was a quite delayed arrival (May 2021 due to 
material shortage from manufacturer for COVID-19 delays). (The former material used from Dow Corning, the 
XR-1541, was not available for purchase since there was an even greater shortage of available products for 
sale). 

2.2.1 HSQ 
In this trial, the HSQ lithography optimization tests were performed (which will be needed for negative 

lithography for etch-back patterning techniques). Several processing lithography procedures were performed 
in order to enhance the contrast of the specific resist, since high contrast means that really dense 
nanolithographic neighboring structures can be realized to really close proximity to each other and they can 
be resolve correctly unaffected by electro-beam lithography proximity effects from backscattered electrons. 

The base process flow of the electron beam lithography sequence consists of the following parts: First, the 
EM Resist HSQ is coated on the substrate using a spin coat process. The current viscosity acquired is 6% 
HSQ in MIBK, which will result in a film with a thickness of ~ 100nm, which is too thick for the required minimum 
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feature size (MFS) in target. So, the resist is further diluted using Methyl Isobutyl Ketone (MIBK) for a 
concentration of about 2% which will result in ~ 40 nm of film thickness. Then the substrate is baked on a hot 

 
Figure 2: Dependence of the contrast curve of the developed HSQ in relation to the developer temperature (left). 
Unwanted exposure of adjacent exposed structures from the phenomenon of the secondary backscattered electrons  
from the substrate (right) [1]. 

   

         

    
Figure 1: Layout design (top left) for dose calibration scan exposure. Three zoomed in areas focusing on dense line 
pitch from 60 to 40 nm (20nm half pitch) (top right), SET tri-gate layout with pads (bottom left) and SET channel 
linewidth (bottom right). 
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plate at 150oC for 2 min. Then, a scan calibration dose exposure was performed with a wide range of exposure 
doses ranging from 300 to 1000 μC/cm2 for areas and from 500 to 10000 pC/cm for single lines, in order to 
obtain the proper exposure dose. Figure 1 shows the designed layout for the mentioned scan exposure. Figure 
2 shows the dependence of the contrast of the developed HSQ to the developer temperature (in this case a 
TMAH-based developer). Also, the unwanted exposure of adjacent exposed structures from the phenomenon 
of the secondary backscattered electrons from the substrate is shown, which is eliminated as much as possible 
by trying to increase the contrast of the procedure. So, several development trials were performed in two 
different temperature, room temperature and 60oC. The developer used was the commercial Merck AZ 326 
MIF, which is a TMAH-based aquatic developer, with a concentration of 2.38 % TMAH (Tetra Methyl 
Ammonium Hydroxide) in H2O. Another parameter that was experimented with is the stabilization bake of the 
HSQ film after spin coating. The differentiation that was tried out was the vacuum drying of the photoresist 
stabilization step at room temperature, because it is known that there is a premature crosslinking of the HSQ 
material that needed to be developed even at normal soft bake at 90oC. In combination to all the above, a 
concentrated developer of 25% TMAH was acquired and tested, since it is promised from literature [1] as an 
HSQ developer with a lot higher contrast (in expense to lower sensitivity).  

The HSQ trial was done on the commercial EM Resist HSQ 6% (in MIBK), that was diluted to 2% by adding 
the calculated MIBK and its final film thickness was 40 nm after spin coating. Bake stabilization temperature 
was used under 90oC on a hot plate and the previously mentioned vacuum drying method in vacuum at room 
temperature. The AZ 326 MIF developer was used for the development at room temperature, at 60oC along 
with the concentrated 25% TMAH in 3 separated tests. Figure 3 shows the result of the best development 
(although far from optimum) which was acquired by the combination of the vacuum dried 40nm-thin HSQ 
exposed at 3200pC/cm line dose and developed at the temperature of 60oC. Unfortunately, the elevated 
temperature and concentrated TMAH-based solutions leads to unwanted Silicon wet etching and ultimately to 
unwanted chemical effect of III-N based structures (especially on the lateral sidewall profiles as shown in D4.1).  

Also, an adhesion problem was observed as approaching to the sub-40nm feature sizes resulting in the 
destruction of the wanted ultra nanometric sizes (<30nm). We are working on resolving this issue with the 
integration of a metallic adhesion promotion layer underneath the HSQ film which will serve as a solution 
medium for three problems, the adhesion promotion of the ultra nanometric sized HSQ patterns, the protection 
of the semiconductor surface from chemical wet etching attack from TMAH and finally the reduction of the 
charging effect (which results to poor EBL resolution) when trying to pattern high charging substrates (like the 
ones grown for the III-nitride materials, GaN/AlGaN on sapphire). 

2.2.2 PMMA 
This section consists of the effort on PMMA EBL patterning using thin PMMA spin coated layers and cold 

development, up to -18 °C (freezer), which ultimately will broaden the “dose window”, will “freeze” the partially 
exposed areas stopping development on unwanted areas around the main exposure pattern. This ideally would 
result in better resolution, decreased sensitivity and increased contrast [2], [3]. 

   
Figure 3: Result of the best development (although far from optimum) which was acquired by the combination of the 
vacuum dried 40nm-thin HSQ exposed at 3200pC/cm line dose and developed at the temperature of 60oC. 
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There were various parameter variations tried out. The PMMA 950 A2 and its thinner versions were chosen 
to be tested. PMMA from Microchem is dissolved in Anisole. So, its undiluted and diluted form was spin coated 
with a film thickness of 70-80 nm down to 40 nm (diluted further with anisole with a ratio of original solution : 
anisole 2:1). Also, the PMMA 495 A2 (~40nm thick) was tested in a bilayer stack of bottom PMMA 495 A2 and 
PMMA 950 A2 (2:1) (total thickness of 70 nm). After the dose scan line exposure of the dose test patterns, 
several different samples were developed in three different development temperatures and two different 
developer configurations. The two different developer configurations were the standard MIBK:IPA with a ratio 
of 1:3 and the other was IPA:H2O with a ratio of 7:3. The three different development temperatures were room 
temperature (20oC), cool down to 4oC and cool down to -18oC. In the cool down cases, the sample along with 
the developer container were cooled down to 4oC and -18oC from more than 30 min prior to actual development 
by dipping the sample into the cooled down developer solution. Then, the development was performed and 
the samples were placed in the e-gun evaporator tool for a metal deposition of 20 nm thick Au. After the lift-
off, the best result (even though more fine tuning is needed for the optimum result) is shown in Figure 4, which 
is the result from the thinned PMMA 950 A2 down to 40nm and the developer was the IPA:H20 at 4oC. 

2.2.3 ZEP 
The alternative and very promising EBL resist was acquired in order to optimize the resolution limit of the 

EBL process. This resist is intended to be used as an standard PMMA alternative since it exhibits some very 
promising promising like high resolution (sub-10nm after optimized conditions), excellent etch resistance, high 
sensitivity (for much faster throughput) and high contrast (for realizing graded sub-100nm dense patterned 
structures).  

In comparison to the standard PMMA versions it exhibits superior “endurance” in chlorine-based dry plasma 
etching techniques with a comparable performance to the more stable optical lithography Novolak especially 
needed for the required plasma dry etching of III-nitride based devices. Figure 5 shows the dry etching 
“resistance” during a chlorine-based plasma. 

 
 

Figure 4: Result from the development trial of the calibration of PMMA which is the result from the thinned PMMA 
950 A2 down to 40nm and the developer was the IPA:H20 at 4oC.  
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As a next step, this resist is going to be extensively tested, since its late arrival from Japan (due to shipping 
issues, COVID-19 related) and various technical issues of the EBL nanofabrication facility were limiting time 
factors for the results to be included in this report. 

In the following section, all the effort to optimize the nanofabrication process using the ZEP electron beam 
lithography resist is presented. The resist ZEP520A was diluted in anisole from its initial default viscosity in 
order to acquire thinner spin coated films (in order to gain better patterning resolution). The ZEP520A’s default 
film thickness is 300nm at 6000 rpm spin speed. After the dilution in anisole with a dilution ratio of 1:2.5 
(ZEP:anisole), the acquired film thickness after spin coating at the same spin speed was 70 nm. Then, an 
exposure scaling dose test was performed at 30keV electron beam acceleration voltage in order to determine 
the optimum dose needed at critical lowest possible patterning dimensions. Figure 6 and Figure 7 show the 
dose scaling layout pattern that was used for the dose scaling exposure test. The applied resist was baked on 
a hotplate at 180oC for 3 min. After the EBL exposure, the patterning development followed by dipping the 
sample in the developer n-Amyl acetate for 1 min. After a metal deposition (Cr/Au, 2nm/20nm) and its 
subsequent lift-off, the optimum line exposure dose was found to be 400pC/cm after SEM examination of the 
result, as shown in Figure 8.  

 
Figure 5: Dry etching resistance of ZEP in chlorine-based dry plasma etching conditions. The graph compares 
the etch rate of ZEP to the standard Novolak-based optical lithography photoresists where they are widely 
used for dry etching of III-nitride materials [4]. 
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Figure 6: Dose test scanning layout pattern. 

 
Figure 7: Scaling various pitches, channel widths and tri-gate pitch sizes. 
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Figure 8: SEM view of optimum dosed patterned structures. 
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2.3. Nano-patterned Gated Hall Bars and SETs 
Continuing the work from the D4.1, this section contains the description of another optimized fabrication 
processing procedure for a Single Electron Transistor (SET) alongside with gated Hall Bars using 
nanofabrication techniques (using Electron Beam Lithography (EBL) transfer patterning techniques).  
 
This type of device is a MOS-HEMT transistor type which is mentioned in Deliverable 4.1 in more detail. All 
the processing steps mentioned are designed and fabricated using electron beam lithography (EBL) since the 
pattern dimensions “demand” the highest possible resolution and overlay pattern placement accuracy. 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 below. The fabrication sequence is described showing every step with their corresponding design layout 
schematics and their actual fabrication steps 

In Figure 9 the zoomed-in area of the hard metal mask of the core mesa of the Hall bar structure is shown 
along with the channel of the SET device. Both structure are fabricated in the same process run on the same 
dye. Figure 9 shows the first step of the patterning of the nano metal hard mask for dry etch patterning of the 
mesa structure for both types. A bilayer of two different molecular weight concentrations of positive EBL resist 

           

  
 

 
 

 
 

Figure 9: First step of the patterning of the nano metal hard mask for dry etch patterning of the mesa structure for both 
types of devices. Upper part is the design layout and actual metal mask for the SET device and the bottom part is the 
design layout and metal mask for the nano-Hall bars. 
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PMMA is used. The two molecular weights were 495 and 950. In order to be able to pattern sub-100nm metallic 
patterns, a bilayer resist stack capable of lift-off is chosen. The metallic mask shown on Figure 9 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 chlorine-based etching (BCl3 / Cl2) for the isolation patterning 
of the structure. 

The result of the chlorine based RIE mesa pattern is shown in Figure 10. The sidewalls of the patterns 
acquired are not vertical with this particular RIE recipe, so there is a sidewall inclination that further increases 
the effective active area of the 2DEG structure. This will be addresses and “corrected” in the next step. As 
already mentioned in the Deliverable D4.1, the new inductively coupled plasma (ICP) RIE, currently installed 
in the lab but not yet fully commissioned (COVID-19 related travel issues of the installation personnel), will 
further improve the “resolution” of the whole final structure morphology. Since this way the vertical sidewalls 
are going to be achieved, a thinner hard mask will be required due to improved mask to semiconductor 
selectivity etch ratio. So, the thinner hard mask patterning does not  demand thick resists I order to be patterned 
correctly. This increases the processing window for easier and higher resolution EBLs since the resolution of 
the EBL patterned feature sizes is much better optimized in thinner resist films (electron beam is less and less 
scattered when passing through a thinner resist rather a thicker one).  

    
 

     
 

Figure 10: Dry plasma patterning etching of mesa active area for SET and Hall Bar. 
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The etching of the patterned mesa structure is done just below the active III-N HEMT 2DEG structure and into 
the buffer layer (Figure 10). 

Following in Figure 11, a wet chemical etching treatment is performed. The developer AZ 826MIF from 
Microchemicals, a ready-to-use solution of Tetramethylammonium hydroxide (TMAH) 2.3% in water, is used 
for this, where this has the effect of etching Gallium Nitride and other similar III-N crystalic materials with 
different etch rates in relation to different crystallographic orientations (Figure 11). So, using this property, the 
result of Figure 11 is possible. Vertical sidewalls leads to narrower 2DEG channel effective areas. Once again, 
this process is more detailed explained in D4.1 

An EBL step (using once again a bilayer PMMA stack) is used to pattern the ohmic contacts on top of the 
mesa pads. The metallic contact are formed by high vacuum electron-gun evaporation and lift-off techniques. 
The ohmic metal layers deposited are the standard n-type ohmic contact for Gallium Nitride which is a stack 
of Ti / Al / Ni / Au. In Figure 12, the layout, SEM photos and a layout schematic of the ohmic contact formation 
on interconnecting access pads and “back gate” is shown for the Hall bar and the SET structures. 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. 

Following the ohmic contact formation, there is a deposition of the thin dielectric (where it will be under the 
gate) by atomic layer deposition (ALD) by the alternating exposure of the wafers surface to alternative pulses 
of the precursor chemical self-terminating reactions of Trimethylaluminium (TMA) and water. The dielectric 
used is Al2O3 and its thickness is 10 nm which is acquired after 220 alternating precursor cycles at 300oC. The 
lithography once again is performed by EBL and the “ohmic window opening” is done by buffered oxide etch 
(BOE) standard procedure.  

    

   
Figure 11: Channel thinning by TMAH wet etching treatment. 
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On top of the previously mentioned dielectric, the gate metal is patterned using EBL and metal-lift-off. In 
Figure 13, the gate contacts design layout and SEM photos of actual patterned deposition for both device 
types are shown. The design for the current implementation was set to 50nm gate linewidth. 
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Figure 12: Ohmic contacts design layout (left panel) and SEM photos of actual patterned deposition on top of the 
mesa pads (right panel) for both device types (upper part: SET, bottom part: Hall Bar). 

          

         
 

         
Figure 13: Gate contacts design layout (left panel) and SEM photos of actual patterned deposition (right panel) for 
both device types (upper part: SET, bottom part: Hall Bar). 
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In Figure 14, 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 interconnected. All the 
possible interconnection variations are shown. 

Figure 15 is showing the final interconnecting bonding pads of the device.  

It is fabricated by the only optical lithography procedure of the relatively larger macroscopically bonding pad 
structures. 150nm-thick metallic pads interconnect with the previously patterned internal interconnects.  

This wafer is going to be diced and bonded into the appropriate package like in the procedure that will be 
described below in §2.4. 

  
Figure 14: Smaller interconnect electrodes connecting the contacts of the inner device to the bonding pads. 
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Figure 15: Layout and SEM photos of the interconnecting variations of all the different layouts on the dye. Also, on the 
top right corner, the final optical lithography bonding pads are visible after patterned deposition with standard optical 
lithography and lift-off techniques. 
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2.4. Optical lithography-based structured material characterization devices 
The description of the layout design and device fabrication follows in this section. This activity is required in 

order to enable the characterization of the MBE grown III-nitrides required structures where at a later stage 
they will be used to fabricate the nano-devices of the needed SET structures. The layout of the optical 
lithography mask plates is shown in Figure 16. It includes standard TLMs, Corbino disks, Greek cross-type 
Hall bars, gated Hall bars (with various rotated orientations in order to get measurements in relation to the 
crystal orientation) and MIS diode devices. The fabrication process flow along with every step’s layout 
schematic is shown in Figure 17. All the fabrication steps are performed with the use of standard optical 
lithography techniques, dry plasma RIE etchings and metal lift-off. In Figure 17, the Hall bar structure is 
selected and shown as a process sequence snapshot both in the real structure microscope view and its design 
layout. The process starts with the formation of the mesa structure by a plasma dry chlorine-based RIE process 
using the lithography patterned resist layer as a soft mask. The etch depth of the mesa structure is 100nm. 
Then the resist mask layer is stripped with the use of solvents. The next step is the formation of the ohmic 
contacts by standard lithography and metal lift-off. The ohmic metal layers deposited are the standard n-type 
ohmic contact for Gallium Nitride which is a stack of Ti / Al / Ni / Au. After the annealing of the ohmic contacts 
at 750oC, a self-aligned gate stack was formed on top of the active area by using ALD deposition by alternating 
exposure of the wafer surface to alternative pulses of the precursor chemical self-terminating reactions of 
Trimethylaluminium (TMA) and water. The dielectric used is Al2O3 and its thickness is 10 nm which is acquired 
after 220 alternating precursor cycles at 300oC. The self-aligned metal gate deposition is achieved by using a 
standard lithography and lift-off technique to pattern the gate on top of the dielectric layer (which is covering 
the whole wafer surface area) and then, after its patterning by-lift-off, it is used as a hard mask to self-aligned 
wet etch the exposed oxide layer by dipping the wafer into a solution of buffered oxide etcher (BOE, a mixture 
of Hydrofluoric Acid buffered with Ammonium Fluoride in a ratio of 6:1) for 10 sec revealing the rest of the 
unprotected oxide area. Finally, the bonding pad are deposited and patterned once again with standard 
lithography and lift-off (Final device in Figure 18. Figure 19 shows the package that is used to mount the wafer 
into the measurement instrument, the 4x4 mm diced dye and the final bonded structure ready to be measured. 

 

 

 
Figure 16: The layout of the optical lithography mask plates. 
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Figure 17: Material characterization devices process flow. 
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Figure 18: Optical microscope photos of the various characterization devices 

  

  
Figure 19: Package, diced sample period and the final bonded structure ready to be measured. 

 

A second version of mask layout was designed and implemented in order to more effectively characterize 
the MBE-grown structures. This new layout was considered to replace the previously one showed above, for 
various optimizing reasons like better bonding pad placement orientation and fabrication process flow updates, 
incompatibilities and optimizations. The new layout consists of gated Hall bars, “Greek crosses” and Corbino 
disk characterization devices. The Hall bars and Greek cross device widths varied to widths of 15, 30 and 60 
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μm with an additional variation of rotation placement in relation to the semiconductor crystal orientation to 0o, 
10o, 15o, 30o, 40o and 60o angle. The Corbino discs gatewidths were varied to 10, 15,30, 60, 75 and 100 μm. 
The mentioned device structures are shown in Figure 20.  

 

 
Figure 20: Gated Hall bar, Greek cross and Corbino disk. 

The period of the new mask layout is shown below in Figure 21Error! Reference source not found. 
where each rectangle chip area contains the variations described above. Two different zoomed in quadrants 
are also shown for a better view of the varied devices with their interconnects. 
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Figure 21: Layout period schematic containing all the width and rotation variations. 

The fabrication procedure begins with the mesa isolation patterning. After a standard optical lithography, 
a dry plasma etch process is applied using BCl3 / Cl2 reactive ion etching with a mesa etch depth acquired 
of 300nm. The mask layout schematic and the optical microscopy view of the mesa pattern result is shown 
in Figure 22.  
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Figure 22: Layout and optical microscopy view of mesa isolation structure 

 

Continuing the process flow, ohmic contact metals are deposited and pattern with the use of an optical 
lithography. As shown in Figure 23, the ohmic contacts consisting of metallic contacts of Ti / Al / Ni / Au (30 
/ 170 / 40 / 50 nm) are patterned on the HallBars, the Corbino discs and the greek crosses respectively. 
The rapid thermal annealing procedure follows at 800oC in N2 ambient atmosphere.  
 

    

               

   
Figure 23: Ohmic contact: Mask layout, as-deposited metal contacts and annealed. 

 

After the annealing procedure, a thermal Atomic Layer Deposition (ALD) at 300oC with a thickness of 15 
nm Al2O3 is deposited as a high-k gate dielectric, with the use of TriMethylAluminum (TMA) and H2O as 
precursors. Then, the MOS gate electrode is patterned with e-gun evaporated metals of Cr / Au (2 / 300nm). 
Figure 24 shows the result.  
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Figure 24:MOS gate contact (Cr/Au metal on Al2O3 dielectric), mask layout and deposition. 

Before the final pad formation, a PECVD grown 200nm thick SiN is deposited on top of the whole structure 
acting both as a passivation layer and an underlying dielectric bridge electrically separating the underlying 
gate interconnect path and pad with all the rest of the biasing and voltage signal probing interconnect pads. 
Figure 25 shows the top view of the structure after the deposition and window opening patterning after the SiN 
deposition.  
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Figure 25:Dielectric window opening, mask layout and dry etching opening. 

The final step is the patterning of the final probing interconnect pads. This is performed by optical lithography 
patterning and e-gun evaporated depositing of a metal stack of Cr / Au (2 / 300 nm). Figure 26 and Figure 27 
show the chip period area of the final chips just before the dicing process, while Figure 28 shows the final 
diced chip placed in the special cryostat package prior the electrical/magnetic characterization. 
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Figure 26: E-gun evaporation patterned interconnects. 
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Figure 27: Final chips (just before dicing). 
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Figure 28: Packaged diced chip. 
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3 CONCLUSIONS (UPDATED) 

Following the optimization of the ZEP e-beam resist the nanofabrication procedure for III-nitride based 
devices was established successfully attain the main target which was 20nm half-pitch. 
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