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Abstract 

Over the past forty years the development of CMOS has been able to follow Moore’s law 

using planar silicon technology. However, this technology is reaching its limits as the 

density of transistors has a significant impact on the power dissipation in an integrated 

circuit. Alternative channel materials and device architectures will then be required in the 

future to reduce the power consumption of transistors. The development of CMOS 

technology with high mobility channel materials, specifically Ge for pMOS and III-V 

materials for nMOS, was the aim of the European Union FP7 funded Duallogic 

consortium, of which this project was part.  

The experimental work at the University of Glasgow was the III-V compound 

semiconductor MOSFET, in particular the study of Si processing compatible source/drain 

contacts to III-V MOSFET devices with InxGa1-xAs channel materials, which was an 

important aspect of this thesis. Another area investigated in this thesis is the impact of 

current crowding effects on source/drain contact resistance by aggressive scaling of 

devices.  

During this thesis, optimisation of a PdGe-based ohmic contact to buried channel device 

material with a In0.75GaAs channel led to a contact resistance of 0.15Ω.mm compared to 

1Ω.mm in previous work by R. Hill. The PdGe-based contact also proved to be scalable in 

both vertical and lateral dimensions. This scaled structure was then integrated in a surface 

channel MOSFET device with 1µm access regions and gate lengths varying from 100nm to 

20µm. The performance of the devices with 20µm gate lengths was then compared to 

devices with a NiGeAu based ohmic contact. An increase in RC, 1.82Ω.mm vs. 0.94Ω.mm, 

and Ron, 11.1Ω.mm vs. 8.55Ω.mm, was observed in the PdGe-based contact, which 

resulted in a decrease in gm, 92.3mS/mm vs. 103mS/mm, and Id,sat, 103mA/mm vs. 

122mA/mm. However, further optimisation of the PdGe-based ohmic contact showed 

promising results with a contact resistance of 0.45Ω.mm. 

 The novel test structure is the first test structure, which makes direct contact to III-V 

material, with critical dimensions below the transfer length. This structure is able to 

experimentally observe the current crowding effects and allows for the extraction of the 

sheet resistance underneath the contact and a more accurate extraction of the specific 

contact resistivity. This offers a significant insight into the impact of the sheet resistance 

underneath the contact and the role it plays. 
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Figure 6.22: TEM micrograph of 

Pd/Ge/Ti/Pt contacts on x266 device 

material annealed at 380⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 

420⁰⁰⁰⁰C 

 

Figure 6.23: EELS analysis of Pd/Ge/Ti/Pt contacts on 

x266 device material annealed at 380⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 420⁰⁰⁰⁰C 

The results of the EELS analysis are shown in Figure 6.23, as an edge intensity profile. 

There are six elements monitored: As, Ga, Ge, In, Pd, Ti. In every case there seems to be a 

Pd- rich layer at the semiconductor interface, which penetrates the GaAs and AlGaAs 

layers. The Ge layer, expected to reach the semiconductor surface, does not seem to diffuse 

into the GaAs/AlGaAs layer.  In this case, the GaAs/AlGaAs layer would not receive 

additional n+ doping, which is critical to reduce the Schottky barrier width. The diffused 

Pd could potentially form a PdGa compound, which is a p-type layer causing an n-p barrier 

between the channel layer and ohmic contact. This could be the reason for the drop in 
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performance compared to the best annealing temperature for Pd/Ge/Ti/Pt ohmic contacts. 

The lack of an n+ interface layer could then be due to the elevated/non ideal annealing 

temperature, which is also mentioned in literature [112]. The ideal ohmic contact should 

still have a small residual layer of amorphous Ge near the Ti edge. Further optimisation of 

the contacts can then be achieved by altering Pd and Ge ratios and annealing temperatures.  

The EELS analysis also measured the oxygen level but was found to be significantly low 

and there was no increased level between Ge and Ti layer. Suggesting the exposure of the 

sample during the processing step will have minimal contributions to the quality of the 

ohmic contact.  

Pd/Ge/Ti/Pt vertical scaling study 

IM-GaAs 

The Pd/Ge/Ti/Pt is a rather large vertical structure of about 240nm. When the contacts are 

used on actual MOSFETs the contacts will have to become thinner (<100nm) as larger 

contacts pose lithography and processing problems. The thickness of the contact layers was 

then reduced, keeping the same ratio of Pd/Ge to have an excess of Ge. The structure was 

investigated without a cap, with a Ti/Au cap and a Ti/Pt cap, as work by [114] proved that 

scaled PdGe contacts are possible without a Pt or Au cap with specific contact resistivity as 

low as 8.5x10-7 Ω.cm2 on highly doped GaAs. The sample without a cap was difficult to 

measure as the probes damaged the thin PdGe layer. The PdGeTiAu structure showed poor 

contact resistance due to severe alloying of Au through the Ti barrier layer. The Ti/Pt cap 

proved the best results and also featured reduced Ti/Pt layer thickness. The material used is 

the highly doped GaAs wafer (IM-GaAs) supplied by IMEC.  The temperature window has 

been expanded, given the results on x266. Pd and Ge layers thickness of are 10nm/25nm, 

25nm/60nm, 50nm/120nm were studied and the results are shown in Figure 6.24. 
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Figure 6.24: PdGe thickness scaling study on n-GaAs material annealed for 60s at 200⁰⁰⁰⁰C, 300⁰⁰⁰⁰C, 

350⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 450⁰⁰⁰⁰C 

The lowest specific contact resistivity was achieved with the thinnest layer structure at an 

annealing temperature of 400⁰C. This clearly indicates that the PdGe structure is scalable. 

The specific contact resistivity is still rather large given the highly doped nature of the 

semiconductor material. This is potentially due to the Ga outdiffusion into the Pd2Ge layer 

effectively p-type doping the layer and creating a p-n junction. 

IM-InGaAs20 

In order to compare the scaled Pd/Ge/Ti/Pt (10nm/25nm/30nm/30nm) contact with non-

alloyed ohmic contacts, the scaled Pd/Ge/Ti/Pt contact was tested on 20nm 1x1019cm-3 Si 

doped InGaAs (IM-InGaAs20). These results can then be used as a direct comparison with 

the Pd/Ge/Ti/Pt contact. 
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Figure 6.25: TLM results of scaled Pd/Ge/Ti/Pt ohmic contact structure on n-In0.53GaAs annealed at 

0⁰⁰⁰⁰C, 200⁰⁰⁰⁰C, 300⁰⁰⁰⁰C, 320⁰⁰⁰⁰C, 340⁰⁰⁰⁰C, 360⁰⁰⁰⁰C, 380⁰⁰⁰⁰C and 400⁰⁰⁰⁰C 

The results in Figure 6.25 show encouraging specific contact resistivity values. These are 

not as good as the non-alloyed contacts of chapter 6.3.2, suggesting a reduction of 

doping/increased barrier. This is similar to the Pd/Ge/Ti/Pt contact to highly doped GaAs 

and is possibly due to an outdiffusion of Ga, which potentially p-type dopes the Pd2Ge 

layer as previously discussed in the EELS section. 

NiGe on InGaAs20 

Alternatively to the PdGe-based work a NiGe layer structure was tested based on the work 

by K. Tanahashi [147]. From literature this contact strategy gets the best results if annealed 

over 500⁰C. Given the fact that in this work the temperature ranges are adjusted to the 

maximum temperature determined by the oxide, the annealing temperatures are kept in a 

window between 300⁰C and 440⁰C. The semiconductor material used in this test is IM-

InGaAs20, which features a narrow bandgap, highly doped surface material. 
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Figure 6.26: NiGe thickness scaling study on n-GaAs material annealed for 60s at 300⁰⁰⁰⁰C, 320⁰⁰⁰⁰C, 

340⁰⁰⁰⁰C, 380⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 440⁰⁰⁰⁰C 

As shown in Figure 6.26, The samples have poor ohmic contact performance, certainly 

given the highly doped and low barrier nature of the material. A drop off in specific contact 

resistivity after 450⁰C was detected at IMEC but for the purpose of developing an ohmic 

contact suitable for GaGdO based MOSFET devices, the NiGe contact layers are not 

considered viable.  

Conclusion 

The electrical performance of the ohmic contact is predominately determined by the 

bandgap and the doping of the semiconductor material underneath the contact metal. The 

chemical analysis revealed little alloying (5 to 10nm) into the semiconductor material, 

which results in specific contact resistivity ranges varying between 5x10-5
Ωcm2 for x266 

material to 3x10-6Ωcm2 for IM-InGaAs20. Therefore, the PdGe-based contact could 

potentially be used as a self-aligned ohmic contact but suffers from an increased contact 

resistance compared to the NiGeAu contact as the semiconductor material in the channel 

material has a lower bandgap than the semiconductor material underneath the oxide, which 

is due to the buried channel layer structure. Removing the wider bandgap material prior to 

metal deposition could potentially improve the specific contact resistivity, which is 

described in the following section. 
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6.3.1.2  Dry Etch 

The chemical process of a wet oxide etch is isotropic for amorphous materials, which leads 

to lateral etching of the oxide underneath the mask. For small scaled devices the etch 

profile has to be vertical to limit access region pinning and depletion as discussed in 

chapter 6.2. Dry etching can form anisotropic features by making use of physical 

processes. Physical dry etch processes also feature detrimental aspects such as re-

deposition, mask erosion, surface contamination and material damage. Previous work by 

R. Hill and X. Li established a process for dry etching GaGdO on device material with a 

Ni/Ge/Au based ohmic contact [225]. 

Combining dry etch with the small lateral alloying from the Pd/Ge contact, opens the route 

to devices with sub-100nm gate length. This is of a particular interest for self-aligned 

devices, which feature small sidewall spacers and require little lateral diffusion of the 

source/drain ohmic contacts. It also offers possibilities to remove the wider bandgap 

material between the dielectric and the channel prior to metal deposition. 

Plasma etching of 6-1073 device material 

As a benchmark, devices were built on device material provided by Freescale 

Semiconductors. The contacts used, are the standard Au/Ge/Ni metal stack annealed at 

420⁰C for 60s. The dry etch was performed in an Oxford Instruments Ltd. Plasmalab 

System 100 RIE at room temperature. The etching end point was monitored by using an 

interferometer with a laser wavelength of 670nm. The etch process featured following 

conditions: SiCl4 flow rate 20sccm, RF power 60W and chamber pressure 4mTorr with a 

self bias of 260V. The etch rate is then roughly 4nm/minute with an rms surface roughness 

around 0.3 to 0.7nm [225]. 

Metallisation RC (Ω.mm) Rsh (Ω.sq) ρc (Ω.cm2) 

Au/Ge/Ni 0.72 385 1.39x10-5 

Au/Ge/Ni 0.93 368.75 2.44x10-5 

Table 6.10: TLM results on 6-1073-6 Freescale Semiconductor material using dry etch and a AuGeNi 

ohmic contact annealed at 360⁰⁰⁰⁰C for 60s. 

As shown in table 6.1, the contacts have relatively high specific contact resistivity values, 

but are ohmic and can be used as a benchmark. 

Device material x319 was then used to test the dry etch process with PdGe based ohmic 

contacts. The same dry etch strategy with ionised SiCl4 gas was used for the PdGe-based 
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ohmic contacts. Since the purpose of the research was to make the contacts scaled, a Pd/Ge 

layer thickness of 25nm/60nm was chosen to reduce the vertical height of the ohmic 

contact. This contact strategy didn't have the lowest specific contact resistivity when tested 

on highly doped GaAs but it was ohmic nonetheless. A temperature test between 300°C 

and 420°C was carried out using dry etched Pd/Ge contacts on x319 and the results are 

shown in Table 6.11. 

 Metallisation RC (Ω.mm) 

300⁰C Pd/Ge 25/60nm 8317.5 

340⁰C Pd/Ge 25/60nm 6097.88 

380⁰C Pd/Ge 25/60nm Not measurable 

420⁰C Pd/Ge 25/60nm Not measurable 

420⁰C 300s Pd/Ge 25/60nm 3906.38 

Table 6.11: Dry etch test using a Pd/Ge ohmic contact on GaO/GaGdO gate dielectric MOSFET device 

material 

The measurements showed non-ohmic behaviour to the point where some data could not 

be extracted. This means that either there is a residual layer or that the dry etch process 

induces damage into the material. The residual layer is potentially an effect of the dry etch 

as higher concentrations of C, O, Cl, GaO, GaH, GaCl, Al and Si were found on the 

surface just after RIE etching in previous work by X. Li et al. [226]. In order to clarify 

whether the Pd/Ge ohmic contact stack was causing the non-ohmic behaviour, the same 

experiment was repeated on x319 device material using the original Pd/Ge/Ti/Pt stack 

(50/120/30/30nm) since this had been tried and tested with device material (x266). Similar 

non-ohmic behaviour was observed excluding the contact stack as a potential fault.   

Ion Gun etch on IM-InGaAs20 

There are two potentially damage inducing processes, which could lead to non ohmic 

behaviour. One is the actual dry etch process, which leaves a thin layer of etch residue 

behind, which needs to be cleared prior to the metal deposition. This is done by making use 

of an in-situ ion gun in the Plassys 1 metallisation tool. To determine whether the damage 

is induced by the ion gun process, Pd/Ge/Ti/Pt contacts were made on 20nm 1x1019cm-3 

In0.53GaAs (IM-InGaAs20). The ohmic contact stack and semiconductor material are the 

same as the Pd/Ge/Ti/Pt test on IM-InGaAs20 material using a wet etch clean, which then 

allows for a direct comparison between dry etch and wet etch.   
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Two samples were made; one had a surface clean using the ion gun (Figure 6.27), the other 

one had a wet etch clean and no exposure to the ion gun (Figure 6.28). 

 

Figure 6.27: TLM result of Pd/Ge/Ti/Pt ohmic contact structure using ion gun sample cleaning on n-

In 0.53GaAs annealed for 60s at 360⁰⁰⁰⁰C, 380⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 420⁰⁰⁰⁰C 

S11056 normal wet etch sample clean: 

  

Figure 6.28: TLM result of Pd/Ge/Ti/Pt ohmic contact structure using wet etch sample cleaning on n-

In 0.53GaAs annealed for 60s at 360⁰⁰⁰⁰C, 380⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 420⁰⁰⁰⁰C  

Comparing Figures 6.27 and 6.28, the values for the contact resistance and specific contact 

resistivity are clearly higher when using the ion gun. This shows the ion gun is doing 

significant damage to the surface of the semiconductor. However, the contacts still show 

ohmic behaviour, which means the actual RIE dry etch must have some damaging effects. 
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Comparison of wet etch, dry etch and ion gun etch on x266 device material 

To investigate the effects of dry etch of GaGdO stopping on AlGaAs, x266 device material 

was used. Three samples were prepared: a full dry etch process, a wet oxide etch, a wet 

oxide etch and ion gun treatment. The full dry etch featured non-ohmic contact behaviour 

and is therefore not shown. The wet oxide etch and wet oxide etch with ion gun treatment 

are shown in Figures 6.29 and 6.30 respectively. 

  

Figure 6.29: TLM results of Pd/Ge/Ti/Pt ohmic contact structure on x266 device material used as a 

benchmark for Ion gun and dry etch damage tests 

Figure 6.30: TLM results of a Pd/Ge/Ti/Pt ohmic contact structure on x266 device material using a wet 

etch and ion gun surface clean. 
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The results for the wet etch (Figure 6.29) are comparable to the results previously found on 

x266 material (Figure 6.19). Remarkably there is an improvement of about one order of 

magnitude in specific contact resistivity when the ion gun is used. This potentially does 

some further cleaning of the sample or removes some wide bandgap material. The Pd/Ge 

contact would benefit from having low bandgap material as the specific contact resistivity 

on highly doped In0.53GaAs (Figure 6.28) is over one order better compared to wide 

bandgap device material. However, the dry etch strategy works for a Au/Ge/Ni ohmic 

contact. This is possibly due to the large alloying into the channel material and effectively 

by-passing the residual layer or the damage induced by the dry etch. Forming contacts on 

self-aligned devices on GaGdO device material will then be challenging and future work 

should focus on reducing the damage from a dry etch.  

Conclusion 

Two different anisotropic etches were used: a RIE etch technique and an ion gun etch 

technique. The RIE etch resulted in non-ohmic contact behaviour but the ion gun etch 

improved the specific contact resistivity about one order.  The ion gun etch was performed 

after a wet etch of gate dielectric and therefore more research is needed in order to perform 

a dry etch only gate dielectric removal. Dry etch techniques featuring optimized low 

damage etch processes could reduce the specific contact resistivity of buried channel 

devices even further, however the tendency is to move away from the buried channel 

device architecture towards a surface channel device architecture, which has the lower 

bandgap channel directly under the dielectric layer. The PdGe-based ohmic contact can 

therefore be implemented in the current GaGdO MOSFET device structures but only when 

a wet etch of the gate dielectric is used.  

6.3.2  Non Alloyed Contacts 

The non alloyed ohmic contacts feature no additional doping or reduction of bandgap 

barrier lowering and are therefore not suited for wide bandgap material. However, the non 

alloyed contacts form ohmic contacts on doped, low bandgap material (IM-InGaAs20). 

Five main non alloyed contact structures have been tried on this material: Au, Ti/Pt, TiW, 

Al and Ni. The choice of metals used, was dominated by the availability of metals in the 

metal deposition tools at the JWNC cleanroom. The non alloyed contacts featuring Au 

were mainly used to build and test scaled ohmic contact structures chapter 7. The material 

has not been used for full optimisation of the ohmic contacts, it is mainly used as a proof of 

concept. The Au ohmic contact structure was used as a benchmark while the Ti/Pt, Ni and 
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Al were used as Si processing compatible ohmic contact structures using e-beam metal 

deposition featuring different work functions. The TiW contact structure was used to test a 

Si compatible sputtered ohmic contact.  

6.3.2.1  E-Beam evaporated metals 

Table 6.12 shows the results for the Si compatible ohmic contact structures of Ti/Pt, Al and 

Ni. The Ti layer helps the removal of remaining native oxides and helps the Pt to bond to 

the semiconductor material. The Ni contact has been measured twice both unannealed and 

annealed at 250⁰C for 60s. This is based on previous work using “nickelide” ohmic contact 

structures [216, 217]. A HCl:H2O 1:100 30s clean was used for the samples to remove the 

native oxides and the metals where then e-beam evaporated. Patterns were formed using 

lift off. Only the best results are discussed in this chapter as a more detailed study is 

performed in the scaled ohmic contact chapter 7.  

Metallisation RC (Ω.mm) Rsh (Ω.sq) ρc (Ω.cm2) 

Ti/Pt 10/80nm 0.17 401.37 7.76x10-7 

Al 100nm 0.65 242.08 1.76x10-5 

Ni 100nm 0.42 222.83 8.02x10-6 

Ni 100nm 

(annealed) 

0.68 189.31 2.56x10-5 

Table 6.12: Overview of Si-compatible non alloyed ohmic contacts to highly doped In0.53GaAs material 

The result shows a promising specific contact resistivity for the Ti/Pt contact structure, 

making this a potential candidate for further optimisation. The Al and Ni ohmic contact 

structures show increased values for the specific contact resistivity compared to the Ti/Pt 

contact structure. Alloying the Ni ohmic contact structure didn't improve the performance 

and even seemed to affect the sheet resistance. A potential cause is that a Ni-As forms a 

low resistivity alloy, which laterally alloys hence reducing the sheet resistance. 

The Au contacts were predominantly used to verify scaled structures and allow for proof of 

concepts. The same HCl:H2O 1:100 30s surface cleaning was used.  

Metallisation RC (Ω.mm) Rsh (Ω.sq) ρc (Ω.cm2) 

Au 100nm 0.15 307.2 7.19x10-7 

Table 6.13: Overview of Au contacts to highly doped In0.53GaAs material 
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The contacts show reduced specific contact resistivity for ordinary TLM's in all cases. 

However, there is a difference between non-isolated and isolated (mesa) TLM structures. If 

there would be no lateral current flowing along the contact edges the sheet resistance for a 

normal TLM should be the same as the isolated TLM structures. The sheet resistance 

increases when measuring isolated contacts. This is an indication that contacts measured 

with normal TLMs have a certain error, which has to be compensated, which is explained 

further in chapter 7. 

The Au contact structure was also used to test c760 material with a 2.5nm InAs top layer. 

The lower bandgap should pin in the conduction band resulting in decreased specific 

contact resistivity values. A Au contact of 100nm thickness was e-beam evaporated after a 

surface clean experiment of varying HCl:H2O 1:100 etch times, as shown in Figure 6.31. 

  

Figure 6.31: Surface cleaning study on n-InAs material using HCl:H 2O wet etch and 100nm Au ohmic 

contact structure.  

A specific contact resistivity of 3x10-7
Ωcm2 is observed on a sample, which didn’t receive 

any native oxide etch. The specific contact resistance depends on the oxide etch time, 

which indicates that the oxide etch might actually remove or at least damage the thin 

2.5nm InAs layer. Growing a thicker layer of InAs might solve this problem and the 

reduced specific contact resistivity values suggest that this material is promising to reach 

the ITRS [1] requirements.  
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6.3.2.2  Sputtered metals 

The contact using a TiW metal structure was chosen based on the work by U. Singisetti et 

al. [113], which showed very low specific contact resistivities. The work features mainly 

two different metals: Mo and TiW. These metals have a work function close to the electron 

affinity of In0.53GaAs (4.5 eV), which should reduce the Schottky barrier when the Fermi 

level of the semiconductor is unpinned. Since at the time of the experiment Mo was not 

available in the metal deposition tools, TiW was chosen to investigate the quality of sputter 

deposition based ohmic contacts. Sputtering has the disadvantage of depositing a uniform 

layer across the sample. This prevents the use of a lift off technique and subtractive 

patterning techniques have to be used. First, the In0.53GaAs goes through a substrate 

cleaning cycle including a native oxide etch using HCl:H2O 1:100, secondly a 100nm TiW 

layer is deposited, thirdly a PMMA mask is spun, e-beam exposed and developed and 

finally the TiW layer is etched in a dry etch tool. The TLM structures on the sample were 

measured without annealing the sample first, and were measured again after a 400⁰C for 

60s anneal. The first run showed poor edge definition on the TLMs Figure 6.32, the cause 

of this problem was the PMMA being damaged by the dry etch. The solution was to do a 

post bake of 1h 180⁰C after the sample has been developed.  

 

Figure 6.32: Dark field image of poor edge definition after dry etching TiW using a PMMA mask 

The anneal of 400⁰C 60s was based on previous work done at the University of Glasgow 

by X. Cao.[136] The work investigates the sputter-induced damage caused by direct 

current magnetron sputter coating of W on GaAs based HEMT's. Post sputter annealing 

was found to significantly reduce the damage, therefore the sample also received a 400⁰C 

60s anneal. There should be no alloying as the melting points of refractory metals or 

compounds such as TiW are generally above 800⁰C. The results are shown in Table 6.14. 
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 Metallisation RC (Ω.mm) Rsh (Ω.sq) ρc (Ω.cm2) 

Non Annealed TiW 100nm 2.95 1020.34 8.53x10-5 

400⁰C 60s TiW 100nm 1.08 2215.67 5.42x10-6 

Table 6.14: TLM results of samples s11082 with non-annealed and annealed TiW ohmic contacts on 

highly doped In0.53GaAs 

According to the contact resistance and specific contact resistivity values, the damage gets 

annealed out to a certain degree. However, lower specific contact resistivity values are 

shown using Au and Ti/Pt ohmic contact structures on the same material. The sheet 

resistance measured is significantly higher indicating damage in the semiconductor 

material after dry etch. Also annealing the sample seems to damage the substrate 

substantially. Due to the lack of a damage free metal etch, the sputtering technique was not 

further researched or optimised. However, further optimisation of a damage free metal etch 

could potentially allow a sputtered metal to be investigated in the future. 

6.3.2.3  Conclusion 

Future different MOSFET device structures featuring highly doped, narrow band 

source/drain regions will allow for non alloyed contact deposition as additional doping or 

band gap lowering is no longer required. Four different ohmic contact structures were 

deposited using e-beam evaporated metals with different work functions and one ohmic 

contact structure was deposited using sputtering. The e-beam evaporated metal structures 

were; Ti/Pt 10nm/80nm, Al 100nm, Ni, 100nm and Au 100nm and the sputtered metal 

structure was TiW 100nm. The best ohmic contacts were formed using the Au and Ti/Pt 

ohmic contact, which had a specific contact resistance in the region of 7.5x10-7
Ωcm2. The 

Ni contact, which theoretically has a work function similar to Au had a specific contact 

resistivity, which was one order higher than the Au contact and deteriorated in 

contradiction to the results found in literature. The poor results of the annealed Ni sample 

are probably due to migration of Ni, which led to a decreased semiconductor sheet 

resistance. The Al contact with the lowest theoretical work function featured the highest 

specific contact resistivity. Therefore, the influence of the work function of the metal is not 

conclusive and is therefore probably not the crucial factor, which determines the quality of 

the ohmic contact on highly doped In0.53GaAs.  
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The results of the sputtered contacts were subject to the quality of the metal etch and 

before any conclusive results can be drawn the metal etch should be optimised. However, 

the contacts showed promising specific contact resistivity values and the sputtered contacts 

should be considered in future work. 

6.3.3  Device Results 

6.3.3.1  Scaling of Flatband Mode III-V MOSFETs with a GaO/GaGdO gate 

dielectric stack and an In0.3GaAs channel 

Introduction 

The purpose of this study is to determine whether the flatband III-V MOSFET device 

structure can be scaled along both the gate length and source/drain separation. This is an 

important step towards a device that has the dimensions required by the ITRS [1] for sub 

22nm technology generations. Scaling down the access regions could result in significant 

short channel effects. It is believed that the short channel effects arise from the 2-

dimensional nature of the channel charge control associated with the proximity of the 

source and drain alloyed contact regions to the gate of the device. Devices with gate 

lengths of 90nm, 180nm, 270nm and 1 µm each with a range of source/gate and drain/gate 

separation have been designed, fabricated and tested.  The dimensions of the source/gate 

and drain/gate separations are explained in Table 6.16. Originally both Si-compatible and 

Au/Ge/Ni source/drain ohmic contacts were planned to be tested on 6-1073 material using 

the Au/Ge/Ni contacts as a benchmark. However, the Pd/Ge/Ti/Pt contacts are not 

compatible with the dry etch process (chapter 4.4.3 and section 6.3.1.2) and therefore have 

not been tested as the reduced feature size impedes the use of a wet etch for gate dielectric 

removal. 

The motivation for utilizing a GaO/GaGdO gate dielectric stack and an In0.3GaAs channel 

is that the GaGdO dielectric stack [105] has a proven low interface state density when 

deposited on a GaAs surface layer. This constrains the channel composition to In0.3Ga0.7As 

for the flatband mode architecture, and therefore lower drive current. Higher In 

concentration causes lattice mismatches to occur between the channel and the 

GaAs/AlGaAs buffer layer. This introduces defects in the channel reducing the 

performance of the device. However, this choice of gate dielectric enables a decoupling of 

device short channel effects (SCE) from gate oxide trap issues, which both adversely affect 

key performance metrics such as subthreshold swing (SS).   
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The materials used for all device fabrication have the layer structure using a Al0.45GaAs 

wide bandgap layer and In0.3GaAs channel.  The 10nm GaGdO stack with dielectric 

constant of ~20, together with the underlying semiconductor layers, which spatially 

separate the device channel from the gate dielectric, result in an equivalent oxide thickness 

of 3.4nm. The full layer structure can be seen in the appendix under the materials section. 

  

a) Ec, Ef and ns profiles for Vg = 0.4V b) Ec, Ef and ns profiles for Vg = 1.2V 

  

c) Ec, Ef and ns profiles for Vg = 2V d) Channel carrier concentration against Vg 

Figure 6.33: Poisson - Schrodinger simulation of a 5nm GaGdO gate dielectric device material 

Based on Poisson-Schrodinger simulations, a positive Vt is expected for this layer structure 

as is shown in Figure 6.33d. This means that the channel features little charge population at 

0V and the device is then pinched off, resulting in an enhancement mode MOSFET device. 

Increasing the Vg above the Vt level Figure 6.33a results in the conduction band at the 

bottom of the channel bending below the Fermi level aided by the lower δ-doping layer. 

The carrier concentration distribution is then mainly situated near the bottom of the 

channel away from the oxide/semiconductor interface. The carrier concentration 

distribution shifts towards the oxide/semiconductor interface as Vg increases towards the 
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saturation voltage Vg = 2V Figure 6.33c with a flatband voltage predicted to occur at Vg = 

1.2V Figure 6.33b. The bulk of the carrier concentration, as observed in Figure 6.33 a,b,c, 

is in the channel at Vg below 2V, which reduces the influence of surface states at the 

semiconductor/oxide interface. This is an advantage of the buried channel architecture 

compared to an inversion mode device and as a result larger mobility values in the channel 

can be achieved.   

The process flow comprises the formation of ohmic contacts of varying separations, 

between, which Pt/Au gates are subsequently aligned. A RIE dry etch process using 

ionised SiCl4 gas, as previously discussed in section 6.3.1.2, was used for gate dielectric 

etch in the source/drain regions prior to electron beam evaporation of NiGeAu-based 

contact metallization, which was annealed at 360⁰C [106].   A “wrap-around” device 

design, shown in the micrograph of Figure 6.34 is utilized to obviate the need for an 

isolation level. Figure 6.34 also shows the relaxed 1 µm gate length/ 1µm gate/source and 

gate/drain devices.  In all cases the gate is lithographically aligned centrally between the 

source and drain contacts, with equal source/gate and gate/drain spacings. Low contrast of 

PMMA does not allow for a separation between source and drain smaller than 500nm and 

therefore the source and drain have been written and processed independently over 2 

different lithography steps. Table 6.15 summarises the gate length (LG) and source/gate 

(LSG) separations of the III-V MOSFETs investigated in this work.   

 
Figure 6.34: wrap 

around device design and relaxed device 

geometry 

Lg Lsg 

90nm 90nm 190nm 1μm 

180nm 180nm 280nm 1μm 

1μm 1μm 1μm 1μm 

Table 6.15: Summary of Lg and Lsg sizes used for 

scaled flatband mode III-V MOSFETs with 

GaO/GaGdO gate dielectric stack 

 

 



Chapter 6  Ohmic contact development 
 

178 
 

Device results 

The main device characteristics will be discussed using the devices with 1µm access 

regions in order to eliminate potential short channel effects. This data can also be directly 

compared against the work performed by R. Hill et al. [4] using an identical layer structure 

and to the devices using a Al2O3 gate dielectric, as shown in section 6.3.3.2. The devices 

with a scaled access region below 1μm will be discussed separately. The motivation for 

choosing the source/gate and gate/drain spacings of the gate length+100nm were in an 

attempt to mitigate against the lateral alloying of the ohmic contact metal, which can be 

seen in Figure 6.35.  This contact metal alloying compromises the performance of the most 

aggressively scaled devices due to poor alignment ( +/- 30nm) and large lateral alloying of 

the NiGeAu contacts.  

  
(a) (b) 

Figure 6.35: Effects of laterally alloyed NiGeAu on source/drain 270nm gap (a), including a 90nm 

overlapping gate (b) 

 

The benchmark data used is previous Glasgow work [4], which features low subthreshold 

swing, high  transconductance, low Ron and a high peak mobility of 5230cm2/V.s. The 

main difference between this work and the work in [4] is the oxide etch. This work uses a 

dry etch to remove the oxide to obtain little lateral removal of the oxide in the access 

regions allowing for more aggressively scaled devices. However, a dry etch technique can 

potentially increase contact resistance, due to contamination of the surface prior to contact 

deposition [226], resulting in larger Ron and lower gm values compared to wet etched 

devices. 
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90nm, 180nm and 1µm gate length III-V MOSFETs with source/gate and 

source/drain separations equal to 1µm. 

Figure 6.36 shows the Ids(Vds,Vgs) characteristics of typical 1µm, 180nm and 90nm gate 

length devices, each with 1µm source/gate separations.   

 

(a) (b) (c) 

Figure 6.36: Ids(Vds,Vgs) characteristics of typical III-V MOSFETs with 1µm source/gate separations 

for gate lengths of (a) 1µm; (b) 180nm; (c) 90nm 

Figure 6.37 shows the log Ids,(Vg - Vt) curves for these devices with 1.2V drain bias.  The 

threshold voltage was determined to be the gate bias required to reduce the drain current 

(measured at Vds = 1.2V) to 1µA/µm. 

  

Figure 6.37: logId/(Vg-V t) curves for 1µm, 180nm and 90nm gate length devices with 1µm source/gate 

separations 

Table 6.16 summarizes the on-state and off-state performance of the dry etch scaled 

devices compared to the work of [4].  

 

LG = 90 nm
LG = 180 nm
LG = 1 µm

Vd = 1.2 V

LG = 90 nm
LG = 180 nm
LG = 1 µm

LG = 90 nm
LG = 180 nm
LG = 1 µm

Vd = 1.2 V



Chapter 6  Ohmic contact development 
 

180 
 

 90nm  180nm 1µm 1µm [4] 

Vt (V) -0.29 -0.01 +0.31 +0.26 

Id,sat (mA/mm) 288 260 286 407 

SS (mV/dec)  78 76 68 102 

gm (mS/mm) 346 384.6 357 477 

Ron (Ω.µm) 2503 2387 2703 1920 

Ion/Ioff 2.54x101 3.0x104 1.2x106 6.3x104 

Table 6.16: Summary of device metrics for flatband mode III-V MOSFETs with GaO/GaGdO gate 

dielectric stack with Lsg = 1μm 

The detailed performance of the dry etched device with 1µm access regions is discussed 

below.  

Vt: The Vt is comparable between dry etch and wet etched contacts for a device with a 

1µm Lg. This indicates that the oxide quality and underlying semiconductor material is not 

affected by the source/drain oxide etch. Scaling the Lg from 1µm to 90nm results in a 

voltage drop by 0.6V for Vt. The voltage drop is possibly due to a loss in electrostatic 

control. The loss in electrostatic control could be due to a loss of metal work function or 

from the buried channel layer structure. The barrier layer between the channel and the 

oxide helps to decouple the channel from gate oxide traps, but has the drawback that the 

channel is further away from the gate metal increasing potential electrostatic control issues. 

The layer structure should ideally be optimised with the smallest barrier layer between the 

channel and oxide as possible and care has to be taken to avoid residue forming on the 

oxide, which can decrease the impact of the metal work function.  

Id,sat: The Id,sat is comparable between the different gate lengths, suggesting the limiting 

factor for Id,sat is the maximum carrier concentration in the access regions. The larger Id,sat 

values in [4] can be explained by the lower total on resistance and the lower contact 

resistance value of 0.41Ω.mm [4] compared to 0.79Ω.mm.   
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Subthreshold performance: The flatband mode III-V MOSFET architecture using a dry 

etch technique delivers excellent off-state performance for gate lengths down to 90nm, 

with no appreciable degradation of subthreshold swing (SS), measured at both low and 

high drain bias with reducing gate length. These are some of the lowest subthreshold swing 

data ever obtained for III-V MOSFET devices. The channel is capable of switching off 

suggesting the gate oxide traps have little influence on the channel. Even with lower Id,sat 

and higher Ron values the Ion/Ioff ratio of these devices is superior to [4] for a 1µm gate 

length device with 3µm source/drain pitch.  The Ion/Ioff ratio was determined with 

following parameters; Ioff, Vgs = 0V and Vd = 2V; Ion, Vgs = 1.2V and Vd = 2V.   

Ig: Low gate leakage current in the order of 30pA was recorded, which suggests a high 

quality oxide with a high-k value for the GaO/GaGdO dielectric stack. The low gate 

leakage is confirmed by the low subthreshold swing values with good uniformity across 

the sample.  

RSD: Increased Ron and RC values compared to wet etch devices confirm the detrimental 

effects of a dry etch technique compared to a wet etch technique. The contact resistance 

measured by TLM measurements is relatively high at 0.79Ω.mm with a corresponding 

specific contact resistivity of 1.81x10-5
Ω.cm-2. This value is rather high compared to the 

specific contact resistivity calculated from [4], which is 3.74x10-6Ω.cm-2. However, 

aggressively scaled devices using wet etch would not be feasible due to the lateral etching 

and therefore dry etch has been used.    

The devices show comparable performance to [4] with excellent off-state performance but 

with slightly increased contact resistance. In order to analyse the potential short channel 

effects the devices with scaled access regions will be discussed. 

90nm and 180nm gate length III-V MOSFETs with source/gate and source/drain 

separations equal to the gate length and the gate length + 100nm. 

The advantage of the scaled access regions is an increase of gm and Id,sat as the overall 

contribution of the access region resistance becomes smaller but this could result in short 

channel effects. An inversion mode MOSFET device is considered to be short, when the 

channel length is the same order of a magnitude as the width of the source/drain depletion-

layer. Flatband MOSFET devices do not have the conventional depletion-layers as there is 

no p-n junction and should then be less susceptible to short-channel effects. The short-

channel effects can still occur from the depletion region caused by the ohmic 
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contact/semiconductor interface, which will become more prevalent when access regions 

are being scaled. The short-channel effects manifest themselves as a limitation on electron 

drift characteristics in the channel and a shift of Vt [204]. The main different short-channel 

effects are: DIBL and punchthrough, surface scattering, velocity saturation, impact 

ionization and hot electrons.  

Figure 6.38 shows the Ids(Vds,Vgs) characteristics of typical 180nm and 90nm gate length 

devices with source/gate (LSG) separation equal to the gate length (LG) and equal to the 

gate length + 100nm.  

  

(a) LG = 180nm, LSG = 280nm; (b) LG = 180nm, LSG = 180nm 

  

(c) LG = 90nm, LSG = 190nm (d) LG = 90nm, LSG = 90nm 

Figure 6.38: Ids(Vds,Vgs) characteristics for various III-V MOSFETs 

Figure 6.39 shows the logIds,(Vg-Vt) curves for these devices with 0.7V drain bias.  The 

threshold voltage, Vt, was determined as above, for a drain voltage, Vds = 0.7V. 

LG = 180 nm
LSG = 280 nm
LG = 180 nm
LSG = 280 nm

LG = 180 nm
LSG = 180 nm
LG = 180 nm
LSG = 180 nm

LG = 90 nm
LSG = 190 nm
LG = 90 nm
LSG = 190 nm

LG = 90 nm
LSG = 90 nm
LG = 90 nm
LSG = 90 nm
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Figure 6.39: logId/(Vg-V t) curves for 180nm and 90nm gate length devices with source/gate spacings of 

Lg and Lg+100nm.  The data was obtained for drain bias of 0.7V. 

 Table 6.17 summarises the on-state and off-state performance of these devices.  

LG 

(nm) 

LSG  

(nm) 

Id,sat 

(µA/µm) 

gm,max 

(µS/µm) 

Vt (V) SS @ Vds = 0.7V  

(mV/dec) 

180 280 364 494 +0.01 84 (-0.41V) 

180 180 415 477 -0.01 80 (-0.39V) 

90 190 408 446 -0.35 202 (+0.15V) 

90 90 305 288 - - 

Table 6.17:  Summary of on-state and off-state characteristics of 180nm and 90nm gate length devices 

with aggressively scaled source/gate separations.  The gate voltage relative to the threshold voltage (Vg- 

V t) at which the sub-threshold swing was determined is shown in brackets for each data point. 

The data shows a number of trends.  Firstly, reducing the source/gate separation results in 

increased output conductance, and more pronounced on-state breakdown.  Nevertheless, 

the 180nm gate length devices with 180nm source/gate separation still retain good off-state 

performance as indicated by the sub-threshold swing.   

Both aggressively scaled 90nm gate length devices suffer significant on-state and off-state 

issues, with a negative shift in threshold voltage and increased sub-threshold swing in the 

devices with 190nm source/gate separation, and an inability to control the current in the 

90nm source/gate separation device.   

LG = 90 nm; LSG = 90 nm
LG = 90 nm; LSG = 190 nm
LG = 180 nm; LSG = 180 nm
LG = 180 nm; LSG = 280 nm

Vd = 0.7 V

LG = 90 nm; LSG = 90 nm
LG = 90 nm; LSG = 190 nm
LG = 180 nm; LSG = 180 nm
LG = 180 nm; LSG = 280 nm

Vd = 0.7 V
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Even though there is a negative voltage shift, the Vt numbers stay similar for a 90nm Lg 

device with Lsg = 190nm and 1μm. This suggests that there are little short-channel effects 

taking place from reducing the source/gate and drain/gate gap size. On-state breakdown 

and shift in Vt of scaled devices suggests however that there are potentially some short-

channel effects from scaling the gate length.  

Conclusion 

A number of conclusions can be drawn from this study.  First, the utilization of a gate 

dielectric and device architecture with known low interface state density is vital when 

exploring device scaling issues, in particular where off-state performance metrics such as 

sub-threshold swing are important.  The 1 µm source/gate separation devices show that the 

flatband mode architecture appears to be robust to scaling at least to 90nm, with the layer 

design and doping strategy adopted in this work.  In addition, whilst the more aggressively 

scaled 180nm devices have encouraging off-state performance, on-state breakdown is a 

significant issue, which will have to be mitigated by device re-engineering, with particular 

emphasis on minimizing the lateral diffusion of the ohmic contacts.  The 90nm 

aggressively scaled devices appear to be suffering significantly from this issue and in the 

most extreme case, to the extent that the devices cannot be turned off.  

6.3.3.2  Surface Channel Al2O3 gate dielectric stack MOSFET devices 

Introduction 

The advantage of a GaO/GaGdO gate dielectric stack is that it forms an interface with low 

density of states on GaAs [101]. The quality of the oxide deteriorates when moving from a 

GaAs to an InxGa1-xAs interface. To counter this problem the GaO/GaGdO gate dielectric 

stack MOSFET devices have a buried-channel quantum-well structure with a thin GaAs 

layer underneath the oxide. The buried-channel structure allows increasing the indium 

concentration to a maximum of 30% in the channel region while maintaining a GaAs/oxide 

interface. The drive current of the device is determined by the drift velocity and the 

number of carriers. The drift velocity is dependent on the mobility and applied field. 

Therefore, the indium concentration should be as high as possible in the channel region to 

benefit from the higher mobility values. The buried channel device structure has the 

drawback of having a relatively large distance between the channel and the metal/oxide 

interface. This limits the potential to scale the devices as the electrostatic control of the 

gate reduces as the distance between the channel and the metal/oxide interface increases. 

This distance will adversely affect the CET value, which will also limit the maximum 



Chapter 6  Ohmic contact development 
 

185 
 

channel thickness for scaled devices with Lg values under 100nm. Further disadvantages of 

the GGO device structure are a relatively high access resistance. The wide bandgap 

GaAs/AlGaAs layer underneath the oxide makes ohmic contact formation more difficult 

because of the larger Schottky barrier. The ohmic contact issue was overcome by using a 

NiGeAu alloy, which alloys into both the channel and access region. This ohmic contact 

structure is not Si-processing compatible and the compatible alloying metals have far less 

vertical and lateral alloying resulting in increased contact resistance values. 

To solve the scaling problems of a buried-channel structure the buffer layer between the 

oxide and the channel is removed, resulting in a surface channel device improving the 

electrostatic control. The indium concentration of the channel is increased from 30% to 

53% for extra drive current. However, the GGO gate dielectric is not suitable for this 

device structure and an alternative Al2O3 gate dielectric is used. The Al2O3 grown by 

atomic layer deposition (ALD) has better gate dielectric properties than MBE grown GGO 

on In0.53GaAs and features a relatively low interface state density [205]. Also the lattice of 

the layer structures corresponds with the lattice of InP, which makes integration of this 

structure on a 200mm Si-platform possible [234]. The heterostructure, delta doping layer 

and the channel thickness have been optimised with the aid of 1D Poisson – Schrodinger 

simulations [207] resulting in the c707 and c764 layer structures, which are described in 

the list of materials in the appendix.  

The layer structure is optimised to obtain a positive Vt as shown by the 2D carrier 

concentration of the channel and is plotted as a function of Vg in Figure 6.40d. The 

oxide/semiconductor interface states can trap electrons and the corresponding charge 

population can have detrimental effects on the performance of the gate oxide. These effects 

can be observed in a CV measurement by a stretch out and frequency dispersion of the CV 

data, which was discussed in more detail in chapter 5.5. At Vg = 0V there is no significant 

charge population in the channel and the device is then fully pinched off. Increasing the Vg 

above the Vt level (Figure 6.40a) results in the conduction band at the bottom of the 

channel bending below the Fermi level aided by the δ-doping layer. The carrier 

concentration distribution is then mainly situated near the bottom of the channel away from 

the oxide/semiconductor interface. This will potentially help to reduce the detrimental 

effects of the interface scattering. The carrier concentration distribution shifts towards the 

oxide/semiconductor interface as Vg increases as shown at flatband and at Vg = 2V (Figure 

6.40b,c).     
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a) Ec, Ef and ns profiles for Vg = 0.4V b) Ec, Ef and ns profiles for Vg = 0.9V 

  

c) Ec, Ef and ns profiles for Vg = 2V d) Channel carrier concentration against Vg 

Figure 6.40: Poisson - Schrodinger simulation of Al2O3 device material 

The advantage of this structure is that the ohmic contacts are directly deposited on narrow 

band-gap material reducing the Schottky barrier height. The higher mobility also results in 

a lower access region resistance, which should aid reducing the total on resistance. The 

disadvantage of this structure is that any defects coming from the oxide/semiconductor 

interface will directly affect the channel resulting in a reduction of the drive current and an 

increased sub-threshold slope value (SS). The sub-threshold swing is mainly determined by 

the interface state density (Dit) in the oxide, preventing the device from switching off. A 

good quality oxide interface is then key as the flatband devices have no p-n junctions to aid 

the sub-threshold performance.  

The device fabrication consists of two lithography steps using a wrap around gate. First, a 

combined gate/marker level using a e-beam evaporated Platinum/Gold gate stack using E-

beam lithography and lift-off.  The second step consist of source/drain ohmic contacts, 
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which are patterned by E-beam lithography and are lithographically aligned by making use 

of Penrose [208] patterns to aid marker alignment accuracy. Prior to metal deposition the 

Al 2O3 layer is etched using a selective wet etch in dilute KOH. A Pd/Ge/Ti/Pt 

(10nm/25nm/30nm/30nm) ohmic contact is then deposited by e-beam evaporation and 

annealed in a RTA at 400°C for 10s under nitrogen atmosphere.  

The impact of scaling the gate lengths has been investigated by using following gate 

lengths: 100nm, 300nm, 500nm, 1µm, 2µm and 20µm. The access regions have been kept 

at 1µm to allow for rapid turnaround and stable processing. The design also includes TLM 

and capacitor structures to measure the ohmic contacts and oxide quality.  

Device results 

The devices in this work use a similar device layer structure (c707) and processing as in 

the work presented by S. Bentley et al. [206]. The main difference is the source/drain 

ohmic contact, which in this case is a Si-processing compatible Pd/Ge/Ti/Pt alloy. TLM 

measurements indicate that Id,sat should be approximately 280 mA/mm using Pd/Ge/Ti/Pt 

ohmic contacts on c764 material. To compare the Pd/Ge/Ti/Pt device results to the 

Ni/Ge/Au device results, device data measured by S. Bentley on c764 material are used, 

which varies from the results from the c707 device results [206]. 

The output and transfer characteristics of a MOSFET device with Lg = 20µm can be seen 

in Figure 6.41.  

  

a) Output characteristics b) Transfer characteristics (Vd= 1V) 

Figure 6.41: I-V Characteristics of a c764 Lg=20µm device using Pd/Ge/Ti/Pt contacts 

On first inspection of Figure 6.41, it is clear that the devices show reduced gm, Id,sat and 

IdVg response compared to the Ni/Ge/Au [206] devices. This indicates that the source/drain 

ohmic contacts are worse than the Ni/Ge/Au contacts on c707 material. However, on 
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resistance (Ron) on c707 is significantly lower at 3030Ω.µm than on both c764 devices for 

Lg = 20µm hence limiting the comparison between the two wafers. The main device 

parameters are shown in Table 6.18 and show a relatively high contact resistance value for 

the source/drain ohmic contacts. The contact resistance of the Pd/Ge/Ti/Pt is high 

compared to the Ni/Ge/Au resulting in a decrease of gm and Id,sat. The sub-threshold slope 

should not be affected by the ohmic contacts but is predominantly dictated by off state 

leakage current.  

c764 Ni/Ge/Au Pd/Ge/Ti/Pt 

gm (mS/mm) 103 92.3 

Id,sat (mA/mm) 122 103 

SS (mV/dec) 169 244.5 

Ron (Ω.mm) 8.54642 11.0744 

RSD (Ω.mm) 0.94 1.82 

Rsh (Ω/sq.) 333.38 369.42 

Table 6.18: Comparison of device parameters between Ni/Ge/Au [206] and Pd/Ge/Ti/Pt source/drain 

contacts on c764 Lg = 20µm devices 

The detailed performance will be discussed by making use of the device data over different 

gate lengths. Table 6.19 shows a summary of the device parameters over different gate 

lengths. 

Lg 100nm 300nm 500nm 1µm 2µm 20µm 

gm (mS/mm) 112.6 180 188 192.2 188.85 92.3 

Id,sat (mA/mm) 155.7 182 188.9 210 188.2 103.1 

SS (mV/dec) 566.7 269.4 236.3 250.4 234.2 244.5 

Ron (Ω.mm) 4.1451 4.295 3.4387 3.6004 4.1166 11.0744 

Vth (V) -1.34 -0.22 -0.22 -0.19 -0.16 -0.11 

Table 6.19: Overview of detailed device performance of MOSFET devices with variable gate lengths on 

Al 2O3 gate dielectric stack device material. Access regions are 1µm. 

a) Vt:  The device results show a dependence between Lg and Vt. Reducing the size of the 

gate from 20µm down to 300nm shows a steady decrease in the value of Vt. This is 

possibly due to a loss in electrostatic control from reducing the gate length. The layer 

structure has been optimised for an ideal large scale device and this will have to be taken 
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into account when scaling down MOSFETs to sub 100nm gate pitches. There is a sudden 

drop in Vt when the gate is scaled to Lg = 100nm due to an over etch of the gate oxide. 

This can possibly be addressed by moving from a wet etch to a dry etch.  

b) Id,sat: The Id,sat measured from the TLM's is considerably higher than the Id,sat extracted 

from the Lg = 20µm devices. The MOSFET devices have been built and measured on the 

same sample as the TLM's and therefore the access region of the devices should be 

identical to the gaps between the TLM's in terms of carrier concentration and sheet 

resistance. The reduction in Id,sat is then the effect of the gate region on the channels 

performance, reducing the maximum current. The most likely explanation is that there is 

an increase in trapped charges when depositing a gate metal onto an oxide/semiconductor 

interface. The trapped charge then limits the maximum carrier concentration, resulting in a 

reduced Id,sat in the gate region. Id,sat is improved when scaling down the devices as the area 

underneath the contact becomes relatively smaller compared to the access region Table 

6.19. The Id,sat value is then determined by the quality of the ohmic contacts. 

c) Sub-threshold performance: The values for the sub-threshold swing are consistently 

around the 200mV/dec mark even for the scaled devices. These values are large compared 

to the values extracted from the buried-channel devices indicating a worse 

oxide/semiconductor interface. This is potentially due to a leaky oxide or increased trapped 

charges. Slightly lower values were found in the work done by S. Bentley indicating that 

the quality of the oxide/semiconductor interface will be critical to improve sub-threshold 

performance.  The results for the 100nm device indicate that the oxide is poor and confirm 

the wet etch issues. 

d) Ig: Typically the number for Ig,max on buried channel devices is in the order of  

1x10-9A/cm-2 or smaller. The values measured on the devices are in the range of  

2x10-4A/cm-2 in saturation regime and do not scale with Lg. These increased values explain 

the poor sub-threshold performance. There is a reasonably large non-uniformity between 

individual devices of over 2 or 3 orders of magnitude suggesting that the uniformity of the 

oxide needs to be improved. The high leakage current also prevented from performing C-V 

measurements on this sample.  

g) RSD: The contact resistance using a Pd/Ge/Ti/Pt contact structure on identical c764 

substrate material is nearly twice as high as the NiGeAu contacts. The contact resistance 

values are 0,94Ω.mm and 1.82Ω.mm for the NiGeAu and Pd/Ge/Ti/Pt respectively. This is 
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possibly due to the non optimised etch for Pd/Ge/Ti/Pt contacts, which feature very little 

lateral alloying into the channel unlike the NiGeAu contact structure. The lack of available 

substrate material meant that the annealing time and temperature was based on previous 

results on doped In0.53GaAs material and the wet etch was based on previous work using 

NiGeAu contact structures. The contact still needs to be further optimised to achieve lower 

contact resistance values. A Pd/Ge/Ti/Pt annealing temperature test was then performed on 

c707 material and compared to the NiGeAu results [206] using a AZ400K developer [239], 

for 2min45s, as a wet oxide etch. The contact resistance using NiGeAu contact structures is 

0,57Ω.mm and this corresponds to a specific contact resistivity of 3.9x10-6Ω.cm2 for a 

sheet resistance of 768.9Ω/sq. The optimal annealing temperature for the Pd/Ge/Ti/Pt 

contact is around 350°C for 60s, which results in a contact resistance of 0.46Ω.mm and a 

specific contact resistivity of 6.1x10-6
Ω.cm2 for a sheet resistance of 460Ω/sq as seen in 

Figure 6.42.  

  

Figure 6.42: TLM results of a scaled Pd/Ge/Ti/Pt ohmic contact structure on Al2O3 device material 

annealed for 60s at 300⁰⁰⁰⁰C, 350⁰⁰⁰⁰C, 400⁰⁰⁰⁰C and 450⁰⁰⁰⁰C 

The difference in sheet resistance can have various causes: the lateral alloying reduces the 

actual gap size and increases the contact width, which has to be compensated for, making 

TLM measurements less reliable. The c764 didn't suffer from the sheet resistance variation 

over temperature and it's then assumed that this is a wafer dependent issue.  

Regardless of the sheet resistance variation, the ohmic contact parameters for a 

Pd/Ge/Ti/Pt structure are in line with the Ni/Ge/Au contact results. The Pd/Ge/Ti/Pt 

contacts can therefore be used as an alternative Si-compatible contact to the Ni/Ge/Au for 
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rapid turnaround MOSFET devices. Further optimisation of the oxide etch and annealing 

times and temperatures is needed to reduce the contact resistance. 

Comparing the ohmic contact results to MOSFET devices, with high concentration Indium 

channel materials and Pd/Ge ohmic contacts, the results are similar to the work done by X. 

Gong [240] and H.-C. Chin [238], on Si-implanted In0.7GaAs, with respective RS/D values 

of 2.25Ω.mm [240] and 1Ω.mm [238]. The work done by T. D. Lin [45] shows that 

specific contact resistivity values as low as 1.86.10-6
Ω.mm can be obtained, resulting in 

high gm (700ms/mm) and Id,sat (960mA/mm) values, for self aligned inversion mode 

MOSFET devices. Other Si-compatible ohmic contact strategies such as nickelide 

source/drain regions have shown reasonably high contact resistances, on Si-implanted 

In0.7GaAs, of 7.6Ω.mm [216]. So far the values required by the ITRS have only been 

approached with contacts with regrown source drain regions [49, 246] or recess gate device 

structures [50, 241, 242, 243, 244, 245] and should be the main focus in future work. 

Conclusion 

The surface-channel flatband architecture has shown promising mobility values with 

corresponding high carrier concentrations. Well behaved surface channel MOSFET 

devices were made with both NiGeAu and Pd/Ge/Ti/Pt based ohmic contacts. The 

performance of the Pd/Ge/Ti/Pt contacts is inferior to the NiGeAu but can be improved 

after optimising various parameters such as annealing temperature, oxide etch and the ratio 

of Pd/Ge layer thickness, however the stringent ITRS requirements are unlikely to be met 

and alternative contact strategies such as regrowth should be considered. The Al2O3 gate 

stack also requires an improvement to challenge the GaO/GaGdO gate dielectric stack in 

terms of leakage and density of states. Future work should focus on reducing ohmic 

contact resistance and improving the Al2O3 gate dielectric stack.      
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7  Scaled ohmic contacts 

7.1  Introduction 

As the size of MOSFETs decreases following the ITRS [1] technology generations, the 

resistance of source/drain contacts is critical as their dimensions scale down as well. The 

most common method of determining the ohmic contact resistance (TLM [85]) generally 

uses structures, which are at least two times larger in dimension than the transfer length in 

order to eliminate current crowding effects [88]. Another issue is that nearly all the current 

measurement methods such as TLM, CTLM and CBKR (chapter 5) utilise an 

approximation in the calculations, where it is assumed that the sheet resistance underneath 

the contact (Rsk) is the same as the bulk semiconductor sheet resistance between the 

contacts (Rsh). This approximation impedes the use of an accurate simulation showing the 

behaviour of the contact resistance below the transfer length as the sheet resistance 

underneath the contact can vary from the bulk semiconductor sheet resistance. There are, 

however measurement methods, which include the sheet resistance underneath the contact 

such as: FCTLM [209], 6 – terminal CBKR [210], end resistance measurement [220] and 

CTLM using a curve fitting based technique [42]. Apart from the FCTLM structure, these 

measurement structures have dimensions well above two times the transfer length of the 

ohmic contact and the behaviour of scaled contacts below the transfer length has to be 

modelled. This work focuses on the actual ohmic contact resistance of a scaled sub-

micrometer contact and is then compared to the results obtained from ordinary 150µm x 

150µm pad sized TLMs. The results from the ordinary TLMs are then used in a simulation 

to predict the impact of current crowding effects and then compare them to the measured 

results from the scaled contacts. If the two deviate the resistance underneath the contact is 

likely to be different from the bulk semiconductor sheet resistance. The difference between 

predicted and measured transfer length can then be used to extract the sheet resistance 

underneath the contact. This experimental investigation necessitated the realisation of a 

new type of test structure based around physically small ohmic contacts. A new TLM test 

structure was therefore designed and tested and is described in the following sections. 

7.2  Theory 

7.2.1  Extraction of sheet resistance underneath a contact (Rsk) 

As discussed in chapter 5.3.2, one way of determining the sheet resistance underneath the 

contact is the contact end resistance extraction method. Another way is scaling the contacts 
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below the transfer length, where the transfer length can be determined experimentally from 

the point where the current crowding effects start to take place. The sheet resistance 

underneath the contact can then be found in a similar way as used in the contact end 

resistance method. The total resistance for contacts with a length greater than two times LT 

is given in Equation 5.15 and can be split up using a standard linear function: R�x� � A 6 Bx         (7.1), 

where R is the total resistance (RT), x is the gap size between the TLM contacts, B is 

determined by the normalised bulk semiconductor sheet resistance (Rsh/W) and A is equal 

to the contact resistance of  two contacts (2.RC). Solving the total resistance equation for 

RT = 0 Ω.mm gives an absolute value (Lx); L� � �.¿$E.�F/�¿$¢/� � �.¿$E.�F¿$¢ 	          (7.2) 

The ratio between LT and Lx will then directly determine the ratio between Rsh and Rsk. The 

value of Rsk can then be found by combining the results from ordinary contacts and the 

scaled ohmic contacts. Equation 7.2 does not take the metal sheet resistance (Rm) into 

account. In order to incorporate the metal sheet resistance, the RC factor in Equation 5.15 

has to be adjusted according to the model presented by Scott et al. [82] using Equation 

5.10. This includes the contact length (d), which will determine whether current crowding 

effects take place. The complete equation for the total resistance including the metal sheet 

resistance and current crowding effects then becomes: 

R" �	 �¿$E.¿~�2�¿~�2¿$E��.>���	� �ÁF��.�FC£.�¿~2¿$E�.�!R�	� �ÁF� �	 ¿$E.¿~�.�FC£.�¿~2¿$E�.�!R�	� �ÁF�6	 �¿~�2¿$E��.>���	� �ÁF��.�FC£.�¿~2¿$E�.�!R�	� �ÁF�   (7.3) 

 

This equation can be simplified when d>>10.LT; the sinh(d/LT) factor becomes large and the first 

term then becomes small and can be ignored leaving: 

R" �		 �¿~�2¿$E��.>���	� �ÁF��.�FC£.�¿~2¿$E�.�!R�	� �ÁF� � 
�¿~�2¿$E��.�F�.�¿~2¿$E� . coth� ��F�    (7.4) 

 

With the condition d>>10.LT, the coth(d/ LT) factor becomes 1 and so (7.4) reduces to: 

R" �	 �¿~�2¿$E��.�F�.�¿~2¿$E�           (7.5) 

 

Substituting (7.3) into (7.2) gives: 

 

L� �	 �.¿v¿$¢/� � �./Ï~�ÐÏ$E�4.ÁFÂ.�Ï~ÐÏ$E�Ï$¢Â �	 �.�¿~�2¿$E��.�F¿$¢.�¿~2¿$E�        (7.6) 
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All the parameters apart from Rsk can be extracted from the ordinary TLM structure and the scaled 

structure. The absolute value Lx is the extrapolated value from the ordinary TLM’s where RT = 

0Ω.mm. Rsh can measured using a Van der Pauw structure or alternatively can be extracted from 

the TLM result. 

Rm can be found by measuring the metal sheet resistance and LT is found by the transfer length 

extracted from the scaled TLM structures. The Rsk value is extracted from Equation 7.6 by solving 

the following quadratic equation: 

 

�*.¿$¢�.�F �	¿~�2¿$E�¿~2¿$E          (7.7) 

The value for Rsk will then be a positive value, ignoring the negative term of the quadratic 

equation: 

 

R�O �	 ·Á*.Ï$¢�.ÁF ¸2M·Á*.Ï$¢�.ÁF ¸�2	N.¿~.·Á*.Ï$¢�.ÁF ¸@N.¿~�
�       (7.8) 

The specific contact resistivity value can then be extracted from LT given in Equation 5.10 

 

7.2.2  Random Error analysis on a TLM measurement including Rsk 

When using the TLM method to extract the specific contact resistivity and sheet resistance 

an error analysis should be taken into account [211]. The work by H-J. Ueng et al. [211] 

considers the Berger model only and has to be expanded to take the sheet resistance 

underneath the contact into account from the Reeves model. As described in equation 5.22, 

the Rsk value can be found by comparing the measured LT with Lx. The random error is 

then found by extrapolating a straight line with correlated errors for the Lx value. Solving 

the linear Equation 7.1 for Lx, we can find: 

A = 2.RC           (7.10) 

B = Rsh/W           (7.11) 

Lx = -A/B           (7.12) 

This is a negative value, however when calculating the Rsk value we use the absolute value. 

By differentiating equation 7.12 the uncertainty in Lx can be derived: 
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Δ	L� � /9�*9+ 4 ΔA 6 /9�*9m 4ΔB 6 /9�*9�4 ΔW       (7.13) 

Δ	L� � Ñ9�1|�9+ ÒΔA 6 Ñ9�1|�9m ÒΔB 6 Ñ9�1|�9�ÒΔW  

After derivation: 

ΔL� � /rm4 	ΔA 6 / +m�4 	ΔB 6 / +�m4 	ΔW      (7.14) 

Finding relative error: 

��*�* �	 /£|4	�+2/ 1|�4	�m2/ 1Â|4	��/1|4   

��*�* �	/�++ 4 6	/�mm 4 6	/��� 4        (7.15) 

The total random error is then given by: 

ΔA � �σ+|Ô�,ÔÏ 	6 	σ+|ÔÂ�         (7.16) 

ΔB � �σm|Ô�,ÔÏ 	6	σm|ÔÂ�         (7.17) 

From [211]: 

σm|Ô�,ÔÏ �	/ �√\√0	�~%*4-B�σ�� 6	σ¿�         (7.18) 

σ+|Ô�,ÔÏ �	/ �√0	4-B�σ�� 6	σ¿�         (7.19) 

σm|ÔÂ � / r√0	4 /m�4 σ�        (7.20) 

σ+|ÔÂ � / r√0	4 /+�4 σ�        (7.21) 

The relative error for Lx can now be found by using Equation 7.15 and substituting ∆A and 

∆B by (7.16) and (7.17) using Equations 7.18, 7.19, 7.20, 7.21. 

��*�* �	 Õ/
�√S	4-m�Ô��2	ÔÏ�Ö2Ñ/ £√S	4/1Â4ÔÂÒ+ 6 Õ· �√�√S	�~%*¸-m�Ô��2	ÔÏ�Ö2Ñ/ £√S	4/|Â4ÔÂÒm 6 Ñ/ £√S	4ÔÂÒ�   

           (7.22) 
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��*�* �	/ r√04×Õ/�+	4-B�σ�� 6	σ¿�Ö 6 ·/ r�4 σ�¸ 6 Õ/ �√\m	�~%*4-B�σ�� 6	σ¿�Ö 6
·/ r�4 σ�¸ 6 ·/ r�4 σ�¸Ø        (7.23) 

��*�* �	/ r√04×ÕÑ/�+	4 6 / �√\m	�~%*4Ò-B�σ�� 6	σ¿�Ö 6 ·/ \�4 σ�¸Ø	    (7.24) 

Working out (7.16) using (7.2) and (7.3) we find the relative error for Lx: 

��*�* �	/ r√04Ù×Ñ· �¶¾B¿$¢	¸ 6 / �√\�¿$¢	�~%*4Ò-/¿$¢� 4� σ�� 6	σ¿�Ø 6 ·/ \�4 σ�¸Ú  (7.25) 

Variables used: 

N: Number of measurements of different gap spacings 

W: TLM width 

ρc: Specific contact resistivity found by using Berger model 

Rsh: Sheet resistance of the semiconductor layer  

dmax: Maximum gap size of TLM 

σd: Absolute error of the gap size between TLM's. (standard deviation) 

σ�� �	 Û���U��0@r            (7.26) 

σW: Absolute error of the contact width of the TLM (standard deviation) 

σ�� �	 Û���U��0@r            (7.27) 

σR: Absolute error of the measurement of the resistance of the TLM (standard deviation) 

σ¿� �	 Û��¿U��0@r            (7.28) 
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To find the random error for Rsk we can use the principles of error propagation using 

Equation 2: 

 R�O Ü �¿$E¿$E � r� 	/	�*Ü
ÝÁ*Á* 4	·¿$¢ÜÝÏ$¢Ï$¢ ¸	·	�FÜÝÁFÁF ¸        (7.29) 

When adding or dividing, the relative errors have to be added up. 

�¿$E¿$E � r� /��*�* 6	�¿$¢¿$¢ 6	��F�F 4         (7.30) 

The unknown factor here is the relative random error from the transfer length extraction 

method. The transfer length is found by matching simulated data to measured data of 

scaled contacts, which makes it hard to define the right error. First, there is the random 

error by measuring the scaled ohmic contacts and secondly, there is the error of matching 

the curves. The relative error for LT can be determined by finding the error related to the 

scaled ohmic contacts. However, the error of the curve fit is more difficult to determine 

and in this case the relative errors of the LT and Lx extraction are added. This error will be 

significantly larger than the relative error of Rsh. Hence it is crucial to have excellent 

lithography and repeatability of the scaled ohmic contacts. Increasing the number of 

measurements for different scaled contact lengths will help to diminish the random error of 

the Rsk extraction method. 

7.3  Experimental 

To be able to investigate the current crowding effects, ohmic contacts have to be built with 

contact lengths smaller than the transfer length. The transfer length varies with the quality 

of the ohmic contact but is generally between 2µm and 0.5µm. Therefore, physically small 

ohmic contacts with contact lengths starting from 100nm have been designed and 

manufactured and were then compared to simulated data extracted from ordinary TLMs 

with contact lengths of 150µm. To enable a comparison between each, ohmic contact 

metals were chosen, which do not diffuse into the underlying semiconductor material. In 

this way lateral alloying is addressed and the properties of the semiconductor material 

underneath the contacts should be identical for both scaled and ordinary TLM test 

structures, allowing for a direct comparison between ordinary and scaled ohmic contacts. 

The ohmic contacts on both test structures can be affected by the processing, resulting in 

ohmic contacts, which are most probably not going to be optimal in terms of specific 

contact resistivity. As the aim of the experiment was primarily to investigate the current 
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crowding effects, it was not felt that this was a significant impediment, at least in the first 

instance. 

Two types of designs were used in this work. The main difference between the two designs 

is how the large measurement pads connect to the scaled ohmic contacts. Both have their 

advantages and disadvantages and are described in following sections. The ohmic contacts 

were measured using an Agilent B1500 series semiconductor parameter analyser with a 

four probe configuration to account for the series resistance of the cables, probes and 

connectors.  

7.3.1  Scaled structure first version 

7.3.1.1  Design  

The scaled TLM’s in this design make contact via a big pad through a narrow line onto a 

mesa, as shown in Figure 7.1. The narrow lines are the ohmic contact structures and have 

contact lengths of 100nm, 200nm, 500nm and 1µm. This frame should allow the current 

crowding effects to be monitored together with the contact resistance RC. The mesas are 

varied with different widths: 5µm, 4µm, 3µm, 2µm, 1µm and 0.5µm. The gap sizes 

between the TLM pads are identical to the ordinary TLMs, which are present on the same 

cell and therefore are subjected to the same processing steps. The ordinary TLMs are then 

used to determine the specific contact resistance, sheet resistance and contact resistance. 

The IM-InGaAs20 material is used, which enables the formation of well isolated mesas. 

The full layer structure can be found in the list of materials.  
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Figure 7.1: Design of first aggressively scaled TLM structure 

7.3.1.2  Fabrication 

The fabrication process consists of four main steps: marker definition and deposition, mesa 

isolation, ohmic contact definition and metallisation and measurement contact pad 

definition and metallisation. The marker layer is used to align subsequent levels. The 

markers are formed by depositing a bi-layer of PMMA on the substrate, E-beam 

patterning, resist development and metal deposition and lift off of a 100nm thick layer of 

gold. The choice of metals and its thickness is key for the automatic alignment of the 

Vistec VB6 E-beam tool as thinner layers provide insufficient contrast for automatic image 

processing using SEM images from the E-beam tool. The mesa etch level includes the 

deposition of a bi-layer PMMA resist, E-beam patterning using marker alignment, resist 

development and a mesa etch. The mesa etch is an optimised wet etch using a 1:1:100 

H2O2: orthophosphoric acid: H2O solution for 45s. This removes the In0.53GaAs and 

In0,52AlAs layer providing an electrical isolation between scaled ohmic contact lines. After 

the etch the resist mask is removed using acetone and IPA before the next processing step. 

The metal deposition was originally intended to form ohmic contacts and contact pads at 

the same time. However, processing issues, explained in the section below, prevented this. 

Therefore, the ohmic contact step involves the deposition of a bi-layer of PMMA resist, E-

150µm 

150µm 

0.5 to 5µm 

100nm to 1µm 

Contact separation in µm 
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beam patterning using marker alignment, resist development and lift-off based metal 

deposition. The last step is identical to the previous step, however different windows are 

opened in the resist allowing for the deposition of contact pad metal. The advantage of the 

extra step is that the ohmic contact metal can be different than the pad metal. 

- Dose test 

In order to create sub-micrometer features, dose tests were carried out alongside the work 

published by O. Ignatova [212]. Two resist thicknesses of 150nm and 280nm were used in 

this work, however for the scaled ohmic contacts a layer thickness of 280nm was used to 

obtain a large enough undercut for the lift-off of a 100nm thick layer of ohmic contact 

metal. Dose tests were performed to achieve contact lengths of 100nm, 200nm, 500nm and 

1µm. The feature sizes were examined using a Hitachi S4700 SEM and analysed using 

automatic image processing using a macro on ImageJ software.  

- Backscattering effects 

The close proximity of relatively large contact pads resulted in a greater exposure dose of 

the scaled ohmic contact area due to backscattering effects. This led to larger ohmic 

contact lengths and made the process unreliable and therefore it was decided to write the 

ohmic contacts and the pads in different steps. The effects of the backscattering can be 

observed in Figure 7.2 and manifest themselves as rounded edges and a non perfectly 

rectangular shape of the gap between the metal contact pads. 

 

Figure 7.2: SEM micrograph of scaled ohmic contact with overexposed area's due to backscattering 

effects 
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The markers used in this work allow for a lithography alignment accuracy of +/- 100nm. 

This resulted in ohmic contacts sometimes being on the edge or not touching the contact 

pads, as shown in Figure 7.3a. This problem was solved by moving the ohmic contact 

wires back by 500nm, as shown in Figure 7.3b resulting in a higher yield. The different 

gap sizes between the contacts then have to be taken into account when analysing the data. 

  

(a) (b) 

Figure 7.3: SEM micrograph of alignment issues on scaled ohmic contacts 

- Access resistance 

A potential additional series resistance could arise where the scaled ohmic contact is 

connected to the contact pad. This resistance would be in series with the RC value and 

therefore has to be kept to a minimum. This can be done by minimising the distance 

between the contact pad and the mesa structure.  

-  Mesa etch variability 

The mesa etch is a wet etch process, as described in chapter 4.5, which can laterally etch 

material underneath the resist profile. Variability in processing can cause the mesa to 

become wider or smaller than originally intended by over 1 µm. As the contact width plays 

a crucial role in the accurate extraction of RC, it is important that relative errors are 

minimised. Having an absolute error of over 1µm will then cause unreliable measurement 

data and therefore a second design was made with contact widths of 150µm, which reduces 

the relative error of the contact width significantly. 
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7.3.2  Scaled structure second version 

7.3.2.1  Design 

The purpose of designing a new scaled ohmic test structure is to reduce the mesa etch 

variability and eliminate series resistances between the ohmic contact and the measurement 

pad.  The high resolution ohmic contact will be made in the same metal run as the pad 

metal hence assuring there will be little resistance between the ohmic contact and pad 

layer. One approach is to use Si3N4 as a mask and use the insulating properties of Si3N4 to 

isolate the pad from the active In0.53GaAs material. This strategy has the advantage of not 

needing a mesa etch either and passivates the semiconductor material at the same time. 

However, there is still an isolation etch present, which is necessary to prevent the current 

to flow through the scaled ohmic contact on the opposite side of the TLM pad as shown on 

Figure 7.4. The opposite high resolution ohmic contact could become a parallel resistance 

and therefore influencing the measurement in a detrimental way.  This design has one great 

disadvantage over the previous: ohmic contacts that require alloying and, which react with 

the In0.53GaAs layer underneath are unsuitable. This means the current NiGeAu and PdGe 

contact strategies cannot be tested using this structure, which is still possible with the 

previous one. But it should provide a reliable test bed to show the effects of scaling 

contacts. 

20nm  undoped In0.52AlAs

2µm 6µm 8µm4µm

20nm  1.1019 cm-3 Si doped In0.53GaAs

Isolation etch

Contact

metal

Contact

metal

Contact

metal

Contact

metal

Contact

metal

 

Figure 7.4: Design of second aggressively scaled TLM structure 

7.3.2.2  Fabrication 

The process consists of four E-beam runs similar to the previous design: markers, isolation 

etch, ohmic contacts and contact pads. However, there is an additional Si3N4 run and Si3N4 

etching is required. The Si3N4 is deposited, using ICP-CVD, after the isolation etch and a 

clean of the sample. With the Si3N4 in place the PMMA layer, which will be used to write 
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the ohmic contact lines is deposited. After E-beam patterning and development, the sample 

will undergo a low damage RIE dry etch using SF6 [222] to remove the Si3N4 in the 

corresponding areas. This up to date is still a slightly damaging process (chapter 4.4.3), so 

the ohmic contacts will probably be slightly worse because of this processing step. 

However, this is not necessarily a bad thing, the worse the contact is, the clearer the scaling 

effects become, as long as the contact still has ohmic contact behaviour. The last step is 

applying a new layer of PMMA in which the big pad areas will be written. Similar to the 

previous step the ohmic contact wires are moved 500nm back to compensate for any 

alignment issues. After developing and ashing the sample the pad and ohmic contact areas 

are exposed and the contact metal contact gets deposited. The full process can be found in 

appendix A.2 and is shown in Figure 7.5. The different processing steps also allowed for 

the integration of different test structures such as CTLM and CBKR. These could then be 

measured alongside the ordinary and scaled TLMs. 

  

a) Isolation etch b) Si3N4 deposition 

  

c) Si3N4 Etch d) Metal contact deposition  

Figure 7.5: Scaled ohmic contact structure processing steps on IM-InGaAs20 substrate 

Contact length verification 

The contact length dimensions used in this design cannot be measured using ordinary top 

down SEM images as used in the first design. This is due to the fact that theoretically the 

Si3N4 etch is anisotropic and should feature a vertical etch profile, however in practice the 

etch profile is not perfectly vertical. The contact length observed from the top will 

therefore be bigger than the actual contact length at the metal/semiconductor interface. 

This problem was addressed by preparing small samples, using Focussed Ion Beam 

milling, in order to measure the contact lengths at the interface between the metal and the 

semiconductor using cross section TEM. The respective contact lengths and cross section 
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TEM images are shown in Figure 7.6, which also show the non-vertical Si3N4 etched 

profile. Nearly all the contact lengths correspond to the original design apart from the 

200nm contact and therefore a 250nm contact length will be used in the simulations. 

 

 
 

a) Measured contact length between 90nm and 

100nm 

b) Measured contact length between 240nm and 

260nm 

  

c) Measured contact length between 475nm and 

490nm 

d) Measured contact length between 990nm and 

1000nm 

Figure 7.6: Detailed micrograph of TEM cross section scaled contact lengths of 100nm, 200nm, 500nm 

and 1000nm 

Fabrication issues 

The initial test samples, using a Ti/Pt (10nm/80nm) contact metal, went through a full 

cycle of processing however the last layer failed, as shown in Figure 7.7. The Ti/Pt peeled 

off the Si3N4 and actually seemed to have ruptured the Si3N4 as well. The cause of this 

problem could be either metal stress related or unclean surface prior to Si3N4 deposition. 

To mitigate these problems, the metal contact was changed to gold (100nm) and an extra 

ash and surface clean was introduced prior to Si3N4 deposition. The ohmic contact was no 

longer Si processing compatible but it was used as a proof of concept. After this, the metal 

peeling issue reduced dramatically resulting in far better yield. 
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Figure 7.7: SEM micrographs of the scaled ohmic contact structure showing the missing  Ti/Pt metal 

and damage to the Si3N4 layer. 

7.3.3  Summary 

Both designs have their advantages and disadvantages. The main disadvantage of the 

second design is the added complexity of the Si3N4 layer and etch. This led to processing 

issues at the initial stages, which were resolved by changing the process and metal. As 

previously stated the second design should feature a smaller variability in measurement 

due to the wider contact width. However, the first design could be further optimised if 

possible using dry etch of to obtain an anisotropic mesa etch with reduced lateral etching, 

hence reducing the variability between the contacts as well. 

7.4  Experimental results 

The results are split up in three sections, which cover the data from the two designs and a 

comparison between the different contact resistance extraction methods. The different 

sections relate to the individual samples with their respective sample numbers. The first 

section covers the results from the first design, the second section (Design 2a) features a 

comparison between the second design and the end resistance extraction method and the 

final section (Design 2b) compares the scaled devices using the second design to the results 

obtained from a CTLM structure. The CBKR structure was tested but featured very poor 

yield and unrealistic contact resistance values. This is possibly due to the fact a wet etch is 

used, which does not comply with the exact dimension required by a CBKR structure [96]. 

Both test structures feature twelve scaled TLM structures for each contact length and each 

result shown for the scaled structures has been measured using a minimum of eight 

structures. Given the larger size of the CTLM structure only two structures were measured.     
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7.4.1  First design results 

The metallisation used on this sample is a Ti/Pt bi-layer with a thickness of 90nm 

(Ti:10nm/Pt:80nm). The results of the different measurements are shown in Table 7.1 with 

the standard deviation included to the measured results. The simulated data does not 

include the standard deviation and can therefore be recognised more easily. The average ρc 

and LT values are not given for the Scaled TLM data because of the fact that the current 

crowding effects will affect these values and produce an erroneous outcome. Also the 

extracted values for standard deviation do not take into account any variability of the 

contact dimensions or position. 

The results from the ordinary TLM data are poor with relatively high sheet resistance and 

specific contact resistivity, as shown in Table 7.1, compared to results obtained in chapter 

6.3.2 on the same material. The minimum correlation between the data points of various 

gap sizes is 0.99 for the ordinary TLM data and 0.9 for the scaled data set. The transfer 

length measured from the ordinary TLM measurements indicates that the contact lengths 

for the scaled TLMs are well below the transfer length (d < 2µm). If the sheet resistance 

underneath the contact is then equal to the bulk sheet resistance, the current crowding 

effects should become very clear on the scaled contacts. However, observing the behaviour 

of the scaled contacts in Figure 7.8, it appears that the transfer length derived from the 

ordinary TLM measurement does not correspond with the actual scaled contact 

measurement. The transfer length estimated from the scaled contact structures is more in 

the region of 200nm. This would mean the actual transfer length is one order of magnitude 

smaller than measured from the TLM data. Since the transfer length is in direct 

relationship with Rsk and Rsh, as shown in Equation 5.22, the resistance underneath the 

contact would be around 5kΩ. However, the contact resistance values extracted from the 

scaled structures are well below the contact resistance obtained from the ordinary TLM 

measurement. This is possibly due to the fact that the actual mesa width differs from the 

design and is indicated by the larger value and great variability in sheet resistance when 

measuring scaled contacts, which also explains the lower correlation value compared to the 

ordinary TLM measurement. An accurate transfer length and resulting Rsk and ρc values 

can therefore not be extracted as curve fitting needs to take place. The choice was then 

made to abandon this design and focus on the second design, which should feature less 

variability between scaled contact measurements.  
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 Ordinary TLM Scaled TLM 

RC (Ω.mm) 1.11 ±  0.19  - 

Rsh (Ω/sq) 525.31 ± 62.49 739.19 ± 150 

ρc (Ω.cm2) 2.52x10-5 ± 1.46x10-5 - 

LT (µm) 2.17 ± 0.66 - 

 

Table 7.1: Summary results of scaled ohmic contacts sample s4126 

 

Figure 7.8: Contact Resistance comparison between scaled TLM structures and simulated data based 

on the ordinary TLM measurements on sample s4126 

7.4.2  Second design results 

7.4.2.1  Design 2a 

The aim of this experiment is to compare the results from the ordinary TLM measurement 

method to the end resistance measurement method. Two different measurement methods 

using the end resistance to extract the contact resistance were used; one proposed by 

Reeves et al. [81] and one proposed by Berger et al. [89]. The measured data from the 

scaled structure results were then compared to the contact resistance extracted with 

ordinary TLM structure and the end resistance measurement on the same material. In order 

to make a direct comparison the contact resistance below, the transfer length has to be 

simulated. The simulation makes use of the Berger Model [89] and uses the specific 

contact resistivity and sheet resistance to calculate the normalised contact resistance when 

scaled below the transfer length. 
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The metallisation used on this sample is gold with a layer thickness of 100nm. The 

correlation between the data points of various gap sizes of the ordinary TLM data and the 

scaled data set is at least 0.99. The sheet resistance was extracted with a Van der Pauw 

[100] measurement and had a value of 211Ω/sq., which corresponded to the sheet 

resistance extracted by the TLMs and the end resistance measurements. Therefore, the 

different measurement methods can be directly compared.  

The results from the scaled data, illustrated in Table 7.2, show that the measured contact 

resistance was consistently lower than the simulation suggests. In case of the Berger [89] 

and Reeves [81] measurement method, it was found that the contact resistance results were 

not at all corresponding to the data of the scaled structure and the transfer length for these 

measurements were unrealistically high. This is due to an incorrect end resistance 

measurement when the specific contact resistivity is low [213]. As seen in previous design, 

the actual transfer length differs from the scaled data, which is more in the region of 

200nm instead of 751nm. The actual transfer length is then extracted using the solver 

function in excel (2007), which is found by matching the simulated data for the smallest 

contact length to the measured data. The error of the ρc, Rsk and LT values, in this case, is 

found using error propagation based on the standard deviation of the contact resistance 

value for the smallest contact and is therefore not a direct result from a measurement.  

The actual transfer length was then found to be 188nm and this has consequences for the 

sheet resistance underneath the contact and the specific contact resistivity. The specific 

contact resistivity value drops to 3x10-7
Ω.cm2 and the sheet resistance value increases to 

856Ω/sq. The reduced specific contact resistivity indicates that the metal/semiconductor 

interface features a lower barrier height than previously indicated by the ordinary TLM 

measurement. The increased sheet resistance underneath the contact could be caused by 

either damage induced by the dry etch and metal deposition, reduced mobility of the 

material due to impurities at the surface compared to the Si3N4 passivated surface between 

the contacts and potentially the depletion layer under the metal could also contribute to an 

increased sheet resistance. In order to assess the damage induced by the dry etch a Van der 

Pauw measurement [100] of Si3N4 deposited and Si3N4 etched samples should be taken, 

which is addressed in the next sample.  
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 Ordinary 

TLM 

(Ω.mm) 

Re [81] 

(Ω.mm)  

Re [89] 

(Ω.mm) 

Scaled TLM 

(Ω.mm) 

Rsk adjusted 

(Ω.mm) 

RC (Ω.mm) 0.16 ± 0.006 0.16 ± 0.005 0.16 ± 0.004  0.16 ± 0.006 

ρc (Ω.cm2) 1.21x10-6  

± 8x10-8 

8.08x10-5  

± 5.0x10-6 

9.97x10-5  

± 4.5x10-5 

 3.03x10-7 

 ± 1.10-7 

Rsh (Ω/sq) 214.43 

±1.79 

213.47 ± 

2.42 

210.9 ± 1.19 253.48 ± 

11.41 

214.43 

±1.79 

Rsk (Ω/sq) 214.43 

±1.79 

3.18 ± 0.18 2.50 ± 0.50  856 ± 342 

LT (µm) 0.751 ± 

0.029 

50.5 ± 5 63.3 ± 4.0  0.188 ± 

0.060 

 

Table 7.2: Summary results of scaled ohmic contacts sample s10294 

 

Figure 7.9: Contact resistance comparison between the simulated data of ordinary TLM and end 

resistance (Reeves and Berger) and measured scaled data on sample s10294. 

7.4.2.2  Design 2b 

The main objective of this sample is to compare the results from a CTLM measurement 

method to the scaled TLM measurements. The CTLM method is based on the TLM 

principle and should therefore, in theory, have similar results to the ordinary TLM 
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measurement. However, the CTLM method requires a correction factor because of the non 

linearity between measurements featuring different gap spacings. In most cases the results 

for RC, Rsh, LT and ρc are obtained by applying the correction factor to the measured total 

resistance values (RT) for different gap spacings and then extrapolating the data. The value 

for Rsh is then found by the slope and the value of LT is found by the intersection of the 

extrapolated data and the x-axis. The RC and ρc are then calculated using Rsh and LT and 

are given in Table 7.3. Also the RT values have been recalculated and are compared to the 

original measured, which gives the correlation value.  

There is an alternative method to extract the contact resistance proposed by Marlow and 

Das [214].  It is based on a circular centre contact with radius R1, a gap spacing s and an 

infinitely large contact area. The equation for the total resistance is then shown in Equation 

7.31 and includes the sheet resistance underneath the contact (Rsk) and the modified Bessel 

functions I0, I1, K0 and K1.  

RP �	¿$¢�� ln /¿£2�¿£ 4 6 ¿$E.�F��¿£
#(·Ï£ÁF¸#£·Ï£ÁF¸6 ¿$E.�F���¿£2��

Þ(·Ï£ÁF¸Þ£·Ï£ÁF¸     (7.31) 

When R1 and (R1+s) are greater than LT by a factor of at least four, the Bessel functions 

approximate unity [215] and become 1. The simplified Equation 7.32 can then be used to 

perform a least square fit to the experimental data.  In this case, the fit is performed in 

Matlab using a “lsqcurvefit” function and the results are shown in Table 7.3 together with 

the original data. The results are then compared to the original data by calculating the 

correlation between the measured data and the recalculated RT values based on the results 

from the least square fit. 

RP �	¿$¢�� �ln /¿£2�¿£ 4 6 LP Ñ/ r¿£4 6 / r�¿£2	��4Ò�     (7.32) 

The RC, Rsh, LT and ρc values can also be directly calculated from the RT values by 

reworking Equation 7.7 using two different measurements with respective gap spacings (sa, 

sb). Solving the equation for LT gives: 
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And the sheet resistance can be found by: 

R�� �	 ��¿F%Q��/�Ï£Ð	$%�Ï£ 42Õ�FÑ/ £Ï£42/ £�Ï£Ð	$%�4ÒÖ
      (7.34) 

The results of the direct calculation are included in Table 7.3 and to extrapolated data using 

excel LINEST function and a MATLAB least square curve fit. The difference between the 

extraction methods is minimal and stays within the standard deviation margin of the 

various extraction methods. The results of directly calculated extraction method feature the 

highest correlation compared to the measured data and are therefore retained as a 

comparison to the scaled and ordinary TLM method in Table 7.4. 

CTLM gap Extrapolated Calculated Matlab fitted 

Correlation  99.998923% 99.998928% 99.998926% 

RC (Ω.mm) 0.103± 0.02 0.110 ± 0.02  0.108 ± 0.017 

ρc (Ω.cm2) 3.39x10-7 ± 1.15x10-7 4.33x10-7 ± 1.39x10-7 3.69x10-7 ± 1.12x10-7 

Rsh (Ω/sq) 320.01 ± 1.57 316.87 ± 1.42 319.70 ± 1.53 

LT (µm) 0.322 ± 0.068 0.369 ± 0.064 0.337 ± 0.053 

Table 7.3: Summary CTLM results of sample s12829 

The contact resistance value measured by CTLM is then compared to the result from the 

ordinary and scaled TLM, where the ordinary TLM without the isolation etch features the 

highest RC value and the CTLM features the lowest RC value. These two measurements 

also feature the lowest and highest sheet resistance values. The sheet resistance value with 

a Si3N4 layer has been measured using a Van der Pauw structure and was found to be 

286Ω/sq. The further the sheet resistance deviates from this value, the more inaccurate the 

extraction for the RC becomes. Therefore, the CTLM and non-isolation ordinary TLM are 

less reliable even though the standard deviation of the measurements is low. The reason of 
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the decreased sheet resistance for a non –isolated TLM is obvious: the current can travel 

with a wider path through the semiconductor material than the contact width due to lateral 

current spreading [92]. The increased sheet resistance for the CTLM measurement is 

probably due to differences in gap spacing or contact pad dimensions. The error caused by 

the differences in these dimensions is further amplified by the need for a correction factor 

(chapter 5.3.2.2). The correction factor includes the dimensions of both the gap spacing 

and the radius of the inner contact pad. Slight differences due to misalignment or 

overexposure of the resist then cause a bigger error compared to the ordinary TLM 

measurement.  

Contact 

Length 

Ordinary 

TLM 

No mesa 

Ordinary 

TLM 

mesa 

CTLM Scaled 

TLM 

TLM 

(1µm) 

 

TLM 

corrected 

(1µm) 

(Rsk) 

TLM 

corrected 

(1µm) 

(Rsk+Rm) 

RC 

(Ω.mm) 

0.268 ± 

0.02 

0.215 ± 

0.02 

0.111 ± 

0.02 

 0.1829 0.1816 0.1815 

ρc 

(Ω.cm2) 

3.30x10-6 

± 

0.54x10-6 

1.56x10-6 

± 

0.26x10-6 

4.33x10-7 

± 

1.39x10-7 

 1.32x10-6 

± 

0.59x10-6 

3.14x10-7 

± 

0.70x10-7 

3.42x10-7 

± 

0.43x10-7 

Rsh 

(Ω/sq) 

218.75 ± 

3.77 

299.13 ± 

4.66 

316.87 ± 

1.42 

262.07 

± 11.41 

260.91 ± 

9.32 

260.91 ± 

9.32 

260.91 ± 

9.32 

Rsk 

(Ω/sq) 

218.75 ± 

3.77 

299.13 ± 

4.66 

316.88 ± 

1.42 

 260.91 ± 

9.32 

1049.67 

± 191.86 

1141.26 

± 282.77 

LT (µm) 1.230 ± 

0.224 

0.720 ± 

0.060 

0.370 ± 

0.064 

 0.701 ± 

0.157 

0.173 ± 

0.039 

0.173 ± 

0.039 

 

Table 7.4: Summary results of scaled ohmic contacts sample s12829 
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Figure 7.10: Contact resistance comparison between the simulated data of ordinary TLM, isolated 

ordinary TLM, and CTLM and measured scaled data on sample s12829 

In order to investigate the current crowding effects, it was then decided to use the TLM 

results, however the contact resistance results differ slightly between the ordinary and 

scaled TLMs. It was chosen to use the results from 1µm scaled contact as any error in RC 

will influence the extraction of the actual transfer length. As explained in previous sample, 

the transfer length was found by fitting the simulated data of a 100nm contact to the actual 

measured value of the 100nm contact. The actual transfer length was then found to be 

173nm instead of the predicted ~700nm. This confirms the findings of the previous 

sample, where the actual transfer length was considerably shorter than the predicted 

transfer length by the ordinary TLM measurement even though the actual transfer length is 

in the range of 180nm for both samples. In order to investigate where the error can 

possibly come from, Hall measurements were taken to investigate the effect of depositing 

and etching Si3N4 on a n-type doped In0.53GaAs layer, as shown in Table 7.8. However the 

data recorded for the No Si3N4 sample proved to be unreliable for the carrier concentration 

and mobility measurement and have therefore been left out of Table 7.5.  
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 No Si3N4 Si3N4 Si3N4 etched 

Rsh (Ω/sq) 451 286 588 

Symmetry 1.13 1.17 1.12 

p-n carrier 

concentration (cm-2) 

 1.07x1013 4.34x1012 

µ (cm2/Vs)  2050 2450 

Table 7.5: Summary of hall measurement results of sample s12829 

The sheet resistance decreases after Si3N4 deposition and increases beyond its original 

value after a Si3N4 etch, indicating that there is some degree of processing damage. 

Looking further into detail after a Si3N4 etch the mobility only slightly decreases and the 

carrier concentration reduces by a factor of 2.5. Previous research by S. Bentley on highly 

doped In0.53GaAs material has shown that a RIE SF6 dry etch causes a carrier reduction 

over etch time, as shown in Figure 7.11, which can potentially cause an increased sheet 

resistance underneath the contact. However, the sheet resistance of the Si3N4 etched sample 

(588Ω/sq) is then still significantly smaller than the predicted Rsk value of about 1kΩ/sq. 

The following reasons can potentially induce an increased sheet resistance underneath the 

contact: Additional processing damage, increased surface trap density and a large depletion 

region width compared to the active semiconductor layer thickness. Also, the measurement 

error due to changed scaled contact dimensions should be investigated.  

 

Figure 7.11: Percentage of carrier concentration variation over time for a RIE SF6 Si3N4 dry etch 

Additional processing damage could be caused by the metal deposition technique used and 

will be hard to quantify. The damage could manifest itself as either out-diffusion of 
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semiconductor material or a reduced active layer thickness due to metal intrusion into the 

semiconductor layer, even when the sample is non alloyed. Both will result in a higher 

sheet resistance underneath the contact and could be investigated to a certain degree by 

using STEM and EELS. A grating structure with an area of 10 mm x10mm is required for 

sample preparation in order to use EELS and this structure was not present on the sample 

as the sample size is only 12mm x 12mm. Therefore, no STEM micrographs have been 

taken and no layer analysis using EELS was performed.  

Increased surface trap density could be caused by lattice mismatches between the metal 

and the semiconductor leading to a reduced carrier concentration. Also metal induced gap 

states can cause a reduction of carrier concentration at the metal/semiconductor surface 

leading to increased sheet resistance near the interface. The reduction of carrier 

concentration underneath a metal layer is hard to quantify as a Hall measurement cannot be 

taken. The impact of metal deposition on the sheet resistance is therefore unknown, 

however the sheet resistance underneath the contact should be influenced by a smaller 

amount on thicker doped semiconductor layers. In this work the doped layer is 20nm and 

an increase in sheet resistance of 400% is observed while in the work by M. Lijadi et al. 

[209], the doped layer thickness is 100nm and only an increase in sheet resistance of 20% 

is observed. This implies that there is a possibility that the deposited metal causes an 

increase in sheet resistance, however this is an assumption and an extensive research with 

different layer thicknesses should be performed. 

The depletion region underneath the metal may result in a lower carrier concentration and 

have a larger sheet resistance compared to the doped semiconductor region. On material 

with thin highly doped layers the depletion region could take up a significant thickness of 

the doped semiconductor layer. For example, the sample used has a 20nm 1x1019cm-3 Si 

doped In0.53GaAs surface layer. The depletion width formed by a contact, assuming 

Bardeen’s limit [203] for the built in potential, is 7nm. In the ideal theoretical case, this 

would mean that 35% of the total doped layer is a depletion region with reduced carrier 

concentration. Assuming the depletion region has an infinitely large sheet resistance 

compared to the bulk semiconductor sheet resistance this would mean the sheet resistance 

underneath the contact should become 904Ω/sq based on the bulk sheet resistance of the 

Si3N4 etched sample. This is close to the number obtained by the Rsk measurement, 

however this is a theoretical approach and in reality the depletion region is not equally 

distributed over the full depletion width. Therefore, this result should be compared to 
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different findings in literature: in the first case [209] the material used is p-type 

3.5x1019cm-3 GaAs0.5Sb0.5 with a layer thickness of 100nm. The calculated depletion 

region is 5nm compared to 100nm bulk semiconductor material. There should therefore, 

according to this theory, an increase of 5% in sheet resistance while there is a 20% increase 

in sheet resistance. In the second case [42], the top material is a 10nm 1x1019cm-3 doped 

Al 0.25Ga0.75N layer, with a calculated depletion width of 16.9nm. This is a HEMT layer 

structure and therefore has extra doping in a 2DEG layer 3nm under the doped layer. 

Nonetheless the sheet resistance should be significantly large if the depletion region would 

cause the increase in sheet resistance. However, there is a 269% increase in sheet 

resistance, which is a similar number to that observed in this work. Therefore, it is unlikely 

that the depletion region contributes to an increased sheet resistance but it cannot be ruled 

out completely either. The effect could be investigated by making samples with various 

layer thicknesses, but could potentially be misinterpreted for damage induced by metal 

deposition.         

As previously shown in section (7.2.1), the measurement error can be extracted for the 

sheet resistance underneath the contact for contacts with variable dimensions. As curve 

fitting is used, finding the measurement error for the extracted transfer length will be 

critical. Unfortunately, the transfer length is extracted by the measurement of scaled 

contacts, which have a non-linear relationship to contact resistance due to current crowding 

effects. The random error analysis can therefore not be used to extract the error of the 

transfer length when the contact length of the scaled contacts is variable. Therefore, the 

error of the transfer length is calculated using the standard deviation of the 100nm contact 

length and combining this with 10% variability in contact length. The variability of the 

contact width and gap size has not been taken into account in this case since these should 

play a minor role compared to the contact length variability. As a result, the relative error 

of the transfer length is then determined to be 32.65%, which can be used in Equation 7.30 

giving a relative error for Rsk of 27.81%. The minimum Rsk value is then 757.73Ω/sq, 

which is still larger than the measured sheet resistance value of the etched Si3N4 sample. In 

order to achieve a value of 588Ω/sq, the extracted transfer length should have a relative 

error of at least 60%, which means the contact has to be 90% larger. Even though there 

will be a variability in contact length due to processing a relative error of 90% was not 

observed and the variability of a deposited metal measured top down with a SEM was 

around 2.5%. Therefore, it is concluded that there is an actual increase in sheet resistance 
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due to metal deposition. This is confirmed by multiple different samples with Rsk values, 

which are significantly higher than the Rsh value. 

This sample features a similar sheet resistance underneath the contact as extracted by 

previous sample. Even though the relative error of the sheet resistance is quite large, there 

is a strong indication that the metal deposition introduces an increased sheet resistance 

underneath the contact. The most likely explanation for the increase in sheet resistance is 

potential intrusion of the metal into the semiconductor and a potential loss of carrier 

concentration due to increased surface states. This impedes the use of a TLM or CTLM 

structures as a correct measurement method to extract the specific contact resistivity and 

transfer length values. The CTLM structure also seems to be relatively more inaccurate 

compared to the TLM structure given the same processing. Misalignment and 

overexposure are therefore critical parameters when extracting the contact resistance with a 

CTLM measurement. 

7.5  Conclusion 

Two different designs were designed, fabricated and tested. The first design was dismissed 

due to large variability issues due to a mesa wet etch with inaccurate dimensions. Multiple 

samples were produced using the second design and featured lower transfer lengths than 

predicted by the TLM measurement. This means that the assumption that the sheet 

resistance below the contact is equal to the bulk sheet resistance is not valid. As a result, 

the specific contact resistivity and transfer length values extracted using an ordinary TLM 

or CTLM are inaccurate due to the approximations made in the model. Even though CBKR 

was not measured, it also uses the same model and will extract the specific contact 

resistivity and transfer length values with a similar inaccuracy. It is therefore critical to 

measure the sheet resistance underneath the contact in order to be able to predict the 

behaviour of the ohmic contact when the device is scaled following the ITRS node [1]. 

Also the metal sheet resistance could play a key role, however in this work the metal sheet 

resistance was very low compared to the sheet resistance and had little influence on the 

overall result. 
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8  Conclusion 

As discussed in the introduction, the aim of this thesis was to develop a Au-free ohmic 

contact to a n-type III-V MOSFET, which could be integrated in a 200mm Si pilot line. A 

literature study was performed to find suitable candidates for Si processing compatible and 

low resistance source/drain ohmic contacts. From this study, it was apparent that the device 

architecture would determine the most suitable ohmic contact: an alloyed Ge based ohmic 

contact for low doping and low In concentration device material and a non-alloyed ohmic 

contact for highly doped (>1019cm-3) high In concentration device material using 

source/drain regrowth.  

Both Pd/Ge and Ni/Ge based alloyed ohmic contacts have been investigated in this work. 

The Ni/Ge contact featured relatively high optimal annealing temperatures, which are in 

excess of the maximum annealing temperature of the GaGdO gate dielectric of 450⁰C. 

Therefore, the contact is less suitable for the MOSFET device structure with a GaGdO gate 

dielectric but could be further investigated on material with different gate dielectrics in the 

future. The optimal annealing temperature for a Pd/Ge ohmic contact was shown to be 

360⁰C and 400⁰C depending on the annealing time and semiconductor material. More 

extensive research was then carried out on different substrates with different layer 

structures, which are described in the appendix: x238, x266, IM-GaAs, IM-InGaAs500 and 

IM-InGaAs20, which included a vertical scaling study. The study showed that the 

thickness of the overall contact can be scaled when a ratio of 10/25 of Pd/Ge is maintained. 

The performance of the ohmic contact is predominately determined by the bandgap and the 

doping of the semiconductor material underneath the contact metal. The specific contact 

resistivity ranges between 5x10-5
Ωcm2 for x266 material to 1.58x10-6

Ωcm2 for x238 

material, which were measured using TLM structures. The specific contact resistivity value 

on the IM-InGaAs20 sample is relatively high compared to the results of the non-alloyed 

ohmic contacts on identical material. A chemical analysis revealed that Ge diffuses into the 

semiconductor material, which should improve the doping levels and consequently reduce 

the barrier width and specific contact resistivity. However, the specific contact resistivity is 

worse than the non-alloyed ohmic contacts and this is possibly due to an outdiffusion of Ga 

into the PdGe contact rendering this area p-type doped increasing the specific contact 

resistivity. The chemical analysis also revealed little alloying, between 5nm and 10nm, into 

the semiconductor material, which is an advantage over a NiGeAu contact. Therefore, the 

PdGe contact could potentially be used as a self-aligned ohmic contact but suffers from an 
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increased contact resistance compared to the NiGeAu contact as the semiconductor 

material in the channel material has a lower bandgap than the semiconductor material 

underneath the oxide, which is due to the buried channel layer structure. Removing the 

wider bandgap material prior to metal deposition could potentially improve the specific 

contact resistivity. An anisotropic dry etch is needed in order to prevent an undercut 

forming underneath the oxide.  Two different anisotropic etches were used: a RIE etch 

technique and an ion gun etch technique. The RIE etch resulted in non-ohmic contact 

behaviour but the ion gun etch improved the specific contact resistivity by about one order 

of magnitude.  The ion gun etch was performed after a wet etch of gate dielectric and 

therefore more research is needed in order to perform a dry etch only gate dielectric 

removal. The PdGe based ohmic contact can therefore be implemented in the current 

MOSFET device structures when a wet etch of the gate dielectric is used.  

Future different MOSFET device structures featuring highly doped, narrow band 

source/drain regions will allow for non alloyed contact deposition as additional doping or 

band gap lowering is no longer required. Four different ohmic contact structures were 

deposited using e-beam evaporated metals with different work functions and one ohmic 

contact structure was deposited using sputtering. The e-beam evaporated metal structures 

were; Ti/Pt 10nm/80nm, Al 100nm, Ni, 100nm and Au 100nm and the sputtered metal 

structure was TiW 100nm. The best ohmic contacts were formed using the Au and Ti/Pt 

ohmic contact, which had a specific contact resistance in the region of 7.5x10-7
Ωcm2. The 

Ni contact, which theoretically has a work function similar to Au had a specific contact 

resistivity, which was one order of magnitude higher than the Au contact and deteriorated 

on annealing in contradiction to the results found in literature. The poor results of the 

annealed Ni sample are probably due to migration of Ni, which led to a decreased 

semiconductor sheet resistance. The Al contact with the lowest theoretical work function 

featured the highest specific contact resistivity. Therefore, the influence of the work 

function of the metal is not conclusive and is therefore probably not the crucial factor, 

which determines the quality of the ohmic contact on highly doped In0.53GaAs.  

The results of the sputtered contacts were subject to the quality of the metal etch and 

before any conclusive results can be drawn, the metal etch should be optimised. However, 

the contacts showed promising specific contact resistivity values and the sputtered contacts 

should be considered in future work. 
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Also devices were built on two different types of III-V MOSFET device structures: a 

buried channel flatband device structure and a surface channel device structure. The buried 

channel flatband MOSFET device structure featuring a GaGdO gate dielectric was used in 

a study to determine whether the devices could be scaled along both the gate length and 

source/drain separation. The surface channel device structure was used to investigate the 

benefits of lower bandgap material in the channel combined with a PdGe ohmic contact 

structure and a different gate dielectric using Al2O3. 

In order to build ohmic contacts to the source/drain scaled devices, the gate dielectric 

needed to be removed using a dry etch and therefore a NiGeAu contact is used in this 

study. From this study a number of conclusions can be drawn. First, the utilization of a 

gate dielectric and device architecture with known low interface state density is vital when 

exploring device scaling issues, in particular where off-state performance metrics such as 

sub-threshold swing are important.  The 1 µm source/gate separation devices show that the 

flatband mode architecture appears to be robust to scaling at least to 90nm, with the layer 

design and doping strategy adopted in this work.  In addition, whilst the more aggressively 

scaled 180nm devices have encouraging off-state performance, on-state breakdown is a 

significant issue, which will have to be mitigated by device re-engineering, with particular 

emphasis on minimising the lateral diffusion of the ohmic contacts.  The 90nm 

aggressively scaled devices appear to be suffering significantly from this issue and in the 

most extreme case, to the extent that the devices cannot be turned off. In future work these 

drawbacks can be mitigated when a dry etch compatible with a PdGe contact structure can 

be realised. 

The surface-channel MOSFET device architecture, which can potentially be integrated on 

a 200mm Si platform, has shown promising mobility values with corresponding high 

carrier concentrations. Well behaved surface channel MOSFET devices were made with 

both NiGeAu and Pd/Ge/Ti/Pt based ohmic contacts. The performance of the Pd/Ge/Ti/Pt 

contacts is low compared to the NiGeAu but can be improved after optimisation of various 

parameters such as annealing temperature, oxide etch and the ratio of Pd/Ge layer 

thickness, however the stringent ITRS requirements are unlikely to be met and alternative 

contact strategies such as regrowth should be considered. The Al2O3 gate stack also 

requires an improvement to challenge the GaO/GaGdO gate dielectric stack in terms of 

leakage and density of states. Future work should focus on reducing ohmic contact 

resistance and improving the Al2O3 gate dielectric stack. 
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The research described above was performed with contact dimensions well above the 

transfer length. However, the ohmic contacts have to be integrated in a scaled CMOS 

technology and therefore two different TLM-based designs with contact lengths scaled 

below the transfer length were designed, fabricated and tested. Once the contacts are scaled 

below two times the transfer length, current crowding effects start to dominate. The use of 

the scaled contact measurement method proved to have several advantages: the sheet 

resistance underneath the contact can be extracted and therefore the contact resistance can 

be calculated more accurately when ohmic contact regions are scaled even further. The 

results were then compared to the measurement results from TLM, CTLM and the end 

resistance measurement method.    

The first design was dismissed due to large variability issues due to a mesa wet etch with 

inaccurate dimensions. Multiple samples were produced using the second design and 

featured lower transfer lengths than predicted by the TLM measurement. This means that 

the assumption that the sheet resistance below the contact is equal to the bulk sheet 

resistance is not valid. There is a strong indication that the metal deposition introduces an 

increased sheet resistance underneath the contact. The most likely explanation for the 

increase in sheet resistance is potential intrusion of the metal into the semiconductor and a 

potential loss of carrier concentration due to increased surface states. This impedes the use 

of a TLM or CTLM structures as a correct measurement method to extract the specific 

contact resistivity and transfer length values. The end resistance measurement was found to 

have great measurement errors when the specific contact resistivity is low and therefore 

cannot be used to extract the sheet resistance underneath the contact. The CTLM structure 

also seems to be relatively inaccurate compared to the TLM structure given the same 

processing. Misalignment and overexposure are therefore critical parameters when 

extracting the contact resistance with a CTLM measurement. 

It is therefore critical to measure the sheet resistance underneath the contact in order to be 

able to predict the behaviour of the ohmic contact, when the device is scaled following the 

ITRS node [1]. Also, the metal sheet resistance could play a key role, however in this work 

the metal sheet resistance was very low compared to the sheet resistance and had little 

influence on the overall result. The increase in sheet resistance underneath the contact 

changes could not be explained conclusively in this work and should therefore be the main 

focus in future work.  
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The future work would then involve the measurement of ohmic contacts on materials with 

a different active layer thickness. The increase in sheet resistance underneath the contact 

could then be explained by comparing the experimental results to the results from a 1D 

Poisson-Schrodinger solver which takes the depletion region underneath the contact into 

account. Also TEM and EELs analysis could more accurately determine the layer thickness 

of the active material which can be fed back into the solver. 

The future work to develop a Si processing compatible ohmic contact has two possible 

fields of research. One field is the development of nickelide contacts to high Indium 

concentration InGaAs or InAs. Nickelide ohmic contact feature relatively high contact 

resistances on In0.53GaAs however moving to high indium concentrations could potentially 

result in very low specific contact resistivities in the range required by the ITRS standards. 

Also the addition of Ge to nickelide recipe could be explored to increase the doping in a 

surface channel device. The other field is to move away from tradiditional planar MOSFET 

devices to FinFETs. The wet etch required to etch the fin structures would mean that the 

structure of the device can be changed as there will no longer be an oxide layer grown on 

top of the layer structure. This would allow a HEMT like quantum well structure with a 

recessed gate, which features highly doped, high indium concentration source/drain ohmic 

contact areas. In situ deposition of metals, such as Mo and TiW, has already shown that the 

requirements for the ITRS can be met and this deposition technique should therefore be 

considered in future work.  
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9.2  Fabrication processes 

9.2.1  Standard clean 

- Clean sample 5 minutes Acetone in ultrasonic bath 

- Clean sample 5 minutes IPA in ultrasonic bath 

- Clean sample 2 minutes H2O 

9.2.2  Standard TLM (metal layer thickness > 150nm) 

- Standard clean 

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0001 belle file 

o Dose 450 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 



Chapter 9  Appendices 
 

249 
 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Wet etch 1:100 HCl:H2O duration dependant of material  

- Metallisation 

- Lift off after 1h in 50⁰C Acetone 

- Annealing 

- 50nm Si3N4 deposition 

- Measurement on probe station 

9.2.3  Standard TLM (metal layer thickness < 150nm) 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0002 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 45s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Wet etch 1:100 HCl:H2O duration dependant of material  

- Metallisation 

- Lift off after 1h in 50⁰C Acetone 

- Annealing 

- 50nm Si3N4 deposition 

- Measurement on probe station 

9.2.4  Sputtered metal TLM 

- Standard clean 

- Wet etch 1:100 HCl:H2O duration dependant of material  
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- Metallisation 

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0003 belle file 

o Dose 450 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- 1h post bake 180⁰C 

- Dry etch  

- 1h in 50⁰C Acetone 

- Annealing 

- 50nm Si3N4 deposition 

- Measurement on probe station 

 

9.2.5  6-1073 MOSFET device 

- Standard clean 

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o RHI0088 belle file 

o Dose dependent on feature size 

- Develop sample 

o 1:2 developer 60s at 23⁰C 
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o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o Old asher 2 minutes, 110 Watt 

- Metallisation Au/Ge/Au/Ge/Au/Ni/Au (10/10/10/10/20/11/80nm)  

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

- Standard clean  

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o RHI0089 belle file 

o Dose dependent on feature size 

- Develop sample 

o 1:2 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o Old asher 2 minutes, 110 Watt 

- Metallisation Au/Ge/Au/Ge/Au/Ni/Au (10/10/10/10/20/11/80nm) 

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o RHI0090 belle file 

o Dose dependent on feature size 

- Develop sample 

o 1:2,5 developer 45s at 23⁰C 
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o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o Old asher 2 minutes, 110 Watt 

- Wet etch HCl:H2O 1:100 (15s-30s depending on oxide thickness) + 30s water rinse  

- Metallisation 20nm Pt + 200nm Au 

- Lift off after 1h in 50⁰C Acetone 

- Annealing 400⁰C 10s 

- 50nm Si3N4 deposition 

- Measurement on probe station 

9.2.6  c707 MOSFET device 

- Standard clean 

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o SB7001 belle file 

o Dose dependent on feature size 

- Develop sample 

o 1:2.5 developer 30s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o Old asher 2 minutes, 110 Watt 

- Metallisation 20nm Pt + 200nm Au 

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

- Standard clean 

- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 
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- VB6 patterning 

o SB7003 belle file 

o Dose dependent on feature size 

- Develop sample 

o 1:1 developer 30s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Wet etch AZ400k 2m45s + 30s water rinse  

- Metallisation 10nm Pd 25nm Ge 35nm Ti 35nm Pt 

- Lift off after 1h in 50⁰C Acetone 

- Annealing 400⁰C 10s 

- 50nm Si3N4 deposition 

- Measurement on probe station 

9.2.7  Scaled design (1) 

- Standard clean 

Markers: 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0100 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Metallisation 100nm Au 
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- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

Mesa etch: 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning (Markers) 

o WOJ0101 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Wet etch  

o 1:4 HCl:H2O 30s 

o 1:1:100 H2O2:Orthophosphoric Acid:H2O 45s 

o H2O rinse 60s 

- Strip PMMA 1h in 50⁰C Acetone 

- IPA clean 

High resolution Contacts: 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 2.5% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0102 belle file 

o Dose dependant of feature size 

- Develop sample 
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o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Metallisation  

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

Contact Pads: 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0103 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Metallisation  

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

Probe station TLM measurement 
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9.2.8  Scaled design (2) 

- Standard clean 

Markers: 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0200 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Metallisation 100nm Au 

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

Isolation etch: 

- Standard clean 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning (Markers) 

o WOJ0201 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  
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o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Wet etch  

o 1:4 HCl:H2O 30s 

o 1:1:100 H2O2:Orthophosphoric Acid:H2O 45s 

o H2O rinse 60s 

- Strip PMMA 1h in 50⁰C Acetone 

- IPA clean + H2O clean 2 min 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Standard clean 

- 30nm Si3N4 deposition 

High resolution Contacts: 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 

o WOJ0202 belle file 

o Dose dependant of feature size 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Dry etch Si3N4 

- PMMA strip 1h in 50⁰C Acetone 

- IPA clean 

Contact Pads: 

- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- Spin 4% 2041 at 5000rpm (Recipe 2 spinner) 

- 1 hour bake in 180⁰C oven 

- VB6 patterning 
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o WOJ0203 belle file 

o Dose 330 

o Beam current 64nA 

- Develop sample 

o 1:2.5 developer 60s at 23⁰C 

o IPA 30s  

o Blow dry + inspect 

- Ash sample  

o New asher 1 minute, 40 Watt 

- Metallisation  

- Lift off after 1h in 50⁰C Acetone 

- IPA clean 

Probe station TLM measurement 

9.3  List of materials 

9.3.1  University of Glasgow grown material 

9.3.1.1  x238 

- Buried channel architecture 

- Increased In content in channel 

- Layer structure: 
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9.3.1.2  x266, x319 

- Buried channel architecture 

- Reduced GaGdO gate dielectric 

- Layer structure: 
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9.3.1.3  c707, c764 

- Surface channel architecture 

- Al 2O3 gate dielectric 

- Layer structure: 
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9.3.1.4  c760,c783 

- Thin InAs surface layer 

- Layer structure 

 

 

9.3.2  Freescale grown material 

 

9.3.2.1  6-1073 

- Layer structure: 
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9.3.3  IMEC grown material 

 

9.3.3.1  IM-GaAs: 

- Low Rsh value 

- Layer structure: 

 

9.3.3.2  IM-InGaAs500: 

- Low Rsh value 

- Layer structure: 
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9.3.3.3  IM-InGaAs20: 

- Barrier layer: 20nm undoped In0.52AlAs 

- Isolation possible 

- Rsh around 300 Ω.cm2 with Si3N4 passivation 

- Layer structure: 

 

 

 

 

 

 

 


