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Abstract

Over the past forty years the development of CM@$ lteen able to follow Moore’s law
using planar silicon technology. However, this tembgy is reaching its limits as the
density of transistors has a significant impacttio&® power dissipation in an integrated
circuit. Alternative channel materials and devicehédectures will then be required in the
future to reduce the power consumption of transsst@he development of CMOS
technology with high mobility channel materials,esjiically Ge for pMOS and IlI-V
materials for nMOS, was the aim of the EuropeanobnFP7 funded Duallogic
consortium, of which this project was part.

The experimental work at the University of Glasgomas the I1I-V compound

semiconductor MOSFET, in particular the study op&icessing compatible source/drain
contacts to IlI-V MOSFET devices with J8a.xAs channel materials, which was an
important aspect of this thesis. Another area igated in this thesis is the impact of
current crowding effects on source/drain contadistance by aggressive scaling of

devices.

During this thesis, optimisation of a PdGe-basenhiohcontact to buried channel device
material with a Ip7sGaAs channel led to a contact resistance of(@.4#Bn compared to
1Q.mm in previous work by R. Hill. The PdGe-basedtaonhalso proved to be scalable in
both vertical and lateral dimensions. This scaledcture was then integrated in a surface
channel MOSFET device with 1um access regions atellgngths varying from 100nm to
20um. The performance of the devices with 20um ¢eigths was then compared to
devices with a NiGeAu based ohmic contact. An iasesin R, 1.822.mm vs. 0.9Q.mm,

and Ry, 11.1Q.mm vs. 8.58.mm, was observed in the PdGe-based contact, which
resulted in a decrease in,,g92.3mS/mm vs. 103mS/mm, angsad 103mA/mm vs.
122mA/mm. However, further optimisation of the Pd&@esed ohmic contact showed

promising results with a contact resistance of Q.4%m.

The novel test structure is the first test streestwhich makes direct contact to 111-V
material, with critical dimensions below the trarsiength. This structure is able to
experimentally observe the current crowding effextd allows for the extraction of the
sheet resistance underneath the contact and a asotgate extraction of the specific
contact resistivity. This offers a significant igkt into the impact of the sheet resistance

underneath the contact and the role it plays.
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Chapter 6 Ohmic contact development

Figure 6.22: TEM micrograph of
Pd/Ge/Ti/Pt contacts on x266 device
material annealed at 386C, 40°C and
420°C

Figure 6.23: EELS analysis of Pd/Ge/Ti/Pt contactsn
x266 device material annealed at 38C, 400°C and 420C

The results of the EELS analysis are shown in EiguR3, as an edge intensity profile.
There are six elements monitored: As, Ga, Ge, dn,TR In every case there seems to be a
Pd- rich layer at the semiconductor interface, Whienetrates the GaAs and AlGaAs
layers. The Ge layer, expected to reach the semimor surface, does not seem to diffuse
into the GaAs/AlGaAs layer. In this case, the GaiSaAs layer would not receive
additional n+ doping, which is critical to redude tSchottky barrier width. The diffused
Pd could potentially form a PdGa compound, whica gstype layer causing an n-p barrier
between the channel layer and ohmic contact. Thiddcbe the reason for the drop in
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Chapter 6 Ohmic contact development

performance compared to the best annealing temyerédr Pd/Ge/Ti/Pt ohmic contacts.
The lack of an n+ interface layer could then be tu¢he elevated/non ideal annealing
temperature, which is also mentioned in literaf'¥]. The ideal ohmic contact should
still have a small residual layer of amorphous @arrthe Ti edge. Further optimisation of

the contacts can then be achieved by altering Bdzaratios and annealing temperatures.

The EELS analysis also measured the oxygen levtelvba found to be significantly low
and there was no increased level between Ge alayéi. Suggesting the exposure of the
sample during the processing step will have minigwitributions 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 struetaf about 240nm. When the contacts are
used on actual MOSFETs the contacts will have wolme thinner (<100nm) as larger
contacts pose lithography and processing probléhesthickness of the contact layers was
then reduced, keeping the same ratio of Pd/Gewe ha excess of Ge. The structure was
investigated without a cap, with a Ti/Au cap anti/®t cap, as work by [114] proved that
scaled PdGe contacts are possible without a Puara@ with specific contact resistivity as
low as 8.5x10 Q.cnf on highly doped GaAs. The sample without a cap difisult to
measure as the probes damaged the thin PdGe TéngePdGeTiAu structure showed poor
contact resistance due to severe alloying of Aaubh the Ti barrier layer. The Ti/Pt cap
proved the best results and also featured redui¢Btlayer thickness. The material used is
the highly doped GaAs wafer (IM-GaAs) supplied MEC. The temperature window has
been expanded, given the results on x266. Pd andy@es thickness of are 10nm/25nm,

25nm/60nm, 50nm/120nm were studied and the reatdtshown in Figure 6.24.
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Chapter 6 Ohmic contact development

Contact Resistance Specific Contact Resistivity
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Figure 6.24: PdGe thickness scaling study on n-GaAsaterial annealed for 60s at 208C, 300°C,
350°C, 400°C and 450C

The lowest specific contact resistivity was achtewath the thinnest layer structure at an
annealing temperature of 4@ This clearly indicates that the PdGe structarscalable.
The specific contact resistivity is still ratherda given the highly doped nature of the
semiconductor material. This is potentially duehe Ga outdiffusion into the P@e layer

effectively p-type doping the layer and creatingra junction.

IM-InGaAs20

In order to compare the scaled Pd/Ge/Ti/Pt (10nm##Z30nm/30nm) contact with non-
alloyed ohmic contacts, the scaled Pd/Ge/Ti/Ptamntas tested on 20nm 1xXiem? Si
doped InGaAs (IM-InGaAs20). These results can theenised as a direct comparison with
the Pd/Ge/Ti/Pt contact.
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Chapter 6 Ohmic contact development

Contact Resistance Specific Contact Resistivity
IM-InGaAs20 Pd/Ge/Ti/Pt IM-InGaAs20 Pd/Ge/Ti/Pt
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Figure 6.25: TLM results of scaled Pd/Ge/Ti/Pt ohn@ contact structure on n-lIny s5GaAs annealed at
0°C, 200°C, 300°C, 32¢°C, 34C, 36(°C, 38C°C and 400C

The results in Figure 6.25 show encouraging speciintact resistivity values. These are
not as good as the non-alloyed contacts of chapt@R, suggesting a reduction of
doping/increased barrier. This is similar to théG®Ti/Pt contact to highly doped GaAs
and is possibly due to an outdiffusion of Ga, whpdtentially p-type dopes the &k
layer as previously discussed in the EELS section.

NiGe on InGaAs20

Alternatively to the PdGe-based work a NiGe layancdure was tested based on the work
by K. Tanahashi [147]. From literature this contsicategy gets the best results if annealed
over 500C. Given the fact that in this work the temperattarges are adjusted to the

maximum temperature determined by the oxide, theealing temperatures are kept in a
window between 30 and 446C. The semiconductor material used in this tedMis

InGaAs20, which features a narrow bandgap, higbhjyed surface material.
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Chapter 6 Ohmic contact development

Contact Resistance Specific Contact Resistivity
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Figure 6.26: NiGe thickness scaling study on n-GaA®aterial annealed for 60s at 30fC, 32¢°C,
340°C, 38C°C, 40(°C and 440C

As shown in Figure 6.26, The samples have poor oloontact performance, certainly
given the highly doped and low barrier nature ef timaterial. A drop off in specific contact
resistivity after 450C was detected at IMEC but for the purpose of dmieh an ohmic

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

considered viable.

Conclusion

The electrical performance of the ohmic contactpiedominately determined by the
bandgap and the doping of the semiconductor matanderneath the contact metal. The
chemical analysis revealed little alloying (5 tonfif) into the semiconductor material,
which results in specific contact resistivity rasgerying between 5x1®cny’ for x266
material to 3x10Qcn’ for IM-InGaAs20. Therefore, the PdGe-based contzmild
potentially be used as a self-aligned ohmic conbattsuffers from an increased contact
resistance compared to the NiGeAu contact as timceaductor material in the channel
material has a lower bandgap than the semiconduwterial underneath the oxide, which
is due to the buried channel layer structure. Rengpothe wider bandgap material prior to
metal deposition could potentially improve the sfeccontact resistivity, which is

described in the following section.
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Chapter 6 Ohmic contact development

6.3.1.2 Dry Etch

The chemical process of a wet oxide etch is isatrfqy amorphous materials, which leads
to lateral etching of the oxide underneath the m&sk small scaled devices the etch
profile has to be vertical to limit access regiannmng and depletion as discussed in
chapter 6.2. Dry etching can form anisotropic fesguby making use of physical

processes. Physical dry etch processes also fedetrémental aspects such as re-
deposition, mask erosion, surface contamination raaterial damage. Previous work by
R. Hill and X. Li established a process for dryhitg GaGdO on device material with a
Ni/Ge/Au based ohmic contact [225].

Combining dry etch with the small lateral alloyiftgm the Pd/Ge contact, opens the route
to devices with sub-100nm gate length. This is gaaticular interest for self-aligned
devices, which feature small sidewall spacers atlire little lateral diffusion of the
source/drain ohmic contacts. It also offers postds to remove the wider bandgap
material between the dielectric and the channek poi metal deposition.

Plasma etching of 6-1073 device material

As a benchmark, devices were built on device mateprovided by Freescale

Semiconductors. The contacts used, are the stadddf@e/Ni metal stack annealed at
420C for 60s. The dry etch was performed in an Oxfbrstruments Ltd. Plasmalab

System 100 RIE at room temperature. The etchingpamtt was monitored by using an

interferometer with a laser wavelength of 670nme ®ich process featured following

conditions: SiCl4 flow rate 20sccm, RF power 60V @hamber pressure 4mTorr with a
self bias of 260V. The etch rate is then roughlynminute with an rms surface roughness
around 0.3 to 0.7nm [225].

Metallisation | R (Q.mm) |Rn(Q.sq) |pc (Q.cnf)

Au/Ge/Ni 0.72 385 1.39x10

Au/Ge/Ni 0.93 368.75 2.44x10

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

ohmic contact annealed at 36 for 60s.

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

but are ohmic and can be used as a benchmark.

Device material x319 was then used to test theetltlhi process with PdGe based ohmic
contacts. The same dry etch strategy with ionis@l, $as was used for the PdGe-based
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Chapter 6 Ohmic contact development

ohmic contacts. Since the purpose of the reseaashtovmake the contacts scaled, a Pd/Ge
layer thickness of 25nm/60nm was chosen to redbeevertical height of the ohmic
contact. This contact strategy didn't have the &ivgpecific contact resistivity when tested
on highly doped GaAs but it was ohmic nonetheldssemperature test between 300°C
and 420°C was carried out using dry etched Pd/G¢acts on x319 and the results are
shown in Table 6.11.

Metallisation R (Q.mm)
300°C Pd/Ge 25/60nm | 8317.5
340°C Pd/Ge 25/60nm 6097.88
380°C Pd/Ge 25/60nm | Not measurable
420°C Pd/Ge 25/60nm | Not measurable
420PC 300s Pd/Ge 25/60nm 3906.38

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

material

The measurements showed non-ohmic behaviour tpdht where some data could not
be extracted. This means that either there is iduaslayer or that the dry etch process
induces damage into the material. The residuar lsypotentially an effect of the dry etch
as higher concentrations of C, O, Cl, GaO, GaH, IGACand Si were found on the
surface just after RIE etching in previous work XyLi et al. [226]. In order to clarify
whether the Pd/Ge ohmic contact stack was causi@gion-ohmic behaviour, the same
experiment was repeated on x319 device materiagusie original Pd/Ge/Ti/Pt stack
(50/120/30/30nm) since this had been tried ane@desith device material (x266). Similar
non-ohmic behaviour was observed excluding theamrstack as a potential fault.

lon Gun etch on IM-InGaAs20

There are two potentially damage inducing procesagsch could lead to non ohmic
behaviour. One is the actual dry etch process, lwlgaves a thin layer of etch residue
behind, which needs to be cleared prior to the haejaosition. This is done by making use
of an in-situ ion gun in the Plassys 1 metalligatiool. To determine whether the damage
is induced by the ion gun process, Pd/Ge/Ti/Ptamiatwere made on 20nm 1x%on>
IngsdGaAs (IM-InGaAs20). The ohmic contact stack andisenductor material are the
same as the Pd/Ge/Ti/Pt test on IM-InGaAs20 matesiag a wet etch clean, which then

allows for a direct comparison between dry etchwatletch.
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Chapter 6 Ohmic contact development

Two samples were made; one had a surface cleag t&non gun (Figure 6.27), the other

one had a wet etch clean and no exposure to thguierfFigure 6.28).

Contact Resistance Specific Contact Resistivity
IM-InGaAs20 lon Gun Test IM-InGaAs20 lon Gun Test
31 1x10™ -
251 8x10° -
2 <
£ £  6x10° -
é 15 G
= 1 s 4x10° -
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0 : : . . 1x10° : . : !
360°C 380°C 400°C 420°C 360°C 380°C 400°C 420°C
Temperature Temperature

Figure 6.27: TLM result of Pd/Ge/Ti/Pt ohmic conta¢ structure using ion gun sample cleaning on n-
Inos:GaAs annealed for 60s at 36, 38°C, 40PC and 420C

S11056 normal wet etch sample clean:

Contact Resistance Specific Contact Resistivity
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Figure 6.28: TLM result of Pd/Ge/Ti/Pt ohmic contac structure using wet etch sample cleaning on n-
Inos:GaAs annealed for 60s at 36, 38°C, 40PC and 420C

Comparing Figures 6.27 and 6.28, the values foctmact resistance and specific contact
resistivity are clearly higher when using the iaamgThis shows the ion gun is doing
significant damage to the surface of the semicotwdutelowever, the contacts still show

ohmic behaviour, which means the actual RIE dri etast have some damaging effects.
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Chapter 6 Ohmic contact development

Comparison of wet etch, dry etch and ion gun etch on x266 device material

To investigate the effects of dry etch of GaGd(piog on AlGaAs, x266 device material

was used. Three samples were prepared: a full tdhy grocess, a wet oxide etch, a wet
oxide etch and ion gun treatment. The full dry dedtured non-ohmic contact behaviour
and is therefore not shown. The wet oxide etchvaedoxide etch with ion gun treatment

are shown in Figures 6.29 and 6.30 respectively.

Contact Resistance Specific Contact Resistivity
X266 Wet Etch X266 Wet Etch
600 1 4x10°
enfl== PdGeTiPt
5.00 ~
100 _3x10° -
E 5
i i -3
S S 2x10
5200 - o
. -3
=== PdGeTiPt 1x10™ A
1.00 -
0.00 ' ' ' 1x10™ '
340°C 360°C 380°C 400°C 340°C 360°C 380°C 400°C
Temperature Temperature

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

benchmark for lon gun and dry etch damage tests

Contact Resistance Specific Contact Resistivity
X266 Wet Etch + lon Gun X266 Wet Etch + lon Gun
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Figure 6.30: TLM results of a Pd/Ge/Ti/Pt ohmic cotact structure on x266 device material using a wet

etch and ion gun surface clean.
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Chapter 6 Ohmic contact development

The results for the wet etch (Figure 6.29) are canalple to the results previously found on
x266 material (Figure 6.19). Remarkably there israprovement of about one order of
magnitude in specific contact resistivity when tbe gun is used. This potentially does
some further cleaning of the sample or removes seide bandgap material. The Pd/Ge
contact would benefit from having low bandgap mates the specific contact resistivity
on highly doped InssGaAs (Figure 6.28) is over one order better congdoe wide
bandgap device material. However, the dry etchtesiyaworks for a Au/Ge/Ni ohmic
contact. This is possibly due to the large alloyimg the channel material and effectively
by-passing the residual layer or the damage indbgetthe dry etch. Forming contacts on
self-aligned devices on GaGdO device material thiéih be challenging and future work

should focus on reducing the damage from a dry. etch

Conclusion

Two different anisotropic etches were used: a Rith éechniqgue and an ion gun etch
technique. The RIE etch resulted in non-ohmic adnkeehaviour but the ion gun etch
improved the specific contact resistivity about anger. The ion gun etch was performed
after a wet etch of gate dielectric and therefoogenwesearch is needed in order to perform
a dry etch only gate dielectric removal. Dry etethniques featuring optimized low
damage etch processes could reduce the specifiaatoresistivity of buried channel
devices even further, however the tendency is teemamwvay from the buried channel
device architecture towards a surface channel dearchitecture, which has the lower
bandgap channel directly under the dielectric lajidgre PdGe-based ohmic contact can
therefore be implemented in the current GaGdO MOSé#&vice 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 additiaimgping or reduction of bandgap
barrier lowering and are therefore not suited fadeabandgap material. However, the non
alloyed contacts form ohmic contacts on doped,bbawdgap material (IM-InGaAs20).

Five main non alloyed contact structures have hieed on this material: Au, Ti/Pt, TiW,
Al and Ni. The choice of metals used, was domin&tgdhe availability of metals in the
metal deposition tools at the JWNC cleanroom. The alloyed contacts featuring Au
were mainly used to build and test scaled ohmidamtrstructures chapter 7. The material
has not been used for full optimisation of the ahogntacts, it is mainly used as a proof of

concept. The Au ohmic contact structure was usedl lrenchmark while the Ti/Pt, Ni and
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Chapter 6 Ohmic contact development

Al were used as Si processing compatible ohmicambrgtructures using e-beam metal
deposition featuring different work functions. Th&V 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 compabhl®ic contact structures of Ti/Pt, Al and
Ni. The Ti layer helps the removal of remainingivatoxides and helps the Pt to bond to
the semiconductor material. The Ni contact has Imeasured twice both unannealed and
annealed at 29C for 60s. This is based on previous work usingKelide” ohmic contact
structures [216, 217]. AHCI4® 1:100 30s clean was used for the samples to rerzy
native oxides and the metals where then e-beamoeatsol. Patterns were formed using
lift off. Only the best results are discussed irs tbhapter as a more detailed study is
performed in the scaled ohmic contact chapter 7.

Metallisation | R (Q.mm) |Rn(Q.sq) |pc (Q.cmf)
Ti/Pt 10/80nm|(0.17 401.37 7.76x10
Al 100nm 0.65 242.08 1.76xF0
Ni 100nm 0.42 222.83 8.02xT0
Ni 100nm  |0.68 189.31 2.56x10
(annealed)

Table 6.12: Overview of Si-compatible non alloyedtomic contacts to highly doped Ig ss5GaAs material

The result shows a promising specific contact te#ig for the Ti/Pt contact structure,

making this a potential candidate for further opgation. The Al and Ni ohmic contact
structures show increased values for the speaiintact resistivity compared to the Ti/Pt
contact structure. Alloying the Ni ohmic contaatusture didn't improve the performance
and even seemed to affect the sheet resistanceteAtfal cause is that a Ni-As forms a
low resistivity alloy, which laterally alloys henceducing the sheet resistance.

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

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

Metallisation ‘I%(Q.mm) Rsh (.59) |pe (Q.cnr)

Au 100nm ‘0.15 ‘307.2 ‘ 7.19x710

Table 6.13: Overview of Au contacts to highly dopeth,ssGaAs material
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Chapter 6 Ohmic contact development

The contacts show reduced specific contact re#istfor ordinary TLM's in all cases.
However, there is a difference between non-isolatetlisolated (mesa) TLM structures. If
there would be no lateral current flowing along tloatact edges the sheet resistance for a
normal TLM should be the same as the isolated TltMcsures. The sheet resistance
increases when measuring isolated contacts. Thas imdication that contacts measured
with normal TLMs have a certain error, which hasoéocompensated, which is explained

further in chapter 7.

The Au contact structure was also used to test a7&@rial with a 2.5nm InAs top layer.
The lower bandgap should pin in the conduction besgiilting in decreased specific
contact resistivity values. A Au contact of 100rimtkness was e-beam evaporated after a

surface clean experiment of varying HGI(H1:100 etch times, as shown in Figure 6.31.

Contact Resistance Specific Contact Resistivity
c760 Wet Etch c760 Wet Etch
0.035 1 6x107 7
0.030 1 5x10°"
g 0.025 1 g Ax107 -
P G
= 0020 4 & 3x107 1
a4
0.015 - e AU 100nM 2X10_7 4 Au 100nm
0.010 . 1X10_7 . .
Os 15s 30s 60s Os 15s 30s 60s
Etch time Etch time

Figure 6.31: Surface cleaning study on n-InAs matéal using HCI:H,0 wet etch and 100nm Au ohmic

contact structure.

A specific contact resistivity of 3x1@cn? is observed on a sample, which didn’t receive
any native oxide etch. The specific contact rest#adepends on the oxide etch time,
which indicates that the oxide etch might actuallynove or at least damage the thin
2.5nm InAs layer. Growing a thicker layer of InAgghmt solve this problem and the

reduced specific contact resistivity values suggfest 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 chdsesed on the work by U. Singisetti et
al. [113], which showed very low specific contaesistivities. The work features mainly
two different metals: Mo and TiW. These metals haweork function close to the electron
affinity of IngssGaAs (4.5 eV), which should reduce the Schottkyibawhen the Fermi
level of the semiconductor is unpinned. Since atttme of the experiment Mo was not
available in the metal deposition tools, TiW wassdn to investigate the quality of sputter
deposition based ohmic contacts. Sputtering hasligsglvantage of depositing a uniform
layer across the sample. This prevents the use ldt aff technigue and subtractive
patterning techniques have to be used. First, thesdaAs goes through a substrate
cleaning cycle including a native oxide etch udi@l:H,O 1:100, secondly a 100nm TiW
layer is deposited, thirdly a PMMA mask is spurheaxm exposed and developed and
finally the TiW layer is etched in a dry etch todhe TLM structures on the sample were
measured without annealing the sample first, anck weeasured again after a 4Q0for
60s anneal. The first run showed poor edge deadmitin the TLMs Figure 6.32, the cause
of this problem was the PMMA being damaged by theeadch. The solution was to do a
post bake of 1h 18C after the sample has been developed.

e ———

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

The anneal of 40 60s was based on previous work done at the Wityesf Glasgow
by X. Cao.[136] The work investigates the sputteltdiced damage caused by direct
current magnetron sputter coating of W on GaAs dh&$EMT's. Post sputter annealing
was found to significantly reduce the damage, fioeeethe sample also received a 400
60s anneal. There should be no alloying as theimgefioints of refractory metals or

compounds such as TiW are generally abov€80The results are shown in Table 6.14.
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Metallisation | R (.mm) |Rn(Q.5q) |pc (Q.cnf)

Non Annealed | Tiw 100nm | 2.95 1020.34 8.53%10

400°C 60s Tiw 100nm 1.08 2215.67 5.42x%0

Table 6.14: TLM results of samples s11082 with noannealed and annealed TiW ohmic contacts on
highly doped Ing sdGaAs

According to the contact resistance and specifitaxi resistivity values, the damage gets
annealed out to a certain degree. However, loweciBp contact resistivity values are

shown using Au and Ti/Pt ohmic contact structurestlee same material. The sheet
resistance measured is significantly higher indicatdamage in the semiconductor
material after dry etch. Also annealing the sampdé=ms to damage the substrate
substantially. Due to the lack of a damage freeahetth, the sputtering technique was not
further researched or optimised. However, furth@maisation of a damage free metal etch

could potentially allow a sputtered metal to begisiigated in the future.

6.3.2.3 Conclusion

Future different MOSFET device structures featuringghly doped, narrow band
source/drain regions will allow for non alloyed tact deposition as additional doping or
band gap lowering is no longer required. Four dgifié ohmic contact structures were
deposited using e-beam evaporated metals withreiffevork functions and one ohmic
contact structure was deposited using sputterihg. 8&-beam evaporated metal structures
were; Ti/Pt 10nm/80nm, Al 100nm, Ni, 100nm and AR0dm and the sputtered metal
structure was TiW 100nm. The best ohmic contactevi@med using the Au and Ti/Pt
ohmic contact, which had a specific contact resistan the region of 7.5x1@cn?. The

Ni contact, which theoretically has a work functisimilar to Au had a specific contact
resistivity, which was one order higher than the A&antact and deteriorated in
contradiction to the results found in literaturéeTpoor results of the annealed Ni sample
are probably due to migration of Ni, which led todacreased semiconductor sheet
resistance. The Al contact with the lowest theoedtivork function featured the highest
specific contact resistivity. Therefore, the infhige of the work function of the metal is not
conclusive and is therefore probably not the ciueietor, which determines the quality of
the ohmic contact on highly doped kl3GaAs.
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The results of the sputtered contacts were sulbpethe quality of the metal etch and
before any conclusive results can be drawn thelmeth should be optimised. However,
the contacts showed promising specific contacstiegly values and the sputtered contacts

should be considered in future work.
6.3.3 Device Results

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

dielectric stack and an Ing 3GaAs channel

Introduction

The purpose of this study is to determine whether ftatband IlI-V MOSFET device
structure can be scaled along both the gate lesnghsource/drain separation. This is an
important step towards a device that has the dimessequired by the ITRS [1] for sub
22nm technology generations. Scaling down the acaesgons could result in significant
short channel effects. It is believed that the slubrannel effects arise from the 2-
dimensional nature of the channel charge contreb@ated with the proximity of the
source and drain alloyed contact regions to the gétthe device. Devices with gate
lengths of 90nm, 180nm, 270nm and 1 um each witdnge of source/gate and drain/gate
separation have been designed, fabricated andlte3tee dimensions of the source/gate
and drain/gate separations are explained in Talilg. ®©riginally both Si-compatible and
Au/Ge/Ni source/drain ohmic contacts were planmebe tested on 6-1073 material using
the Au/Ge/Ni contacts as a benchmark. However, RdéGe/Ti/Pt contacts are not
compatible with the dry etch process (chapter 4at@® section 6.3.1.2) and therefore have
not been tested as the reduced feature size impleelesse of a wet etch for gate dielectric

removal.

The motivation for utilizing a GaO/GaGdO gate ditlie stack and an nGaAs channel

is that the GaGdO dielectric stack [105] has a @nolow interface state density when
deposited on a GaAs surface layer. This constthmghannel composition toglgGay /AS

for the flatband mode architecture, and therefasevel drive current. Higher In
concentration causes lattice mismatches to occuwedem the channel and the
GaAs/AlGaAs buffer layer. This introduces defects the channel reducing the
performance of the device. However, this choicgait dielectric enables a decoupling of
device short channel effects (SCE) from gate okiale issues, which both adversely affect

key performance metrics such as subthreshold s{&85
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The materials used for all device fabrication h#we layer structure using a AkGaAs
wide bandgap layer and glgGaAs channel. The 10nm GaGdO stack with dielectric
constant of ~20, together with the underlying semductor layers, which spatially
separate the device channel from the gate dietecésult in an equivalent oxide thickness
of 3.4nm. The full layer structure can be seemedppendix under the materials section.
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Figure 6.33: Poisson - Schrodinger simulation of &nhm GaGdO gate dielectric device material

Based on Poisson-Schrodinger simulations, a pesiivs expected for this layer structure
as is shown in Figure 6.33d. This means that tlamdl features little charge population at
0V and the device is then pinched off, resultingmenhancement mode MOSFET device.
Increasing the Y above the Vlevel Figure 6.33a results in the conduction bahdhe
bottom of the channel bending below the Fermi laided by the lowes-doping layer.
The carrier concentration distribution is then rhaigituated near the bottom of the
channel away from the oxide/semiconductor interfaddée carrier concentration

distribution shifts towards the oxide/semicondudtderface as Y increases towards the
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saturation voltage = 2V Figure 6.33c with a flatband voltage predicte occur at \ =
1.2V Figure 6.33b. The bulk of the carrier concatidn, as observed in Figure 6.33 a,b,c,
is in the channel at g¢/below 2V, which reduces the influence of surfataes at the
semiconductor/oxide interface. This is an advantafyéhe buried channel architecture
compared to an inversion mode device and as at lasger mobility values in the channel

can be achieved.

The process flow comprises the formation of ohmintacts of varying separations,
between, which Pt/Au gates are subsequently alighedRIE dry etch process using
ionised SiCJ gas, as previously discussed in section 6.3.1a3, wged for gate dielectric
etch in the source/drain regions prior to electbmam evaporation of NiGeAu-based
contact metallization, which was annealed at°860106]. A “wrap-around” device
design, shown in the micrograph of Figure 6.34 tiizad to obviate the need for an
isolation level. Figure 6.34 also shows the relakxedn gate length/ 1um gate/source and
gate/drain devices. In all cases the gate isditohically aligned centrally between the
source and drain contacts, with equal source/gategate/drain spacings. Low contrast of
PMMA does not allow for a separation between soarw drain smaller than 500nm and
therefore the source and drain have been writteh @oncessed independently over 2
different lithography steps. Table 6.15 summarides gate length @) and source/gate
(Lse) separations of the IlI-V MOSFETSs investigatedhis work.

90nm 90nm 190nm |1pum

180nm 180nm 280nm |1um

Ium lum Ium Ium

100um

Table 6.15: Summary of Ly and LsgSizes used for
scaled flatband mode 1ll-V MOSFETSs with
GaO/GaGdO gate dielectric stack

Figure 6.34: wrap
around device design and relaxed device

geometry
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Device results

The main device characteristics will be discussethgithe devices with iIn access
regions in order to eliminate potential short chereffects. This data can also be directly
compared against the work performed by R. Hilllef4 using an identical layer structure
and to the devices using a @k gate dielectric, as shown in section 6.3.3.2. dé&eces
with a scaled access region belowrlwill be discussed separately. The motivation for
choosing the source/gate and gate/drain spacingeeofjate length+100nm were in an
attempt to mitigate against the lateral alloyingtleé ohmic contact metal, which can be
seen in Figure 6.35. This contact metal alloyinogmpromises the performance of the most
aggressively scaled devices due to poor alignmehnt30nm) and large lateral alloying of
the NiGeAu contacts.

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

overlapping gate (b)

The benchmark data used is previous Glasgow wdrkyHich features low subthreshold
swing, high transconductance, low,Rand a high peak mobility of 5230éf.s. The
main difference between this work and the work4hi$ the oxide etch. This work uses a
dry etch to remove the oxide to obtain little lateremoval of the oxide in the access
regions allowing for more aggressively scaled devidcdowever, a dry etch technique can
potentially increase contact resistance, due tdéacoimation of the surface prior to contact
deposition [226], resulting in larger,Rand lower g values compared to wet etched
devices.
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90nm,

180nm and 1um gate length IlI-V MOSFETs with source/gate and

source/drain separations equal to 1um.
Figure 6.36 shows thed{V4sVgs) characteristics of typical 1um, 180nm and 90nm gate

length devices, each with 1um source/gate sepagtio
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Figure 6.36: ly(V4s, Vg9 Characteristics of typical l1I-V MOSFETs with 1um source/gate separations
for gate lengths of (a) 1um; (b) 180nm; (c) 90nm

Figure 6.37 shows the logs(Vq - V;) curves for these devices with 1.2V drain biatie T
threshold voltage was determined to be the gate feiquired to reduce the drain current

(measured at = 1.2V) to 1pA/pm.
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Figure 6.37: logly/(V4-Vy) curves for 1um, 180nm and 90nm gate length devigevith 1pm source/gate

separations

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

devices compared to the work of [4].
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90nm 180nm lum lum [4]
Vi (V) -0.29 -0.01 +0.31 +0.26
lg.sat(MA/Mm) | 288 260 286 407
SS (mV/dec) 78 76 68 102
Om (MS/mm) 346 384.6 357 477
Ron (Q.Hm) 2503 2387 2703 1920
lon/loft 2.54x10 3.0x1d 1.2x16 6.3x1d

Table 6.16: Summary of device metrics for flatbandnode 111-V MOSFETs with GaO/GaGdO gate

dielectric stack with Lgg = 1um

The detailed performance of the dry etched deviitk tyum access regions is discussed
below.

Vi The M is comparable between dry etch and wet etchedactinfor a device with a
lpum Ly This indicates that the oxide quality and undedysemiconductor material is not
affected by the source/drain oxide etch. Scalirg Ith from Ium to 90nm results in a
voltage drop by 0.6V for ¥V The voltage drop is possibly due to a loss irctedstatic
control. The loss in electrostatic control couldche to a loss of metal work function or
from the buried channel layer structure. The bafdager between the channel and the
oxide helps to decouple the channel from gate oiiges, but has the drawback that the
channel is further away from the gate metal inarepgotential electrostatic control issues.
The layer structure should ideally be optimisechvtiite smallest barrier layer between the
channel and oxide as possible and care has tokke ta avoid residue forming on the

oxide, which can decrease the impact of the metvak function.

lasai The ksatiS comparable between the different gate lengthggesting the limiting
factor for | saiS the maximum carrier concentration in the aceegfons. The largeg Lat
values in [4] can be explained by the lower total resistance and the lower contact
resistance value of 0.@lmm [4] compared to 0.9 mm.
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Subthreshold performance: The flatband mode II-OSFET architecture using a dry
etch technique delivers excellent off-state pertamoe for gate lengths down to 90nm,
with no appreciable degradation of subthresholchgwWiSS), measured at both low and
high drain bias with reducing gate length. Thesesame of the lowest subthreshold swing
data ever obtained for IlI-V MOSFET devices. Theamhel is capable of switching off
suggesting the gate oxide traps have little infbigean the channel. Even with lowqrdk
and higher R, values the J/lo ratio of these devices is superior to [4] for anlpgate
length device with 3um source/drain pitch. Thglds ratio was determined with
following parametersk, Vgs= 0V and \§ = 2V; lon, Vgs = 1.2V and \f = 2V.

lg: Low gate leakage current in the order of 30pA wesorded, which suggests a high
quality oxide with a high-k value for the GaO/GaGdi#lectric stack. The low gate
leakage is confirmed by the low subthreshold swialyies with good uniformity across

the sample.

Rsp: Increased R and R values compared to wet etch devices confirm thandental
effects of a dry etch technique compared to a wet t2chnique. The contact resistance
measured by TLM measurements is relatively higl®.@&Q.mm with a corresponding
specific contact resistivity of 1.81x2®.cm®. This value is rather high compared to the
specific contact resistivity calculated from [4],hish is 3.74x10Q.cm® However,
aggressively scaled devices using wet etch wouldeadeasible due to the lateral etching
and therefore dry etch has been used.

The devices show comparable performance to [4] exitellent off-state performance but
with slightly increased contact resistance. In ordeanalyse the potential short channel

effects the devices with scaled access regiondeitliscussed.

90nm and 180nm gate length IlI-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 iscagase of g and } s, as the overall
contribution of the access region resistance besasnaller but this could result in short
channel effects. An inversion mode MOSFET deviceassidered to be short, when the
channel length is the same order of a magnitudbeawidth of the source/drain depletion-
layer. Flatband MOSFET devices do not have the eotienal depletion-layers as there is
no p-n junction and should then be less susceptiblehort-channel effects. The short-
channel effects can still occur from the depleticggion caused by the ohmic
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contact/semiconductor interface, which will becomere prevalent when access regions
are being scaled. The short-channel effects mdrliesselves as a limitation on electron
drift characteristics in the channel and a shift¥/pf204]. The main different short-channel
effects are: DIBL and punchthrough, surface sdatervelocity saturation, impact

ionization and hot electrons.

Figure 6.38 shows thad{Vgs V4 characteristics of typical 180nm and 90nm gatgtle
devices with source/gate {t) separation equal to the gate lengtlz)(and equal to the

gate length + 100nm.
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Figure 6.39 shows the lag(V4-V:) curves for these devices with 0.7V drain biathe T

Figure 6.38: li(VasVge Characteristics for various IlI-V MOSFETs

(d) Lg = 90nm, Lsg = 90nm

threshold voltage, Ywas determined as above, for a drain voltages0.7V.
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Figure 6.39: logly/(V4-V+) curves for 180nm and 90nm gate length devices Wwisource/gate spacings of

Lgand Ly+#100nm. The data was obtained for drain bias of BV.

Table 6.17 summarises the on-state and off-s&fernmance of these devices.

L Lsc ld sat Om,max Vi (V) SS @ \s=0.7V
(nm) (nm) (LA/umM) (US/um) (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 chacteristics of 180nm and 90nm gate length devices

with aggressively scaled source/gate separation$he gate voltage relative to the threshold voltagé/¢-

V,) at which the sub-threshold swing was determinedsishown in brackets for each data point.

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

increased output conductance, and more pronouncedate breakdown.

Nevertheless,

the 180nm gate length devices with 180nm souroe/ggparation still retain good off-state

performance as indicated by the sub-threshold swing

Both aggressively scaled 90nm gate length devigH#erssignificant on-state and off-state

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

devices with 190nm source/gate separation, andhaility to control the current in the

90nm source/gate separation device.
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Even though there is a negative voltage shift, thaumbers stay similar for a 90nm L
device with lsg = 190nm and Im. This suggests that there are little short-chiaefiects
taking place from reducing the source/gate andnfitate gap size. On-state breakdown
and shift in V of scaled devices suggests however that ther@aentially some short-

channel effects from scaling the gate length.

Conclusion

A number of conclusions can be drawn from this wtudFirst, the utilization of a gate
dielectric and device architecture with known lomterface state density is vital when
exploring device scaling issues, in particular veheff-state performance metrics such as
sub-threshold swing are important. The 1 um sdgate separation devices show that the
flatband mode architecture appears to be robustdbng at least to 90nm, with the layer
design and doping strategy adopted in this workaddition, whilst the more aggressively
scaled 180nm devices have encouraging off-statrpgance, on-state breakdown is a
significant issue, which will have to be mitigatieg device re-engineering, with particular
emphasis on minimizing the lateral diffusion of tldmic contacts. The 90nm
aggressively scaled devices appear to be suffaigrgficantly from this issue and in the

most extreme case, to the extent that the devar@sot be turned off.
6.3.3.2 Surface Channel Al;0; gate dielectric stack MOSFET devices

Introduction
The advantage of a GaO/GaGdO gate dielectric ssattiat it forms an interface with low
density of states on GaAs [101]. The quality of tlxele deteriorates when moving from a
GaAs to an IgGa.4As interface. To counter this problem the GaO/Ga@ad€e dielectric
stack MOSFET devices have a buried-channel quamiaihstructure with a thin GaAs
layer underneath the oxide. The buried-channelcttra allows increasing the indium
concentration to a maximum of 30% in the channgibre while maintaining a GaAs/oxide
interface. The drive current of the device is deieed by the drift velocity and the
number of carriers. The drift velocity is dependent the mobility and applied field.
Therefore, the indium concentration should be gh Bis possible in the channel region to
benefit from the higher mobility values. The buriedannel device structure has the
drawback of having a relatively large distance leetwthe channel and the metal/oxide
interface. This limits the potential to scale thevides as the electrostatic control of the
gate reduces as the distance between the charmh¢h@metal/oxide interface increases.
This distance will adversely affect the CET valudich will also limit the maximum
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channel thickness for scaled devices wiglvalues under 100nm. Further disadvantages of
the GGO device structure are a relatively high ssceesistance. The wide bandgap
GaAs/AlGaAs layer underneath the oxide makes ohsoitact formation more difficult
because of the larger Schottky barrier. The ohmardaxt issue was overcome by using a
NiGeAu alloy, which alloys into both the channedaaccess region. This ohmic contact
structure is not Si-processing compatible and threpatible alloying metals have far less

vertical and lateral alloying resulting in incredsmntact resistance values.

To solve the scaling problems of a buried-chantreicgire the buffer layer between the
oxide and the channel is removed, resulting in fasa channel device improving the
electrostatic control. The indium concentrationtleé channel is increased from 30% to
53% for extra drive current. However, the GGO gdiectric is not suitable for this
device structure and an alternative,@d gate dielectric is used. The 283 grown by
atomic layer deposition (ALD) has better gate ditle properties than MBE grown GGO
on Iny55GaAs and features a relatively low interface stiesity [205]. Also the lattice of
the layer structures corresponds with the lattiténB, which makes integration of this
structure on a 200mm Si-platform possible [234]e Heterostructure, delta doping layer
and the channel thickness have been optimisedthgttaid of 1D Poisson — Schrodinger
simulations [207] resulting in the ¢707 and c76¢elastructures, which are described in
the list of materials in the appendix.

The layer structure is optimised to obtain a pesitV; as shown by the 2D carrier
concentration of the channel and is plotted asrection of \j in Figure 6.40d. The
oxide/semiconductor interface states can trap relestand the corresponding charge
population can have detrimental effects on thegoerédnce of the gate oxide. These effects
can be observed in a CV measurement by a stretciinolufrequency dispersion of the CV
data, which was discussed in more detail in chepterAt \y = 0V there is no significant
charge population in the channel and the devitiees fully pinched off. Increasing the,V
above the Vlevel (Figure 6.40a) results in the conduction doah the bottom of the
channel bending below the Fermi level aided by @hdoping layer. The carrier
concentration distribution is then mainly situateghr the bottom of the channel away from
the oxide/semiconductor interface. This will potalty help to reduce the detrimental
effects of the interface scattering. The carriemcamtration distribution shifts towards the
oxide/semiconductor interface ag Mcreases as shown at flatband and gt 2V (Figure
6.40Db,c).
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Figure 6.40: Poisson - Schrodinger simulation of AD3; device material

The advantage of this structure is that the ohrardacts are directly deposited on narrow
band-gap material reducing the Schottky barriegliteiThe higher mobility also results in
a lower access region resistance, which shouldeddcing the total on resistance. The
disadvantage of this structure is that any defeotsing from the oxide/semiconductor
interface will directly affect the channel resuffim a reduction of the drive current and an
increased sub-threshold slope value (SS). Thelmalstiold swing is mainly determined by
the interface state density (Din the oxide, preventing the device from switchoff. A
good quality oxide interface is then key as théb#iad devices have no p-n junctions to aid

the sub-threshold performance.

The device fabrication consists of two lithogragtgps using a wrap around gate. First, a
combined gate/marker level using a e-beam evapbRitginum/Gold gate stack using E-

beam lithography and lift-off. The second step stsinof source/drain ohmic contacts,
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which are patterned by E-beam lithography anditdredraphically aligned by making use
of Penrose [208] patterns to aid marker alignmeotgacy. Prior to metal deposition the
Al, O3 layer is etched using a selective wet etch in teillkOH. A Pd/Ge/Ti/Pt
(10nm/25nm/30nm/30nm) ohmic contact is then depdsliy e-beam evaporation and
annealed in a RTA at 400°C for 10s under nitrogeraphere.

The impact of scaling the gate lengths has beeastigated by using following gate
lengths: 100nm, 300nm, 500nnyr, 2um and 2@m. The access regions have been kept
at lum to allow for rapid turnaround and stable progessihe design also includes TLM

and capacitor structures to measure the ohmic ctsnaad oxide quality.

Device results

The devices in this work use a similar device lasteacture (c707) and processing as in
the work presented by S. Bentley et al. [206]. Tin@in difference is the source/drain
ohmic contact, which in this case is a Si-procegssiompatible Pd/Ge/Ti/Pt alloy. TLM
measurements indicate thatd should be approximately 280 mA/mm using Pd/GefTi/P
ohmic contacts on c764 material. To compare theG&di/Pt device results to the
Ni/Ge/Au device results, device data measured bBeftley on c764 material are used,

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

The output and transfer characteristics of a MOSHEVice with lg = 2Qum can be seen
in Figure 6.41.
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Figure 6.41: I-V Characteristics of a c764 =20um device using Pd/Ge/Ti/Pt contacts

On first inspection of Figure 6.41, it is clear tthlae devices show reduceg,dq satand
4V 4 response compared to the Ni/Ge/Au [206] devicéss hdicates that the source/drain

ohmic contacts are worse than the Ni/Ge/Au contactsc707 material. However, on
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resistance (R) on c707 is significantly lower at 30@Quum than on both c764 devices for
Lg = 2Qum hence limiting the comparison between the twoewgaf The main device

parameters are shown in Table 6.18 and show avediahigh contact resistance value for
the source/drain ohmic contacts. The contact eesist of the Pd/Ge/Ti/Pt is high
compared to the Ni/Ge/Au resulting in a decreasg,cdnd | sa: The sub-threshold slope
should not be affected by the ohmic contacts byireslominantly dictated by off state

leakage current.

c764 Ni/Ge/Au Pd/Ge/Ti/Pt
Om (MS/mm) 103 92.3

l4,sat(MA/MmM) 122 103

SS (mV/dec) 169 244.5

Ron (Q.mm) 8.54642 11.0744

Rsp (€.mm) 0.94 1.82

Rsh (€2/sQ.) 333.38 369.42

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

contacts on ¢764 .= 20um devices

The detailed performance will be discussed by ntakise of the device data over different
gate lengths. Table 6.19 shows a summary of thecelgparameters over different gate

lengths.
Lg 100nm 300nm 500nm | pin 2um 2Qum
Om (MS/mm) 112.6 180 188 192.2 188.85 92.3
lg.sat(MA/MmM) | 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 (€.mm) 4.1451 4.295 3.4387 3.6004 4.1166 11.0744
Vin (V) -1.34 -0.22 -0.22 -0.19 -0.16 -0.11

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

Al,O3 gate dielectric stack device material. Access ragis are 1um.

a) Vi: The device results show a dependence betwgand V. Reducing the size of the
gate from 20m down to 300nm shows a steady decrease in the\a@ll;. This is
possibly due to a loss in electrostatic controlrfreeducing the gate length. The layer

structure has been optimised for an ideal largée sbavice and this will have to be taken
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into account when scaling down MOSFETs to sub 10Qate pitches. There is a sudden
drop in V when the gate is scaled tg £ 100nm due to an over etch of the gate oxide.

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

b) lasai The b satmeasured from the TLM's is considerably highentttee } <o extracted
from the Ly = 2Qum devices. The MOSFET devices have been built agalsored on the
same sample as the TLM's and therefore the aceggsnrof the devices should be
identical to the gaps between the TLM's in termscafrier concentration and sheet
resistance. The reduction igsk is then the effect of the gate region on the chblnn
performance, reducing the maximum current. The riiksly explanation is that there is
an increase in trapped charges when depositingeangetal onto an oxide/semiconductor
interface. The trapped charge then limits the marintarrier concentration, resulting in a
reduced J sa:in the gate regiong Latis improved when scaling down the devices as tha a
underneath the contact becomes relatively smatierpared to the access region Table
6.19. The | sarvalue is then determined by the quality of the mhoontacts.

c) Sub-threshold performance: The values for thethteshold swing are consistently
around the 200mV/dec mark even for the scaled devithese values are large compared
to the values extracted from the buried-channel icgsv indicating a worse
oxide/semiconductor interface. This is potentiallye to a leaky oxide or increased trapped
charges. Slightly lower values were found in thekvdone by S. Bentley indicating that
the quality of the oxide/semiconductor interfacél Wwe critical to improve sub-threshold
performance. The results for the 100nm devicecatdi that the oxide is poor and confirm

the wet etch issues.

d) lg: Typically the number for glax On buried channel devices is in the order of
1x10°A/cm™ or smaller. The values measured on the devicesirarthe range of
2x10"A/cm™ in saturation regime and do not scale wigh These increased values explain
the poor sub-threshold performance. There is aoreddy large non-uniformity between
individual devices of over 2 or 3 orders of magdéisuggesting that the uniformity of the
oxide needs to be improved. The high leakage cualen prevented from performing C-V

measurements on this sample.

g) Rsp: The contact resistance using a Pd/Ge/Ti/Pt corgmacture on identical c764
substrate material is nearly twice as high as tli&eKNu contacts. The contact resistance

values are 0,94.mm and 1.82.mm for the NiGeAu and Pd/Ge/Ti/Pt respectivelyisTik
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possibly due to the non optimised etch for Pd/GBfTcontacts, which feature very little
lateral alloying into the channel unlike the NiGeéantact structure. The lack of available
substrate material meant that the annealing tintetemperature was based on previous
results on doped ¢rsGaAs material and the wet etch was based on prewiauk using
NiGeAu contact structures. The contact still netedse further optimised to achieve lower
contact resistance values. A Pd/Ge/Ti/Pt anneadingperature test was then performed on
c707 material and compared to the NiGeAu resuld§][Rsing a AZ400K developer [239],
for 2min45s, as a wet oxide etch. The contact taaste using NiGeAu contact structures is
0,572.mm and this corresponds to a specific contacstiesy of 3.9x10°Q.cnf for a
sheet resistance of 768&qg. The optimal annealing temperature for the BOVEPt
contact is around 350°C for 60s, which results ooatact resistance of 026nm and a
specific contact resistivity of 6.1xP@.cn? for a sheet resistance of 488q as seen in
Figure 6.42.

Contact Resistance Specific Contact Resistivity
c707 Pd/Ge/Ti/Pt c707 Pd/Ge/Ti/Pt
0.65 - 1.2x10°
0.6 - 1X10_5’
& -6
055 - £ 8x10
g S 6x10°
< 0.5 - S
g 4x10°°
0.45 - 6
=8 Pd/Ge 10/25 2x10 P d/Ge 10/25
04 T T -7 T T T 1
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300°C 350°C 400°C 450°C 300°C 350°C 400°C 450°C
Temperature Temperature

Figure 6.42: TLM results of a scaled Pd/Ge/Ti/Pt ohmic contact structure on ALO3 device material
annealed for 60s at 308C, 35(PC, 40°C and 450C

The difference in sheet resistance can have vadauses: the lateral alloying reduces the
actual gap size and increases the contact widtlghwias to be compensated for, making
TLM measurements less reliable. The c764 didnfest@ifom the sheet resistance variation

over temperature and it's then assumed that thisvisfer dependent issue.

Regardless of the sheet resistance variation, thmico contact parameters for a
Pd/Ge/Ti/Pt structure are in line with the Ni/Ge/Aontact results. The Pd/Ge/Ti/Pt

contacts can therefore be used as an alternaticer@patible contact to the Ni/Ge/Au for
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rapid turnaround MOSFET devices. Further optimisabf the oxide etch and annealing

times and temperatures is needed to reduce thaatossistance.

Comparing the ohmic contact results to MOSFET desyigvith high concentration Indium
channel materials and Pd/Ge ohmic contacts, thdtsemre similar to the work done by X.
Gong [240] and H.-C. Chin [238], on Si-implanted #8aAs, with respective & values

of 2.25).mm [240] and ©@.mm [238]. The work done by T. D. Lin [45] showsath
specific contact resistivity values as low as 1188Q.mm can be obtained, resulting in
high gm (700ms/mm) and,da: (960mA/mm) values, for self aligned inversion mode
MOSFET devices. Other Si-compatible ohmic contaichtegies such as nickelide
source/drain regions have shown reasonably highacbmesistances, on Si-implanted
Ing/GaAs, of 7.62.mm [216]. So far the values required by the ITR&ehonly been
approached with contacts with regrown source degions [49, 246] or recess gate device
structures [50, 241, 242, 243, 244, 245] and shbelthe main focus in future work.

Conclusion

The surface-channel flatband architecture has shpramising mobility values with
corresponding high carrier concentrations. Well dweld surface channel MOSFET
devices were made with both NiGeAu and Pd/Ge/TBBsed ohmic contacts. The
performance of the Pd/Ge/Ti/Pt contacts is infetmithe NiGeAu but can be improved
after optimising various parameters such as ammgpéimperature, oxide etch and the ratio
of Pd/Ge layer thickness, however the stringent3TTBquirements are unlikely to be met
and alternative contact strategies such as regrefhld be considered. The 8k gate
stack also requires an improvement to challengeGa®/GaGdO gate dielectric stack in
terms of leakage and density of states. Future vetwbuld focus on reducing ohmic

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

7.1 Introduction

As the size of MOSFETs decreases following the ITRJStechnology generations, the
resistance of source/drain contacts is criticathas dimensions scale down as well. The
most common method of determining the ohmic contesistance (TLM [85]) generally
uses structures, which are at least two times flangdimension than the transfer length in
order to eliminate current crowding effects [88hadther issue is that nearly all the current
measurement methods such as TLM, CTLM and CBKR pfena5) utilise an
approximation in the calculations, where it is ased that the sheet resistance underneath
the contact (R) is the same as the bulk semiconductor sheettaasis between the
contacts (B&). This approximation impedes the use of an acewghulation showing the
behaviour of the contact resistance below the teankength as the sheet resistance
underneath the contact can vary from the bulk semdactor sheet resistance. There are,
however measurement methods, which include the sesistance underneath the contact
such as: FCTLM [209], 6 — terminal CBKR [210], era$istance measurement [220] and
CTLM using a curve fitting based technique [42].afpfrom the FCTLM structure, these
measurement structures have dimensions well alwwdimes the transfer length of the
ohmic contact and the behaviour of scaled contaetsw the transfer length has to be
modelled. This work focuses on the actual ohmictacinresistance of a scaled sub-
micrometer contact and is then compared to theltsesbtained from ordinary 1fn@n x
15Qum pad sized TLMs. The results from the ordinary Td.8te then used in a simulation
to predict the impact of current crowding effectsl dhen compare them to the measured
results from the scaled contacts. If the two devibe resistance underneath the contact is
likely to be different from the bulk semiconducsireet resistance. The difference between
predicted and measured transfer length can theusbd to extract the sheet resistance
underneath the contact. This experimental investiganecessitated the realisation of a
new type of test structure based around physisatigll ohmic contacts. A new TLM test

structure was therefore designed and tested atebsigibed in the following sections.

7.2 Theory

7.2.1 Extraction of sheet resistance underneath a contact (Rg)

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

contact is the contact end resistance extractiahade Another way is scaling the contacts
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below the transfer length, where the transfer lerngin be determined experimentally from
the point where the current crowding effects starttake place. The sheet resistance
underneath the contact can then be found in aainnhy as used in the contact end
resistance method. The total resistance for cataith a length greater than two times L
Is given in Equation 5.15 and can be split up usistandard linear function:

R(x) = A+ Bx (7.1),

where R is the total resistancer]Rx is the gap size between the TLM contacts, B is
determined by the normalised bulk semiconductoesstesistance (®RW) and A is equal

to the contact resistance of two contacts {R.Bolving the total resistance equation for
Ry = 0Q.mm gives an absolute valug]JL

2.Rgk.LT/W __ 2.RgrLr

L. =
X Rgp/W Rsh

(7.2)

The ratio between+and Ly will then directly determine the ratio betweeg 81d Rx. The
value of Rxcan then be found by combining the results fromnamy contacts and the
scaled ohmic contacts. Equation 7.2 does not thkentetal sheet resistance,jRnto
account. In order to incorporate the metal shesstance, the Rfactor in Equation 5.15
has to be adjusted according to the model presdntesicott et al. [82] using Equation
5.10. This includes the contact length (d), whidh determine whether current crowding
effects take place. The complete equation for tte resistance including the metal sheet
resistance and current crowding effects then besome

d
B (Rsk.Rm)+(Rm2+Rsk2).cosh(ﬁ) 3
.

2 2 d
RgRpn (Rm”+Rsk ).cosh(G)

W.LT_l.(Rm+RSk).sinh(%) w.LT‘l.(Rm+Rsk).sinh(%)

(7.3)

W.LT_l.(Rm+RSk).sinh(%)

This equation can be simplified when d>>1{).the sinh(d/k) factor becomes large and the first
term then becomes small and can be ignored leaving:

d
(Rm2+Rsk2).cosh(G)

2 2
R¢ = = B Racdlr o2y (7.4)
T

W.LT_l.(Rm+Rsk).sinh(%) W.(Rm+Rsk)

With the condition d>>104, the coth(d/ k) factor becomes 1 and so (7.4) reduces to:

_ (Rp®+Rg%).Lr
Re= W.(Rpn +Rs) (7:5)

Substituting (7.3) into (7.2) gives:

(Rm%+Rgp?) L

2.
L. = 2Rc _ “TWRmtRg) _ 2.(Rm*+Rsk”) LT (7.6)
X Ren/W %h Rsh-(Rm +Rsk) '
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All the parameters apart fromyRan be extracted from the ordinary TLM structune ¢he scaled
structure. The absolute valug is the extrapolated value from the ordinary TLMkere R =
0Q.mm. Ry can measured using a Van der Pauw structure emnattvely can be extracted from
the TLM result.

R can be found by measuring the metal sheet resistand k is found by the transfer length
extracted from the scaled TLM structures. ThevRlue is extracted from Equation 7.6 by solving

the following quadratic equation:

LyRsh _ Rm”+Rgi” (7.7)

2.Lt Rm+Rgsk

The value for B will then be a positive value, ignoring the negatterm of the quadratic

equation:

2
LxRsh Lx-Rsh LxRsh 2
( 2Ly + 2Ly + 4.Rp. 2Ly 4.Rp

2

Rsk = (7.8)

The specific contact resistivity value can therekacted from k. given in Equation 5.10

7.2.2 Random Error analysis on a TLM measurement including Ry

When using the TLM method to extract the specifintact resistivity and sheet resistance
an error analysis should be taken into account][Zlllie work by H-J. Ueng et al. [211]
considers the Berger model only and has to be elquhno take the sheet resistance
underneath the contact into account from the Reenetel. As described in equation 5.22,
the Ry value can be found by comparing the measurewvith Ly. The random error is
then found by extrapolating a straight line withretated errors for the,Lvalue. Solving
the linear Equation 7.1 for,Lwe can find:

A=2Re (7.10)
B = RyW (7.11)
Ly =-A/B (7.12)

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

By differentiating equation 7.12 the uncertaintyLjncan be derived:
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AL, = (5LX) AA + (5LX) AB + (5LX) AW

ALX—<§ )>AA+< & )>AB+< G )>AW
After derivation:
AL =(3) A+ (5) AB+ (3=) AW

Finding relative error:

AL, (3)8A+(33) 8B+(Gr5) AW

L0
=G )

The total random error is then given by:

AA = (0ajo40r T OAjow)
AB = (O-Bl()'d,()'R + GBlO’w)

From [211]:

— 2v3 22 2
OB|og,0r = (mdmax) ’B o5 + oR
Op = (L) /BZGZ + 03

loa,or VN d R

OBlow = (%W) (%) ow

OAlow = (\/iﬁ) (%) ow

(7.13)

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)

(7.19)

(7.20)

(7.21)

The relative error for .can now be found by using Equation 7.15 and switisty AA and

AB by (7.16) and (7.17) using Equations 7.18, 77120, 7.21.

o _ (Bt () (o

oo (G

Ly A
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- @) (@t + (@) (32 e )
(@ew)+ () 023

= @ (0 G2) o )+ (@) 72

Working out (7.16) using (7.2) and (7.3) we fine tielative error for k

= @) () - G )+ (@) 020

Variables used:

N: Number of measurements of different gap spacings
W: TLM width

pc. Specific contact resistivity found by using Bargeodel
Rsn Sheet resistance of the semiconductor layer

dmax Maximum gap size of TLM

oq. Absolute error of the gap size between TLM'sar{dard deviation)

N2
of = ot (7.26)
ow: Absolute error of the contact width of the TLMasdard deviation)
Z(AW;)?

or: Absolute error of the measurement of the restgtari the TLM (standard deviation)

Z(AR;)?
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To find the random error for Rwe can use the principles of error propagatiomgisi

Equation 2:
X ARg
g _ 1 (#45) (rans52)
Rkt 3 =2 (L +Aﬂ) (7.29)
1
When adding or dividing, the relative errors havée¢ added up.
ARsk _ 1 (ALx | ARsp , ALy
R_sk_z(LX t R T LT) (7.30)

The unknown factor here is the relative randomrefmam the transfer length extraction
method. The transfer length is found by matchingusated data to measured data of
scaled contacts, which makes it hard to defineridiiet error. First, there is the random
error by measuring the scaled ohmic contacts aconsiy, there is the error of matching
the curves. The relative error for kan be determined by finding the error relatetht®
scaled ohmic contacts. However, the error of theectit is more difficult to determine
and in this case the relative errors of theahd Ly extraction are added. This error will be
significantly larger than the relative error of,RHence it is crucial to have excellent
lithography and repeatability of the scaled ohmantacts. Increasing the number of
measurements for different scaled contact lengihid@lp to diminish the random error of

the Ry extraction method.

7.3 Experimental

To be able to investigate the current crowdinga#eohmic contacts have to be built with
contact lengths smaller than the transfer lengtte ffansfer length varies with the quality
of the ohmic contact but is generally betweam2and 0.nm. Therefore, physically small
ohmic contacts with contact lengths starting fro®0rdm have been designed and
manufactured and were then compared to simulateal eldracted from ordinary TLMs
with contact lengths of 1%®n. To enable a comparison between each, ohmic conta
metals were chosen, which do not diffuse into thdeulying semiconductor material. In
this way lateral alloying is addressed and the @riigs of the semiconductor material
underneath the contacts should be identical foh tattaled and ordinary TLM test
structures, allowing for a direct comparison betweedinary and scaled ohmic contacts.
The ohmic contacts on both test structures carffeeted by the processing, resulting in
ohmic contacts, which are most probably not goimdgbé optimal in terms of specific

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

instance.

Two types of designs were used in this work. Thenrddference between the two designs
is how the large measurement pads connect to #ledsohmic contacts. Both have their
advantages and disadvantages and are describekbinifg sections. The ohmic contacts
were measured using an Agilent B1500 series semiicdar parameter analyser with a
four probe configuration to account for the seniesistance 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 viaigapad through a narrow line onto a
mesa, as shown in Figure 7.1. The narrow linesheehmic contact structures and have
contact lengths of 100nm, 200nm, 500nm apcthl1This frame should allow the current
crowding effects to be monitored together with toatact resistancedJR The mesas are
varied with different widths: jgm, 4um, 3um, 2um, lum and O.pm. The gap sizes
between the TLM pads are identical to the ordinEis, which are present on the same
cell and therefore are subjected to the same pwgesteps. The ordinary TLMs are then
used to determine the specific contact resistasitegt resistance and contact resistance.
The IM-InGaAs20 material is used, which enablesftrenation of well isolated mesas.

The full layer structure can be found in the listr@terials.
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150pm

Contact separation in um

100nm to 1pm

Figure 7.1: Design of first aggressively scaled TLMtructure

7.3.1.2 Fabrication

The fabrication process consists of four main steker definition and deposition, mesa
isolation, ohmic contact definition and metallisati and measurement contact pad
definition and metallisation. The marker layer ised to align subsequent levels. The
markers are formed by depositing a bi-layer of PMMA the substrate, E-beam
patterning, resist development and metal deposdrmh lift off of a 100nm thick layer of
gold. The choice of metals and its thickness is taythe automatic alignment of the
Vistec VB6 E-beam tool as thinner layers providguificient contrast for automatic image
processing using SEM images from the E-beam tolé mesa etch level includes the
deposition of a bi-layer PMMA resist, E-beam patieg using marker alignment, resist
development and a mesa etch. The mesa etch istanisga wet etch using a 1:1:100
H,0,: orthophosphoric acid: 1 solution for 45s. This removes thepdgGaAs and
Ing 52AlAS layer providing an electrical isolation betwegcaled ohmic contact lines. After
the etch the resist mask is removed using acetothdéRA before the next processing step.
The metal deposition was originally intended tanfoshmic contacts and contact pads at
the same time. However, processing issues, explamthe section below, prevented this.

Therefore, the ohmic contact step involves the digjpo of a bi-layer of PMMA resist, E-
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beam patterning using marker alignment, resist ldeweent and lift-off based metal
deposition. The last step is identical to the presistep, however different windows are
opened in the resist allowing for the depositiorcaftact pad metal. The advantage of the

extra step is that the ohmic contact metal canfiiereint than the pad metal.
- Dose test

In order to create sub-micrometer features, dosts tgere carried out alongside the work
published by O. Ignatova [212]. Two resist thicksessof 150nm and 280nm were used in
this work, however for the scaled ohmic contaclayar thickness of 280nm was used to
obtain a large enough undercut for the lift-offadfLOOnm thick layer of ohmic contact
metal. Dose tests were performed to achieve col@agths of 100nm, 200nm, 500nm and
lum. The feature sizes were examined using a Hit&dfi00 SEM and analysed using

automatic image processing using a macro on Imsafgdare.
- Backscattering effects

The close proximity of relatively large contact paésulted in a greater exposure dose of
the scaled ohmic contact area due to backscatterfifegts. This led to larger ohmic
contact lengths and made the process unreliablaramndfore it was decided to write the
ohmic contacts and the pads in different steps. difexts of the backscattering can be
observed in Figure 7.2 and manifest themselvesoasded edges and a non perfectly

rectangular shape of the gap between the metahciopads.

Increased contact

e length
L I e B |
$4700 10.0kV 12.5mm x7.00k SE(U) 11/26/09 11:21 5.00um

I I |

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

effects

- Alignment
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The markers used in this work allow for a lithodrg@mlignment accuracy of +/- 100nm.
This resulted in ohmic contacts sometimes beinghenedge or not touching the contact
pads, as shown in Figure 7.3a. This problem wagedoby moving the ohmic contact

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

gap sizes between the contacts then have to be iraticeaccount when analysing the data.

500nm pad
overlag '

(o I B B
S4700 10.0kV 12.7mm x7.00k SE(U) 11/26{/09 11:48 5.00um

$4700 10.0kV 7.8mm x50.0k SE(U)

() (b)

Figure 7.3: SEM micrograph of alignment issues oncsiled ohmic contacts

- Access resistance

A potential additional series resistance couldeamghere the scaled ohmic contact is
connected to the contact pad. This resistance wbelih series with the Rvalue and
therefore has to be kept to a minimum. This candbee by minimising the distance

between the contact pad and the mesa structure.
- Mesa etch variability

The mesa etch is a wet etch process, as descnbathpter 4.5, which can laterally etch
material underneath the resist profile. Variability processing can cause the mesa to
become wider or smaller than originally intendedolgr 1um. As the contact width plays

a crucial role in the accurate extraction of, R is important that relative errors are
minimised. Having an absolute error of ovammiwill then cause unreliable measurement
data and therefore a second design was made withatavidths of 150m, which reduces

the relative error of the contact width signifidgnt
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7.3.2 Scaled structure second version

7.3.2.1 Design

The purpose of designing a new scaled ohmic testtate is to reduce the mesa etch
variability and eliminate series resistances betwle ohmic contact and the measurement
pad. The high resolution ohmic contact will be mad the same metal run as the pad
metal hence assuring there will be little resistabetween the ohmic contact and pad
layer. One approach is to usghjas a mask and use the insulating properties;bf, $o
isolate the pad from the active, l3GaAs material. This strategy has the advantagebf n
needing a mesa etch either and passivates the @eictor material at the same time.
However, there is still an isolation etch preservtijch is necessary to prevent the current
to flow through the scaled ohmic contact on theosjite side of the TLM pad as shown on
Figure 7.4. The opposite high resolution ohmic aohtould become a parallel resistance
and therefore influencing the measurement in ardetrtal way. This design has one great
disadvantage over the previous: ohmic contactsrétptire alloying and, which react with
the Inys3GaAs layer underneath are unsuitable. This meansutrent NiGeAu and PdGe
contact strategies cannot be tested using thistate) which is still possible with the
previous one. But it should provide a reliable teetl to show the effects of scaling

contacts.

‘ 2um 4pm . 6um 8um

20nm 1.10" cm™ Si doped Ings:GaAs
20nm undoped Ing 5,AlAs

Figure 7.4: Design of second aggressively scaled NiLstructure

7.3.2.2 Fabrication

The process consists of four E-beam runs similéinéqorevious design: markers, isolation
etch, ohmic contacts and contact pads. However ikean additional g, run and SiNg
etching is required. The $8l, is deposited, using ICP-CVD, after the isolatidcheand a
clean of the sample. With the;Sj in place the PMMA layer, which will be used to teri
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the ohmic contact lines is deposited. After E-bgeatterning and development, the sample
will undergo a low damage RIE dry etch usings $£22] to remove the g\, in the
corresponding areas. This up to date is stillghtlly damaging process (chapter 4.4.3), so
the ohmic contacts will probably be slightly worbecause of this processing step.
However, this is not necessarily a bad thing, these the contact is, the clearer the scaling
effects become, as long as the contact still hasioleontact behaviour. The last step is
applying a new layer of PMMA in which the big pagas will be written. Similar to the
previous step the ohmic contact wires are movedh®0bBack to compensate for any
alignment issues. After developing and ashing #mpde the pad and ohmic contact areas
are exposed and the contact metal contact getsitiegoThe full process can be found in
appendix A.2 and is shown in Figure 7.5. The dédf¢rprocessing steps also allowed for
the integration of different test structures susiCaZLM and CBKR. These could then be
measured alongside the ordinary and scaled TLMs.

SiaNy
1| 1.10™ cm™ Si doped Ins3GaAs | [0 L 1.10" cm” Si doped InpssGaAs | ]
20nm undoped Ing s;AlAs 20nm undoped Ing s2AlAs

a) Isolation etch b) SiN, deposition
Gap
SisNa || SiNs | | SisNs SiaNs SiNa SiaNa
R 1.10" om? Si doped Ing ssGaAs | ] ] \ 1.10" em™ Si doped Inos5GaAs \
20nm undoped Ing 5;AlIAs 20nm undoped Ing 52AlAs
¢) SkN4 Etch d) Metal contact deposition

Figure 7.5: Scaled ohmic contact structure processj steps on IM-InGaAs20 substrate

Contact length verification

The contact length dimensions used in this desagmat be measured using ordinary top
down SEM images as used in the first design. Thiuie to the fact that theoretically the
SizsNy4 etch is anisotropic and should feature a veretah profile, however in practice the
etch profile is not perfectly vertical. The contdehgth observed from the top will
therefore be bigger than the actual contact lemgtthe metal/semiconductor interface.
This problem was addressed by preparing small ssnpising Focussed lon Beam
milling, in order to measure the contact lengththatinterface between the metal and the
semiconductor using cross section TEM. The respeadntact lengths and cross section
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TEM images are shown in Figure 7.6, which also shbe non-vertical SN, etched
profile. Nearly all the contact lengths correspdodthe original design apart from the

200nm contact and therefore a 250nm contact lentjthe used in the simulations.

a) Measured contact length between 90nm and  b) Measured contact length between 240nm and
100nm 260nm

¢) Measured contact length between 475nm and d) Measured contact length between 990nm and
490nm 1000nm

Figure 7.6: Detailed micrograph of TEM cross sectio scaled contact lengths of 100nm, 200nm, 500nm
and 1000nm

Fabrication issues

The initial test samples, using a Ti/Pt (10nm/80raniitact metal, went through a full
cycle of processing however the last layer faieishown in Figure 7.7. The Ti/Pt peeled
off the SgN4 and actually seemed to have ruptured th&lSas well. The cause of this
problem could be either metal stress related oteancsurface prior to $\, deposition.
To mitigate these problems, the metal contact viiamged to gold (100nm) and an extra
ash and surface clean was introduced prior 4N Sleposition. The ohmic contact was no
longer Si processing compatible but it was used poof of concept. After this, the metal

peeling issue reduced dramatically resulting irbfetter yield.
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- ..; [ L I T R R R | [ I |
S4700 20.0kV 6.0mm x50.0k SE(M) 411310 12:42 1.00um S4700 20.0kV 6.0mm x70.0k SE(M) 4/13/10 12:41 500nm

Figure 7.7: SEM micrographs of the scaled ohmic cdact structure showing the missing Ti/Pt metal

and damage to the SN, layer.

7.3.3 Summary

Both designs have their advantages and disadvemtddee main disadvantage of the
second design is the added complexity of th#&lSlayer and etch. This led to processing
issues at the initial stages, which were resolvedhranging the process and metal. As
previously stated the second design should feausenaller variability in measurement
due to the wider contact width. However, the fulssign could be further optimised if
possible using dry etch of to obtain an anisotrapesa etch with reduced lateral etching,

hence reducing the variability between the contastwell.

7.4 Experimental results

The results are split up in three sections, whiobec the data from the two designs and a
comparison between the different contact resistandeaction methods. The different
sections relate to the individual samples with rtmespective sample numbers. The first
section covers the results from the first desipge, second section (Design 2a) features a
comparison between the second design and the sisfarece extraction method and the
final section (Design 2b) compares the scaled @sviising the second design to the results
obtained from a CTLM structure. The CBKR structuras tested but featured very poor
yield and unrealistic contact resistance valuess Ehpossibly due to the fact a wet etch is
used, which does not comply with the exact dimenséguired by a CBKR structure [96].
Both test structures feature twelve scaled TLMdtnes for each contact length and each
result shown for the scaled structures has beersurgs using a minimum of eight

structures. Given the larger size of the CTLM gt only two structures were measured.
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7.4.1 First design results

The metallisation used on this sample is a Ti/Rlayer with a thickness of 90nm
(Ti:20nm/Pt:80nm). The results of the different s@@ments are shown in Table 7.1 with
the standard deviation included to the measuredltsesThe simulated data does not
include the standard deviation and can therefoneebegnised more easily. The average
and Ly values are not given for the Scaled TLM data bseanf the fact that the current
crowding effects will affect these values and prw@an erroneous outcome. Also the
extracted values for standard deviation do not take account any variability of the

contact dimensions or position.

The results from the ordinary TLM data are poothwelatively high sheet resistance and
specific contact resistivity, as shown in Table, €dmpared to results obtained in chapter
6.3.2 on the same material. The minimum correlabietween the data points of various
gap sizes is 0.99 for the ordinary TLM data and for9the scaled data set. The transfer
length measured from the ordinary TLM measuremamigates that the contact lengths
for the scaled TLMs are well below the transfergtan(d < 2um). If the sheet resistance
underneath the contact is then equal to the bulletsresistance, the current crowding
effects should become very clear on the scalecactsitHowever, observing the behaviour
of the scaled contacts in Figure 7.8, it appeaas tihe transfer length derived from the
ordinary TLM measurement does not correspond wite tctual scaled contact
measurement. The transfer length estimated frons¢héed contact structures is more in
the region of 200nm. This would mean the actualdiier length is one order of magnitude
smaller than measured from the TLM data. Since tilamsfer length is in direct
relationship with B« and Ry, as shown in Equation 5.22, the resistance unddrnbe
contact would be around & However, the contact resistance values extracted the
scaled structures are well below the contact r@st&t obtained from the ordinary TLM
measurement. This is possibly due to the fact tthatactual mesa width differs from the
design and is indicated by the larger value anatgvariability in sheet resistance when
measuring scaled contacts, which also explaingother correlation value compared to the
ordinary TLM measurement. An accurate transfer tlerajd resulting R andp. values
can therefore not be extracted as curve fittingdede take place. The choice was then
made to abandon this design and focus on the sedesign, which should feature less

variability between scaled contact measurements.
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Ordinary TLM Scaled TLM
Rc (Q.mm) 1.11+ 0.19 -
Reh (Q/sq) 525.31 + 62.49 739.19 + 150
pe (Q.cn) 2.52x10° + 1.46x10° -
Lt (um) 2.17 £ 0.66 -

Table 7.1;: Summary results of scaled ohmic contactample s4126

Contact Resistance Comparison (s4126)

w

g 25 « == Ordinary TLM (simulated)
G 2 \ =fi—Scaled TLM (measured)
2 \

c 1.5

a \_.

-g 1 k

(2 \

e

E 0.5 — =~ O

5 0

o

100nm 200nm 500nm 1000nm
Contact Length

Figure 7.8: Contact Resistance comparison betweenaed 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 redutim the ordinary TLM measurement

method to the end resistance measurement methool different measurement methods

using the end resistance to extract the contacstaese were used; one proposed by
Reeves et al. [81] and one proposed by Berger.489). The measured data from the

scaled structure results were then compared toctmgact resistance extracted with

ordinary TLM structure and the end resistance nreasent on the same material. In order
to make a direct comparison the contact resistéietew, the transfer length has to be
simulated. The simulation makes use of the Bergeddl [89] and uses the specific

contact resistivity and sheet resistance to caleutse normalised contact resistance when

scaled below the transfer length.
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The metallisation used on this sample is gold vathayer thickness of 100nm. The
correlation between the data points of various gjags of the ordinary TLM data and the
scaled data set is at least 0.99. The sheet mestsiaas extracted with a Van der Pauw
[100] measurement and had a value of /ELj., which corresponded to the sheet
resistance extracted by the TLMs and the end eswist measurements. Therefore, the

different measurement methods can be directly coatpa

The results from the scaled data, illustrated ibl&&.2, show that the measured contact
resistance was consistently lower than the simarasuggests. In case of the Berger [89]
and Reeves [81] measurement method, it was fouatdhle contact resistance results were
not at all corresponding to the data of the scateacture and the transfer length for these
measurements were unrealistically high. This is doean incorrect end resistance
measurement when the specific contact resistigitgw [213]. As seen in previous design,
the actual transfer length differs from the scatleda, which is more in the region of
200nm instead of 751nm. The actual transfer lemgtthen extracted using the solver
function in excel (2007), which is found by matdithe simulated data for the smallest
contact length to the measured data. The erranepd Rs« and Ly values, in this case, is
found using error propagation based on the standawiation of the contact resistance

value for the smallest contact and is thereforeanditect result from a measurement.

The actual transfer length was then found to bendB88nd this has consequences for the
sheet resistance underneath the contact and tle#ispm®ntact resistivity. The specific
contact resistivity value drops to 3xi@.cn? and the sheet resistance value increases to
8560/sg. The reduced specific contact resistivity iaths that the metal/semiconductor
interface features a lower barrier height than joesty indicated by the ordinary TLM
measurement. The increased sheet resistance uattethe contact could be caused by
either damage induced by the dry etch and metabgiégn, reduced mobility of the
material due to impurities at the surface compaoeitie SiN4 passivated surface between
the contacts and potentially the depletion layetaurthe metal could also contribute to an
increased sheet resistance. In order to assesath@ge induced by the dry etch a Van der
Pauw measurement [100] of3;Si deposited and 9N, etched samples should be taken,

which is addressed in the next sample.

208



Chapter 7 Scaled ohmic contacts

Ordinary Re [81] Re [89] Scaled TLM| Rgk adjusted
TLM (Q.mm) (Q.mm) (Q.mm) (Q.mm)
(Q.mm)

Rc (Q.mm) | 0.16 £+0.006 0.16 £0.005 0.16 +0.0 0.16 + 0.006

pc (Q.cnf) | 1.21x10° 8.08x10° 9.97x10° 3.03x10’
+ 8x10° +5.0x10° | +4.5x10° +1.10°

Rsh (Q/sq) | 214.43 213.47 [ 2109+1.19| 253.48  #214.43
+1.79 2.42 11.41 +1.79

Rsk (Q/sq) | 214.43 3.18+0.18 | 2.50+0.50 856 + 342
+1.79

Lt (um) 0.751 #50.5+5 63.3+4.0 0.188 +
0.029 0.060

Table 7.2: Summary results of scaled ohmic contactample s10294

Contact Resistance Comparison (s10294)
100

=¢=CQrdinary TLM (simulated)
=fi—Scaled TLM (measured)
10 Re [81] (simulated)
=>é=Re [89] (simulated)
===Rsk adjusted (simulated)

Contact Resistance (Q.mm)

1 L ..
'\-\‘—\‘h
0.1
100nm 200nm 500nm 1000nm

Contact Length

Figure 7.9: Contact resistance comparison betweehe simulated data of ordinary TLM and end

resistance (Reeves and Berger) and measured scatida on sample s10294.

7.4.2.2 Design 2b

The main objective of this sample is to comparertmilts from a CTLM measurement
method to the scaled TLM measurements. The CTLMhatktis based on the TLM

principle and should therefore, in theory, have ilsimresults to the ordinary TLM

209



Chapter 7 Scaled ohmic contacts

measurement. However, the CTLM method requiresri@cioon factor because of the non
linearity between measurements featuring diffegap spacings. In most cases the results
for Re, Ry, Lt andp are obtained by applying the correction factothi® measured total
resistance values {Rfor different gap spacings and then extrapolativegdata. The value
for Ry is then found by the slope and the value pfid.found by the intersection of the
extrapolated data and the x-axis. ThedRdp. are then calculated using{and Ly and

are given in Table 7.3. Also therRalues have been recalculated and are compatée to

original measured, which gives the correlation galu

There is an alternative method to extract the adnesistance proposed by Marlow and
Das [214]. It is based on a circular centre cantath radius R, a gap spacing s and an
infinitely large contact area. The equation for tb&l resistance is then shown in Equation
7.31 and includes the sheet resistance underrfeattontact (R) and the modified Bessel

functions §, 11, Ko and K.

I (1{1) K <R1
R Ri+s Rgk.Lt "O\L Rsk.LTt " O\Lp
R sh ln ( 1 ) | sk T S

2T R, 2mR; h(%) 2m(Ry+5) K1<?)
T T

(7.31)

When R and (R+s) are greater thanrlby a factor of at least four, the Bessel functions
approximate unity [215] and become 1. The simglifisquation 7.32 can then be used to
perform a least square fit to the experimental .ddtathis case, the fit is performed in

Matlab using a “Isqcurvefit” function and the resuare shown in Table 7.3 together with
the original data. The results are then comparethéooriginal data by calculating the

correlation between the measured data and thectdatdd R values based on the results
from the least square fit.

Re = 52 (52) 4 1r () + (55)) (732

The R;, Rsh, Lt and p. values can also be directly calculated from thevRlues by

reworking Equation 7.7 using two different measueata with respective gap spacings (s

S). Solving the equation forlgives:
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() (5

Ly = (7.33)
(((m R1>> < (R1+Sb) R >w
\ 2TRT, 2TRp

And the sheet resistance can be found by:

Rgp = ZmRra (7.34)

o422+ () () )

The results of the direct calculation are includedable 7.3 and to extrapolated data using
excel LINEST function and a MATLAB least squarewaifit. The difference between the
extraction methods is minimal and stays within #tandard deviation margin of the
various extraction methods. The results of directliculated extraction method feature the
highest correlation compared to the measured dath ae therefore retained as a

comparison to the scaled and ordinary TLM metho@ahle 7.4.

CTLM gap | Extrapolated Calculated Matlab fitted
Correlation | 99.998923% 99.998928% 99.998926%

Rc (Q.mm) | 0.103+0.02 0.110 + 0.02 0.108 + 0.017

pc (Q.cnf) | 3.39x10" + 1.15x10° | 4.33x10" + 1.39x10" | 3.69x10" + 1.12x10’
Reh (Q/sq) | 320.01 + 1.57 316.87 +1.42 319.70 + 1.53
L+ (um) 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 CTLMdas ttompared to the result from the

ordinary and scaled TLM, where the ordinary TLMhuitit the isolation etch features the

highest R value and the CTLM features the lowesi \Rlue. These two measurements

also feature the lowest and highest sheet resistaaloes. The sheet resistance value with

a SgN4 layer has been measured using a Van der Pauwwstuand was found to be

28&Q/sqg. The further the sheet resistance deviates fnisnvalue, the more inaccurate the

extraction for the R becomes. Therefore, the CTLM and non-isolationnany TLM are

less reliable even though the standard deviatidgh@imeasurements is low. The reason of
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the decreased sheet resistance for a non —isolafédis obvious: the current can travel
with a wider path through the semiconductor makéhian the contact width due to lateral
current spreading [92]. The increased sheet resistdor the CTLM measurement is
probably due to differences in gap spacing or airad dimensions. The error caused by
the differences in these dimensions is further dmeglby the need for a correction factor
(chapter 5.3.2.2). The correction factor includes dimensions of both the gap spacing
and the radius of the inner contact pad. Slighfedkthces due to misalignment or

overexposure of the resist then cause a bigger eompared to the ordinary TLM

measurement.
Contact | Ordinary | Ordinary | CTLM Scaled | TLM TLM TLM
Length | TLM TLM TLM (Apm) corrected| corrected
No mesa | mesa (Apm) (Apm)
(Rs) (RsktRm)
Rc 0.268 +|0.215 +|/0.111 + 0.1829 0.1816 0.1815
(Q.mm) | 0.02 0.02 0.02
Pe 3.30x10° | 1.56x10° | 4.33x10’ 1.32x10° | 3.14x10" | 3.42x10’
(Q.cmf) | + + + + + +
0.54x10° | 0.26x10° | 1.39x10’ 0.59x10° | 0.70x10 | 0.43x10’
Ren 218.75 +|299.13 +| 316.87 +| 262.07 | 260.91 +| 260.91 +| 260.91 +
(Q/sq) |3.77 4.66 1.42 +11.41|9.32 9.32 9.32
Rek 218.75 +|299.13 + 316.88 + 260.91 + 1049.67 | 1141.26
(Q/sq) |3.77 4.66 1.42 9.32 +191.86 | + 282.77
Lt (um) | 1.230 4 0.720 #|0.370 + 0.701 #/0.173 #|/0.173 +
0.224 0.060 0.064 0.157 0.039 0.039

Table 7.4: Summary results of scaled ohmic contactample s12829
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Contact Resistance Comparison (s12829)
35

\ =9—Ordinary TLM (simulated)

3
- \ - Ordinary TLM 'MESA'

: \ (simulated)
2

CTLM (simulated)

\
1 .%\\ \ =>é=Scaled TLM (measured)

05 % —#—Scaled TLM (1im)
(simulated)

100nm 200nm 500nm 1000nm
Contact Length

Contact Resistance (Q.mm)

Figure 7.10: Contact resistance comparison betwedhe simulated data of ordinary TLM, isolated

ordinary TLM, and CTLM and measured scaled data onsample s12829

In order to investigate the current crowding effedt was then decided to use the TLM
results, however the contact resistance resulterddlightly between the ordinary and
scaled TLMs. It was chosen to use the results ftpmm scaled contact as any error i R
will influence the extraction of the actual transiength. As explained in previous sample,
the transfer length was found by fitting the sinbedadata of a 100nm contact to the actual
measured value of the 100nm contact. The actuatfEa length was then found to be
173nm instead of the predicted ~700nm. This cordirtine findings of the previous
sample, where the actual transfer length was ceraidlly shorter than the predicted
transfer length by the ordinary TLM measuremennab®ugh the actual transfer length is
in the range of 180nm for both samples. In ordeintcestigate where the error can
possibly come from, Hall measurements were takanvestigate the effect of depositing
and etching $N4 on a n-type doped dBsGaAs layer, as shown in Table 7.8. However the
data recorded for the No38iy sample proved to be unreliable for the carriercenitration

and mobility measurement and have therefore béeadeof Table 7.5.
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No SgN4 SisN4 SisN4 etched
Ren (Q/sQ) 451 286 588
Symmetry 1.13 1.17 1.12
p-n carrier 1.07x16° 4.34x10°
concentration (cff)
u (cnf/Vs) 2050 2450

Table 7.5: Summary of hall measurement results ofasnple s12829

The sheet resistance decreases aftgM,Sileposition and increases beyond its original
value after a N, etch, indicating that there is some degree of ggeing damage.
Looking further into detail after a $bl, etch the mobility only slightly decreases and the
carrier concentration reduces by a factor of 2rBvidus research by S. Bentley on highly
doped IpssGaAs material has shown that a RIE SF6 dry etclsesaa carrier reduction
over etch time, as shown in Figure 7.11, which patentially cause an increased sheet
resistance underneath the contact. However, thet sbsistance of the $8l, etched sample
(58&72/sq) is then still significantly smaller than theegicted Rk value of about 1®/sq.
The following reasons can potentially induce armreased sheet resistance underneath the
contact: Additional processing damage, increaseditrap density and a large depletion
region width compared to the active semicondueyel thickness. Also, the measurement

error due to changed scaled contact dimensionddhbelinvestigated.
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Figure 7.11: Percentage of carrier concentration udation over time for a RIE SF6 SkN, dry etch

Additional processing damage could be caused bynétal deposition technique used and

will be hard to quantify. The damage could manifgself as either out-diffusion of
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semiconductor material or a reduced active layekitiess due to metal intrusion into the
semiconductor layer, even when the sample is nimyeal. Both will result in a higher
sheet resistance underneath the contact and ceuidvbstigated to a certain degree by
using STEM and EELS. A grating structure with aeaaof 10 mm x10mm is required for
sample preparation in order to use EELS and thigtsire was not present on the sample
as the sample size is only 12mm x 12mm. TherefwweSTEM micrographs have been

taken and no layer analysis using EELS was perfdrme

Increased surface trap density could be causedattige mismatches between the metal
and the semiconductor leading to a reduced caroecentration. Also metal induced gap
states can cause a reduction of carrier concemrati the metal/semiconductor surface
leading to increased sheet resistance near thefaicée The reduction of carrier
concentration underneath a metal layer is harditmtify as a Hall measurement cannot be
taken. The impact of metal deposition on the shesistance is therefore unknown,
however the sheet resistance underneath the costtaclid be influenced by a smaller
amount on thicker doped semiconductor layers. i work the doped layer is 20nm and
an increase in sheet resistance of 400% is obseviidd in the work by M. Lijadi et al.
[209], the doped layer thickness is 100nm and anlyncrease in sheet resistance of 20%
is observed. This implies that there is a possybilnat the deposited metal causes an
increase in sheet resistance, however this is sumgsion and an extensive research with

different layer thicknesses should be performed.

The depletion region underneath the metal may rasal lower carrier concentration and
have a larger sheet resistance compared to theddgmiconductor region. On material
with thin highly doped layers the depletion regmould take up a significant thickness of
the doped semiconductor layer. For example, thepEamsed has a 20nm 1xXiem? Si
doped IpssGaAs surface layer. The depletion width formed byamtact, assuming
Bardeen’s limit [203] for the built in potentiak ifnm. In the ideal theoretical case, this
would mean that 35% of the total doped layer ipl@tion region with reduced carrier
concentration. Assuming the depletion region hasirdimitely large sheet resistance
compared to the bulk semiconductor sheet resistimgavould mean the sheet resistance
underneath the contact should become(864 based on the bulk sheet resistance of the
SizNg etched sample. This is close to the number oldalme the Ry measurement,
however this is a theoretical approach and in tyediie depletion region is not equally

distributed over the full depletion width. Theredorthis result should be compared to
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different findings in literature: in the first cag@09] the material used is p-type
3.5x10°cm*® GaAgsShys with a layer thickness of 100nm. The calculategletion
region is 5nm compared to 100nm bulk semiconductaterial. There should therefore,
according to this theory, an increase of 5% in shesgstance while there is a 20% increase
in sheet resistance. In the second case [42] ofhengaterial is a 10nm 1xi%@m?> doped
AlosGay 79N layer, with a calculated depletion width of 161@nThis is a HEMT layer
structure and therefore has extra doping in a 2D&@r 3nm under the doped layer.
Nonetheless the sheet resistance should be seymifyclarge if the depletion region would
cause the increase in sheet resistance. Howevere tis a 269% increase in sheet
resistance, which is a similar number to that olestin this work. Therefore, it is unlikely
that the depletion region contributes to an inadasheet resistance but it cannot be ruled
out completely either. The effect could be investiggl by making samples with various
layer thicknesses, but could potentially be misprieted for damage induced by metal

deposition.

As previously shown in section (7.2.1), the meamam error can be extracted for the
sheet resistance underneath the contact for centeth variable dimensions. As curve
fitting is used, finding the measurement error floe extracted transfer length will be
critical. Unfortunately, the transfer length is mded by the measurement of scaled
contacts, which have a non-linear relationshipaatact resistance due to current crowding
effects. The random error analysis can therefotebeoused to extract the error of the
transfer length when the contact length of theestalontacts is variable. Therefore, the
error of the transfer length is calculated using standard deviation of the 100nm contact
length and combining this with 10% variability iortact length. The variability of the
contact width and gap size has not been takenaictount in this case since these should
play a minor role compared to the contact lengtiiabdity. As a result, the relative error
of the transfer length is then determined to b&%3%., which can be used in Equation 7.30
giving a relative error for R of 27.81%. The minimum K value is then 757.T¥sq,
which is still larger than the measured sheet t@ste value of the etchedSi sample. In
order to achieve a value of 338q, the extracted transfer length should havdaive
error of at least 60%, which means the contactthdse 90% larger. Even though there
will be a variability in contact length due to pessing a relative error of 90% was not
observed and the variability of a deposited metabsared top down with a SEM was

around 2.5%. Therefore, it is concluded that theran actual increase in sheet resistance
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due to metal deposition. This is confirmed by nuléidifferent samples with Rkvalues,

which are significantly higher than the,Ralue.

This sample features a similar sheet resistanceroedth the contact as extracted by
previous sample. Even though the relative errdhefsheet resistance is quite large, there
iIs a strong indication that the metal depositiotmoduces an increased sheet resistance
underneath the contact. The most likely explanattorthe increase in sheet resistance is
potential intrusion of the metal into the semicortdu and a potential loss of carrier
concentration due to increased surface states. ifftfiedes the use of a TLM or CTLM
structures as a correct measurement method tocextra specific contact resistivity and
transfer length values. The CTLM structure alsorse¢o be relatively more inaccurate
compared to the TLM structure given the same pmsings Misalignment and
overexposure are therefore critical parameters velxénacting the contact resistance with a

CTLM measurement.

7.5 Conclusion

Two different designs were designed, fabricatedtasted. The first design was dismissed
due to large variability issues due to a mesa Wt with inaccurate dimensions. Multiple
samples were produced using the second designeaaréd lower transfer lengths than
predicted by the TLM measurement. This means that dssumption that the sheet
resistance below the contact is equal to the blalesresistance is not valid. As a result,
the specific contact resistivity and transfer léngalues extracted using an ordinary TLM
or CTLM are inaccurate due to the approximationgéna the model. Even though CBKR
was not measured, it also uses the same model #dhexivact the specific contact
resistivity and transfer length values with a saniinaccuracy. It is therefore critical to
measure the sheet resistance underneath the comtactler to be able to predict the
behaviour of the ohmic contact when the devicecadesl following the ITRS node [1].
Also the metal sheet resistance could play a kley hmwever in this work the metal sheet
resistance was very low compared to the sheettaesis and had little influence on the

overall result.
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8 Conclusion

As discussed in the introduction, the aim of tlssis was to develop a Au-free ohmic
contact to a n-type IlI-V MOSFET, which could bedgrated in a 200mm Si pilot line. A

literature study was performed to find suitabledidates for Si processing compatible and
low resistance source/drain ohmic contacts. Frasstiudy, it was apparent that the device
architecture would determine the most suitable ahtontact: an alloyed Ge based ohmic
contact for low doping and low In concentration idevmaterial and a non-alloyed ohmic
contact for highly doped (>}%&m®) high In concentration device material using

source/drain regrowth.

Both Pd/Ge and Ni/Ge based alloyed ohmic contaate lbeen investigated in this work.
The Ni/Ge contact featured relatively high optiraahealing temperatures, which are in
excess of the maximum annealing temperature of@h&dO gate dielectric of 490.
Therefore, the contact is less suitable for the MEPBdevice structure with a GaGdO gate
dielectric but could be further investigated on enial with different gate dielectrics in the
future. The optimal annealing temperature for ad@dbhmic contact was shown to be
36(°C and 400C depending on the annealing time and semiconduntterial. More
extensive research was then carried out on diffeserstrates with different layer
structures, which are described in the appendi®8x2266, IM-GaAs, IM-InGaAs500 and
IM-InGaAs20, which included a vertical scaling sgudirhe study showed that the
thickness of the overall contact can be scaled veheatio of 10/25 of Pd/Ge is maintained.
The performance of the ohmic contact is predomipatetermined by the bandgap and the
doping of the semiconductor material underneathcttrégact metal. The specific contact
resistivity ranges between 5xIQcn? for x266 material to 1.58x1Wcn’ for x238
material, which were measured using TLM structufé® specific contact resistivity value
on the IM-InGaAs20 sample is relatively high congehto the results of the non-alloyed
ohmic contacts on identical material. A chemicallgsis revealed that Ge diffuses into the
semiconductor material, which should improve thpidg levels and consequently reduce
the barrier width and specific contact resistivit\pwever, the specific contact resistivity is
worse than the non-alloyed ohmic contacts andishessibly due to an outdiffusion of Ga
into the PdGe contact rendering this area p-typgedancreasing the specific contact
resistivity. The chemical analysis also revealdtelalloying, between 5nm and 10nm, into
the semiconductor material, which is an advantage a NiGeAu contact. Therefore, the

PdGe contact could potentially be used as a sgiftedl ohmic contact but suffers from an
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increased contact resistance compared to the NiGe#uact as the semiconductor
material in the channel material has a lower bapdia@an the semiconductor material
underneath the oxide, which is due to the burieahobl layer structure. Removing the
wider bandgap material prior to metal depositiomldgpotentially improve the specific

contact resistivity. An anisotropic dry etch is dee in order to prevent an undercut
forming underneath the oxide. Two different amgpic etches were used: a RIE etch
technique and an ion gun etch technique. The R#B etsulted in non-ohmic contact
behaviour but the ion gun etch improved the specibintact resistivity by about one order
of magnitude. The ion gun etch was performed &itevet etch of gate dielectric and
therefore more research is needed in order to er@ dry etch only gate dielectric

removal. The PdGe based ohmic contact can therdferanplemented in the current

MOSFET device structures when a wet etch of the delectric is used.

Future different MOSFET device structures featuringghly doped, narrow band
source/drain regions will allow for non alloyed tact deposition as additional doping or
band gap lowering is no longer required. Four d&ifiée ohmic contact structures were
deposited using e-beam evaporated metals withreiffevork functions and one ohmic
contact structure was deposited using sputterihg. 8&-beam evaporated metal structures
were; Ti/Pt 10nm/80nm, Al 100nm, Ni, 100nm and AR0dm and the sputtered metal
structure was TiW 100nm. The best ohmic contactev@med using the Au and Ti/Pt
ohmic contact, which had a specific contact resistan the region of 7.5x1@cn?. The

Ni contact, which theoretically has a work functisimilar to Au had a specific contact
resistivity, which was one order of magnitude higten the Au contact and deteriorated
on annealing in contradiction to the results founditerature. The poor results of the
annealed Ni sample are probably due to migratiorNpf which led to a decreased
semiconductor sheet resistance. The Al contact thighlowest theoretical work function
featured the highest specific contact resistivitherefore, the influence of the work
function of the metal is not conclusive and is éfere probably not the crucial factor,
which determines the quality of the ohmic contathahly doped IpssGaAs.

The results of the sputtered contacts were sulbpethe quality of the metal etch and
before any conclusive results can be drawn, thalnetth should be optimised. However,
the contacts showed promising specific contacstiegy values and the sputtered contacts

should be considered in future work.
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Also devices were built on two different types &M MOSFET device structures: a

buried channel flatband device structure and aasarthannel device structure. The buried
channel flatband MOSFET device structure featuar@aGdO gate dielectric was used in
a study to determine whether the devices couldch&d along both the gate length and
source/drain separation. The surface channel detroeture was used to investigate the
benefits of lower bandgap material in the chanmehlmined with a PdGe ohmic contact

structure and a different gate dielectric usingQAl

In order to build ohmic contacts to the sourcefdrscaled devices, the gate dielectric
needed to be removed using a dry etch and therefd¥@GeAu contact is used in this
study. From this study a number of conclusions lwardrawn. First, the utilization of a
gate dielectric and device architecture with kndewma interface state density is vital when
exploring device scaling issues, in particular veheff-state performance metrics such as
sub-threshold swing are important. The 1 um sdgate separation devices show that the
flatband mode architecture appears to be robustdbng at least to 90nm, with the layer
design and doping strategy adopted in this workaddition, whilst the more aggressively
scaled 180nm devices have encouraging off-statiorpgnce, on-state breakdown is a
significant issue, which will have to be mitigateg device re-engineering, with particular
emphasis on minimising the lateral diffusion of tlemic contacts. The 90nm
aggressively scaled devices appear to be suffergrgficantly from this issue and in the
most extreme case, to the extent that the deva@sot be turned off. In future work these
drawbacks can be mitigated when a dry etch comlpatitth a PdGe contact structure can

be realised.

The surface-channel MOSFET device architecturechvban potentially be integrated on
a 200mm Si platform, has shown promising mobiliglues with corresponding high
carrier concentrations. Well behaved surface cham@SFET devices were made with
both NiGeAu and Pd/Ge/Ti/Pt based ohmic contadie gerformance of the Pd/Ge/Ti/Pt
contacts is low compared to the NiGeAu but cannpgroved after optimisation of various
parameters such as annealing temperature, oxide atd the ratio of Pd/Ge layer
thickness, however the stringent ITRS requiremargsunlikely to be met and alternative
contact strategies such as regrowth should be demsl. The AIO; gate stack also

requires an improvement to challenge the GaO/Ga@at® dielectric stack in terms of
leakage and density of states. Future work shoatlid on reducing ohmic contact

resistance and improving the 8% gate dielectric stack.
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The research described above was performed withacbrlimensions well above the
transfer length. However, the ohmic contacts havde integrated in a scaled CMOS
technology and therefore two different TLM-basediges with contact lengths scaled
below the transfer length were designed, fabricatetitested. Once the contacts are scaled
below two times the transfer length, current crowdeffects start to dominate. The use of
the scaled contact measurement method proved te baweral advantages: the sheet
resistance underneath the contact can be extraotktherefore the contact resistance can
be calculated more accurately when ohmic contagibns are scaled even further. The
results were then compared to the measurementtsdsoin TLM, CTLM and the end

resistance measurement method.

The first design was dismissed due to large vdiigh$ésues due to a mesa wet etch with
inaccurate dimensions. Multiple samples were preduasing the second design and
featured lower transfer lengths than predictediey TLM measurement. This means that
the assumption that the sheet resistance belowcdhéact is equal to the bulk sheet
resistance is not valid. There is a strong indicathat the metal deposition introduces an
increased sheet resistance underneath the coitaetmost likely explanation for the
increase in sheet resistance is potential intrusfdhe metal into the semiconductor and a
potential loss of carrier concentration due to éased surface states. This impedes the use
of a TLM or CTLM structures as a correct measureénmeathod to extract the specific
contact resistivity and transfer length values. €hd resistance measurement was found to
have great measurement errors when the specifimcoresistivity is low and therefore
cannot be used to extract the sheet resistancenesadl the contact. The CTLM structure
also seems to be relatively inaccurate comparethé¢oTLM structure given the same
processing. Misalignment and overexposure are fibverecritical parameters when

extracting the contact resistance with a CTLM measent.

It is therefore critical to measure the sheet tasie underneath the contact in order to be
able to predict the behaviour of the ohmic contatten the device is scaled following the
ITRS node [1]. Also, the metal sheet resistancédcplay a key role, however in this work
the metal sheet resistance was very low compardtetsheet resistance and had little
influence on the overall result. The increase ireshresistance underneath the contact
changes could not be explained conclusively inwask and should therefore be the main

focus in future work.
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The future work would then involve the measurent#rdhmic contacts on materials with
a different active layer thickness. The increassheet resistance underneath the contact
could then be explained by comparing the experiaiamsults to the results from a 1D
Poisson-Schrodinger solver which takes the deplategion underneath the contact into
account. Also TEM and EELs analysis could more eately determine the layer thickness

of the active material which can be fed back ih $olver.

The future work to develop a Si processing compatdhmic contact has two possible
fields of research. One field is the developmentnmkelide contacts to high Indium
concentration InGaAs or InAs. Nickelide ohmic cantéeature relatively high contact
resistances on ¢rsGaAs however moving to high indium concentratioasld potentially
result in very low specific contact resistivitigsthe range required by the ITRS standards.
Also the addition of Ge to nickelide recipe coulel éxplored to increase the doping in a
surface channel device. The other field is to maway from tradiditional planar MOSFET
devices to FINFETs. The wet etch required to ebehfin structures would mean that the
structure of the device can be changed as theteavibnger be an oxide layer grown on
top of the layer structure. This would allow a HENMRe quantum well structure with a
recessed gate, which features highly doped, hidiumn concentration source/drain ohmic
contact areas. In situ deposition of metals, sscl@a and TiW, has already shown that the
requirements for the ITRS can be met and this depogechnique 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,@

9.2.2 Standard TLM (metal layer thickness > 150nm)
- Standard clean
- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner)
- 1 hour bake in 18 oven
- Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
- 1 hour bake in 18 oven
- VB6 patterning
0 WOJO0001 belle file
0 Dose 450
0o Beam current 64nA
- Develop sample
o 1:2.5 developer 60s at 23
o IPA30s

o Blow dry + inspect

248



Chapter 9 Appendices

Ash sample
o New asher 1 minute, 40 Watt
Wet etch 1:100 HCI:kD duration dependant of material
Metallisation
Lift off after 1h in 50C Acetone
Annealing
50nm SiN,4 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 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning
o WOJ0002 belle file
o Dose 330
o Beam current 64nA
Develop sample
o 1:2.5developer 45s at 23
o IPA 30s
o Blow dry + inspect
Ash sample
o New asher 1 minute, 40 Watt
Wet etch 1:100 HCI:kD duration dependant of material
Metallisation
Lift off after 1h in 50C Acetone
Annealing
50nm SiN,4 deposition

Measurement on probe station

9.2.4 Sputtered metal TLM

Standard clean

Wet etch 1:100 HCI:kD duration dependant of material
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Metallisation

Spin 12% 2010 at 5000rpm. (Recipe 2 spinner)

1 hour bake in 18@ oven

Spin 4% 2041 at 5000rpm (Recipe 2 spinner)

1 hour bake in 18 oven
VB6 patterning
o WOJ0003 belle file
o Dose 450
o Beam current 64nA
Develop sample
o 1:2.5 developer 60s at 23
o IPA 30s
o Blow dry + inspect
Ash sample
o New asher 1 minute, 40 Watt
1h post bake 18C
Dry etch
1h in 50C Acetone
Annealing
50nm SiN,4 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 18@ oven

Spin 4% 2041 at 5000rpm (Recipe 2 spinner)

1 hour bake in 18@ oven
VB6 patterning
o RHIOO088 belle file

o Dose dependent on feature size

Develop sample

o 1:2 developer 60s at 23
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o IPA30s

o Blow dry + inspect
- Ash sample

o Old asher 2 minutes, 110 Watt
- Metallisation Au/Ge/Au/Ge/Au/Ni/Au (10/10/10/10/2//80nm)
- Lift off after 1h in 50C Acetone
- IPAclean
- Standard clean
- Spin 12% 2010 at 5000rpm. (Recipe 2 spinner)
- 1 hour bake in 18 oven
- Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
- 1 hour bake in 18 oven
- VB6 patterning

o RHIO089 belle file

o Dose dependent on feature size
- Develop sample

o 1:2 developer 60s at 23

o IPA30s

o Blow dry + inspect
- Ash sample

o Old asher 2 minutes, 110 Watt
- Metallisation Au/Ge/Au/Ge/Au/Ni/Au (10/10/10/10/2//80nm)
- Lift off after 1h in 50C Acetone
- IPAclean
- Standard clean
- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
- 1 hour bake in 18 oven
- Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
- 1 hour bake in 18 oven
- VB6 patterning

0 RHIO090 belle file

o Dose dependent on feature size
- Develop sample

o 1:2,5developer 45s at 23
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o IPA30s
o Blow dry + inspect
Ash sample
o Old asher 2 minutes, 110 Watt

Wet etch HCI:HO 1:100 (15s-30s depending on oxide thickness)stwafler rinse

Metallisation 20nm Pt + 200nm Au
Lift off after 1h in 50C Acetone
Annealing 400C 10s

50nm SiN,4 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 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning

o SB7001 belle file

o Dose dependent on feature size
Develop sample

o 1:2.5 developer 30s at Z3

o IPA30s

o Blow dry + inspect
Ash sample

o Old asher 2 minutes, 110 Watt
Metallisation 20nm Pt + 200nm Au
Lift off after 1h in 50C Acetone
IPA clean
Standard clean
Spin 12% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven

252



Chapter 9

Appendices

VB6 patterning
0 SB7003 belle file
o Dose dependent on feature size
Develop sample
o 1:1 developer 30s at 23
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 50C Acetone
Annealing 400C 10s
50nm SiN,4 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 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning
o WOJ0100 belle file
o Dose 330
0 Beam current 64nA
Develop sample
o 1:2.5 developer 60s at Z3
o IPA30s
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 50C Acetone

IPA clean

Mesa etch:

Standard clean
Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning (Markers)
0 WOJ0101 belle file
o Dose 330
o Beam current 64nA
Develop sample
o 1:2.5 developer 60s at 23
o IPA 30s
o Blow dry + inspect
Ash sample
o New asher 1 minute, 40 Watt
Wet etch
o 1:4 HCI:H,O 30s

0 1:1:100 HO,:Orthophosphoric Acid:kD 45s

o H>0 rinse 60s
Strip PMMA 1h in 50C Acetone

IPA clean

High resolution Contacts:

Standard clean
Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 2.5% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning

0 WOJ0102 belle file

o Dose dependant of feature size
Develop sample
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o 1:2.5 developer 60s at 23
o IPA30s
o Blow dry + inspect
- Ash sample
o New asher 1 minute, 40 Watt
- Metallisation
- Lift off after 1h in 50C Acetone
- IPAclean
Contact Pads:
- Standard clean
- Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
- 1 hour bake in 18 oven
- Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
- 1 hour bake in 18 oven
- VB6 patterning
o WOJ0103 belle file
o Dose 330
o0 Beam current 64nA
- Develop sample
o 1:2.5 developer 60s at Z3
o IPA30s
o Blow dry + inspect
- Ash sample
o New asher 1 minute, 40 Watt
- Metallisation
- Lift off after 1h in 50C Acetone
- IPAclean

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 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning

o WOJ0200 belle file

o Dose 330

0 Beam current 64nA
Develop sample

o 1:2.5 developer 60s at Z3

o IPA30s

o Blow dry + inspect
Ash sample

o New asher 1 minute, 40 Watt
Metallisation 100nm Au
Lift off after 1h in 50C Acetone

IPA clean

Isolation etch:

Standard clean
Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning (Markers)
o WOJ0201 belle file
o Dose 330
o0 Beam current 64nA
Develop sample
o 1:2.5 developer 60s at Z3

o IPA 30s
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o Blow dry + inspect
Ash sample
o New asher 1 minute, 40 Watt
Wet etch
0o 1:4 HCI:H,O 30s
0 1:1:100 HO,:Orthophosphoric Acid:kD 45s
0 HO rinse 60s
Strip PMMA 1h in 50C Acetone
IPA clean + HO clean 2 min
Ash sample
o New asher 1 minute, 40 Watt
Standard clean

30nm SiN,4 deposition

High resolution Contacts:

Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven
VB6 patterning

0 WO0J0202 belle file

o Dose dependant of feature size
Develop sample

o 1:2.5 developer 60s at Z3

o IPA 30s

o Blow dry + inspect
Dry etch SiNg4
PMMA strip 1h in 50C Acetone

IPA clean

Contact Pads:

Spin 8% 2010 at 5000rpm. (Recipe 2 spinner)
1 hour bake in 18 oven
Spin 4% 2041 at 5000rpm (Recipe 2 spinner)
1 hour bake in 18 oven

VB6 patterning
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0 WOJ0203 belle file

o Dose 330

o Beam current 64nA
Develop sample

o 1:2.5 developer 60s at 23

o IPA 30s

o Blow dry + inspect
Ash sample

o New asher 1 minute, 40 Watt
Metallisation
Lift off after 1h in 50C 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

GaGdO (25% Gd)

G&gOg

GaAs

|ﬂg_52AIAS

5-doping 3,5.10'? cm™
Ing 53GaAs

Ing7sGaAs

|I"I[),53GEAS

|ngr52A|A5

|I"I0.53GEAS

&-doping 1,5.10"2 cm™

|ng_52A|AS

InP Substrate

- Buried channel architecture
- Reduced GaGdO gate dielectric

- Layer structure:
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9.3.1.3 ¢707, c764

GaGdO (25% Gd) 5nm
Ga, 04 1nm
GaAs 2ML
A|0_45GEAS 8ML
"~ ocoping 1107 om?
GaAs Shm
Ing 3GaAs 10nm
GaAs 2nm
" odoping 3.10% om” |
AIUIQGEAS 3anm
GaAs SML
Al 2GaAs 5nm

GaAs Si Substrate

- Surface channel architecture

- Al,0O3 gate dielectric

- Layer structure:

Al;O4

Ing 53GaAs Channel

Ings3GaAs & — doping Si 6.10™ cm™

INg s2AlAS

InP Sl Substrate
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9.3.1.4 ¢760,c783
- Thin InAs surface layer

- Layer structure

InAs
(doped Si 1.10" cm™)

|n0,7(]GElAS
(doped Si 1.10" em™)

|ngl53GaAS
(doped Si 1.10" cm™)

|n{)_52A|AS

InP Sl Substrate

9.3.2 Freescale grown material

9.3.2.1 6-1073

- Layer structure:
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GaGdO (25% Gd)

(33203

GaAs

Aig_45G3AS

5-doping 1.10"% cm™
GaAs

Ing:GaAs

&-doping 3.10"% cm™
AIg,gGaAs

GaAs

AIg,gGaAs

GaAs Si Substrate

9.3.3 IMEC grown material

9.3.3.1 IM-GaAs:

- Low Rgyvalue

- Layer structure:

9.3.3.2 IM-InGaAs500:

- Low Rgyvalue

- Layer structure:

11nm

1nm
2ML

2nm

3nm

10nm

2nm

3nm

9ML

50nm

(GaAs

(1,2.10"" Si doped substrate)
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Ing saGaAs
(1.10™ Si doped) 500nm

InP Sl Substrate

9.3.3.3 IM-InGaAs20:

Barrier layer: 20nm undopedolgAlAs
Isolation possible
Rsh around 30@2.cnt with SkN4 passivation

Layer structure:

||"Ig|53GaAS
(1.10" Si doped) 20nm
Ing 50AlAS 20nm

InP S| Substrate
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