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The adhesion of gold to a silicon substrate inabsence of a seed layer, due to a lack of
compatibility with a particular process, device swaints or basic redundancy, is an
established and continuing difficulty in processiAg is widely known, Au adhesion is
hindered by the oxygen present in the native oxédéing on the silicon substrate. Using
a seed layer like Cr or Ti prior to deposition tormote the adhesion of Au is often used.
This paper addresses this problem through an eximinof the adhesion promotion
properties of SurPass 4000 for sub-100 nm Au strastwithout the use of a metal seed

layer. Patterns were exposed on 200 nm of ZEP520Mk ZEON CHEMICALS on an



silicon substrate using an Elionix ELS-7500EX 50&Mctron beam lithography tool at
1nA with a 60um final aperture and a 20nm beam sie@, running at a 20MHz fixed
clocked. All silicon wafers were treated with ap @asma for 20 minutes prior to spin
coating. After exposure, samples were then devdigie21°C using o-xylene for 70
seconds, then soaked in IPA for 30 seconds follolayed N2 blow dry. A descum step
followed using an @plasma at 100 sccm at 100W for 5 seconds in ar@80 PLUS
RIE. Before the deposition of Au, each of the sasplkeceived varying treatments for
adhesion. The control sample was left untreate@reds the second sample had a 10nm
Cr seed layer e-beam evaporated at 2 A/sec ontsuttfiece. Lastly, the third sample was
soaked in SurPass 4000 for 2 minutes followed byP&nrinse and Nblow dry. Using a
load-locked Kurt J. Lesker Co. Model PVD75 with gdcket e-beam hearth, samples
were mounted to a carrier platen to evaporate 3@nrf2.5 A/sec) at a base pressure of 1
e-7 Torr. Metal lift-off was performed using 116a8igper at 60°C for 60 minutes with no
mechanical agitation. As expected, the lack of amime promotion treatment of the
control sample results in an expected delaminaifofiu from the substrate. In contrast,
the Cr treated sample exhibits excellent adhesigkuayiven the presence of the Cr seed
layer. Most importantly for the claims of this pape SurPass 4000 treated sample also
exhibits adhesion of Au on Si in the absence of edainseed layer. In the text that
follows, we will discuss contact angle measuremeartsl show discuss a possible

application that could be enabled as a resultisffthding.

|. INTRODUCTION

The adhesion of gold to a silicon substrate inailgence of a seed layer, due to a

lack of compatibility with a particular processyva® constraints or basic redundancy, is



an established and continuing difficulty in progegsAs is widely known, Au adhesion
is hindered by the oxygen present in the native@xesting on the Si substrate. It has
been common practice to put a seed layer like Qi prior to Au deposition to prevent
delamination of the Au thin film. Alternatively, the native oxide is stripped using HF,
gold is shown to adhere without the presence @idiresion layer. However, it has been
shown that gold diffuses into the silicon lattickem the native oxide is not present. This
paper introduces for the first time the adhesianmtion properties of SurPass 4000
gold structures onto silicon without the preserice metal seed layer. While previous
studies have shown SurPass 4000 to be effectimepadving adhesion between
hydrophobic and hydrophilic material (solvent basesgists on a range of substrate
materials), this study also shows that SurPass #@@fment is also beneficial in
improving adhesion between Si and Au where incorbfgatrystalline matrixes may
cause adhesion failure due to compressive or eesgisses.

In following section, the pattern design, data prefion and fabrication are
discussed in detail along with contact angle mesamants. Section Il will discuss the
results after metal-lift off and discuss a possépelication that could be enabled as a
result of this finding. Finally, in section IV, thpaper will summarize the results and

draw a conclusion with mentions of future work.

lIl. EXPERIMENT

In this section, the approach to test for metad idhesion of gold on silicon is
described in detail. A surface treatment experimeg designed to test the adhesion

promotion of gold onto silicon. The details of {h&ttern design, data preparation, spin



coating, electron beam lithography process, suti@ament, metallization and lift-off

are discussed. The results and discussion of {heriexent follow.

A. PATTERN DESIGN AND DATA PREPARATION

Three patterns were designed to test for Au adhesito native silicon oxide. All
patterns span across a 50 um by 50 um squareldr@éirst two patterns are hexagonal
arrays of 40 and 100 nm dots. The third pattemlise-space pattern that consists of 70
nm wide lines on a 400 nm pitch. Each patternaated with the same PEC parameters
and shown in Table | using BEAMER from GenlSys. &hen process characterization
techniques demonstrated by Eichfedshd Bickford, the effective process blur of the e-

beam lithography process is determined to be 66 nm.

TABLE |. The forward scattering and long range backsdaty, the energy ratio of the
long range to short range and the empirically deit@ed effective process blur which are
referred to as, B, n, and blug. Based on process characterization techniques
demonstrated by Eichféldind Bickford, the effective process blur of the e-beam

lithography process is determined.

PEC Parameter Value

o 5 nm

o 10 um

o 0.6
blure 66 Nnm




The hexagonal array was designed such that arcajl,avhose pitch in' Y (¥ich)
is twice the pitch in X (i), was referenced twice where the second refergigte
grey) was offset by a half-pitch in X and Y comghte the first reference (dark grey) to
create the final hexagonal structure. Thgsds 200 nm. When converted with
BEAMER?®, each structure is outputted with proximity effeotrection and is centered

about the 600 pm writing field.
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Fic. 1. The hexagonal dot array is designed by rebengrthe same unit cell
twice. The unit cell array references a dot celcpig them on a e that is twice the
Xyiteh- As illustrated, the first reference cell (thesgrof dark grey circles) is placed at
origin and the second reference (the array of lighy circles) is offset by a half-pitch in

X and Y to create the final hexagonal structure.
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FiG. 2. The line-space pattern has 60 nm wide lines 480 nm pitch. After lift-

off, measurement shows that the lines are rougbly@®nm wide.

B. FABRICATION

The fabrication of the hexagonal dot arrays ane-pace patterns was performed
using e-beam lithography. The pattern was thersteared using metal lift-off in which
three techniques were used to test for Au adheSiom processes are described in the

following subsections.
1. Electron beam lithography

All silicon wafers were treated with an, @lasma for 20 minutes prior to
spin coating. Ellipsometry using a J.A. Woollam ASE Spectroscopic
Ellipsometer measured approximately 3 nm of natixiee on the wafers. For this
study, dilutions of ZEP520A were conducted to optanresist use. The authors
found that an approximate dilution by weight of ZBP520A to anisole yields
roughly a 200 nm thickness when spun at 1000 rpm atSi substrate. The
pattern is then exposed using a 20 MHz, 50 keVasrbl@hography system at 1
nA with a 60 pm final aperture and a 20 nm beam size. The process utilizes a
100 pC/crmbase dose that is modulated across the patterg B&@ if applied.
The use of a large beam step size is intentionaitder to decrease the overall
exposure time of the sample. After exposure, thepgadevelops in a bath of o-
xylene for 70 seconds with an IPA rinse andMw dry. A descum step followed
using an O2 plasma at 100 sccm at 100W for 5 secionah Oxford 80 PLUS

RIE.



ZEP520A Dilution vs. Spin Speed [rpm]
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FiG. 2. (Color online) The dilution by weight of ZERBR versus spin speed from 1000
to 6000 rpm was generated for this work. The airthisf chart is to provide approximate
dilutions using anisole to acquire a specific riesickness at any given spin speed. The
lower rpm for a given thickness implies a higheutitbn and less resist material, which

means less consumable waste.
2. Surface treatment and contact angle measurements

The surface treatment after descum and before theeposition is what
determines the adhesion of Au. For this experiménte samples received a different
surface treatment to test adhesion promotion. reesample, the control, received no

surface treatment. The second sample receivedliéidreal seed layer of e-beam



evaporated Cr deposited at a rate of 2 A/sec dmtsurface. Final Cr thickness is 10nm.
Finally, the third sample was soaked in SurPas$® 4@02 minutes followed by an IPA
rinse and N2 blow dry. SurPass 4000 is a catidmecged water soluble compound that
acts to improve adhesion by modifying the surfawergy of the substrate for improved
adhesion between otherwise incompatible materials.

Using a goniometer, contact angles measurementspegformed on bare Si
substrates after a 20 minutg @asma. The impact on surface energy of the natnee
is compared between no treatment and treatmentSutRass 4000. In Fig. 2a, the
contact angle for the control sample is shown. Wfase treatment was applied to the
control sample as it exhibits a contact angle s$ lnan 5 degrees. The sample in Fig 2b
was soaked in a bath of SurPass 4000 for 2 miriolesved by an IPA rinse andN
blow dry. The contact angle observed was 18 degrvbesh is a clear indication that
there was a modification of the surface energyp&timetry using a J.A. Woollam V
VASE Spectroscopic Ellipsometer measured no ddikctasidue on the surface after

SurPass 4000 treatement.

(b) \

FiG. 3. (Color online) Contact angles were performsitigita goniometer to compare the
impact on surface energy of the native oxide. )nrfa surface treatment was applied to

the control sample as it exhibits a contact anfless than 5 degrees. The sample in (b)



was soaked in a bath of SurPass 4000 for 2 miriolesved by an IPA rinse andN
blow dry. The contact angle observed was 18 degrvbesh is a clear indication that

there is a modification of the surface energy ftogatment.

3. Metallization and lift-off

All samples received gold evaporation at the same.tUsing a load-locked Kurt
J. Lesker Co. Model PVD75 electron beam evaponaiibr a 4 pocket hearth, samples
were mounted to a carrier platen for evaporatioBlohm of gold at a rate of 2.5 A/sec
and at a base pressure below 1 e-7 Torr. Metadffifivas performed using
approximately 100 mL MicroChem 1165 stripper of MIChem 1165 Stripper heated in
a water bath to 60°C. The samples were placedeisalvent for 60 minutes without
agitation. Afterwards, the samples were thorouginlyed with acetone, methanol and

isopropanol and dried with anigun.

lIl. RESULTS AND DISCUSSION

A. Key Observations Post Gold Lift-Off

For this experiment, three silicon wafers receiaatifferent surface treatment to
test adhesion promotion of gold onto silicon. Tingt sample, the control, received no
surface treatment. As shown Fig. 4, delaminatiothefgold patterns without any prior
surface treatment to promote adhesion occurreagllift-off. The second sample
received a traditional seed layer of e-beam evapoi@r deposited at a rate of 2 A/sec
onto the surface for a final thickness of 10nm. Tdwlts are as expected in Fig. 5 where

all the patterns exhibit adhesion to the surfag®alfy, the results for the third sample,



which was soaked in SurPass 4000 for 2 minutesvi@ltl by an IPA rinse and N2 blow
dry, is shown in Fig. 6. The patterns exhibit adbes$o the surface and look similar to
Fig. 5. As mentioned in the previous section alfalotication, agitation was not applied
during lift-off as the mechanical vibration caugkdamination for the SurPass 4000

treated sample.

FiG. 4. As expected, the lack of adhesion promotieattnent of the control sample
results in an expected delamination of Au fromghbstrate. The zoom-out view of the
40 nm dots, 100 nm dots and 70nm lines are showen),rfb) and (c), as well as their

zoom-in view in (d), (e) and (f), respectively.
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Fic. 5. In contrast to the control sample that exkidglamination of the gold from the
silicon substrate, the Cr treated sample exhibitgkent adhesion of Au given the
presence of the Cr seed layer. The zoom-out vietheo#i0 nm dots, 100 nm dots and
70nm lines are shown in (a), (b) and (c), as weth&ir zoom-in view in (d), (e) and (f),

respectively.
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FiG. 6. Similar to the Cr treated sample, the SurRa8$9 treated sample also exhibits
adhesion of Au on Si but in the absence of a nsetadl layer. The zoom-out view of the
40 nm dots, 100 nm dots and 70nm lines are showen),rfb) and (c), as well as their

zoom-in view in (d), (e) and (f), respectively.

B. Surface Plasmon Optical Losses with and without Metal

Seed Layer

The effects of a metal seed layer on surface plaggnapagation losses are illustrated in
Fig. 7. Our calculations show that the surfacemlan mode supported by a 20 nm Au

film on an SiQ substrate increases by a factor of greater tHaa@oss the near-infrared
with the addition of a 5 nm adhesion layer of Cifor Compared to a 25 nm Au film, the

mode supported by a 20 nm Au film with 5 nm adhesayer is increased by a factor

12



greater than 5. Though our calculations are lidhiteplanar films, the large increase in
optical loss due to the adhesion layer is also eegefor photonic crystal and
metamaterial structures that utilize Au for opticahfinement. As a result of this
simulation, future work points towards implemerdgatof metal free seedless adhesion of

gold onto SiQ to enhance the performance of plasmonic devices.

20

0 + No adhesion layer

0.8 0.9 1.0 1.1 1.2

FiG. 7. (Color online) Comparison of surface plasmoppgation loss as a function of
wavelength with and without an adhesion layer dated using the finite-element
method with material parameters from Ref. 4. Pgagian loss with no adhesion layer is

calculated for 20 nm (solid black curve) and 25 (diashed black curve) Au thicknesses.
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(inset) Dimensions and field profile for the sudgga@asmon mode (evanescent decay

lengths are not to scale).

IV.SUMMARY AND CONCLUSIONS

Successful metal free seedless adhesion of gotdapsilicon native oxide was
demonstrated for features down to 40 nm. Surfaartrent impacts the adhesion as well
as careful processing during lift-off without agiite. No surface treatment results in
delamination of the metal thin film. Using a traeiital method with Cr as a seed layer,
gold was able to adhere to the silicon surfaceautlissue. Finally using SurPass 4000, a
cationic charged water soluble compound, adhesemaghieve by modifying the
surface energy of the substrate. Using simulatemoving the metal seed layer could

improve the efficacy of plasmonic devices that ently use a metal seed layer.
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