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O Nickel characterization at microwave freguencies
0 Anomalies in ENIG plated interconnects

O ldentification of nickel parameters
= GMS-parameters extraction from measured data
= Electromagnetic model for plated traces
= Landau-Lifshits model for ferromagnetic metal
= Nickel parameters identification

O Effect of Nickel on multi-gigabit digital signals
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Nickel characterization at microwave
frequencies

O From S. Lucyszyn, Microwave Characterization of Nickel, PIERS online, vol.

4, N 6, 2008, p. 686-690.
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T [
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Results from different authors show s ™
drop in permeability of nickel at 2 10 Sm== -
microwave frequency range — though Z e - R N
the data are inconsistent due to i q N
differences in the identification ] ‘1\}
techniques and differences in the : T ] '—\‘é_\
investigated material ) 11 D51 . ).

FREQUENCY [Hz]

Figure 1: Measured frequency characteristics of initial permeability for nickel [10].
(+ Arkadiew [11], V Simon [12], A Hodsman et al. [13])

10. R. M. Bozorth, Ferromagnetism, D. Van Nostrand Co. Inc., 1951.

11. W. Arkadiew, “Absorption of electromagnetic waves in two parallel wires,” Ann. Physik, Vol. 58, 1919.

12. 1. Simon, “Magnetic permeability of Ni in region of cm waves," Nature, Vol. 157, 735, June 1946.

13. G. F. Hodsman, G. Eichholz, and R. Millership, “Magnetic dispersion at microwave frequencies," Proceedings of the

Physical Society Section B, 377{390, 1949.
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Plated Nickel effect: Case 1

O J. Moreira, M. Tsal, J. Kenton, H. Barnes, D. Faller, PCB Loadboard Design
Challenges for Multi-Gigabit Devices in Automated Test Applications,
DesignCon 2006

Anomaly in attenuation for case of thin 4].1_2 Silver Plating
Au layer over Ni is clearly visible 0.2 : :
between 2 and 4 GHz (black curve) & 03] 30 pinch AwNi
T 04

i . : :
Nickel modeled as non- g 05] Suinch Au/Ni

. : . € 0.6
dlspersw_e_ metal Wlth F Solder Mask on
permeability varying from 1 to I 30 pinch Au/Ni
100 — no anomaly observed in g
such model 10 | I N

0 5 10 15 20
. . Frequency {(GHz)
Effect of nickel plating on 10
. . . Figure 13: Measured loss per inch for Ag plating, OSP,

Gbps Slgnal degradatlon 1S electroplated 30 pinches Au and 15 pinches

shown experimentally Au, soldermask and immersion 5 pinches Au [6].
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Plated Nickel effect: Case 2

O X. Wu, D. Cullen, G. Brist, and O. M. Ramahi, Surface Finish Effects on

High-Speed Signal Degradation, IEEE Trans. On Adv. Packaging, Vol. 31,
No 1, Feb. 2008, p. 182-189.

5.0
Anomaly in attenuation for case of 454 —= ENIG-HFSS
Au layer over Ni is clearly visible a0l T ggfﬁeas”reme:ts
o — O— -livleasurements
between 1 and 3 GHz (red curve) 35] - - -SnBOPb4O.HFSS
) ] ] 30 ] Bare Copper-HFSS L&
Simulation shows substantial =]

differences in the insertion loss
(black curve)

Insertion Loss (dB/inch)

Frequency (GHz)

Fig. 10. Simulation and measurements of differential pairs with ENIG and OSP
finishes applied.
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Plated Nickel effect: Case 3

O A. Aguayo, Advances in high frequency printed circuit board materials,
Microwave Engineering Europe, Dec. 2009, p.11-14.

Anomaly in attenuation for
case of Au layer over Ni is
clearly visible between 1 and
5 GHz (magenta curve)

Simulation did not reproduce
the anomaly
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Inseition Loss on 8mil Ceramic Filled Hydrocarbon Laminate
50 Ohm Microstrip, Conductor width of 16 6mil

%

S

— Cu

Inseition Loss (dBi/in)
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s — NilAu
|+ Calculated IL
a7 M
y=00dl

a8 E=assp e
49

0 2 - 6 8 0 2 “

Frequency (GHz)

Figure 3: Data
showing insertion
loss versus
frequency of
copper only as
compared to
copper plated with
ENIG (electroless
nickel/immersion
gold).

From Internal Rogers Corporation study, “Increased Circuit
Loss due to Ni/Au”, Dr. Al Horn, January 2006.
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Plated Nickel effect: Case 3.1

o X. Chen, “EM modeling of microstrip conductor losses including surface roughness
effect,” IEEE Microwave and Wireless Components Letters, v. 17, n.2, p. 94,

February 2007

$12(dB)
o
[4)]

X —x—Modai;lg, ED Cu, Au topfedge
—=— Modeling, ENIG
——Nominal
. -------- Upper bound
/ ) —— Lower bound
- [ -1.0 i i
- Gold 0 5 10 15 20
Wave port Free space Frequency (GHz)
Fig. 2. 3-D HFSS model to obtain effective conductivity of the Au-Ni-Cu Fig. 5. Calibrated and HFSS simulated insertion loss of a I-in long 50-¢ mi-
metal system. Surface roughness is considered. crostrip.
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Plated Nickel effect: Case 4

O S-parameters of single-ended microstrip lines with ENIG finish with about
0.05 um of Au and about 6 um of Ni over the copper

Magnitude(3), [dE]

00 mm lines

10+

Reflecti

) RATE
5
i

Anomaly in attenuation around
2.7 GHz — cannot be reproduced
with regular metal models

=30+

kMagnitude(3), [dB]
D L

0T Insertion LOSS

_5 L
\ 50t |
\X 5 10 15 20 25 30 35 40
30 Dec 2010, 14:18:45, Simberian Inc. Frequency, [GHz]

46l \K S-parameters for three structures with 100 mm
: : : microstrip line segments and for four structures with

DI 2:5 5 75 10 12I.5
150 mm segments are plotted

30 Dec 2010, 14:24:30, Simberian Ine. Frequency, [GHz]
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Plated Nickel effect: Case 4

0.05 um of Au and about 6 um of Ni over the copper

Group Delay, [ns]

S-parameters of single-ended microstrip lines with ENIG finish with about

117

nar

Anomaly in group delay

nar

around 2.7 GHz - not

00 m

previously reported!

Cannot be reproduced 06} - \V,
with regular metal model

bt

1 2 3 4 5

A0 Dec 2010, 14:46:09, Simberian Inc.

Group delays for three structures with 100 mm
microstrip line segments and for four structures with
150 mm segments are plotted
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Plated Nickel effect: Case 4

O S-parameters of single-ended microstrip lines with ENIG finish with about

0.05 um of Au and about 6 um of Ni over the copper

MS-SE2-A s2p

Structures with strip lines

: =
did not show any anomaly \.gj Structure with 150 m
in IL and GD — it is clearly \'%,‘\ /7 strip line
the effect of plating ' 7%\\’\

| N |

1S1(dE)

Strip line structures can be

N

Structure vvli1th 15( \ﬂ»\m \\""\\

used to identify dielectric

properties mm microstrip line ‘“"*-\w

20,00
Freq (GHz)
AS[2] 36501201

Dielectric parameters were identified with GMS-parameters of the strip line
structures as wideband Debye model with DK=3.x and LT=0.01x at 1 GHz
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Plated Nickel effect: Case 5

O S-parameters of differential microstrip lines with ENIG finish with about 0.05
um of Au and about 6 um of Ni over the copper

Magnitude(3). [dE]

1100 mm lines

& Reflectl‘ n Lass
%‘*‘m, w,..—""

-0 .w\uﬁ: En T,
[ 1

Anomaly in attenuation around

2.7 GHz — cannot be reproduced s
with regular metal models &
Magnitude(S), [dB] -4 150 mm line
RN 50
51 \ ol Insertion _Loss
0t B e ] 70t , : ; ; ; ; s |
5 10 15 20 25 30 35 40
I ‘-N 30 Dec 2010, 14:54:05, Simberian Ine. Frequency, [GHz]
el Hhﬁ‘m %
] = Differential S-parameters for three structures with 100
mm microstrip line segments and for one structure
207 1 with 150 mm segments are plotted

o 1 2 3 4 & & 7 & 4 10
30 Dec 2010, 15:11:03, Simberian Inc. Frequency, [GHz] n
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Plated Nickel effect: Case 5

O S-parameters of differential microstrip lines with ENIG finish with about 0.05
um of Au and about 6 um of Ni over the copper

MS-DIFF1-4.54p, Smm[D1.02]
MS-DIFF1-B.54p, Smm[D1.02]
MS-DIFF1-C.54p, Smm[D1.02]
MS-DIFF2-B.54p, Smm[D1.02]

Group Delay. [ns]

131 '
150 mm lines |

121 it
Anomaly in group delay around
2.7 GHz - not previously R
reported! Nl |
Cannot be reproduced with 09t Mg A-L00-mm lines A
regular metal model sl il

0.7 B ! ! . . ! ! . . ! ! i

0 125 25 375 5 6.25 75 8.75 10 1125 125
30 Dec 2010, 14:50:30, Simberian Ine. Frequency, [GHz]

Differential group delays for three structures with 100
mm microstrip line segments and one structure with
150 mm segments are plotted
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Structures for Nickel Model Identification

O Two structures suitable for the identification — contain 2100 mm and 150 mm
segments of microstrip line — both structures show anomalies around 2.7 GHz

201

a0+

A0+

Measured MS-SET-D. Simulation?, 5[1.1]
teazured MS-SE1-D . Simulationd, 5[1,2]
tdeazured b S5-5E2-C. Simulation?, 5[1.1]
Measured M5-5E2-C. Simulation | 5[1.2] Group Delay, [ns]

Measured MS-5E1-0. SimulationT, 5[1.2]
Meazured MS-SE2-C Simulation1, 5[1,2]

T1.1

Magnitude(S), [dE]
D L

N\

’d

100

mm line

150 mm line T

S

Reflection |Loss

T03

Y/

T8

100 mm line

/" ?\\M‘\H\\ \r’ @-.—-—W |

150 mm lir W W‘i
/7\\\‘\“
A
Insertion Loss
6 é ‘IID 1I5 2ID 2I5

02 Jan 2017, 09:21:33, Simberian Ihe.

F3D H GHm O 25 5 75 10 125 15 175 0 25 X
requency, [GHZ] 02.Jan 2011, 05:22:23, Simberian Inc. Frequency, [GHz]

ENIG finish with about 0.05 um of Au and about 6 um of Ni over the copper
Microstrip width 74 um, thickness 15 um, substrate 30 um, wideband Debye model
DK=3.x and LT=0.01x at 1 GHz
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Anomaly in IL and GD is clearly due to
Nickel plating

O Deviation 2-3 dB from Insertion Loss expected with regular conductor
O Deviation 40-60 ps from Group Delay expected with regular conductor

Magnitude(S), [dE]
s Group Delay, [ns]

BEN _
-2.5-\ M""“‘n 150 mm|line
) R e B
/ 100 mm line N
. \é : 1 09t =
"-\-u...___--—
5T \ -"“'*-.....__\ 0et
0% /37“‘ i 100 mm line
‘\\\ 0 ww
150 mm line o -
125t _ : ‘\“‘\n""'_'
0 1 2 3 4 5 B 7 g 0 i 2 3 s ; : 7 8
02 Jan 2011, 09:35:28, Simberian Inc. Frequency, [GHz] 05.Jan 2011, 15:12:40, Simberian Inc. Frequency, [GH=z]

ENIG finish with about 0.05 um of Au and about 6 um of Ni over the copper
Microstrip width 69 um, thickness 12 um, substrate 30 um, wideband Debye dielectric
model: DK=3.x and LT=0.01x at 1 GHz

GMS-parameters (reflection-less) can be extracted from these two models for identification
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Generalized Modal Scattering (GMS) Parameters

O S-parameters of reflective structures with 100 mm and 150 mm segments of
microstrip line can be converted into GMS-parameters of 50 mm segment

e 2e1 Dy e aion EH;} — Measured 50 mm SE MSL Generalized D to C.Simulationl, Smiin(M13In2(M1)] —
Measured MS-SE2-C. Simulation, S[1.1] Magnitude(S), [dEB] Group Delay, [ps]
) Measured MS-5E2-C SimulationT, 5[1.2] ot

Magnitude(S), [dB] No Reflection jand 7600

of ) ]

\ anomalies|are still herel
25T T 500
S

> 100 mm line T |

- T

1300

201

) \%<\< : _ A
N B
o = .|

T 200

a0+

1100

150

v

A0+

ﬁ é 1 ID 1 I5 2ID 2I5 3ID 3I5 4ID ﬁ 27 5 é .T".I5 1 ID 1 2I 5 1 I5 1 .T': 5 2ID 22I. 5 2I5 2F:‘. 5

02 Jan 2011, 09:21:39, Simberian Inc. Frequency, [GHz] 02 Jan 2011, 14:04:09, Simberian Inc. Frequency, [GHz]

Y. Shlepnev, A. Neves, T. Dagostino, S. McMorrow, Practical identification of dispersive dielectric models
with generalized modal S-parameters for analysis of interconnects in 6-100 Gb/s applications,
DesignCon 2010.

GMS-parameters are noisy at high frequencies due to non-identities of probes/launches and cross-
sections of two test structures (see more on sensitivity in app note #2010 03, www.simberian.com)

- X R
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Landau-Lifshits Model of Ferromagnetic Metal

L. Landau, E. Lifshits, On the theory of the dispersion of magnetic permeability in
ferromagnetic bodies, Phys. Zeitsch. der Sow., v. 8, p. 153-169, 1935

O Magnetic permeability dispersion equations are derived from description moving
boundaries of oppositely magnetized layers in ferromagnetic metal

F21i-fy
u(f) = s+ (=) S
0

4, — permeability at low frequencies; g, — permeability at high frequencies;
f,—resonance frequency[Hz]; y —damping coefficient[Hz]

O Usable at microwave frequency band
Lorentz model may be also acceptable for resonance description (2-nd order Debye)

o Can be combined with Debye model at lower frequencies and Lorentz model at the
millimeter frequencies

a
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Electromagnetic model of microstrip line

O Hybrid model has been constructed to simulate segment of transmission line

O Method of Lines (Mol) is used for multi-layered dielectric and plane layer — produced
grid Green'’s function (GGF) (*)

O Multi-layered conductor interior meshed with Trefftz-Nikol'skiy finite elements and
matched with the GGF (*)

O Method of simultaneous diagonalization is used to extract modal and per unit length
parameters of microstrip line (*)

Au Conductor interior model

Cu
Y s Ni ,

(*) References are in the paper
Model is implemented in electromagnetic signal integrity software Simbeor 2011 —

available at www.simberian.com

o X R

Simberian 8/16/2011 © 2011 Teraspeed Consulting Group LLC TERASPEED
> Electromagnetic Solutions ®© 2011 Simberian Inc. CONSULTING
GROUP




Plated Nickel Model Identification

O Adjust Ni model parameters to match measured and computed GMS-parameters for
50 mm segment of microstrip line, strip width 69 um, thickness 12 um

— bdeazured.50 mm SE MEL Generalized 0 to C.SimulationT, Smfln1 k413, In2{h417] — hdeasured Bl mm SE MEL Generalized Dio C.8imulation, Smiln1 {11 In2{k413]
—+—— Computed.50 mm SE MSL Simulation1, Smiinl (k13 102(kA17] —+— Computed. 50 mm SE MSL Simulation?, Sm{ln1 (k1) 102(M17]
Magnitude(S), [dE] Group Delay, [ps]
° | |
\ 001 |
28T T
%/' Measured (blue) Measured (blue)I |
/0T !
. A \
L%% 300 !

N | AN AN
1)

FAT Computed (rec e~ 7\"'
Pt 2501 |
1ok @%\ 2 Computed (red)
%ML 2001 |
4257
1504 |

0 25 & 7% 10 125 15 17 20 225 2% 5 3 0 25 & 78 10 125 15 1FA 20 228 25 275 A0

09.Jan 2011, 0F:10:44, Simberian Inc. Fregquency, [GHz] 09 Jan 2011, 0E:12:09, Simberian Inc. Frequency, [GHz]

ENIG finish with about 0.05 um of Au and about 6 um of Ni over the copper
Substrate dielectric DK=3.x and LT=0.01x at 1 GHz, wideband Debye model
Landau-Lifshits model for Nickel: Mul=6, Muh=2, f0=2.6, dc/f0=0.18, relative resistivity 6
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ldentified Model for Plated Nickel

O Resistivity 1.0e-7 Ohm*meter
O Landau-Lifshits Permeability Model: Mul=6, Muh=2, f{0=2.6, dc/f0=0.18

Relative Permeability

15

10
/\( Real Part

0

1.00E+08 1.00E+ V 1.00E+10 1.00E+11
_5 \L

-10 U Yy Tmaginary Part

-15

May be further refined with a dedicated experiment with more defined geometry
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Effect of nickel on t-line parameters

O We can observe decrease of group delay and increase in
attenuation per unit length

—— Computed.SE_M3L SimulationT. Mode[1] Computed SE_MSL. Simulation, Mode[1] ——
GroupDelay, [pa/mm] - Altenuation, [dB/mm]
Group Delay in ps/mm Attenuation in dB/mm

B5 T01

Bt k‘k‘

L A

55 )f i 0.01

5t

5 10 15 20 25 30 » a0 T ety

05 Jan 2011, DE:54:55, Simberian Inc. Frequency. [GHz] 05 Jan 2011, 06:47: 48, Simberian Inc. Frequency, [GHz]
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Effect of nickel on t-line parameters

O The effect is less visible on the characteristic impedance and
effective dielectric constant

——— Computed. 5E_MS5L. Simulation, Made[1] - —*— Computed. SE_M5L.Simulation1, Made[1]
t agnitudeZa]. [Dhm] EpzE frective, []
| | - 5 -
S a| . Effective Dielectric Constant
Characteristic Impedance 151
701
g5 4
B0
15T
55
] 3T Xx.,
o sinitnie
a5
251
ant
5 10 15 20 P e e a0 5 10 15 20 25 0 e 40
05.Jan 2011, 06:57:32, Simberian Ihe. Frequency, [GHz] 05.Jan 2017, 06:53:17, Simberiarn [ne. Frequency. [GHz]
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S-parameters of test fixtures

O Nickel: resistivity 1.0e-7 Ohm*meter, Landau-Lifshits Permeability Model:
Mul=6, Muh=2, f0=2.6, dc/f0=0.18

Magnitude(S), [dE] Group Delay, [ns]
Q
; ]
1Isertion Loss 1
107 / 100 mm fin 7
e = = sl
201 \% %w
%‘3 %\Wm 0at
a0t 9%&,% \\\% 07t
150 mm line % w—
At S
M 06+
0 2 10 15 20 25 a0 * a0 0 : e he 0 e =
09 Jan 2011 05:31:04, Simberian Inc. Frequency, [GHZ] 09.Jan 2011, 05:25:50, Simberian Inc. Frequency, [GHZ]
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Possible sources of discrepancies

O Simulated — rectangular shape with 0.05 um of Au/6 um of Ni/9 um of Cu
O Actual structure has irregular shape — not even trapezoidal

Actual shape Modeled
Au
C
§ Y/ Ni

Strip bottom: RMS roughness 0.6-1.2, Roughness factor 2.5 — should be
defined formally with profilometer measurements
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Plated Nickel Model Identification (2)

O Adjust Ni model parameters to match measured and computed GMS-parameters for
50 mm segment of microstrip line, strip width 69 um, thickness 12 um

— hleazured.50 mm SE MEL Generalized D to C.8imulationT, Smlln1{h10In2{k13] _ . . .
——— Computed 50 mm SE MSLSimulation1, Smiin1 (M1)In2(1) MeaS”“3déﬁ?ﬁ?ﬂeg%Sﬁ';nGSBE”f\fias'fg?mDufgt%E{f”é‘l:[tl'ﬁmm?mgghﬂﬂ]l'”z“‘"”)]
Magnitude{S), [dEB] Group Delay, [ps]
I:I 1]
N I
25T
M“m ,_—| Measured (blue) i Measured (blue) |
51 '“=+\.\\ /0T T
.| %m ] \
%% 2001
A0y Computed (red) W | 7‘ ?
“ 2501 /
1254 )
i Computed (red)
15l ﬂ T‘ 2004 | ft
75T | 150+ I
u 5 10 15 20 2 30 3 40 0 : 10 15 20 25 30 » 20
10 Jan 2011, 09:09:40, Simberian Inc. Frequency, [GHz] 10.J5n 2011, 09:11:04, Simberian Inc. Frequency, [GHz]

ENIG finish with about 1 um of Ni over the copper
Substrate dielectric DK=3.x and LT=0.01x at 1 GHz, wideband Debye model
Landau-Lifshits model for Nickel: Mul=5.7, Muh=1.4, f0=2.5, dc/f0=0.22, relative resistivity 3.75
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ldentified Model for Plated Nickel (2)

O Resistivity 6.46e-8 Ohm*meter (conductivity 1.55e7 S/m)
O Landau-Lifshits Permeability Model: Mul=5.7, Muh=1.4, f0=2.5, dc/f0=0.22

Relative Permeability

10

0
T —
1.00F+08 1.00:1\3\ ﬁam 1.00E+11

5
\/\ Imaginary Part

-10

-15
May be further refined with a dedicated experiment with more defined geometry
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S-parameters of test fixtures

O Nickel: resistivity 6.46e-8 Ohm*meter, Landau-Lifshits Permeability Model: :
Mul=5.7, Muh=1.4, f0=2.5, dc/f0=0.22

Magnitude(S), [dB] Group Delay, [ns]
1sertion jtoss ol

NN

faYal L
/ UV T m

0T

D

11H

0ar

20+

f I
a0t %M %&"*% ) -*

L 071

: 150 mm | n:%f‘%% |
“ | o]

0 5 10 15 20 5 0 * 40 0 : e he 0 i N v 0

10Jan 2011, 09:31:26, Simberian Inc. Frequency, [GHz] 10.Jan 2011, 09:34:15, Simbetian Inc. Frequency, [GHz]
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3.125 Gbps signal in structure with 150 mm
line

Measured Modeled

In-phase Signal In-phase Signal

Mormalized Armplitude
Morrmalized Amplitude
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5 Gbps signal in structure with 150 mm line

Measured Modeled
In-phase Signal In-phase Signal
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8 Gbps signal in structure with 150 mm line

Measured Modeled
In-phase Signal In-phase Signal

Mormalized Amplitude
Mormalized Amplitude
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10 Gbps signal in structure with 150 mm line

Measured Modeled
In-phase Signal In-phase Signal

Mormalized Amplitude
Mormalized Armplitude
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12 Gbps signal in structure with 150 mm line

Measured Modeled

In-phase Signal In-phase Signal

Mormalized Amplitude
Mormalized Amplitude
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Conclusion

O Resonant behavior of interconnects made of copper plated with nickel
and gold (ENIG finish) has been reported

= Resonance at about 2.7 GHz shows up on insertion loss as well as on
group delay graphs and cannot be simply explained

= The resonance is attributed to ferromagnetic properties of nickel layer

O Electromagnetic model of copper microstrip line segment plated with
Ni and Au has been constructed

O Landau-Lifshits (L-L) ferromagnetic metal model is used to simulate
nickel in the multi-layered conductor

o Parameters of the L-L model are identified by matching measured and
computed GMS-parameters of line segment

O Use of accurate Nickel models increases confidence in modeling of
ENIG-finished interconnects
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