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What is a Kelvin Siiconvalley ==
. Test Workshop g
Connection?

), 08

It is not a new idea:

Four-terminal sensing is also
known as Kelvin sensing, after
William Thomson, Lord Kelvin,
who invented the Kelvin bridge in
1861 to measure very low
resistances. Each two-wire
connection can be called a Kelvin
connection. A pair of contacts that
is designed to connect a force-
and-sense pair to a single terminal
or lead simultaneously is called a
Kelvin contact.
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How does a Kelvin Yisonalley . g
. Test Workshop &=
Connection Work?

> Current to device is supplied by AAA AAR
one pair of wires (FORCE) VVyV VVV

> The resistance of the device is B imeas
determined by measuring the FO(;R)CE ViiEAE EEX ? éu
voltage drop _ 5 -

>

> The current also creates a AAA AAA

voltage drop in path to device VVYV VVV

> To avoid including this voltage in the measurement, a separate pair of
wires (SENSE) is connected directly to the device

> Accuracy dependent on measurement impedance being very high
> Negligible current on sense path

> Negligible voltage drop on sense path
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|C Test: Non-Kelvin Voltage

Silicon Valley

Test Workshop &=

Measurement

TESTER DC MEASUREMENT UNIT —l

FVvg

VM EAS

FORCE
(1)

EEDBACK TO /\
CONROL FORCE

!

MEASURE
(V)

PROGRAM
VALUE (FROM

TESTER CPU)

MEASURE
VALUE (TO
TESTER CPU)

> Tester CPU sends program force current value to DCMU

> Current out of DCMU is sensed as V-drop across small R

> Sensed value compared to program value to control force unit
> Voltage measured at output of DCMU

> Measured value sent to tester CPU to compare to limit(s)

> Measure error due to voltage drop on the path: PCB and Contactor
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|IC Test: Non-Kelvin Current
Measurement

Test Workshop &=

TESTER DC MEASUREMENT UNIT _l

VM EAS

(V) CONROL FORCE (V)

FORCE < FECDBACKTO MEASURE

MEASURE FORCE VALUE
VALUE (TO (FROM
TESTER CPU) TESTER CPU)

> Tester CPU sends program force voltage value to DCMU

> Voltage at out of DCMU is sensed

> Sensed value compared to program value to control force unit
> Current measured as voltage drop across small R in path

> Measured value sent to tester CPU to compare to limit(s)

> Force error due to voltage drop on the path: PCB and Contactor
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Force | / Measure V with
Kelvin across PCB

Test Works hop T

TESTER DC MEASUREMENT UNIT

VM EAS

FORCE | Aeomarro |/ \ MEASURE
(I) CONROL FORCE (V)

PROGRAM MEASURE
VALUE (FROM VALUE (TO
TESTER CPU) TESTER CPU)
This is the situation when Kelvin contactors are not available
This is an improvement over sensing at output of DCMU
The voltage measured is now accurate at the point F & M are shorted
Still an error due to drop through contactor
This cannot be resolved mathematically

> Mechanical device: R. varies slightly with each insertion

> Wear / contamination point: R Varies more over time
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Force V / Measure | with
Kelvin across PCB

Silicon Valley __
Test Workshop &5

V V V VYV
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TESTER DC MEASUREMENT UNIT

teeat?

FORCE
(V)

.

VM EAS

I I
FEEDBACK TO
CONROL FORCE

MEASURE
(V)

This has the same benefit and drawback

MEASURE
VALUE (TO

TESTER CPU)

FORCE VALUE
(FROM
TESTER CPU)

The forced voltage is accurate at the point of contact on the board

The voltage on the device will be different

The magnitude of the difference depends on the amount of current
The measurement accuracy is only as good as the force accuracy
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Force | / Measure V with
True Kelvin

Test Workshop .

TESTER DC MEASUREMENT UNIT —l

VMEAS

(0 (V)

PROGRAM MEASURE
VALUE (FROM VALUE (TO
TESTER CPU) TESTER CPU)

> Here is an example of a true Kelvin connection
> Force and sense all the way to the DUT
> Electrically isolated, mechanically independent
> Provides an accurate voltage measurement at any current flow
> Rcis eliminated as an issue from DC parameteric measurements
> Voltage measurements
> Current measurements
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Force V / Measure | with

Silicon Valley

Test Workshop &

True Kelvin

thatd

FORCE
(V)

TESTER DC MEASUREMENT UNIT —l

VMeas
1 1
FEEDBACK TO MEASURE
CONROL FORCE (V)
MEASURE FORCE VALUE
VALUE (TO (FROM
TESTER CPU) TESTER CPU)

> The Kelvin connection when measuring current
> Measurement is more accurate, because it is taking place under the
specified test condition (voltage force is more accurate)
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Does it REALLY work? v e

B TESTER DC MEASUREMENT UNIT ]

VivEeas

FORCE | Aomarro |/ \ MEASURE
CONROL FORCE
(1) (V)

PROGRAM MEASURE
VALUE (FROM VALUE (TO
TESTER CPU) TESTER CPU)

> |t should be obvious that the RC of the force path has been eliminated as an
issue, but what about the sense path?
> The resistance of the sense path is unimportant because of the miniscule
current flow on the path
> Evidence: Sometimes an isolation resistor is added to the path
> Reduces the stub on the high-speed path
> 10 kQ looks like Open in 50 Q environment; Short to measurement unit
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Does it REALLY work? Test Workshop &

n_rdson_2p¥ n_rdson_5p5
Wherel:Latid]] == "ISLS009") Wihere:Laotid]] == "ISL8012") YWherel; Lotid[] == "ISLa009") ‘Where(; Lotid[] == "ISL8012")
Distributions Distributions Distributions Distributions
n_rdson_2p7 n_rdson_2p7 n_rdson_5p5 n_rdson_5p3
04752 4 5 04752 o 5 0.4752 4 5 0.4732 4 S
0432 k 0.432 k 0.432 E
03588 E 0.3558 E 03885 E
03456 k 0.3456 E 0.3436 E
035024 E 0.3024 E 0.3024 E
E E 0.2592 4 e 02592 c 02592 3
£ S 02163 5 02163 £ 02163
01728 F— 01728 k 01728 E
01296 3 0.1296 3 oazeEd
0.0564 k 0.0564 E 0.0364 E
E 00432 E 0.0432 E 0.0432 E
i} :LSL— 0 :.S.L— o o=l
-0.0432 4 -0.0432 4 00432 3 -0.0432 4
T T T T T T T T T T T T T T T T T
005010015 020 060 1.00 0.0s 015 020 060 1.00
Probability Prabability Probahility Probakility
Group Mean Median Stdev Min Max  Count LSL USL Lo Sanity Hi Sanity Group Mean Median Stdev Min Max  Count LSL USL Lo Sanity Hi Sanity
ISLE009 )  0.2435 0.24753 0.0353) 0.20053 031555 40 1} 0.45 <0225 0675 ISLB009 | 020147 019987 0.03532) 045306 026781 40 1] 0.4s -0.225 0675
ISLs012] 01665 016654 0.00033) 016595 016748 40 1} 0.45 -0.2235 0675 ISLE012] 012057 012059 0.00025 042005 012108 40 1] 045 -0.225 0E7S
Creerdll | 0208150 0.15403] 0.04851] 016595 031555 80 0 0.45 -0.2235 0675 Creerdll | 0161020 013707 0.04767] 042005 026751 &0 1] 0.43 -0.225 0675
%Filtered “WFittered %Fittered “WFiltered
Group Cpl Cpu Cpk  RCpk %0utLow %Out High %Out Total Low High Group Ccpl Cpu Cpk  RCpk %Out Low %Out High %Out Total Low High
ISLE009 ] 234247 155231 18525 . 0 0 i} i} i} ISLE009| 1.90146) 234557 1.90146 . 1] 1] 0 0 0
ISL8012] 155.653) 269.361, 155.653 . 0 0 1} 1} 1} ISLE012| 162.2834) 443.352 162284 . 1] 1] 0 0 0
Creerall 1.4302] 166177 1.4302 . 0 0 1} 1} 0 Creerdll 1.42558] 202057 11259 . 0 0 0 0 0

> Comparison performed by user of single-contact vs. Kelvin

> Two Rpeg) tests
> Average resistance drops from 25 mQ to 17 mQ (20 mQ to 12 mQ on right)
> Standard deviation drops from 35 mQ to 350 uQ (35 mQ to 250 uQ on right)
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Does it REALLY work?
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USL Lo Sanity Hi Sanity

fb_best
Where(: Lotid[] == "15L5009") Where(:Latid[] == "15L8012")
Distributions Distributions
fb_best fb_best
0.507024 0507024 4 S
0.805392 0.505352
0.80376 0.80376 k
0.802125 0502125 4
0.800496 0800488 =
0.795564 0.795564 k
= 0797232 4 = 0797232 4
0.7956 3 0.7956 4
0.793965 k 0.793963 k
0.792336 0792336 4
0.790704 0.790704
oresor2 AL oresorz il
075744 4 0.75744 4
T T T T T T T T T T
003 0035 013 010 030 050
Probakbility Probahbility
Group Mean Median Stdev Min Max Count LSL
I15L5009) 0799537, 0.7935) 00017 0.79749] 0850274 40 0.789 0.506
I15L8012| 080076 080076 5.8%9e-5 0.80061| 0.80093 40 0.789 0.806
OvverAll | 0.50032] 0.80074] 000125 079749 050274 g0 0.7589 0.506
Group Cpl Cpu Cpk RCpk %Out Low %Out High “Out Total
I15L5009, 213297, 1.20M92) 120192 i} ] ]
I1SL8012) B6.5208) 29.6511) 29.6511 i} ] ]
OverAll | 2.95538] 1.45604] 1.45604 1] a a

V V V V

e nulli

0.7805
0.7805
0.7805
%Fittered
Low
]
]
a

05145
058145
0.5145
“wFittered
High
1]
1]
a

USL Lo Sanity Hi Sanity

rc_meas
wyhere(:Lotid]] == "ISLE00S") where(Lotic] == "ISLACT 2"
Distributions Distributions
rc_meas rc_meas
1224 4 1.224 4
1imm 11w
145872 3 115872 3
1 12608 3 112608 3
1 0gE44 3 1 09344 3
1 060G 3 10805 3
< 102616 3 R - o —
089552 0.89552 3
0196285 3 0196288 3
093024 3 093024 3
018576 3 X 08976 3
nseegs 3L osesesEL
083232 3 083232 3
T T T T T Trrrr1rrrr
020 0E0 1.00 040 040 070
Probakility Prokahility
Group Mean Median Stdew Min Max Count LSL
IsLen0g| 088851 086867 000111 088657 089019 40 086 12
ISLEMM 2| 103928 103040 000083 1.03743) 104422 40 086 12
Oversll | 095383) 096381 007587 088657 1.04122 an 086 12
Group Cpl Cpu Cpk RCpk %Out Low %Out High “%Out Total
IsLen0g| &57148) oa6642) B57148 i i i
ISLE0M2 | B4.5084) 578280 575280 i il i
Overall | 045645 1.03735) 045645 0 i 0

Comparison performed by user of single-contact vs. Kelvin
Uncertain about test on left, except to show how standard deviation is reduced
Test on right appears to be R.: (Force voltage, measure current)
The current increases from 0.89 pA to 1.04 pA, implying 15% lower R

0.§2

0.82

0.52
“Filtered
Low

1}

1}

a

1.3

1.3

1.3
“Fittered
High
u]
u]
a
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* Measuring low resistance values
— Any value of a few Ohms should be considered
— Definitely required if less than one Ohm
* Power Controllers — Ry parameter

— Implied low resistance, based on current and voltage
parameters

* Voltage Regulators — V4 parameter

I!in’i’f!’i‘li‘ll.‘.‘-

e High accuracy voltage force or measure

* AtoDandD to A converters — small voltage increments

%=
—_
—_—
—_
—_
—
-—

¢ W WY W

e Voltage measurement under high current loading

* Power controllers / voltage regulators
» Users need to establish standards and adhere to them
Rpson <1 Ohm; Vg r accuracy < 5% of input value , for example

NN N

Gemini Kelvin probe pair
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Recognizing the Need for
Kelvin

> Low Resistance specifications. Examples:
Rpson (Common low-R parameter):

| SWILETINY |

Qutput Stage MOSFETs

RDSON.LS\ Drain-to-source resistance, low side | T, = 25°C, LDMOS only 40 mLd
@W Drain-to-source resistance, high T,=25°C, LDMOS only 40 \m_i}./
side

IO Protection

* Implied R=280 mQ (280 mV / 1 A):

WS TOEY SHL N ILELIY LILE RN L | Wim = PN, Wil = 230 ] razy -_1.'..|li s
| INFUT TO QUTPUT CHARACTERISTICS |

|\.-f|:n-::| Drop-out voltage IN to OUT | TE = Low, vipy = aw 170 ( 280| mv
INPIIT OWFRVOI TAGF PROTFETIOMN

> High maintenance requirements

» Frequent probe cleaning
» Short probe life

* Indicate R sensitivity — should be investigated

Em U[ tlt@St Silicon Valley Test Conference 2011 14
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Establish Standards — éi'T‘zt”V\‘/’:r'gop )i
Adhere to them

e Kelvin is initially more expensive than non-Kelvin

— More probes (and perhaps more expensive probes) in contactor

— More-difficult board layout — more traces, finer pitches

— Might require more tester resources, potentially extending test time
* Non-Kelvin is often much more expensive than Kelvin in high-volume production
* Frequent probe cleaning to keep test yield up

— Reportedly as few as a few thousand insertions!

— Can significantly cut test cell efficiency— down for cleaning when it could be running!
* Frequent probe replacement to keep test yield up

— Reportedly as few as a few tens of thousands of insertions

— Dramatically increases cost per insertion
 Pooryield

— Multiple re-tests to achieve target yield
e Afew thousand dollars up front can save tens of thousands in production

* Issues may not appear during Engineering development — Seen in high volume
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Kelvin Contact Examples
(from internet)

NanoKelvin®

Cantilevers
and
Rockers

¥
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Kelvin Contact Examples
(from internet)

TIP
SPACING

Contact

| Socket
Top

SPRING PROBE
<= SPACING

| Barrel

Spring

ALLLATLATL AR CAA AL CAA LA LLY
ALLLLAREARERLEAL LA LA R RL R

Socket
Bottom

| Plunger
(Board

0.5mm — e Side)

Spring Probes
Em U[ tll—QSt Silicon Valley Test Conference 2011 17
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Kelvin Contact Examples
(from internet)

i R R i
Test Workshop

4 Kelvin contact
Y (Four-terminal method)

0265
+ - -

0795 4299
(202 (3.30)

v

More Spring Probes
E m U[ titl‘@%é- Silicon Valley Test Conference 2011 18



Gemini Kelvin Probe
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Specifications

Probe Pitch

Kelvin Tip Spacing
Board-Side Spacing
Test Height

Probe Compliance
Force at Test Height

Loop Inductance

Bandwidth

Contact Resistance
Tip Styles

Probe Finish

Current Carrying Capacity

0.4 mm and up (inline)

0.65 and up full array; 0.4, 0.5 partial array
0.10 mm minimum

0.4 mm (@ 0.1 mm DUT-side spacing)
3.22 mm

0.44 mm total (0.26 mm DUT-side)
25-30g¢g

1.05 nH (single probe)
0.65 nH (dual probe)

-1dB @ 20 GHz (single probe)

-1dB @ 12 GHz (dual probe)

75mQ (typical, new probe)

Single-Edge (DUT), 0.16 mm Radius (board)

Hard Gold
1.8 A Continuous (20° C rise)

8.6 A maximum @ 1% duty cycle

Em U[ tthSt Silicon Valley Test Conference 2011 19
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Current Carrying
Capacity

100.0

Test Workshop g5

L —50%

. / ol
// L
w7 —

| // /

Y= j

0 2 4 6 8 10 12 14
Current (A)

The temperature rise of the spring pin due to Joule heating is measured at %
Amp increments for both steady-state current and current at smaller duty cycles.
The steady-state current that results in 20° C, 40° C, and 60° C temperature
rises are shown below, as well as the maximum current at 1% duty cycle.

90.0 I —100% | —
|
/

Temperature (degC)

Gemini Kelvin
20° C Rise Current 1.8 Amps
40° C Rise Current 2.3 Amps
60° C Rise Current 2.6 Amps

m U[ t/[_QS[' C_u_rrent at 1% Duty Cycle 8.6 Amps

Silicon Valley Test Conference 2011 20
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Understanding Kelvin Slisonvalley  Fogg
Test Workshop g
Further

* Does not eliminate R. sensitivity as an issue if it results in
functional or RF failures

* Completely eliminates DC Measurement errors caused by
contact resistance

* Both force current / measure voltage and force voltage /
measure current

* Sense and correction cannot happen quickly enough to
improve at-speed tests
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Understanding Kelvin

Further

e Devices with internal
Kelvin (or large contact
pads) do not require
special Kelvin contacts

* When many probes can
be put on a pad, only
one is used for sense,
remainder for force

32 N
31
30 L
29
- Ve =2
34 —3 —=—3
26 —= 38 35 —= ——4
25 —— 36 —— =5
37 —=9 —=—6
R R AL A
2423 2221201918 716'914'312!110° 8 7

BOTTOM VIEW- ELECTRICAL I/O
(NOT TO SCALE)

L ® ] ] U[ tItQS[- Silicon Valley Test Conference 2011
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Understanding Kelvin
Further

* Dual-probe (vs. true Kelvin) is
function of board layout, not
contactor design

* Kelvinis not usually required on all
device contact points

* Dual-probe offers some advantages
* Lower inductance
* Lower resistance

* Higher conductance

Dual-probe  True Kelvin

L ® ] ] U[ tthS[- Silicon Valley Test Conference 2011 23
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* A Kelvin contact is required for economical testing
of devices with measurements sensitive to RC

 Kelvin contacting is more expensive initially but
saves cost (and headaches) in the long run

* There are many Kelvin contacts available

» Choose carefully — with many things in life, you get

what you pay for.

2 multites
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Thank You

Questions?
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