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As with all of these lecture slides, | am indebted to Dr. Dieter Schroder from Arizona State

University for his generous contributions and freely given resources. Most of (>80%) the

figures/slides in this lecture came from Dieter. Some of these figures are copyrighted and can be

found within the class text, Semiconductor Device and Materials Characterization. Every serious

microelectronics student should have a copy of this book! ECE 4813 Dr. Alan Doolittle
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Graphs and Plots

When two variables, e.g., resistivity and doping density, vary
over many orders of magnitudes (decades) it is best to plot

log - log
y = 1
6.4x107" x

200 — 102 paqummrremr e e
150 | ] 3
Yy 100 | ] y
: 102

50 | - :
0 ‘ ‘ ‘ ‘ | ‘ ‘ ‘ ‘ | 1 -4E Cnnl ol ol

0 5 1019 1 1020 1014 1016 1018 1020
X X

ECE 4813 Dr. Alan Doolittle



Advanced Semiconductor Technology Facility i
'c'b“._

Graphs and Plots

y =x" Plotted on a Log Scale then Analyzed
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Graphs and Plots: Example

100
y =KeX/X1 80; |
What are K and x,? y 60 - ;
40 - i
X /X 20" )
Iny =InK +x/x,; logy =logK + L :
’ S : In10 ok L
o 2 4 6 8 10
[recall —logy _In_y} X
|n10 100;‘ L R
S|0pe=d(logy)= : L y 10 ;

dx x1In10=2.3x1

Taking Natural Log Scale makes Analysis easier X
but makes scales hard to read. Datais almost

always presented in a Log10 basis.
ECE 4813 Dr. Alan Doolittle



Advanced Semiconductor Technology Facility .
’c'h“._

Kelvin Measurements

Kelvin measurements refer to 4-probe measurements

Two probes:
2RProbe+2RContact+2RS|Oreadin9

Four probes:

RSemicond |i

]
T

R

RContact
——R
Spreading

Current

Probe
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Semicond
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Four Point Probe

m The four point probe is
used to determine the
resistivity and sheet
resistance

ECE 4813 Dr. Alan Doolittle
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Four Point Probe

Derivation of the basic four point probe equation
Assumption: Current flows out radially from infinitesimal

probe tip l| w' 'T |

r

r

1 2

00 «— —> 00
!
\oltage Due to a Single Probe \oltage Due to Two Probes
V=IR;8=JP=_Z—\I'/;J=IK=27L'2 V=2|'”0r1—2L:rz
‘ o1 1
R AR -5le)
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Four Point Probe

For four in-line probes

1 2 4
T| V, =Iﬁ(l_i); V, = IP (i_l)
2x\S 2s 27\2S S

< >

T

8 «—
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Four Point Probe

Since wafers are not infinite \
In extent, need to correct for W “

Conducting/non-conducting
bottom boundary

Wafer thickness T
Nearness to wafer edge t p
Wafer size l

For non-conducting bottom
surface boundary

F=F,F,F, | y E o1
F, corrects the sample 2 ﬂ@ TE
. —_— — . m C
thickness P | (Q ¢ ) [
F, corrects the lateral 0.01;
dimensions (F, ~1if wafer /s i ]
fon e : F = . Lo Lol Lo
size is ~40 times S) Y 2In[sinh(t/s)/sinh(t/2s)] 0 OO&_Ol 0.1 1 10
F, corrects the probe to t/s

edge (d) placement errors
(~1if d>25) ECE 4813 Dr. Alan Doolittle
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Resistivity
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Thin Layers

Consider a thin film on an insulator
Metal layer on insulator
Poly-Si layer on insulator

nonporponn l
E_ t/s
" 2In[sinh(t/s)/sinh(t/2s)] t
Usually t<<s
Recall sinhx = x for x <<1
L US
"7 2In(2)
p=2s LSV _ 7V _ a3V
2In2 1 In2 | I
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What Is Sheet Resistance?

The resistance between the contacts is

D

L L
=P~ _P = ohms
A tW . P
y
L/W has no units L A\
p/t should have units of ohms p T ;L;/

But...R#p/t!
Sheet resistance R, = p/t (ohms/square)

R = (R, ) x (number of squares) [ohms]

Resistance independent S squares
of the size of the square /

Rsh

ECE 4813 Dr. Alan Doolittle
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Sheet Resistance

_7rtV
pln2|

Frequently you do not know t.
lon implanted layer
Diffused layer
Metal film
Poly-Si layers
Define sheet resistance R,
For uniformly-doped layer

p 1 7 V
Rsh=_= =
t ot In2l

ECE 4813 Dr. Alan Doolittle
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Dual Configuration (or Switched s
Configuration)

Measurement 1. Current in 1 & out 4 and voltage
measured on 2 and 3. Directions then reversed.

Measurement 2: Current in 1 & out 3 and voltage
measured on 2 and 4. Directions then reversed.

Advantages:

Probes can be oriented in any direction (no need to be
parallel or perpendicular to the wafer radius or edges)

Lateral dimensions no longer needed 1 23 4

Self-correcting for changes in probe spacing
i N o il
Ry, =—14.696+25.173—2 — 7.872[—‘"")
b b
\I/f23+\l/r23 \I/f24 +\I/r24

R —| _fu r14 R —|_f1 r13 t

: 2 ’ 2 l P

ECE 4813 Dr. Alan Doolittle
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Wafer Mapping

TABLE 1.1 Mapping Techniques for Ion Implantation Uniformity Measurements.
Four-Point Double Spreading Modulated Optical
Probe Implant Resistance Photoreflectance  Densitometry
Type Electrical  Electrical Electrical Optical Optical
Measurement Sheet Crystal Spreading Crystal Polymer
Resistance Damage Resistance Damage Damage
Resolution (pum) 3000 3000 5 1 3000
Species Active Active, Active Inactive Inactive
Inactive
Dose Range (cm~2) 102—10" 10'1—10" [o—100 1o —100 [o'—1013
Results Direct Calibration Calibration Calibration Calibration
Relaxation Minor Serious Minor Serious Serious
Requires Anneal Initial Implant Anneal Measure before

and after

ECE 4813 Dr. Alan Doolittle
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Wafer Maps

Measure sheet resistance; generate and plot
contour maps (lines of equal sheet resistance)

Si-doped Al Epitaxial Si B-implanted Si
Rsh.av = 80.6 mQ/square Reh v = 18.5 kQ/square Ren v = 98.5 Q/square
1% Contours 1% Contours 1% Contours

ECE 4813 Dr. Alan Doolittle
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Sheet Resistance

For non-uniformly doped layers

R=t1= 1

_[O'dx anundx
0 0

1021 .
. 1019
« §
S
o 1017 ]
N—" =
S 1015 ]

Rsh—125 Q/sq uare 3
1013 .. ‘
0 2106 4106 6106 8106
X (cm)
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Sheet Resistance

Sheet resistance R, depends on the total number of
iImplanted or diffused impurities and on the layer thickness

T !< L >
102 .
Uniformly doped: © 10| L

p 1 1 ©

Rsh =, = = Ohms/square & 10° j

t ot gnut (%

Q}, 101 j

Non-uniformly doped: D:%’ 102

L |

R, =— Ohms /square 103 "
q [ nu,dx 10° 10+ 10°

0 a t (cm)
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van der Pauw Measurements

Instead of a four-point probe, one can use an
arbitrarily shaped sample
Current flows through two adjacent contacts
Voltage is measured across the other two contacts

, R12,34 = ’ R23,41 =

Yo,

_ m F(R12,34 + R23,41). _V,,. V,,
In2 2

I12 |23

4

ECE 4813 Dr. Alan Doolittle
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van der Pauw Measurements
F function is determined from

R-1_F cosh‘l(eXp(ln 2/F)) R = Ry s

R +1 In2 Rys a1
I~ T T m
0.8 ®
F o6 ° o o _

0.4 [ ]
T .

1 10 100 1000

R,

For symmetrical samples, e.g., circles or squares, F=1

s T

= ﬁ I:\)12,34; Rsh = E I:\)12,34

P
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Precautions

For copper metallization barrier layers are used to prevent
Cu from diffusing into SiO, or Si

Barrier layers have negligible effect on sheet resistance R,
measurement of thick conductor films

Chemical-mechanical polishing (CMP) dishing does affect
R, measurements

Barrier R =pl/t
Metal sh = P

CMP Dishing

Copper ﬂ H

T. Turner, “Cu-Linewidth Resistivity Measurements,” Solid State Technol. 43, 89-96, April 2000

ECE 4813 Dr. Alan Doolittle
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Line Width

Greek Cross 1

40 §2 Ry, =—F~—

Wle

V V L L
sh = ” = ’ line = = = Rsh W = Rsh
InE2) I, w

|13 line

Used to determine line width W

ECE 4813 Dr. Alan Doolittle



Advanced Semiconductor Technology Facility o
"'\“‘ - .

D

Place wafer into electrolyte

Apply constant current, measure voltage
Oxide grown anodically at room temperature
Oxide growth consumes Si

When oxide is etched, Si is removed
Measure sheet resistance

/V Electrolyte

Sio,
g

M

ECE 4813 Dr. Alan Doolittle
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=Y

Wi Bl b -"'5 1=t
Dowl Wi SN

" Anodic Oxidation / van der Pauw

2 —
: 2
n P E 1.5; 5
2 i %1
A f
| l > © Co ]
0 t X 051 ]
R -1 JdW/Ry)_ 1 0100 2.5 105 510% 7.5 10% 1 10
sh =t - -
_[adx dx P X (cm)
! X 106 -
Using Leibniz’s theorem: )
d ob oa S o5
—[f(x)dx =f(b)—-f(a)— 3 10
[dcg() (0)7 ()ac] z
p(X)=- 1 —|: 1 dRshj|_1 o
d(1/Ry,)/dx  [Rg, dx 10100 2.5 105 5105 7.5 105 1104

X (cm)
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Georgia Tech

Eddy Current - Contactless

An oscillating circuit induces time-varying magnetic fields
leading to eddy currents in the wafer = resulting loss is
proportional to the sheet resistance R,

Sheet resistance

Conductor thickness: t = p. .../ Rsp, measure metal sheet
resistance R, know metal resistivity p.qta

Drive Coil

Pmmm

psemicond

Eddy Currents

ECE 4813 Dr. Alan Doolittle
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1 %
(=0
3 et

Four Point Probe:

1 um
Aluminum

= 3.023x10?
QJ/square
Std. Dev. =1.413%

R

sh,av

Eddy Current:

Figures courtesy of

W. Johnson, KLA-Tencor Rehav = 3.024x10% Q/square

Std. Dev. = 1.459%

' Four Point Probe / Eddy Current

200 A
Titanium

Rsh.av = 62.904 Q/square
Std. Dev. = 2.548%

Rsh av = 62.560 Q/square
Std. Dev. = 2.94%

ECE 4813 Dr. Alan Doolittle
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Modulated Photoreflectance

Pump laser heats semiconductor locally = small reflectivity
change of the wafer = measured by the probe beam
lon-implanted samples:

No post-implant annealing required

Signal ~implant dose Therma Detector

High spatial resolution (few um) g}/;:;

Can measure implanted patterns

Bare and oxidized wafers

Non-contact, non-destructive

Pump
Laser

Damaged

Layer
...also known as ThermaWave = [Eogossooes &

_~" Sample

http://www.thermawave.com

ECE 4813 Dr. Alan Doolittle
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Ox1010 [~

)

Implant Dose (cm
oo
X
|_\
o
5
I

7% 1010 | | | |
0 20 40 60 80

Distance (mm)

B in Si, 30 keV, 8x101° cm=2, contour intervals: 1%

Courtesy A.M. Tello, Xerox Microelectronics Center

ECE 4813 Dr. Alan Doolittle
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Conductivity Type

Hot Probe
3kT Vv
Vi = JT 1

Where vy, is the thermal velocity of the |
carrier H+Ot Cold

Electrons move away from hot probe Np

Positive donor ions left behind WV @\*

For n-type: V,,>0 S

For p-type: V,, <0
Thermoelectric power E.
J =undE. /dx —qu nP.dT /dx — -7 _|EFn

— ——-—E

When you are at ~open circuit (i.e Vho&—~"" E,
measuring voltage) /
J,=20=>dE., /dx =qP,dT /dx

P, is differential thermoelectric power (<0)
ECE 4813 Dr. Alan Doolittle
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Warnings

Hot Probe - Warnings:
Works for ~1023to ~10% ohm-cm

Above ~103 ohm-cm, p-type will likely read as n-type (due to you actually
measuring nu, and pu, not n and p)

High resistivity materials need very high input impedance voltmeter
(electrometer type).

Resistivity Warnings:
Watch out for surface depletion

Especially serious in compound semiconductors
Thermal variations due to drive currents

Follow NIST standards for power levels
Fermi-level pinned surfaces (InN for example)

Whenever possible, keep drive voltages small (V<kT/q) so contact non-
linearities are not important. Otherwise CHECK CONTACT LINEARITY!

| = |{e(z¥] —1J
oy < )

ECE 4813 Dr. Alan Doolittle
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Review Questions

What is the best way to plot power law data?

What is the best way to plot exponential data?

Why is a four-point probe better than a two-point probe?
Why is resistivity inversely proportional to doping
density?

What is an important application of wafer mapping?
Why is a four-point probe better than a two-point probe?
Why is sheet resistance commonly used to describe thin
films?

What is the main advantage of Eddy current
measurements?

What are advantages and disadvantages of the modulated
photoreflectance (therma wave) technique?

ECE 4813 Dr. Alan Doolittle
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