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Depth Profiling

ARationale for SIMS depth profiling

fStatic versus dynamic sputtering

Mepth profile characteristics

AParameter choices

ASelection of primary beam and secondary species
MRaster and gate

ASputtering rate

ASensitivity (detection limit)

ACount rate saturation

MVass interferences (high mass resolution, voltage offset)
AMemory effects

fSmall area analysis

Mepth resolution (sensitivity versus depth resolution)
Aon beam induced roughening

Adnalysis approach



Common Elemental Analysis Analytical Technique:

AES XPS SIMS EDS
Probe Species electron x-ray lon electron
Detected Species electron electron lon X-ray
Information Depth 2nm 2nm 0.31nm 0.1-1 € m

Lateral Resolution20nm 10 &Imm 7nml1 O & nbnm

Elements
Detected >He >He all >Na

Detection Limit  0.1-:1% 0.1-1% ppm-ppb 0.51%
Chemical Info limited yes yes (ToF) no



Rationale for SIMS Depth Profiling

Typical surface analysis techniques for elemental analysis
AES, EDS, XPS, SIMS

SIMS depth profiling used to provide:
Adigh sensitivity
AGood depth resolution

Depth profiling can be achieved with magnetic sector, quadrupol
or Time-of-Flight instruments.



Static vs. Dynamic Conditions

Parameter Static Dynamic
Residual pressure 101° Torr 107 Torr
Primary current density  103- 101 pA/cm?  10- 10° pA/lcm?
Analyzed area 101-102cnv 5x104 ¢y
Atomic layer erosion rate 10°-103/s 101-10/s
Primary current 1 nA 100 nA

Raster 1000 x 1000 um 250 x 250 um
Primary current density <1 nA/cn? 0.16 mA/cm
Sputtering rate 0.5 nm/hr 3.6 um/hr

Atoms in Si monolayer 10%/cn? or 107/pm?



Static vs. Dynamic SIMS

Static SIMS limit is ~1& ions/cn# (Si surface is 10 atoms/cm)
1 nA/ (1000 um x 1000 pm) = 6.25xE0ons/cn¥-sec
< 10 sec to reach static limit

10 pA/ (1000 um x 1000 pm) = 6.25X1@ns/cn% -sec
> 800 sec to reach static limit

Dynamic SIMS may have 150 nA/ (200 pum x 200 pm)
= 2.3x13%ions/cn?-sec
< 0.001 sec to exceed static limit



STM Images Before and After Static SIMS

Si surface Si surface exposed
to 3x10*%ions/ cn?

H.J.W. Zandvliet, H. B. Elswijk, E. J. van Loenen, I. S. T. Tsong,
SIMS VI, A. Benninghoven, et al., eds. (1992) 3



Depth Profiling

MNeed to remove material from region of interest
ARequire a process that will work in vacuum, such as sputtering
AElectrons have very limited sputtering capability
A aser ablation lacks uniformity of removal
ASputtering typically done with ions
Aons have charge
Meam of ions can be rastered to create a crater
AControlled removal possible
Many different ion beams are used
MRaster and gate method employed
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Parameter Choices

Arimary beam species, energy, angle of incidence
ASputtering rate (primary beam current and raster size)
MRaster and gate

ASecondary beam species

AEnergy distribution of secondary species (voltage offset)



Absolute Positive Secondary lon Yields

(element) (clean surface) (oxygen-covered Ar*t 3 keV, 70° incidence

M 5M+ SM+
surface)
Mg 0.01 0.9
Al 0.007 0.7
Ti 0.0013 0.4
vV 0.001 0.3
Cr 0.0012 1.2
Mn 0.0006 0.3
Fe 0.0015 0.35
Ni 0.0006 0.045
Cu 0.0003 0.007
Sr 0.0002 0.16
Nb - 0.0006 0.05
Mo 0.00065 0.4
Ba 0.0002 0.03
Ta 0.00007 0.02
L 0.00009 0.035
Si 0.0084 0.58
Ge 0.0044 0.02

Most elements show

greater than x10 increase
for oxygen covered surface
compared with clean surface

A. Benninghoven, Critical Rev. Solid State Sci. 6, 291 (1976)
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Primary Beam / Secondary Polarity

O,* and Cs provide complementary secondary ion yields

Elemental Detection for O, and Cs" Primary lon Sources

- Optimal analysis by O,'SIMS (positive ions detected)
|:| Optimal analysis by Cs'SIMS (negative ions detected)

195.08

Evans Analytical Group

15



Choice of Profile Species for Detection Limit
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SECONDARY ION COUNTS

(Mass spectrum on next slide taken at peak of implant)
17

Selection of Secondary Species
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Mass Spectrum of Vanadium Implant
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ATOM DENSITY (atoms/cm3)

o Choice of Species

Ge — InP
Cst PRIMARY BEAM

1020

=
=]
—
i
b
—
-_
—
-
—
e

Improved detection limit for
Ge in InP using molecular ion
that contains an impurity
atom and a matrix atom

b

o
—
w

=

o
—h
o

-

Qo
-l
~

74Ge—'

SERRIUL R R

16
10 74Ge31p—

PV TTIHIY

1015 i | | |
0 1 ' 2 3 4 5
DEPTH (um)

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
19



1021

S Dy— GaAs, 1X10"cm ™2 ! i
: o amarveeam | ChoICe Of Species
1020 —
5 Improved detection limit for Dy
T .l In GaAs using molecular ion that
3 contains an impurity atom and
3 the primary beam species
e 10"
2
w —
o e
Z 17
8 10 =
E M1640y+
10
E Mw‘toyﬁo-}
101501 L1 10!51 1 11}01 11 11-5
DEPTH (um)

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Secondary Species Choices

AMatrix species for normalization

A Major or minor isotope

A Atomic or molecular ion

A Mass interferences / mass resolution required
A Count time per point (data density vs. statistics)
A Voltage offset

21



Crater Issues for SIMS Depth Profile

Surface laye
Wf/ /////}}m/f W
Substrate

{a) (b}

(e) (d}
® @® @ °

(e} if)

A) Surface layer with
atomically sharp
Interface

B) Rounded crater

C) Flat bottomed crater
- sidewall contributions
D) Secondary ions due
to neutral species

E) Nonuniform
sputtering

F) Knockon

SIMS, C. G. Pantano, Metals Handbook Ninth Edition, Vol. 10, R. E. Whan, ed.,
American Society for Metals, Metals Park (1986) 610
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Raster & Gate Relationship to Depth Profile Shape
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Depth Profiling: Raster and Gate Method

Raster——>
Circular gate

(aperture)

\\ Square gate

(electronic)

24



Beam Diameter Increases Crater Size
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Parameters for Profilometer Trace of SIMS Crater

16% — a

50% —

84% —

SURFACE WIDTH

|“___ 805um

]

Beam\A | Crater width Is sum
of raster width and
beam diameter.

RASTER WIDTH DEPTH
730um 0.68um
DETECTED
WIDTH
— L

~— BEAM DIAMETER 45um

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)

26



Detected Area versus Raster Size

1021
T5As—+SI 160 keV, 4 X10"%cm™2 o _ .

o2 Cs” PRIMARY BEAM Arsenic implant in Si
& “\\l {,—B A
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3 o ol
< R - Profile B:

1 “ B
"’ A 80 pum x 80 pm
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Profile B illustrates the distortion introduced by too small a ratio
rastered area to detected area. The raster is insufficient to reject
sidewall contributions. The shaded area represents a 60 um
diameter detected area. Profile A is more accurate.

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Sputtering Rate

ASputtering rate determines time for depth profile
ASputtering rate can be varied with raster size or beam current
ASensitivity typically improved with higher sputtering rate

A-or sample with layers, sputtering rate can be different for each I
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Sensitvity (Detection Limit)

10 ppt detection
limit obtained for
Kin Siusing Q*

CAMECA IMS-6f
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Count Rate Saturation
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Metermine gated or detected area to rastered area ratio to con
measured constant count rate to instantaneous count rate.

Anstantaneous count rate is constant count rate times ratio of
rastered area to detected area.

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Count Rate Saturation
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Depth profiles of fluorine in Si
A with different count rates.
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SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
32




Count Rate Saturation
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Mass spectra taken with detected area equal to 4 and 36% of the
sputtered area, showing tR&6i* is saturated in both cases and
the ratio of8Si* to 3°Si* is incorrect. Analyzed using quadrupole.

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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High Mass Resolution

31p andkOSitH 31p 30.97376
H 1.00797
30Sj  29.97377
31P mass separation fro#SitH is 0.0078 amu or 7.8 mmu
Mass resolution required is M = 31/0.0078 = 3955

>Fe and®Si, °Fe 55.93494
28Sj  27.97693
>Fe mass separation frot¥si, is 0.0189 amu or 18.9 mmu
Mass resolution required is 56/0.0189 = 2955

40Ar and“°Ca 40Ar  39.96238
40Ca 39.96259
Mass resolution required is?

34



NORMALIZED INTENSITY
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Analyzed using quadrupole
Instrument.

K. Wittmaack, Phys. Lett. 69A, 322 (1979)
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1)

SECONDARY
ION INTENSITY (COUNTS)

303i+

2)

3)
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ENERGY
WINDOW

]
0 =50 —100
SAMPLE OFFSET (V)

Voltage Offset

Placement of energy window to
achieve maximum separation between
Sit atomic and SO* molecular ions.

Atomic and molecular distributions
1) energy window open
2) energy window translated
3) energy window translated and
sample voltage offset

CAMECA operating manual
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Improvement in detection limit for As implant in Si analyzed usin
O,* and Cs primary beams at different energy window positions
Energy window moved with sample offset voltage.

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Voltage Offset on Mass Spectrum
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SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Memory Effects

Magnetic Sector
Close proximity of sample and immersion lens cover plate
permits resputtering of material previously analyzed

Example: prior analysis of InP substrate will affect detectio

of P in Si. The effect shows at about 5 orders of magnitude
below the matrix density

Quadrupole
Open geometry reduces memory effect

Time of Flight
Low sputtering rate reduces this effect

39



Magnetic Sector Geometry

| Memory effect 1-primary beam
Primary Beam y 2-sputter and deposit

~1 partin 18 3-resputter and deposit
on sample

Immersion lens cover plate

5 mm

Sample



Quadrupole Geometry

Primary
Beam
Extraction 250V
1-primary beam
1 A 2-sputter and deposit
3-resputter and deposit
1-2cm 2| |3 on sample
ground

Sample
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Specime

Analysis Volume

SIMS analysis volume is small

Analysis Raster

1cm

42



Analysis Volume

ASIMS analysis volume
100 um x 100 um raster
30 um diameter analyzed area and 1 um depth
analysis volume = 7.1x10 cn?®
A\mount sampled
Si density x analysis volume
= 5x1C0? atoms/cmx 7.1x101° cm?
= 3.6x1033 atoms x 28 gm/6.02xt0atoms
=1.7ng

MANeed more than one analysis point per sample

43



Relationship of Analysis Area to Detection Limit

Si: 5x10% atoms/cm’, 10" atoms/cm® monolayer

Usetul yield = (ion yield) x (transmission and collection)
Typical useful yield= 1% x 10%=0.1%

5 um x 5 um detected area (3)«:108 atoms monolayer)
1 nm/s sputtering rate, 1.25x10° atoms/s
0.1% useful yield, 1.25x10° ions/s
2 ions/s detectable, 10" atoms/cm’ detection limit

0.5 um x 0.5 um detected area
1 nm/s, 0.1 % useful yield, 10" atoms/cm’ detection limit

0.1 um x 0.1 um detected area
1 nm/s, 0.1 % useful yield, 2x10* atoms/cm’ detection limit
100% useful yield, 2x10"" atoms/cm’ detection limit

Useful Yields (H. Midgeon, CAMECA, 1987)
Nain Si, O,, .041 or 4.1%
B in Si, 0,", .0017 or 0.17%

P in Si, Cs", 0.00012 or 0.01% »



Small Area Analy5|s on Slllcon Patterned Wafers

Dedicated
SIMS
Patterns

Analysis patterns In grld areas between devices
e.g.: n source and drain, p source and drain, poly/gate oxide/Si

45



SIMS Patterns on Patterned Wafers
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SIMS Patterns on Patterned Wafers
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100 um x 125 um patterns. The crater in the pattern on the
right is from a 75 um x 75 um raster.

F. A. Stevie, et al., J. Vac. Sci. Technol. A10, 2280 (1992) 47



C,O,NinNb

+
Cs
1E+06
. 14.5 keV

1E+05 —
’g 1E+04 1+ \\ 12C Counts
2 1E+03 /\ —— 160 Counts
) N | —93NbCounts
*2 1E+02 —— 93Nb14N Counts
3
© 1E+01

1E+00 T T

0 200 400 600
Time (s)
C,O,NinNb Cs'

1E+07 6 keV

1E+06

1E+05 -
g l 12C Counts
% 1E+04 'V N —— 160 Counts
e 1E+03 4= DN —— — 93Nb Counts
2 \//"\ —— 93Nb14N Counts
> 1E+02
O w
@)

1E+01

1E+OO T T T T

0 200 400 600 800 1000

Sensitivity vs.
Depth Resolution

Typically better depth
resolution but lower
counts by reducing impac
energy

14.5 keV
20nA 12Qum raster
30um analyzed diameter, MR25(

6 keV
15nA 130um raster
30um analyzed diameter, MR20C



Quantification of C, N, O in Nb

Concentration (atom/cm3)

93Nb

1E+21 k
1E+20

\\/\’\/\ 3Nb14N

1E+18

1E+04

1E+03

1E+02

1E+01

1E+17
0.0

1E+00

0.8

Counts (cts/sec)

P. Maheshwatri, et al.,

lon implantation

Mose: atoms/cri
AC: 1E15
MN: 1E15
FO: 2E15

ASIMS analysis
CAMECA IMS -6F
6keV impact energy

Surface and Interface Analysis (2010, 42)
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Depth Profiling Using TOF-SIMS

Depth Profile of C, O, Nin Nb

' m Analysis Sputtering
S Beam Beam
O [« r10°S :
N | 2 | lons Bis* Cs’
NbN |« 1% Energy 25 keV 10keV
F10" =
Raster 50 x 50 120 x 120
area m? m?
0
100 | current 0.2 pA 20 nA
gf]': 2 kV
500 1000 1500 ergy
Depth (nm)

ION-TOF TOF-SIMS V

C. Zhou, NC State University




Interlaced Mode

Sample is sputtered during the flight time of the secondary ions
the analyzer between the analysis gun pulses

=« <Ins
Analysis I

Gun

< >

Cycle time 100 ps

10 ps
Extraction I

—» « Delay 5 ps «— Leadoff 5 ps

\ 4

Flood Gun 80 s

—» Delay 10 ps —» l«— Leadoff 10 ps
Sputter
Gun

C. Zhou, NC State University




Non-Interlaced Mode

The sputtering and analysis are sequentially organized

_ 12 34567 16384
Analysis

Gun

la
[

Analysis 1.64 s
100 ps cycle time, 16384 cycle
1 scan of 128 x 128 pixel, 1 shot/pixel

\ 4

Flood Gun <

Flood gun 1.66 s
Pause
0.2s

C. Zhou, NC State University

Sputter
Gun




Interlaced Mode vs. Nonrinterlaced Mode

Interlaced mode

Analysis Sputtering ~ 5
Beam Beam -~ H I« [10"5
: 10%° C &

lons Bi,* Cs' e s %
Energy 25 keV 10keV oo [ SiN i+ 10° 2
Raster 50 x 50 120 x 120 W
area m2 m? Lo 107
Current 0.2 pA 20 nA
ToF 2 KV N 10? | IZOO Il)er:;’t(t)1o(nlm)
Energy Non-interiaced mode

—~ f

AH, C, O, N implanted in Si
AH and O profiles in nointerlaced
mode show higher background signals

‘diﬁjxaz:::;::;; N f10°
due to the influence of the residual gas 10 ) Nadaa A

during the analysis phase

1020

woO-I

Intensity (counts)

b 5 [

wn

108 r10

0 100 200 300
Depth (nm)

C. Zhou, NC State University



Concentration (atoms cm™)

Depth Resolution Simulation

Effect of 10% unevenness on
Gaussian distribution

o4
0 Depth (um)

D. S. McPhail, et al., Scanning Microscopy 2, 639 (1989)
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Depth Resolution Simulation

—
o

idk
p—
———
e
——
p—
————
———im

10“: ......... 10* e ———————— y 10— . -
o W—— -
§ 10’?1| 102—; s 10“? —
P ™= 1 ni
S 10'5 10‘—5 1% 7 1073 .

100 — —————— T I | 100

Effect of 1% and 10% unevenness on crater bottom for a sinuso
dopant distribution, according to the uneven etching model

D. S. McPhail, et al., Scanning Microscopy 2, 639 (1989)
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Depth Resolution

Factors that improve depth resolution

ALarger angle of incidence from normal for bombarding species
ALower bombarding energy

Alncreased mass of bombarding species

Depth Resolution improves as ion penetration is reduced

Depth resolution measurement
ADecay length
depth for 1/e intensity change
ALeading and trailing edges
decay length for increasing and decreasing ion intensity
Alnterface width
84 - 16% of maximum

AFull width at half maximum
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Penetration for Different Analysis Conditions

20 nm

-ypdaqg 1asae] -

TRIM Monte Carlo Simulations in GaN

| BaN
._E
< g:' R,=1.6nm
9n £ | ‘| DR,=1.0nm
0,"5.5 kéV: 0," 1.25 keV
U =41.3° | U=485°

siXy-A "sa yydag

v0

Voo

[ GaN

-pdaq1adre] -
1

g
R,=14nm £
DR,=0.7nm £
Cs", 1.25 keV
U=485°

GaN density 6.15gm/ctn

WWW.Srim.org
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Depth Resolution

DEPTH PROFILE PARAMETERS
ABSOLUTE - At (A 2)
DEPTH RESOLUTION {RELATIVE - A/t (Az2/1)
% | _TRUE CONCENTRATION

100 MEASURED
|_—CONCENTRATION

ERROR FUNCTION
dI(t)/d9

dC(z)/dz

INTENSITY I(t)
CONCENTRATION Cl1z)
o
O

r
I15.87 %

|
+0
I*g;‘_IL swig%qmn:qs 1.
Depth profile parameters for analysis of interface described in terms of sputte

time or depth. Error function is derivative of interface curve andigima
points correspond to 84 and 16% of maximum intensity.

SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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: 5 2
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101 . " SR 01
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SIMS, R. G. Wilson, F. A. Stevie, and C. W. Magee, Wiley, New York (1989)
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Be CONCENTRATION Nge (1018 cm™3)

H
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GoAs:Be

NEP= 5x1012 cm 2
Ts = 500°C
E=1.5kev OF
I=70nA

¢ =750 um

< =60°

)
= 29A

ale
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300 400

DEPTH z (A)

Depth Resolution

Profile of delta doped Be In
GaAs showing less than 3 nm
FWHM

O,* 1.5 keV 60 from normal

Data from H. Luftman, E. F. Schubert, and R. F. Kopf
F. A. Stevie, J. Vac. Sci. Technol. B10, 323 (1992) 60



Sensitivity versus Depth Resolution

Cannot simultaneously optimize sensitivity and depth resolution

ABest sensitivity
AHigh sputtering rate
ALarge detected areanore counts

ABest depth resolution
ALow impact energy, reduced ion penetration into sample
ALow sputtering rate
ASmall detected ardgareduce effect of sample variations



Non-Uniform Sputtering

Alon bombardment can cause aamiform sputtering
APolycrystalline materials (metals) expose
surfaces at varied angles to ion beam
AObserved even for crystalline materials
under certain conditions
ACheck for roughness
AOpticali crater bottom becomes dark if significant
roughening
AProfilometer
ASEM
AAFM
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SECONDAFY ION COUNTS

Sputter Induced Roughness

""""" i
104 1 ] (o) (b) (c)
0 2 4 _ 6
DEPTH ( 4m ) | SEM micrographs of SIMS
O,* 6 keV profile of (100) Si. crater bottoms at depths of
Arrows match depths for a)2.1,b) 2.8,and c) 4.3 um

SEM micrographs
Roughening of crater affects secondary ion yields

F. A. Stevie, P. M. Kahora, D. S. Simons, and P. Chi, J. Vac. Sci. Technol.
A6, 76 (1988)
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Reduction of Roughening

AChoice of primary species
AEnergy of species
Alncidence angle

ASample rotation
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RMS Roughness vs Incidence Angle

6 I | i I . .
1 35 Y ADifferent O," impact
£ ® 2 keV :
s a v 1 keV - energies
O ALy T 201 AAFM roughness
At bl a 600 eV] measurement
2] a 500 eV-
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e 3| .
£ \
O - -
2 \
e 2 3 -
8 \
O
5 1r g
w I -

By
0 i | 1 ] 1 i ? ?‘

45 55 65 75 85
Incidence angle (deg.)

Z. X. Jiang and P. F. A. Alkemade, Appl. Phys. Lett. 73, 315 (1998)
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Crater Roughness at Oblique Incidence
1keV O,* 60° w/ O, flood

10.0 nu

0.0 nu

UHV

| 1.3E4 Pa
Z. X. Jiang and P. F. A. Alkemade
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