Physical Vapor Deposition

(1)Vacuum evaporation

Vapors are produced form a material located in a source which is heated by direct
resistance, radiation, eddy currents, electron beam, laser beam or an arc discharge.
The process is usually carried out in vacuum (10~ to 10 torr) so that the
evaporated atoms undergo an essentially collisionless line of sight (&) transport
prior to condensation on the substrate.

The substrate is usually at ground potential.

C
-
O

[HZ=S flet R 7K =25 A

O[Lt 7| M Bl 2 S=2tE|0 =2 0| O| S &AM SAF &Lt
O A 7| X JXfL 2 AIHER = O S & L,

AL 7 EHSOAM S5 (2EEE) =L

JOM 252| A-SENO| TErA R K| | AH L Z 2] =T

ol ol -
o J

NN O

®HOOE X

rEuin uE



Vacuum evaporation
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e Many metals (eg Al) can reach millitorr pressure at modest temp (500 ~ 1200 °C)
e Hence evaporation easy for many materials

VAPOR PRESSURE — torr

Notc: ® —melting point. TEMPERATURE — °K



Vapor Pressure

*Vapor pressure is the pressure at which the vapor phase is in equilibrium with the solid
or the liquid phase at a given temperature.

* Below this pressure, surface evaporation is faster than condensation, above it it is slower.

* Theoretically, the vapor pressure can be found by the Clausius-Clapyeron equation.

dP  AH(T) where AH is the change in enthalpy, and AV is the change in
dT  TAV volume between the solid (or liquid) and vapor phases

* Over a small temperature range, the equation can be simplified as:

AH,

P = Pyexp (— ﬁ) where AHe is the molar heat of evaporation

* In reality, empirical formulas and experimental data are more useful to find the vapor
pressure of an element.
* For example, the vapor pressure of liquid Al is given by:

log P(torr)=—-15993/T +12.409—0.9991og T —3.52x10°T
‘ _/

- A
Y ~

Main Terms Smaller Terms




10

10-1

" ""Vapor Pressure in Bar

10

? ? o
Q a a

b -]

40 40 ....0
m - - -

(BH W) 101 Ul ainssalAd Jodea

10*

10"

:
:

500

Temperature in Degrees Centigrade



Evaporation Rate

« The basic equation for evaporation flux is given by:
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e

27MRT

coefficient of evaporation (0 <o, < 1), P, is the
vapor pressure and P,, is the ambient pressure.

* Maximum flux is obtained when o, =1 and P, =0
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« This can also be put in mass units by multiplying flux
with the atomic mass:
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Aluminum Example

« ForAl, M=27gr

« From the vapor pressure diagram, to get P, = 10 Torr, we need to
heat Al to 980 °C. (2| 2= 7|F)

« At this temperature, the mass evaporation rate is:
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If the vapor pressure is chosen to be 102 Torr, then the temperature
has to be increased to 1220 °C and the evaporation rate becomes:
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Deposition Rate

* Of course the ultimate quantity we are looking for 1s a deposition rate.

* This 1s not only related to the evaporation rate but also the angle and distance
between the source and substrate.

« Our basic assumption remains that we are in the ballistic regime (241 0| = 7}&)
and the evaporated atoms travel in a straight line from the source to the substrate.

» We start by looking at the mass lost from the source.

M, = j J‘l_e(/Ae(/f where A, is the surface area of the source
0 A,

» The expansion of that mass in the chamber depends on whether the source 1s a
point or a surface source.

* A portion of that mass is incident on the target. The orientation of the target will
determine the actual mass that is deposited.



Point and Surface Sources
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— Point Source
m Surface Source
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. low pressure ( < 10~ torr)

CO7| 20 M EE B2 A2 2
threshold pressure &= & (Hf 7| & =7} =4
l/sec O] &f — @ HEX|E 2[5H)

. chamber?t 27|’8 7|0 L HE|X| 2Ot
OF ot

. vacuum chamber?®| size7} T 29| FHAl &
O| =07 &Y 7t

Serglo] BArGO| 7| EYo| FES F
| 3




[=1;
.

o)

le)

o3

=)

H

i

I+

=

ER

™N

= o

~0 uh_

. .

T T M

gy W o W

7 ol g &l

= Bl ur  iod

o N u:_
i

A

< s =

v W F =

= ! 0 K

oF . &k W K

up KT ®r ol 1o

Ehﬁm_.ﬁﬁ_o:e_m_.

BN Kl K 5g A0 -

A OO Pdar M U

T O of <N AT LY

ERIE WS ﬂ

o K odn” olgi= 8

oy ST YO T R3S 7

e N IS o{J &J g

S arojar~ 4

FC},

-
o
—

e 28-30]0{0f

), teflon; H| S0 & 11 T 20{M AL =7}

I =
=0

2| O A =

=
=

=
[S)

£ M2 (ALO;)
Ol mylar(

Xiaf
=
MJA
-1 O
N
=

S

2,
=
=

C
o
<
7

*
’

& (mica) &

o
L

=
[S)

F

0O
o T
.I
o

Si, Ge, AFILIO| O,

*
CtA X
- =

y



~ O 1

x 92| 7|
QE7t € PE 4+ An, e YD
of2| 71X S440] 7|23} O Ab0| &= X
O| BrOFAf X}ZE Molrt,

£2| B0 YZE|0f 9= Na WE0| 12,
27| 30|Lt R0 ofoh g2l LfoloA
Heielof 17| M=o G 71K 0
20 o Te

. I} O| 3| A (Corning 7059) 7| &tO| BLO| AtE
E|:|I(Na =F0| A ng e pLpNde] IH:'-)

X 7t £ 2 7| H-AFGE(SIO,), EF0[Lt
(AL O;) 3
= HEHHAE7| check Z &2

O 57}



of M|%

w
~
5

@ 2 0| 2=(deionized water)Z 0| A Z= S I} A| & SIC,
@ =t €A SHAM 7q‘%”é' = M7 tCt.
@ AZxotd HA[SE MAAZ E27|H 2 2O AZRA[ZIC
@ O| 2% Z(ion bombardment) 2 2 HHO| 2 & '34; M| A st}
® HSSM F2[7|8S 300°c0] Z7FEAZICH (771= & F==XAH)
AXIS Ol X O —
4) S et F M=
ot a5 g, BN, RN, otet A, otet = 0] QULE
. S& R (source)0f| Y= =& MKX = CF AHESHA] Z=Ct
= 1 RA7|0 2 =2==0] g0t Q7| 2 > 2 2=k FX



OMN L E R (electrically heated evaporation sources)
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Fig. 13 Wire and metal-foil sources. (A) Hairpin source. B) Wire helix C) Wire
basket. (D) Dimpled foil. (£) Dimpled foil with alumina coating. ) t

(F) Canoe type.
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Figure 13.12 Flash evaporation source.




® MAM7IE S A (electron-beam evaporation)
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Figure 7-3 An evaporation source using clectron
sight of the source and is focused mto it by a1

accelerating clectrodes form them into a beam



® Molecular beam epitaxy (MBE)
OF w4ttm oA el YT
e Used to create complex thin layers
e Highly used in ITI-V compounds
e Have an many e-guns hitting many separate sources
e Control relative composition by separate rates

¢ Can put down monolayers of different compositions
e used in complex microwave and electro-optic devices
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Quartz-crystal
r-f thickness monitor

Hot plate
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Heat shielding ———_|

View port
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| —— Mechanical shutter
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Titanium-sublimation Turbomolecular
pump pump

¥igure 8-11 An apparatus for molecular-beam epitaxy. (Reference 19. Used by permission.)
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Radiation heating, tantalum wires with PBN insulators
Shield made out of refractory metal and water cooling coil

100 °C ...1000 °C low temperature cells
800 °C ...1400 °C high temperature cells
up to 2000 °C based on custom design

<= 0.1 K depending on the PID controller



0) Microstructure of thin film deposited by
evaporation

. The parameters affecting the
microstructure of thin films

(@ the nature of the substrate

@2 the temperature of the substrate
® the rate of deposition

@ the deposit thickness

® the angle of incidence of the vapor
stream

©® the pressure and nature of the
ambient gas phase

. The parameters affecting the texture of
thin film

(D nucleation rate and growth rate

2 surface mobility of adatom

Figure 4.34: Sequence of micrographs illustrating the effect of in-

creasing deposit thickness of gold on rock salt. XB8000
Pashley-Refl. 101-with kind permission.) - ot



https://www.youtube.com/watch?feature=player_embedded&v=NsGRKSV8yH8
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(2) Sputter

X Sputtering Of 2|2t 28k = 1p7d
@ 7t5=l 0|22 Z=0 2|51 =
@ Y== JAXZE 7[5O SEE O

o

¢ Positive Ar ions move to cathode (negative electrode)
e Accelerated by voltage, gain energy
e A1 ion hits target: knocks of target atom/molecule
momentum transfer: Called sputtering
e Target atom them lands on substrate (wafer)
e Since momentum transfer does not heat target
Thus no discomposition of target or substrate

e-

Argon lon *
Wafer




1) Physics of sputtering

@ lons that bombard surface can arise from both plasmas and ion beams.
2 Upon bombarding a surface incoming ions may be
. BFA}: reflected back

. &%} stick or adsorb

. A2k scatter

H H AKX K| 7H: eject or sputter surface atoms
. 7| E£H0f| Tf =&l: get buried in substrate layer

X ion bombardmentOi| 2|3l &/ d5t= &t
. surface heating

. chemical reaction

. atom mixing

. alteration of surface topography




3 lon beam energy is critical in defining the nature of the interaction with surface

by changing the probability of surface sticking and reaction
. kinetic energyZ} 2f 102eV O|SH(t 20| A SOl HX|H 0 3 F); sticking
probability 7} & 10|}, — condensation as well as chemisorption

. from 102eV to 10*eV ;sticking probability 7} 0.201|A] 0.6
= sputtering processes 7/} & 0| L}= ion-energy 2 %

. 10*eVO|| Al 108 eV ;sticking probability 7F /42| | O|C}. = implantation 2 =
sputtering 2f& 0| O ALt

@ Sputtering yielding

Number of sputtered atoms

incident particle

. experimental value of S ranging from 10~ to as high as 103
. most practical sputtering processes; from 10" to 10
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4) AIHE ZFX|

(D DC sputtering

@ RF sputtering

(3 Reactive sputtering
(@) Magnetron sputtering

https://www.youtube.com/watch?v=8mVK5dwyoEY



DC 2= sputtering
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RF sputtering

(1) sputtering plasma &l oscillating power source & AF&5I2 =2 DCR R ELCH B2 70| UL

- RN EE sputter 2 = U0, T2 L ESIO|M AR LS SHCL

(2) TLt=7t 50kHZzO| 2 O| T, negative glow regionOfl = TAIES2 7|X| RAIE=2 AH O|=23 &
T U= SES U E #A £ HAEHMOZ dischargeE R XISt ER%H MAE2| =
A BICH EE S impedancet SIEEE MO 2 AFESY = QoD Z AXMI0| 2 F T Y 2o+
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MFAM A2 27]2| coupled =5 Bt= = UCL SHX| 2t 02Tt &Y circuitS O|F =0 2Rt
inductance= Tt=7| RIS M= RF 2/l 7|2} Ioad AFO|0f| impedance-matching networkE & R 2 ©F
Ct. RF systemOl| A= inductive, capacitive =& ZA & 9o Mot X[, =M ZO|9| XA =H
ot AEZFEES M 7H5t= A0| S QoL

3) 2 MHE YO M = 0| 2E2 MM o Z AEF0| A8 2 potential oscillations [H2HZ 4= ©f
C. electrode”} cathode= 288 M= 10MHzO0| & =|0{OF 210t O 2 sputteringOf| O| & &I L. C A
MO E |3.56Mz, 277t AHEEICH.

(4) Tt - insulating target= ST E- 0| £X| BI0F R M| o] SEEZE7t XotEICH(DC ELF =
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Triode sputtering

() == Z2tHEZ 7HE K| 32| = (simple biased conductor
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Schematic drawing of hot-
cathode assisted discharge
device(triode)



Reactive vs. non-reactive process

(D non-reactive process

. =2 gas plasma (Ar)& O| 250 sputtering

- targetO| L} 7| 20| 2]H X Ol otet & 0| EHOSHA| =
=28 7|H7F 0 H2 LO|2tE targetO[Lt 20| &
22 ex) hard coating LHE-C| Ar - 2tO| L& S EZ T 7HA| 7]
7| E/E couplel| 22EV|N =

- growth mode, stoichiometry, film properties, 7| | £} 7ts-d0| & =2 O|% .},
=28 7|MZ2 Ar0| BrE - 250 M1, FAHRI A sputtering yield 7t

HIF
n

) reactive process

DC diode, RF diode, triode, magnetron, modified RF magnetron sputtering
Ch= & 7t @80l 7|=0|Ct (02,N2 &-8)

(1) metallic cathode

ctarget= MRt 252HOE FX|(@lg =2 &d2 7|2} cha

. sub-stoichiometric 22| A1} target®| L= L|SH7| 2l SEH2| Fo| 42 = H0| ER

(2) compound-coated cathode

. ZEEESELE sputtering & = 7F = 2|CF (- CHE R 2| 21et= target2 sputtering yield 7F 2F 11 O| X}
HAte| Y= 20| BiCt)

_sputtering /| =, 28, S R0 2| ESHE £ target= 2 0| [H2f 50| 22 2t X d = 2K
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Magnetron sputtering

(1) CHE sputtering & & 1t CHE H
@ &t At7|EE 0| &5t Set=0re| iR 2= -
target M 2 MO FA = Cf - &= 2K X9 Bletron Fild Livs
HES target HHE 72X 2= 28 50| &9

Lid HEj 2 R 20T

@ O|2{et | ¥S O|&5tH Set=0t7t target &
HO| O % 7177t 20| FX[=0 ZH XS0 AM

sct=0r 227t 20HX[A £| 22 0|23 20|

§7|—-O|:|-E|- g " Outer

(2) plasmas 7HFRUS M2 & | Magne Ring
S5 420 57 AL

@ chamber 1} 7| TS 2 2 E{ 9| sputtering &2 \‘) \/

@SHES7|HIIE T /

@ HE7|Hl R A= A2(10" ~ 102Pa) e

(3) 7+ Y Ol magnetron source

O A = Hr2l 20| magnetron target2 T2 X 2 Circular, planar magnetron cathode

£ 'racetrack B E = sputter erosionO| 0] HCt. schematic, illustrating the magnetic

— N A targetOf M B2 S| JH|7F A, confinement and the resulting

target= 7FE2E P sputterE atom®| 27t W& electron trajectories.

2ol 27t EICt — deposition2| o 2 -1t
target O| & HO| A Ct2 HEHC| B2 targetO| 70 E
[0 RULCH.



(4) magnetron sputtering system

@ electron source2| =7} triode modeO| A =3

- hollow cathode enhanced magnetron

0| 22tE &0|7| I3l magnetron source 20| A %7 hollow cathode discharge’} O| & &.
@ RF voltage AE

electron field vector2| %I =1} HI3FO| CHS}Y| [[H—'-Oﬂ ot =7| LHO| M S2t=0} Lfe| ™
AHS0| &= .:.Ol HSEA| 2T IEEA plasmali 0| A S ot= HAIE2| & & BFolA
plasma”| | O] &) target 2N 0 = oHE[X| =L

— ot =719 EE0Zt true magnetron behaV|or7|' =X

5) S8

©ESBH AL

@ =2 sputtering H=

@ 7| 25 A=

@ LU 2o SFL = Heto] O



https://www.youtube.com/watch?v=Hf2kkqZhL7U&feature=player_embedded



Unbalanced magnetron sputtering
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Q) SEHES 0|%9| 5= E'F01| MO-| A‘| nucleation behavior, morphology, composition,
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(5) MIZHX] 7|2 HEH

@ IHEf - 4ot L2 pole, Of 5t 2| & pole
J|Eof] 0|2 ZE0| B2 LT} (O] 2.3 2 @I X}=0.25:1)

L_-O 1
> SEOHI &40 {2, 72z 0= O Y SOFT IRON
N N & SN 7221111114
@ S e - A2l 7, 2& 2| magnetron S
> #&ds D 47 18 v 8] waoneT
- - = o EYL[NDRlCAL /
@ OHE - 2k LHE pole, BTt 2|5 pole MAGNET
=2 7|2 bias potential Of| A| Z2}E O] 2 SF(2:1) SHEm TE T
> MEotsdo 28 . ia 7
(6) 7|J_|i|- xl g:!gl Olg j: I INTERMEDIATE IT

discharge current0f M3 I" H| &

Ao] 5 Qfejo] 2 P WA= Yert

(7) target/7| = A 2| 1 — ion density |7} =A



(8) three modes of operation
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Schematic representation of the plasma
localization and confinement for the modes
of operation: (a)conventional magnetron;
(b)unbalanced magnetron; and (c) dual site
sustained discharge

ion : deposited atom ratio
CM(0.5:1), UM(2:1), DSSD(10:1)



https://www.youtube.com/watch?v=90Ez_e9C4KM
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(D scattering within the discharge

OEZ29| JlAtes dtet &0 2 X2 7|80 =2
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S
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Computer-simulated two-
dimensional microstructures of
Ni films deposited with
incident flux angle a=45°,
deposition rate R=1 nm/s, and
growth temperatures Ts of
(2)350K, (b)420K, and (c)450K.
The deposition time, t, is
shown.




@ 7| & 22} negative biasOf [} =%

1) Zone I- X 20| M= open dendritic
arrangement, ¥ = 2

2) T-zone - dense columnar formation, T-zone’d = 9|
=2E0ME O B &2 2 S 7K EZ §
e 220 EdE =2

3) Zone II- second dense columnar microstructure,
=7t =OMXBM =g § 2=7} & OtEIL}

4) Zone III - dense equiaxed grain structure(X{ &2 78)
X negative bias potential2 S7FA| 2= T-zone2)
=27t L2 Zhey,

(*+ adatom mobility 1, substrate heating 1, point
defect generation 1)

Revised structure zone model
illustrating the combined influences of
substrate bias voltage and substrate
temperature(relative to the melting
temperature) for thick films
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Structure-zone diagram showing schematic microstructures of films deposited by

cylindrical magnetron sputtering as a function of growth temperature and Ar
pressure
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Nucleation and Growth Processes

Schematic representation of processes leading to three-dimensional
nucleation and film growth



EXHII=sS NIS8s

(a) step coverage(%) = (¢/t )x(100%)




