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3.1 Introduction to Evaporation

Vysokoteplotni, nebo vakuové naparovani (Cisté fyzikalni proces) se skladé z nékolika po
sobé jdoucich kroku:

1. Ziskani par vypafovanim nebo sublimaci kapalnych nebo pevnych materiald = nutno
zahfivat na dostateéné vysokou teplotu.

2. Transport par od zdroje k substratu.
3. Kondenzace par v podobé tenké vrstvy na chlazeném substratu.

Vytvafeni tenké vrstvy uhliku napafovanim bylo pravdépodobné poprvé pozorovano
Edisonem. Prvni nanaseni tenkych vrstev roztavenim dratu velkym proudem je historicky
pfisuzovano Faradayovi. Prvni vyuziti vakua pak Nahrwoldovi, Pohlovi a Pringsheimovi.
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3.2 Thermodynamics of Evaporation

Consider either a single element or a pure compound that does not dissociate upon

evaporation.
Vapor-liquid or vapor-solid The system is closed (no mass crossing) but
equilibrium situation in a closed » energy in a form of heat g can be added causing
isothermal container: the pressure evaporation

is py, molar condensation rate Q. ) )

and molar evaporation rate Q. are > energy in th.e form of mechanical work.

balanced. w = pyAV is removed from the resulting vapor
as it pushes back the surrounding atmosphere
(the piston)

Not all of the heat input can be transformed into work,
most is consumed in increasing the internal energy U
» Kkinetic internal energy (discussed in chapter 2 in
relation with heat capacity)
» molecular potential energy E, - accompanies
removal of molecules from condensed phase into
vapor phase

dU +dw = dq (1)
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Entropy

Consider a process involving slow changes in temperature and pressure (T and p), i.e.
carried out close to equilibrium. The system can be brought back to its original state -
reversible process obeying

fd—;’:fds:o @)

Increase of entropy S is a measure of the degree of randomization of energy that was
initially in a form out of work could be extracted, such as a difference in p, T or
concentration.

If the work of the force exerted by the piston was not used to store mechanical energy but it
was dissipated as heat (by friction) total S would increase.

S=kgins (3)

where X is number of quantum states. Reason for In X - energy terms (S) are additive
whereas probability terms are multiplicative
Example of entropy increase involving a concentration difference:

= increase of entropy from 0 to 1.79kp



F4280 Technologie depozice a povrchovych Uprav: 3.2 Thermodynamics of Evaporation Lenka Zajickova

Gibbs Free Energy

» At fixed energy, entropy tends towards a maximum as the system approaches
equilibrium.
> At fixed entropy, energy tends towards a minimum as the system approaches
equilibrium.
In evaporation, and many other processes, both energy and entropy are varying:

» Removal of the molecule from the potential well into the vapor phase increases its
potential and kinetic energy.

> lItincreases also entropy because the molecule in vapor phase has more quantum
states available to it, both in position (“configuational” entropy) and in energy levels
(“thermal” entropy).

dU+pdV 4+ TdS=dG=0 (4)
where Gibbs free energy G is introduced as
G=(U+pV)—-TS=H-TS. (5)

Here, H is enthalpy that appeared earlier in connection to heat capacity at constant p.
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Thermodynamic Quantities

» The enthalpy H is the energy term used for processes at constant p, where pd V work
is being done on the surroundings.

» The internal energy U would be used for processes at constant V.
Diiferentiating Eq. (5), we have
dG=dU+ pdV +dpV — TdS — dTS (6)

that reduces to Eq. (4) at constant T and p, such as evaporation and many other
processes in thin-film work.

=- System held at constant p and T is at equilibrium when dG = 0 (G is at minimum) for
any disturbance such as evaporation of dN,, moles of condensate.

During evaporation, H 1 but it is compensated by S 7.
G=U+pV)-TS=H-TS

At higher T the entropy term TS becomes more important (increasing thermal motion
produces randomization) = more H can be compensated = p, increases with T

Evaporation can proceed by absorption of heat from surroundings (evaporative cooling),
which creats a T difference. Then, it is driven by S 1 accompanying the evaporation
= example of endothermic (heat absorbing) reaction.
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Chemical Potential

Incremental change in G for addition of material to a phase at constant T and p (applied to
multicomponent mixtures)

0G )
| = 7)
s (8Nmf 7.0, Nij

where p; is chemical potential of component i, N,,; is the number of moles of
component i.

For a single-component system, such as evaporating pure condensate, u is just the free
energy per mole of condensate, Gmc.

At vapor-liquid equilibrium of closed vapor + liquid system, G of the total system does not
change as evaporation proceeds at constant T and p

He = Hv ®)

where ¢ and v denote the condensed and vapor phases. In practice, the system must be
slightly removed from equilibrium so that the heat of evaporation can flow into it alonga T
gradient.
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Dependence of Vapor Pressure p, on T

» At any point along vapor-liquid (or

 Equilibrium ¢ Eauilibrium N e
N solid) equilibrium curve pc = pv
melting liquid ,S§,'L'T°AL holds.
freezing —
P | solia vaporization » As we move up the curve, p values of

(atm)

! both phases increases
condensation

sublimation \ gas
deposition TRIPLE POINT

= dpc = dpy or
for pure material dGme = dGmv

T (C)
Using Eq. (6) and equilibrium conditions Eq. (4)
dG=Vdp— SdT or dGmi = Vmidp — SmidT 9)

where i = ¢, v.
Thus, at equilibrium between the two phases

dpv smv — Smc _ Asm
VincdPy —Simcd T = Vinydpy—Smvd T = AT~ Vinw — Vine AV

(10)
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Clausius-Clapeyron Equation and p, on T

Since AGn, = 0 for evaporation, we have from G = H — TS that AyH = TAS,, where
Ay H is the “latent heat” (enthalpy change) of vaporization per mole.

The heat of vaporization is an H term rather than a U term because it is measured at constant p, not
constant V and, thus, it includes the pA V work of expansion.

Substituing Ay H/T for ASm = Smv — Smc in Eg. (10) leads to Clausius-Clapeyron eq.

dpe _ AvH (11)
dT TAVn
The volume term A Vi, = Viny — Vine may be
limi : v
elmmatec% N N . dL _ (AVH> ar (12)
> Vi is negligible - it is typically 1/1000 Vi, at Jo RT2

1 atmosphere
» for ideal gases Vv = RT/p .

Vaper Pressure Curve of Liquid and Solid Benzene

Vagar Pressura
(Liquid Benzeoe)

pv = Bexp(—AvH/RT) (13) 02| P
. : . jo N
This exponential expression is familiar from all i Nl
thermally activated chemical processes, : o
evaporation being an example. " (5ol Banzens). i
It is very useful for estimation of p, if p,(T) data W F Y

. H o
are not available. T mhna s Ginn i Gana
- © 1008 Temperaiure [K]
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3.3 Evaporation Rate - Effusion Rate

Closed system from previous discussion is modified by opening an orifice, which is small
enough = Q. does not significantly reduce the pressure, i.e. p = py.

» For orifice with small diameter L, Kn = A\/L > 1, i.e.
molecular-flow regime.

> If the orifice length >> orifice diameter the effusion rate
Q. can be easily derived.

The mass flow or throughput Q is usually expressed in Pa.l/s
Q= Cép (14)

where C is conductance, dp is the pressure difference across the element.
For molecular flow, the flux through the orifice in each direction is the flux at the plane of
orifice (A is the area of orifice)
= T T Q=A== pC  (18)

2nkg Tm =2 -T)A=(p2 P1\/m—l?2 o
Close to vapor-liquid (or solid) equilibrium, the effusion rate Q. from the Knudsen cell
(vapor source with small orifice, outside pressure negligible p; = 0) can be found just from
the vapor pressure py:

A

e =y 16
Q=P o (16)
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Evaporation Rate Qv (for Knudsen cell and metals with atomic vapors)

Since we do not want to reduce the pressure inside the cell,
Q. < Qv (17)

where Q. is evaporation rate from the surface of the condensed phase.

How to determine Q,? We can reliably determine an upper limit of Q... In steady state
Ov - Qc + Oe (18)

and Q. can be neglected Q, ~ Q..

For determination of Q, = I',, /A, we use the same balance of impinging flux ', ~ I'.
Upon impingement, there is a range of interations with condensate surface (analyzed in
chapter 4 - adsorption, deposition):
» everything is reflected - lower limit,
» everything impinging condenses - upper limit ['c =T
Mvo D P

Ovziz = —— 19
A A AV2rkgTm (19)

It has been verified experimentally that evaporation occurs at the upper limit (0 for upper
limit) for those metals that have atomic vapors (most metals).
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Evaporation and Condensation Coefficient

Previous result on Q. estimation was valid for Knudsen cell and metals with atomic vapors.

We expect that 'y is unchanged if we remove the vapor phase and consider evaporation
from an open crucible (justification: evaporation of individual molecule of condensate is
not retarded by the impingement of vapor molecules).

For other materials 'y < I'vo and emipirically

N =oavlvo (20)
where a is evaporation coefficient.
There is a corresponding condensation coefficient ac

Fe = ocl; (21)
At equilibrium e =Ty = ac = av. Otherwise they are different functions of p, T.

The coefficient a, has been determined only for few materials, e.g. 10—* for As. Generally,
it is not known.

=- Unless evaporation is being carried out from the Knudsen cell, effusion rate
cannot be predicted accurately and must instead be measured directly in thin-film
deposition process.
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3.3 Alloys - Partial Pressures

Multicomponent materials bring additional complication - the composition of the vapor
phase generally differs from that of the condenced phase. Different approach for

» alloys - a solid solution or a mixture of solid phases, its composition is variable over a
wide range. Examples: solder alloy PbxSnq_y,

» compounds - specific ratio of elements (stoichiometry), e.g. GaAs, SiO,.
» alloy of compounds, e.g. (AlAs)x(GaAs)1_x
Evaporation of compounds is discussed in next section.

Consider a generalized binary metal alloy B4C;_, (well mixed liquid phase) whose
component elements B and C are completely miscible at the evaporation T, i.e. atomic
fraction x can vary from 0 to 1 without precipitating a second solid phase.

Total equilibrium vapor pressure over the melt
Py =PB+Pc P =apXpys Pc = acXpvc (22)

where p,B, pyc are py of pure elements and ag ¢ are the activity coefficients.
For simplicity, “Raoult’s law” behaviour is assumed, i.e. ag,c = 1, even though they generally
deviate somewhat from unity due to differences between B-C versus B-B and C-C bond strengths.
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Flux Ratio

If the evaporation coefficients are unity (common for metals) the ratio of evaporation fluxes

is
ve _ _X pws [Mc (23)
e 1-xpycV mp

The vapor flux will be richer that the melt in the more volatile element for any composition x.
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3.4 Compounds

Compounds behave very differently from alloys during evaporation:
» some compounds evaporate as molecules (ionically bonded compounds, e.g. MgF»
for antireflective coating) - similar as single-component material
» dissociative evaporation - oxides vary in behaviour, SiO, evaporates as SiO in the
presence of reducing agent Si, C, H,
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3.5 Sources for thermal evaporation

Existuje nékolik typll zdroju pro napafovani, které vyuzivaji ohfevu priichodem elektrického
proudu:

» PFimé odporové zahfivani - Tato metoda je zaloZzena na ohfivani materialu drzaku z
odporového, tézko tavitelného materiélu, jako je W, Mo, Ta, Nb. Nékdy se pouziva i
keramické Upravy povrchu téchto drzaku. Tyto zdroje mizeme dale délit podle tvaru
drzéku, a tedy zpUsobu uchyceni taveného materialu.

> Dratény drzak ma formu spiraly. Odpafovany material ve tvaru svorky U je na spiréle
zavésen. Odpafovany materidl musi smacet spiralu, aby se na néj po roztaveni nalepil.

> Dratény drzak ma tvar ko$iku. Naparovany material nesmi kosik smacet, aby po roztaveni
vytvofil kapku, ktera nevytece.

> Drzak ma tvar plechové lodicky, v niz je odpafovany material viozen. Lodi¢ka je pfiblizné
0,3 cm hluboka, 10 cm dlouhd a 1 az 2cm Siroka. Vykon potfebny pro tyto zdroje je
podstatné vétsi, nez v pripadé dratového uchycenti, ale Ize deponovat tlustsi vrstvy.

> Zdroj je realizovan jako uzaviend pec s jednim nebo vice malymi otvory, kterymi proudi
naparovany material.

» Nepfimé odporové zahrivani - Kelimek z kifemene, grafitu nebo keramiky (napf.
korundu) je obtocen draténou odporovou spirélou.

Pokud mé& material dostate¢né vysokou tenzi par pred tavenim, za€ne sublimovat a
nasledné kondenzat vytvari tenkou vrstvu. Nevyhodou je nizka depozi¢ni rychlost.

For more details see scanned copy of Smith’s book.
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3.6 Sources using Energetic Beams

» Jiskrové naparovani Rychlé napafovani slitin, ¢i nékolikaslozkovych slouéenin, které
se normalné maji tendenci rozpadat na slozky, Ize dosahnout kapanim malinkych
kapek na horky povrch. Dojde tak k separatnimu odpafovani na mnoha mistech kdy
se ale v kazdém misté odpafi v§echny slozky.

» Obloukové naparovani. Zapalenim elektrického oblouku mezi dvéma vodivymi
elektrodami dochazi v misté dopadu oblouku k velkému ohfevu materidlu. Teplota je
dostatecna i k odparovani Nb a Ta. Tato metoda je také Casto pouziva k naparovani
uhliku na vzorky pro elektronovy mikroskop.

» Technika explodujiciho dratu. Tato technika je zaloZeni na explozi dratku
zplisobené prudkym ohfevem diky priichodu velkého proudu, fadové 108 A/cm?.
Takovéhoto efektu je dosazeno polem kondenzatord (=~ 10 to 100 uF) nabitym na
napéti ~ 1 to 10 kV.

» Laserové naparovani. Obrovska intenzita laserového svazku mize byt pouzita k
ohfevu a odparfovani materiélu. Laserovy zdroj muze byt mimo vakuovy systém a
svazek byva zaostfen na povrch napafovaného materialu.

» RF ohfev. Pro ohfev materialu Ize pouZit elektromagnetickou indukci. Ohfev Ize
aplikovat bud’ pfimo na napafovany material, nebo nepfimo na kelimek v némz je
naparovany material ulozen.
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3.6 Sources using Energetic Beams

» Naparovani elektronovym svazkem Napafovani pouzitim odporového zahfivani ma
velkou nevyhodu v tom, Ze napafovany material byva kontaminovan materialem
drzaku. Také je naparovani limotovano vstupnim vykonem (dos$lo by k taveni drzaku),
coz znacné ztéZuje naparovani materialu s vysokou teplotou tani. = Ize to obejit
pomoci elektronového bombardu materialu.

Nejjednodussi usporadani sestava z wolframového viakna, které je zhaveno a emituje
elektrony. Ty jsou nasledné urychlovany diky pfivedeni kladného napéti na
naparovany material. Elektrony v ném ztraceji svou energii, ¢imz material ohfivaji a
dochdzi k jeho vypafovani.

For more details see scanned copy of Smith’s book.
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3.7 Transport

see scanned copy of Smith’s book
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3.8 Monitoring of Deposition Process

» vapor flux monitoring (ion-gauge flux monitor, mass spectrometer, electron-impact
emission spectrometer)

» mass deposition - quartz crystal microbalance (QCM)
» thickness by optical methods - reflectance, ellipsometry

For more details see scanned copy of Smith’s book.
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