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During the process of pulsed laser deposition of thin film materials, the impingement of the laser 
ablated particles onto the substrate increases the substrate temperature. ln this work, the energy 
exchange between the ablated particles and the substrate is analyzed. The substrate temperature rise 
is studied via a transient two dimensional heat transfer model. In particular, the temperature 
evolution of silicon and quartz substrates induced by the deposition of carbon and copper films are 
examined. The effects of experimental conditions on the maximum substrate temperature rise are 
discussed, 0 IY95 American Institute of Physics. 

Pulsed laser deposition (PLD) is emerging as one of the 
leading technology for fabricating thii film materials, includ- 
ing high T, superconducting films, diamond-like films, di- 
electric, ferroelectric, piezoelectric films, and semiconductor 
super lattice layers.’ In order to understand the mechanism of 
the PLD process and produce high quality thin films, various 
di;agnostic techniques have been developed such as mass 
spectroscopy, emission spectroscopy, and high speed photog- 
raphy. Information obtained from these measurements helped 
to quantify the behavior of the laser ejected particles and 
laser induced plasma plume. However, due to the difficulty 
of direct monitoring in situ thin film growth, the study on the 
pnrticle-sllbstrat~ interaction is only at a preliminary stage.’ 

In the PLD process, the substrate temperature is one of 
the most crucial parameters for the growth of thin films from 
the laser abblated vapor. By controlling the substrate tempera- 
ture, thin films with different microstructure and crystal ori- 
entation have been obtained.334 This is because that, in the 
process of nucleation of vapor on the substrate, the desorp- 
tion time of the vapor atoms on the substrate, the diffusion 
distance of the vapor atoms, and the nucleation rate are 
strong functions of temperature.5 The substrate temperature 
dominates the crystal growth process. In practice, the tem- 
perature of the substrate is controlled by an electric heating 
unit and monitored by a pyrometer or an embedded thermo- 
couple in the substrate. However, when the laser ablated par- 
ticles strike the substrate, the temperature at the substrate 
surface is altered due to the energy transfer between the par- 
ticles and the substmte. In the case of a deposition process 
involving a nanosecond (or shorter) pulsed laser, only the 
temperature within the top several microns of substrate is 
incre:lsed for a period of a few microseconds. The tempera- 
ture variation within such a short period of time and depth 
cannot easily be probed by conventional temperature mea- 
surement techniques. 

The energy transferred from the laser ablated particles 
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can be viewed as an energy flux incident onto the substrate. 
Although this energy transfer process is complex, the amount 
of the energy transferred to the substrate is the instantaneous 
release of the kinetic energy and latent heat of the arriving 
particles. The latter, which is the difference between the 
Gibb’s free energy between the vapor and the solid, is essen- 
tially the energy consumed to break the atomic bonds when 
the atoms were evaporated from the solid phase.’ The total 
energy per unit area, Qtot, released by the incoming particles 
during one laser pulse is: 

A 
Qtut=psRz E,f p.\.L,,R, 

where ps is the density of the thin film material, R is the 
deposition rate per pulse (&pulsej, A is the Avogadro’s num- 
ber, M is the molecular weight of the particles. E,,, is the 
mean kinetic energy of the particles, which typically ranges 
from 2 to 100 eV.’ A much higher value of 500 eV has also 
been reported.” L SY is the latent heat of solid-vapor phase 
change. Therefore, the first and the second term on the right 
hand side (RHS) of Eq. (1) are the kinetic energy and the 
latent heat released from the particles, respectively. 

The total energy of the particles is released in a time 
period during which the particles arrive at the substrate sur- 
face. Time-of-flight experiments7.s have shown that the num- 
ber intensity, N(t) of the laser ablated particles can be well 
represented by a Maxwellian distribution, which is expressed 
as: 

c?! 

where d is the distance between the target and the substrate. 
C is the normalization constant, which is found from: 
JGN(t)dt=R. The above equation is used to obtain the time 
period t, [or the full width half maximum (FWHM), t,/2] 
during which the energy of the particles is transferred to the 
substrate. Since the kinetic energy of the particle is propor- 
tional to lit’, the energy flux is: 
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FIG. I. Schematic of the pulsed laser deposition process. 

(3) 

where the normalization constant C’ is calculated from 
I‘~(C’lt”jhr(t)dt=~,R(A/M!E,*. 

The diffusion of the above energy flux into the substrate 
is governed by a two-dimensional transient heat conduction 
equation: 

;;(kg) + -g[kg) =pcr,g. 
A two dimensional analysis is used, since the ejected 

particles peaks strongly towards the normal direction with a 
cos” B distribution (Fig. I), where rz varies between 8 and 
f6.7’” The boundary condition at the substrate surface is the 
energy flux of the ejected particles Ey. (3). In calculation, 
Q(t) is approximated by the following triangular temporal 
distribution: 

l(r,r,c==Oj= 
2Q,,,~t*C0Sn( e) 

O<t<t 
tt*tp P” 

Ijt,r,z=O)= 
2Qt~,~(t,-t,.cosn(ej 

tt*(tr- “J 
t,ct<t,, 

li:t,r,z=Oj t,<t. w 

Where 8= tan-‘(r/d), rlt is the time when the flux 
reaches the maximum value. Initially, the temperature of the 
target is at a designated temperature Ti. At the boundaries, 
r--I= and ~--jm, the temperature of the substrate remains at 
its initial temperature Ti : 

Tit-O.r,z)= T,, @) 

T(t,r---,z)=Ti, (6bj 

T(t,r,z+m))=‘Ti. &5c) 

Equation (4j combined with the initial condition (6aj, 
and the boundary equ;ations iSI, (6bj, and (6~). are solved 
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FIG. 2. Maximum temperature riqe at the silicon and c-arbon substrate sur- 
face due to the impingement of ial carbon particles and ib) copper particles. 
R = 1 &pulse, d= 5 cm. 

numerically by the finite-difference scheme to obtain the 
transient temperature evolution in the substrate. The ADI 
method and the Thomas algorithm are applied to solve the 
discretized equations.’ Calculations are performed for atomic 
carbon and copper particles deposited on crystalline silicon 
and quartz substrates. It is assumed that the deposition con- 
ditions are: d=S cm, R= 1 ~/pulse, and Ti=300 K. Em is 
varied between 10 and 100 eV. The temperature dependent 
thermal properties”’ and the solid-vapor latent heat” are used 
in the calculation. 

Given the above conditions, the transient temperature 
field in the substrate is calculated. Figure 2(a) shows the 
maximum surface temperature rise on the silicon and quartz 
substrate due to the impingement of the carbon particles. 
Figure 2(b) shows the maximum temperature rises due to the 
impingement of copper particles. In case of the carbon par- 
ticles with mean kinetic energy of 100 eV deposited onto the 
quartz substrate., the total incide.nt energy, Qb,t is 19. I 
mJ/cm’ (1 mJ/cm’ of energy is the vapor-solid latent heati. 
The time duration of this energy flux, t, is approximately 2.3 
,US. Such an energy flux causes the surface temperature rise 
on the quartz substrate to be as high as 100 K. A comparison 
between Figs. 2(a) and 2(b) illustrates the influences of vari- 
ous experimental conditions on the substrate temperature: 

Effect oj’the kinetic energy of the incident particles: The 
maximum tempe.rature rise increases almost linearly with the 
mean kinetic energy of the incident particles. Evidently, an 
increase of the particle ene.rgy increases the total incident 
energy, Q,,, [Eq. cl)]. Further, increasing the particle kinetic 
energy compresses the time E, during which the particles 
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stl-ike the substrate. A reduction of t, increases the energy 

flux Qc tj. 

Qfkt of the ti$ksivity i$ the mbsfrtrte m~terid~ Among 
the common substrate materials for PLD, silicon has the 
highest thermal diffusivity while quxtz has the lowest rher- 
ma1 diffusivity. The temperature rise at the substrate surface 
is approximately inversely proportional to the square root of 
the thermal diffusivity of the substrate material. Thermal dif- 
fusivity of quartz is nearly two orders of magnitude smaller 
than that of silicon. Therefore, the temperature rise at the 
quartz surface is about one order of nydgnitude larger, 

L;@xT of the tn&?c&i weight oj the hciderzt 
pdrtiii*ks: Comparing Figs. I ?,a) and 2(b), it can be seen that 
deposition of carbon causes a higher surface te.rnpemture rise 
than deposition of copper. This is because lighter molecules 
i’carhonj condense on the substrate in a shorter period of time 
I, [Eq. 111)], which causes a higher energy flu?c. 

&ject oJ- t/w single p~d.w &position rate: Due to the 
linear dependence of the energy flux on the deposition rate 
I:Eqs. (l,M.3)], the maximum temperature rise at the sub- 
strate surface increases linearly with the deposition rate. 

E#ct t?j tlze vcpr-did lcmnt heat: Materials with 
higher vapor-solid latent heat releases more energy when 
they are condensed. However, the latent heat is about one 
order of magnitude smaller compared with the kinetic energy 
of the particles. Kinetic energy of the ablated particles is the 
major factor for the substrate temperature increase. 

k$$ect 0f tile tcaget--sl~l~,strate spacing: The target- 
substrate spacing (taken as S cm in the above calcnlationj 
affcets the total time period during which the particles strike 
the sample surface [tt I RI. gj]. In a deposition process using 
a closer target-substrate spacin,, m the value oft, is reduced so 
that the temperature rise of the substrate is higher. Numerical 
cakulation shows that the maximum surface temperature rise 
is apprmimatel~ proportional to 1 /cl”. 

To illustrate the transient temperature profile in the sub- 
strate, Fig. Xa”j shows the transient surface temperature of a 
quartz substrate induced by deposition of the carbon particles 
nith the mean kinetic energy of 100 eV. The surface tem- 
perature reaches its maximum in I .5 ps and drops to half of 
its m~~xirnum in about 2 pus. In a common PLD process, the 
pulsed laser repitition rate varies between 5 and IO0 Hz. 
Calculation also shows that, within the time duration be- 
tween two pulses i 10 ms) at the highest practical repetition 
rate (100 Hz), the surface temperature of the txget is re- 
duced to about 0.7 R above its initial temperature. The ac- 
cumulative effect of this temperature increases due to the 
sustained laser pulses can he offset by a feedback tempera- 
ture cont.rc)l unit. Shown in Pig. 3(b) is the temperature pro- 
file within the quartz substrate under the same experimental 
conditions. It can he seen that the depth of the regime whose 
temperature is a&cted is less thtln IO pm. 

In summary, a temperature increase at fhc substrate sur- 
face during the pulsed laser deposition of thin films is pre- 
dicted. Ear the deposition processes involving highly ener- 
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FIG. 3. (a) Transient temperature at the quartz substrate surf&e an3 (b) 
transient tempertiture profile in the quartz substrate due to the impingement 
of carbon particles with E, = l(K) cV. 

getic particles at high deposition rates and utilizing 
substrates with low thermal diffusivitics. the steady-state 
temperature condition at the substrate surface could be 
lariely disturbed. 
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