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THE HEATING AND DESTRUCTION OF
THIN FILMS BY LASER RADIATION

M.N. Libenson (Leningrad)

The article is devoted to the theoretical analysis of the pro-

cess of interaction of powerful light flow with thin films of ab-

sorbing materials . The problems examined here have a direct re-

lation to the number of uses of laser radiation In film tec hnol-
ogy and also to the use of thin—layer coatings as mirrors of laser

resonators .

A~~~~~~~ of the des truct ion of opaque media Is assumed as a
basis. Accordin g to this model, the proces s of the interact ion
of the laser radiation with the substance can be conditionally

divided into several stages: 1) the transfer of energy (from the
moment of absorption of radiant energy to the moment of its trans-

ition into thermal energy); 2) heating of the material to a tern—

perature which corresponds to the beginning of the destruction ;

3) destruction of the material and removal of the products of des-
truction; 1~) cooling of the material after ~ completion o f  the
action . All the ~~1isted stages are character ist ic also for thin
fIlms; however, in this case they have their own characteristics

connecte d , In the first place , I with the cons iderab le eff ect on
the optical properties of the films of the granular struc ture with
the dependence of their propert ies and rate of heat ing of the films
on their thickness and also the ~~properties of the backing [2].

Energy transfer. Let us be limited to the analysis of the

process of the interaction of the laser radiation only with films

with a thickness of h ?500 A , the properties and structure of which
approach the properties and structure of the solid material. To
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avoid the misunderstandings , let us point out also that the dis-

cussion Is abou t the action on the f ilm of ~f the radiat ion of
pulse lasers in the visible and near IR region at densities of
the light flux of i<io8 W/cm2, for which the thermal mechanism of

destruction is correct [1].

This stage occurs differently In materials of different class-

es. The optical properties of metals are satisfactorily described

by the model of free electrons , according to which the depth of

penetration of the light wave into the metal (6) consists of

cm. Therfore , the i~a metallic films of the examined thickness
are weakly transparent for the incident radiation : h ~ ? 6. The

powerful absorption of light leads to the absence of noticeable

oscillations of coefficients of reflection and transparency of the

flfilm with an increase in t~ its thickness , which are bound to

the interference of the direct and inverse waves in the film ;
moreover , when h>>6 the inverse wave can be completely disre-

garded. In this case the law of the decay In the density of flow

in the light wave In the first approximation should correspond to

Bouguer ’ s law 1(r) 1(1 ~R) CXP (—ax), where 1(x) and I are the den-

sity of the light flux at distance x from the surface of the film

being irradiated and ink the incident beam , respect ively ; R — the
coefficient of light reflection from the film ; a==1 /6 — absorp-

tion factor .
However , the dif fusion charac ter of the scatter ing of free

elec trons on the surface of the film and also on the boundaries of
grains and crystallites there changes the spatial distri-

bution of theit light flux in depth (anomalous skin effect),
causing deviation from the Bouguer law ; the ~~z coefficient of the

light ref lect ion from the film is simultaneous ly changed [3] .
The absorption of light by free electrons of the film1 leads

to [Illegible ] heating up; then they return the absorbed energy to

the grid with collisions with the phonons , and also with sca ttering

1With small thicknesses of the film , the free electrons can be c om-
pletely captured by the surface energy levels; here the interaction

of the radiation with the film will be determined also by the
bound electrons [2].
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on the surface or boundaries of the grains for the time

~~~~~~~ ~Ø~~~~ i1) ‘° s [1]. Regarding the spatial distribution of

sources of heat heat ing the grid , it will be distinguished from
the law of the weakening of the light wave In the film due to the

commensurability of the mean free path of the electron in the film

~
‘and depth of the skin layer 6. As is known [2], when 1’<h

and L’ =~ l(t .~ 1/4h) , where ~ is the mean free path of the electron

In the solid material; 1’ ~~~ 10~-~ cm. Considering that the electron

gives away the excess energy to the thermal oscillations at a dis-

tance of the order of IO~1’~~ h, it is possible to assume that the

heat source s Intk~the grid will be uniformly ~i~distributed over
the thickness of the film . The process of the transfer of heat

from the zone~ fof irradiation by the unheated layers is accom-
plished in the metallic film by mechanisms of heat conductivity ,

from which just as in the massi~~ metals , the electronic heat con—

~±ductIvIty Is the main mechanIsm~l].

In proportion to heating the optical characteristics C of the

film and, first of all, the reflectivity R are changed , which in

turn changes the rate of the heating . As is shown In [3], when
h> 6, taking into account the anomality of the skin effect , the

absorptivity of the metal A , the optical properties of which are

described by the single—zone model for electrons of conductivity,

is equal to

A I - - :~. ~0 ~ e 0 (  N V”
4 C0 e(fl\ vn.o* ~ 

(1)

where 
V

0 Is the veloc ity of the electron on the Fermi sur face
(v 01—lO cm/s); c0 

— velocity of light in~ a vacuum ; e0 and m0* —

charge and effective mass of the electron ; N — concentration of

free electrons ; a(T) — electrical conductivity on constant current

dependent on temperature .

Thus the temperature dependence of the absorptivlty Is con-

nected with the change In electrical conductivity. For films

having small structural changes in the heating process , quantity

A should be increased with an increase in the temperature linearly

[ ], since

FTD—ID(RS)I— 1556—76 



—. 
.—. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~-

- 
I 

-~~ ra (‘1’) 
- 

N0e02 
‘

~~ 3hZ~
70e02

In ;~ 
semiconductors having at room temperature an insignif-

icant concentration of free electrons , the absorption of light Is
determined mainly by the bound carriers . Here gz~a greatly absorb-
ing the radiation at frequency w will be onlyxk~a those semicon-
ductors for which the energy of the ~ quantum ~~ Is grea ter than
the width of the forbidden band E . For example , for Ge wheng 4 1X = 1 4m (*~ 

= 1.2 eV, Eg 
= 0.8 eV)c~ = 10 cm [5]. RI~ Films

of these materials, as a rule , possess a noticeable transmission
up to thicknesses h-’ 10,000 A , as a result of which their optical
parame ters (R , A and D — transparency ) are the oscillating func-

tions of thickness3 (due to the interference of the direct and

inverse waves) and to a great degree depend on the optical prop-

erties of the backing [2].

The ausorption of light in the semiconductor when *~ >
occurs , as is known , by the direct and Indirect transitions of
the electrons of the valence band into the zone of conductivity

(Internal photoeffect) ,  which leads to the growth In concentra—
tion of the free c arriers. The stationary concentrat ion of the
free electrons N is determined by the density of concentration

of th~~ight flux and also by processes of bipolar diffusion and
recombination of the x~ carriers [5] . Not regarding these ques-

tions in more detail, let us indicate that when I,.~l06 W/cm2 
the

~a quantity N0 consists of 
...~io

20 
— io21 cm 3 and is reached

during the time Tm~
•
~•l0 

8 
— 10~~ ~~~~.

With suc h large concentrat ions of free ~electrons the semi—
conductor Ix approximates the metal with respect to its optical

and electrical properties (approaches the degeneracy of the semi—

conductor). Thus ~ for moments of time the heat release

Ink the lattice of the semicDnductor and the processes of heating

2The reason for that indicated is the increase , with a temperature
Increase , in the collision frequency of the r free electrons with
the phonons .
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and destruction of the material caused by them should occur main-

ly similar to the corresponding processes in the metals (see also

work [6]). What ahas been said is valid for the ~x semiconductor

films .

The rate of heating of the film is greatly affected by the

backing , into which cart be drained off the basic portion of the

heat released in the film . If the t~~ x film is semitransparent ,
and the backing is opaque , then the radiation penetrates directly

into the backing and , in transferring into heat in It , can serve
as an additional source of heating of the film .

Heating of the films . The transition of light energy into

heat during the time considerably less than the pulse duration

makes it possible to consider that simultaneously with the be—

ginning of the action in the film and backing there is formed a

volume source of heat , which repeats the time structure of the F
laser pulse. Thus the stage ~ of the film ’s heating can be ex-

amined within the framework of the boundary value problem of

thermal conductivity with the known initial and boundary con—

ditions . Before turning to an analysis of this problem , let us

note that the heating of the film by laser radiation in the mode

of free generation , in spite of its short—lived nature , can be
compared to the structural changes in the film and the diffusion

of atoms into the backing , which here are not examined. Further-

more , besides the heating , evaporation of the material occurs ,
but this process is weakly zak marked until the partial vapor

pressure becomes equal to the external pressure [7]. Such a con-

dition corresponds to the point of the phase transition kiliquid

(solid body ) — vapor on the phase diagram (Tv ).

Let us ~a examine now the boundary value problem of heat con-
ductivity in a one—dimensional approximation valid under the

3
Here we are diverted from the structural features of the semicon—

ductor films having a porous structure . This can be considered by

the introduction of the efièctive constants n~ and K * .
‘sin the mode of free generation the pulse duration is i l0~~ —

l0~~ s; In the mode of modulated quality T ~~~
‘ l0 7s.

5
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condition Ro~~.1’at1, where R0 is the dimension of the light spot
on the surface of the film , T — pulse duration , a1 

— thermal con-

ductivity of the film . We will consider the the thermal contact

of the film with the backing to be ideal and the backing Itself ,

for simplicity , to be transparent for the laser radiation . We

will disregard also the change In the optical and thermophyslcal

parameters of the film and backing in proportion to their heating .

For example , let us take that the power of the heat r~*release in

the film is constant along the section of the light spot and is

not changed during the entire laser pulse. Then the system of

equations of heat conductivity with the boundary and initial con-

ditions will take the form

(1 /’ , ,~ (.r , 1) ~~
‘f i : 2 (~~

,
~

) q,~ (.c )
~ ().2~

(if,
I’, (.i- , U) - 1’., ( s • (J) ~~ ~ (0,1) - - - 0 (

i’~(ii,t) ,  (h , t ) - - -
~ 

(If2 
(!i,t) T2(~~,t) T0

Subscripts 1 and 2 refer to parameters of the film and back-

ing , respectively ; coordinate x is counted off frzfrom the front

surface of the film .

In the exai:’ined case q;~(c) - 0
’ a qt (.)dx 1.-I , where A is the

absorp t iv i ty  of the  film ; A = I—R—D. Considering , as it was pro—

posed above , tha t  the heat is released uniformly over the thick-
ness of the film , i.e., q1

( x )  = const= q 0, for q0 we get

IA
q., -

~~~
- -

h

To solve the boundary value problem of thermal conductivity

( 2) ,  let us apply to the equation of ~a thermal conductivity and

boundary conditions the Laplace transform with respect to time

[8]

ii - ç g P t iz (t)dt
0
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Dropping the intermediate calculations , which are produced accord-

ing to the standard method , for the Laplace form of temperature
of the film ~1(x) as a result we obtain

x
p’c 1p2

x - -  

e~p - 
~‘p/a~x — J - ~xp (l’p/a x) 

- 1 r0
- (1 - - v )  ~x p( - -j ’p/a 1 Ii) - (1 ~1~ v) t’\I.~ ’P/ag IL) i p

where p Is the parameter of the transformation ; v -~~kil’a~./1~J’a~.

Completing the inverse Laplace transform (see, for example ,
[9] ) ,  we can find the time dependence of the surface temperature
of the film (x = 0); in the given case this dependence has the

form

q~t aq0 .
~~~ 
( V — I \

Z (~ 
/?~(2l -f- 1)2

T,(0, t) --f o=- -— — 
~ c~(t+ v)~~~ ~ v --~- t )  ~L ~~

ei’fc
2 ~‘a1t

The characteristic feature of the heating of the film (or

thin layer) for the extent of the larger part of the laser pulse

is the fulfilment of the condition

or Y ’~~1 ( 4 )
where ~-= ~- 1i / J’~ /, and j’i11 is the layer heated by means of thermal

con duct ivit y ,  which , as a ru le , consitsts of —l0~~ cm for  the
gigantic laser pulse and ~~io

_2 
cm for the pulse of free genera-

tion .

Here the ~ixfi1m temperature with respect to thickness can be

considered ~i identical with an accuracy of 10% through time

f , : ~~ U/t 2/ ,,, from the beginning of the pulse. This conclusion fol-

lows directly from the expression (3) given above for
taking condition (4) into account , which Is copied from the rep—

resentations , I.e., when ~ ‘ -~ - I I I J~~. It is easy to exten d it to
the case of the arbitrary spatial distribution of heat sources

~~~~~~~~~~ 

q 1 ( x ) .  

- —-  

~

-

~~~~~

— —-

~~~~

- - — -  
_ _ _ _
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For metallic films with thickness h~~ 1000 ~ t0~~ l0
8 

5 ,

and for semiconductor films — t0-’~l0
7 s. Consequently , for a

description of the stage of heating of the film by radiation

when t>t 0, it is suffIcient to know the total quantity of heat

releaseable in it per unit time , which can be expressed in terms ~~
of the incident flux and absorptivity of the film

~ q,( )d.r IA

Then expanding in (3) when J ’p :~~h I]’rz~ the exponential terms

in series and being limited to the first two terms Q~~the expan-

sion for each series , taking into account q0 IA/h for uiT
1( x ) ,  we

obtain

- 
IA1’az 

- - - 
~T, (x) ~~~ 

--—=- - - - - -

p Vp k2(1 -1-- v1q’p/~
fa~ p

Turning to the original [9], we find the solution to the

stated boundary value problem of thermal conductivity, which has

the form

AT( t) :~~ T~(O , t) T0~~
(5)

Quantity yii , which determines the rate of heating of the film ,
is in fact a ration of the volume specific heats of the film and

heated layer of the ka~ backing , since y v  

It is obvious that when -- I0~ S Yv~~~1, since even for the
dielectric ( fo r  example , glass)  backings )‘azi~~~h. Then , as fol—
lows from expressiDn (5), when t > i ~V~

21A~’a2t (6)

i.e., the heating of the film with operation of the laser in the

mode of free generation is determined basically by the thermal

conductivity of the backing to where the heat released in the

film is drained. Only the total quantity of absorbed radiation

8 
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energy depends on the optical parameters of the film .

Let us examine now the opposite particular case (v>t),

when the heat transfer into the backing is little . Such a con-

dition is approximately ~tfulfIlled for the giant pulse of the ’

laser with heating of the metallic fk films (v~~~IO) . From in-
equality ~-v~~.I if ensues that the boundary of the film with the

backing can in this case be considered adiabatic , i.e.,

AT( t) ~ (7)
p ,cjh -

It is easy to be convinced that the relation ( 7 )  is a par-

ticular case of expression (5) when yv > 1.

Thus the heating of the film Is determined by its z~~volu—

metric specific heat if the thermal conductivity of the film is

so great that the temperature along its thickness is rapidly

equalized , and the thermal conductivity of the backing Is so small

that the layer heated in It during time t is less than the thick-

ness of the film h.

By using expressiDns (5)—CT), it Is possible to determine the
threshold density of energy of the light pulse Qo r ~= let , at which

toward the end of the pulse the film is heated to a temperature

Tv~ 
which corresponds to the beginning of destruction . The method

of calcu lat ion of ~ quantity Q0 is discussed in work [10].
If the initial absorptlvity of the film is small , then its

gradual increase with an increase in temperature (see equation

(l)~~) can greatly accelerate the heating rate. As the appropriate

calculations 5 show , the heating of the film is described in this
case by the expressions

T(t) (~ - J - To)~~ p( ‘
~~

) ~iic (— ~~~~~~~~ -- ~- tipn yv~~ i t~~t~~-

T( 1) (:~ ~- r~) t..~I)( 
Fit 

-) 
)(

8

5it Is also difficult to conduct these by means of’ the Lapace

transform with respect to time .

~ 
- .

~~
- -- 

- - -

9 -
~

~~
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where x 3ro/.’ic0, € - - —  ?~o(,no*)hf2/3h(,\’o)
hf
~ where usually ETO~~.X .

Both equations given In the limit the ~~exponential growth of kw
temperature with time .

The uniform and adiabatic heatings of the thin films (or thin

layers) with the fulfilment of conditions yv~~ 1, y’~~
l make It poss-

ible to use them as a convenient object for the study of the ki-

netics of the heating process of materials by laser radiation ,

since in this case the results of the experiment compare best of

all with the calculated dependences. Actually , when y~~~I in the
equation of thermal conductivity we can ~±ra disregard the term

, which characterized the spatial effects of the equaliza—
tion of the temperature . As a r~ result this equation becomes
an equat ion of the f irst order In tota l dif feren tials, and it can
be solved , for examp le , by taking into account the dependence of
not only the optical but the thermophysical parameters of the ma—

terial on the temperature with an arbitrary law of the distribu-

tion ~s ex of heat sources within the layer and their change with

time

(8)
(it c(T)~~(T) h 

~,

As is evident , equation (8) does not include the coefficient
of thermal conuctivity of the material , which also simplifies the

a~Ianalysis of the heating of the thin layer. The solution to

uequation (8 )  correctly describes the process with an accuracy to

momen ts of t ’me t 0’ = lOOh 2/a, during which the equalization of k1~a

the temperature within kthe layer occurs .

The thinner the layer , the greater the “resolving power ”
with time of the solut ion o equat ion (8). For examp le , I f we
irradiate in a vacuum (or even m a  air) a layer of copper 3~m

thick , then to’~~- 10 5  s -~~ t - -~ 10 ’ S.
Destruction of thin ix films . The most probable zamechanlsm

of the destruction of thin films of absorbing materials under the

effect of laser radiation is evaporation .6 [note: see page 12]

For an analysis of the stage of the process , let us wr ite
in general the law of the conservation of energy at each moment~ f

L 
10
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of time

1
IA i~,v(t) f p,c,- 

~ I [h ç L (T)dr] + p~C2 — -

~~~~~~ 

dx (9)
( x O

where is the heat of evaporation of a unit of volume of sub-

stance of theft f i lm , ~Ii qo f i t ’1t + L4t11 (T,), where — the heat
of evaporation at 0 K; ~II(T,) 

---- . the difference in enthapies of

vapor and a solid body ; v(t) — rate of movement of the evapora-

tion boundary . Here as usual there ‘are use d thos~~~~ sumptions as
In the recording of expression (2). The connection of the evap—

oration rate with the temperature is given by equation (see [11])

3 1tü’
~t (T) - -= 

2 R T  
e~p (— 2.,//fl’)

where t~ is the mean velocity of sound in the substance , R — gas
constant , ~ ‘ ~ I~/P’ i~ — molecular weight .

It is obvious that when 1L-~~1
’a~

( the expenditures of heat for

evaporation of the film have little effect on the total heat

balance , and therfore the film temperature will increase with time
in the same way as with the heating without destruction (expression

(6)). A stricter acondition of the correctness of such an

approximation is the fulfilment of the inequality

di’, ‘
~~ dT2(x , t) -

~ii u(~) 1-p l c, 
~~ 

.

~ 
[h --_ ~ i (t)dt}.~~p2cz~ ~ - --dx

which is the generalizatIon of criterion yv~~’I for the case of

evaporat ion of the film.
Then the rate of z~~movement of the boundary of evaporation

can be found as

(1) =- ~
‘
~t”P( 

- ~/}‘t) (1)

where P - - -.X,k2V~t/2IA 1?J ’~ , y = 3 ji i,3~ /2 e~,, ,,~ Is the rate of condensa—

tion , which we will consider equal to zero when T> T
~
.

As a result the thickness of the evaporated layer of the film

will be7 [note; see page 12 for this footnote]

L
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~ (t) - ~ Vb(T)dt -- 2yp [i.:~(---~/ ~

Since 7,~~ ?.,/R , then ~~~~~ and ~~~~~ owing to which

2ye I ~\ 
.
~
3ll1Ut 8

t 
[ ~,k2)’~i 1  (10)

x (t) ~ -- -ex1)~~~ 
~
/
~
) -

~ 
- 

e) ., 
- 

~~ 21.-11? I’U2t 1

Using expression (10), it is possible to determine both the

time of the destruction of the fizfilm with thickness h at the

assigned magnitude I and the threshold density of energy

necessary for the evaporation of this film during time T. For

example , for the film Cr 1000 A thick on a glass backing when
T = l0~~ s, the density of the absorbed flow Q1~~ 2O J/cm

2. The

maximum temperature of the surface in this case i~ is equal to

3600° K.
If the film is irradiated by the giant pulse of the laser ,

then in this case the mechanism of its destruction will be the

evaporation if I< ’ii~, -~- 1O~ W/cm~ [1]. Disregarding the heat

trans fer to the backing, instead of (8) then we obtain

B (/ ‘I’j I B f ?., \ IIA 111 -
1

(~\p ( ) .,// ? I’,)  n 1 c, 
~~~ 

- - - ~ ~, vx p 
~~ IIT, 1

(11 1 (11)

Equation (11) ~~ xdescr ibes the k inet ics  of the f i lm ’s heat-
ing taking into account the expenditures of heat for its evapora-

tion when Vv>1. Usually lt> pie ,-\T, and therefore the simplest

estimate of the a number of parameters can be produced , cons ider-
ing that all the heat goes for the evaporation .

Then the time of the axevaporation of the film !~ ~~1~~,/ Ll ,
the threshold of destruction J i~~~ h q i/ ; 1 t , and the temperature with

~v~poration is determined from the expression
With poor adhesion of the film to the backing , for the destruc-

tion of the covering it is sufficient only to melt the film , after

which under the xaction of forces of surface tension the separate

sec tions k~ of the film are coiled Into small “balls ” over the
whole irradiated surface .
7More strictly it would be to ~consider 

t(1)~~~ çl . (t ) !T. where t ’  is
the time of heating of the film to temperatur€~ T~

. However, due
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Thus for the film Cr with a thickness of 1000 A , when t =

l0~~ s I~ = lO~ W/cm2 , Q1 1 J/cm2, which according to the order

of magnitude agrees with the experimental data.

Cooling after the completion of the pulse. If the heating

of the film obeyed expression ( 6) ,  and the destruction was ab-
sent, then the cooling of the surfacr after the completion of the
pulse is described by the function

where !tT(r) is determined by equation (6).
Time t~ , according to the ; Japse of which the temperature

of the film consists of ~ — part of AT(-r) — In -
, 

~this case is

equal to L~~~ n i ~/~~ . It is evident that after the completion of

the pulse , in the film for a ~cert ain time there are contin-
ued processes of possible structural conversions and diffusions

of atoms into the backing , i.e., the effective time of the action

Is always more thank the duration of the pulse. As a rule , it is

sufficient to select ~ = 0.1 In order that the further after-

effect could be disregarded. Here t~ = l00T ’-J10~~ s.

If the film ix were heated by a huge laser pulse , then for

t > T

r ii 1. /t2
\ T ( t )  ---fl \T (r)erf - - , 1* ~~ — +t

- i’~ (t 
— t) J

When h = 1000 A and a2 = 6.1O~~ cm2/s (glass) t*_ T~ _l0 7 s, i.e.,

the cooling occurs very rapidly (this is connected with the small

quantity of the heat stored in the film).

7to the smallness of quantity vb (T) when T<T~ 
the rep lacement

of t’ by 0 in expression for x(t) is justified.
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