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Hole formation induced by 488.0-nm light in 10um-thick amorphous as-evaporated AsS; films

Olli Nordmari and Nina Nordman
Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
(Received 30 November 1998

When AsS; films, evaporated on glass substrates, were illuminated with an intense 488-nm Ar laser beam,
the two opposite beam directioriéght entering the substrate first and light entering the film Yitstl to
different hole formation characteristics. The two processes are controlled by the viscous floygoivils the
activation energies of 0.81 and 1.10 eV. The difference in the hole formation mechanisms is based on the small
penetration depth of light compared to the film thickness and on the different viscosities of exposed and
unexposed AsS;. Specific oscillations in the transmission curves are explained to be caused by the photoin-
duced anisotropic microcrystallization followed by thermal crystalline clustef®@163-1829)03428-1

I. INTRODUCTION This phenomenon caused by surface tension is much more
prominent than the evaporation of the material. We will also
Optical properties of amorphous #&% semiconductor give a qualitative explanation for the beam-direction-
films change when they are exposed by light with photondependent behavior.
energy exceeding the band-gap enefgy [E,=2.39eV
(Ref. 1)]. These so-called photostructural chang®$Q
may be reversibfeor irreversible® For instance, light may Il. EXPERIMENTAL DETAILS

shift the ab_sorption edge Of the films towards 'Oﬂger wave- g evaporated amorphous £ films with the thickness
lengths. This phenomenon is called photodarkening. Usuall}ﬁ: 10 4m were used for the experiments. Films were evapo-

photodarkening in_'°9§3 is induc_ed by the green Ar laser a0 on glass substrates and stored at room temperature in
line (wavelengthh =514.5nm,E=2.41eV) and probed by ihe gark for more than two years. Therefore, films could be
the red HeNe laser |in€632.8 nm, 1.96 e However, even  oqarded as thermally relax@drhe history of the films is
weak probing with sub-band-gap light may have an influence) e explained in Ref. 11

: jap 19T 1 A .11,
on AsS; by generating and orientatiig™ andD ™ centerss‘;. To induce PSC films were illuminated with the blue, ver-
Sub-band-gap light can also change the fluidity ob3) tically polarized 488.0 nnf2.54 e\j Ar laser line. The blue
Intense HeNe laser light beam is found to even increase thg o \was chosen. because its absorption coefficieftin

thickness of the filn?. This property is used for the preparing As,S, films is higher than that of the green line. Therefore,
of small lenseg.Other possibilities for the optical microfab- the penetration depthdp) (xa~Y) of the blue line is

&horter, which ensured the desired maximum difference be-

studied in Ref. 5. The possibility to use amorphous thin films,; can the film thickness ardl.. We used a Gaussian shape
as binary memory units has also gained intefédn these unfocused laser beam withef/radius ¢ ,=0.75nm). Thus
experiments focused laser beams are used to create hole f1r power distribution can be expressed as '

chagogenide films. Hole formation is a thermal process

based mainly on the change of viscosity. Surface tension

gradient acts as a driving force. P.(r)= Poe‘z(”’o)z, (1
In many applications mentioned above intense laser

beams are used to induce PSC. The response of the film is ) ) )
observed in the transmission mode. Therefore, the substraféerer is the distance from the beam center drglis the

material must be transparent for the laser beams. This worR€aK Power on the surface of the film. We have subtracted
verifies that if the penetration depth of the light is small!0SSes caused by reflections whep is given (air-glass in-
compared to the film thickness, there is a difference in pscerface 4.0%, glass-film interface 6.3%, air-film interface
(and hole formationdepending on the direction of the in- 18'4%_' ) i i

coming beam(whether it first enters the substrate or the OPtical density(OD) is defined as

film). This fact is not so well recognized. In fact, we have not

found any other publications for transparent substrate- Po

chalcogenide system concerning the same subject not to D=Ioglo(P—), 2
speak about the similar results. Some of the earlier publica- T

tions (see, e.g., Ref. 20do show that PSC in AS; are

greatly dependent on the exposing wavelength near the banthere P+ is the transmitted laser beam poweP; was re-
gap (blue 488.0 nm and green 514.5 nm lines of Ar laser corded using a computer. The interval between the succes-
The present paper also verifies that even unfocused lassive measuring points was 60 ms.

beams with quite moderate intensities can inducsSfsiass The profiles of the holes were measured by Tencor
flow from the beam center towards lower exposed film areasAlpha-Steff 500 Surface Profilometer.
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1. 550 mW is increased. It is later shown that the activation energy gov-
g (@) erning the viscosity also increases. When the light enters the
film through the glass subtrate only a small fraction of
guanta can reach the film-air boundary where the hole form-
ing process starts. Thus the hole forming process in this case
in the beginning is dealing with unexposed or only slightly
exposed AsgS; with lower viscosity (contrary to the other
case where it has to deal with higher viscosity,®3. How-
ever, in the end of the hole opening process the beam enters
high viscosity, polymerized AS;. Therefore, this hole
: opening process is more nonlinear as the former one.
ol v il ol Why OD'’s in Figs. 1a) and Xb) do not differ so much
10-1 2% qp0 2% g0 %3 402 2 even though PSC should be much more prominent in the
t (s) latter casdFig. 1(b)]? The dynamics of OOwithout hole
formation is well described by Tomlinson in his theory con-
1000 mW (b) cerning dynamics of photochromic conversiénAccord-
1100 mW ingly, OD, when lower intensity is used, should be consider-
1200 mw ably smaller than OD induced by higher intensity. However,
1300 mw . . . .
1400 W in the case of Fig. (b) hole formation starts from the highly
exposed area. The mass moving away has high OD. There-
fore, when the hole starts to form the OD is significantly
reduced. Instead, when the beam enters the film through the
glass substrate the 4S; mass, which moves away has low
OD. This reduces the difference in OD’s.
Figure 2a) shows the profile of the hole after the hole
9 Lol ol S opening forPO=600 mW andt,=65s. The correspon(_jing
101 23 100 2% qor 23 402 2° values fqr F|g..2b) are.1100 mwW and.120. s,'res.pectlvely.
t (s) The profile of Fig. 2b) (light enters the film firgtis different
from that of Fig. Za). The main reason for the difference are
FIG. 1. Optical density as a function of the exposure tifpe the different viscosities as already explained above.
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with different laser beam power®§) (displayed in the legend(a) The profiles in Fig. 2 are typical reprentatives of their
The laser beam enters the film through glass substigt@he laser  cases. Asymmetry of the profiles is due to the gravity, which
beam enters directly the film. pulled the low viscosity AsS; out of the hole. When low
viscosity AsS; is cooled down it forms a rim around the
Ill. RESULTS

hole. The rims can clearly be seen in both figures. This fact

Figure Xa) shows OD as a function of the exposure time's_ugge_sts that the hole_ forming process is controlled by the
In this case the light entered the film through the glass subYiScosity’ not vaporization.
strate. Laser beam powerB{) are displayed in the figure.
The given power range covers the whole hole opening area IV. DISCUSSION
that was reasonable in our experiments. When laser power
was 500 mW the hole did not open within 20 min. When Before we are _able to analyze the processes further we
laser power exceeded 800 mW the opening process was bave to know the increase of the tempe_rature caused by the
fast that we could not reliable record(tompare 800 mW laser beam. In the middle of the Gaussian-shape laser beam
According to Fig. 1a) in the beginning of the exposure the temperature is found to b€
OD~2.5. Therefore, the initial absorption coefficiem§ of
As,S; film is 5.7x10°cm L. This means that the power Py
drops to 1¢ part from its initial value az=1.7 um (zis the To()= Kwa2arcta
position coordinate inside the film in the direction of the
bean). Generally OD is increasing with the exposure time.In this formula,P, is the beam power absorbed by the film
This is due to the photodarkening effect. However, curve Jin our case~ Pg), K is the thermal conductivity of the glass
and partially curve 2 make an exception. Curves 1—3 alssubstrate[1x 10 2W/Kcm], w is the beam wast€0.53
have an oscillatory behavior. These facts are closer studied imm), t is the exposure time, arld is the thermal diffusivity
Discussion. The opening of the hole is seen as a sudden dray the glass (5.8 10" 3cné/s). There are several conditions
of OD at the end of the curves. which have to be fulfilled for Eq(3) to be valid®*3 (i) The
Figure 1b) displays the OD curves when the light entersfilm has to absorb the light not a glass substrate. This is
the film first. As can be seen the powers needed for the holelearly true for our systentii) It is assumed that the glass
opening are greater than in previous cgSg. 1(a)]. Also the  substrates are thick enougtompared to the film thickness
hole opening timest{) are longer. This is due to the fact to conduct all the heat away. We used glass plates with the
that when the beam hits the film PSC occur. The surface dthickness of 3 mm. Clearly this conditions is fulfilled. The
the film is photodarkened. It means that the structure otondition is further supported by the fact that the heat con-
As,S; is polymerizedsee for example Ref.)3The viscosity — ductivity of the glass is about ten times higher than that of

2./Dt
\\{v_) . (3
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E ol =1.10eV).
2
s -2f the exponential functiofl.Therefore, it can be regarded as
3 I constant. The viscosityr(T)], activation energy4E), and
—4 | absolute temperature(T) are connected together by
Arrhenius-type relation
-6t ®) yp
-8l T AE 5
ol n(T)=noexp 17/ )
B o 1 By takingt, values from Fig. 1 and usirlg=To+292 we
¢ (mm) have drawn Fig. 3, wherg, is displayed as a function of

1/T. Using Eq.(4) we have derived\ E values 0.81 e\[Fig.

FIG. 2. Typical profiles of the holeg is the radial distance (@] and 1.10 eV[Fig. 1(b)]. These two different values
from the laser beam cenjeri@ The laser beam enters the film Show that viscosities do depend on the direction of incoming
through glass substrat®,=600 MW, t=t,=659. (b) The laser laser beam. Chausemy, Fornazero, and MackoWshea-
beam enters directly the filitPy=1100 mW,t=t,=12039. suredAE=1.11eV for the unexposed 4S;. One reason for

our lower values could be that we do not investigate the
As,S;. (iii) Radial heat diffusion effects have to vanish. This Photodecomposition of AS; (light-enhanced vaporization
is true because the beam waist0.53mm) was much connected to the role of oxygh). However, if photode-
larger than the film thicknessl& 10,4m). (iv) In order the — composition would have reduced the film thickness it would
temperature inside the filifin the direction of thez axis) to ~ have increased, [to=1/d, Eq. (4)] and thus, als\E. We
be constant the measurements have to be done in the tinfgink, that the greatest inaccuracieall together approxi-
scale exceeding?/D; (D; is the thermal diffusivity of the ~Mately=20%) are due to the inaccurate glass parameter val-
film). In our cased?D;~90ms [D;=1.1x10 3cm?/s Ues(when calculatingT,) and the defination of, values
(Refs. 13 and 14 so also this condition is fulfilled. Accord- [Figs. 1a) and Ib)]. _ _ _
ingly, the temperature increadg (t,) ranged from 291 to In order to get more information about the connection
424°C with power levels from 550 to 800 my¥ig. 1(@] Petween the hole shap&ig. 2) and viscosity we have re-
and from 530 to 742 °C with power levels from 1000 to 1400drawn the left-hand side of Fig(@ and the right-hand side
mW [Fig. 1(b)]. When power was higher than 1400 mw ©f Fig. 2b) in Fig. 4. Accordingly, the profiles have different
films started to boi[the boiling point of AsS; natural orpi- ~ Shapes. The thickness starts to change wikei.5mm with
ment is 707 °QRef. 15]. This could be easily seen as smoke Tr=170°C[Fig. 2@] and 290 °qFig. 2b)]. In addition to
rising from the exposed area. The difference between thEhe hole profiles Fig. 4 shows ;he radial change of tempera-
observed and given boiling poin262 and 707 °Cmay be  ture (T;). It has an expressidf
due to the inaccurate glass paramégteiand D) values.

For the viscosity controlled hole opening process the hole

_ 2 r2
opening time can be expressed as Tr(t)=To(t)9XF{ W) IO(W)’ (6)

C AE
to(T)= o=exp ~= |- (4)  wherel, is the modified Bessel function of zero order. The
dv, T kT :
curve has been drawn at the moment of the hole opening
In this expressionC is a constant. The radial temperature [Fig. 2(a): t,=65s, T;=309°C; Fig. 2Zb): t,=120s, T,
gradientA, T is a slowly varying function off compared to =571 °C]. The profile of the laser beam powEy /P, [Eq.
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FIG. 4. Redrawn profiles from Fig.[2olid line, Fig. 2a), short- 1010 ... (nR/N0) (b)
dash line, Fig. &)]. The power profile of the laser bedtaq. (1)] e '
(medium-dash lineP,/Py). The radial temperature distribution }. 2
(tiny-dash line,T,). T, values should be read from the righaxis, 109

where the lower scale is for the profile of Figapand the higher QA S
scale is for the profile of Fig.(®). 2

(1)] is also in the figure. We will need this curve later. Sur- 2
prisingly, the last two curves have almost the similar shape 107
as a function of.
The viscosity ration/ny as a function ofr for AE 3 R «
=0.81 and 1.10 eV is displayed in Fig. 5. The viscosities 108 0 2 ‘j{ . é 1'0 1'2
have been estimated from E@) usingT=292°C+T, [T,
derived from Eq.(6)]. Accordingly, in spite of the higher 2 (um)
temperature, the average viscosity in the second @daser FIG. 6. The viscosity ratioy/ 7, on the surface of the ho[&qg.
beam enters directly the f||}ms almost as h|gh as in the first (5)] as a function of the hole deptl’zro Symb0|s(0pen Circ|e$
case(laser beam enters the film through the substrateen  represent sampling pointsliifferentr values. The fits to the sam-
r<0.35mm. This confirms our conclusion about thepling points are given in the figuréa) The laser beam enters the
crosslinking of AsS;, which increases the viscosity. When film through glass substratéh) The laser beam enters directly the
r>0.4 mm the viscosity in the second case even exceeds tigm.
viscosity of the first case. This is due to the radial tempera-
ture difference between two cases. It becomes smaller witre seen in in Figs.(8) and &b). Our sampling pointgrep-
increasingr and the viscosity of highly exposed #& ex-  resenting different valueg are seen as open circles. We
ceeds that of slightly exposed #85. have made two fits in both figures based on the acquired
It is also of interest to know the connection between thepoints. The fits are given in the figure. When the laser beam
viscosity[ 7/ 79, Eq.(5)] and the depth of the holegf) (on  enters the film through the glass substidtey. 6a)] the fit
the surface of the hojeat the time of the hole openindg).  deeper in the holez,>1.0um) is of the form log/7,)
Therefore, we made use of Figs. 4 and 5 and tookitaed ~ =aexp(—bz,)+c. This gives us
z, values from the figures using the samgalues. Results

n=nsexgaexp —bz)]

1014 with
21013 — AE=0.81eV /
S — AE=1.10ev / 7k 1 77, AN
1012 a=In|—|, b=—=InjIn| —/|In| — ,
7s d 7s 7s
101
1010
c=|n(77s). (7)
108 7o
108 In this expressionyy is the viscosity where exponential
107 function intersects they/ 5, axis [see Fig. €], 7, is the
. . . . . . ; viscosity value atz,=<« (defined by the exponential func-
00 01 02 03 04 05 06 07 tion) and 77 is the viscosity at the beam center. When 0
r (rf;m) <7,<1.0um (near the rim the fit is of the form logg/7,)

=aexp(—bZ)+c. The intersection of the function angf 7,
FIG. 5. The viscosity ratiop/ 79 [Eq. (5)] as a function ofr axis is marked as#r/7,) wWhere 7y is the viscosity at the
(solid line, AE=0.81 eV, short-dash lineyE=1.10 e\j. edge of the rim.
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According to Fig. €b) (the laser beam enters the film 5.0
first) the log(/no)-z, dependence inside the holez ( 3 P D)
>1.5um) has a simple form logf n0)=az,+b. Taking into S as | P 2 _ <
account thab= (#54/ no) we get for the viscosity ’ ' &
— +
o a 4.0 | R
7= 7R ex aZh ’
where 3.5 | 1 250
77To A Ll L iyl L
a= |n(_,) ) (8) 3.0 200
7R 100 23 g0 23* q02
t(s)

The viscosity seems to be exponentially relateith a<0)

to the hole depth. Near the rim (Qz,<1.5um) the FIG. 7. Redrawn curves 1—-3olid line) from Fig. 1(a). Laser
log(7/10)—z, dependence has the form logif,)=az,+b. beam-induced temperatur@(+RT, RT is room temperature
This leads to the same kind of dependence as given by E¢ghort-dash lingas a function of the exposing tin® (for curves
(7), however, with different constants. 1-3 can be read from the rightaxis.

By comparing previous results we can draw the conclu-
sion that the hole forming process in the case where théess needs certain amount of ene(aser beam exposure
beam hits directly the filniFig. 6b)] is more linear than in before OD starts to go down again. Therefore, OD oscilla-
the case, where the beam enters the film through the suiions are caused by the the ring of the crystalline clusters,
strate[Fig. 6a)]. It is also obvious if we think the viscosities Which moves away from the beam center with the exposure
are different as already explained. time.

What causes the peculiar oscillations of OD in Fi¢g)1 Curve 2 in Fig. 7 shows a sudden overall increase in OD
(curves 1-3? The mechanism that is based on hot, laseat temperaturely=320°C. The reason to this increase is
beam-induced electrons and on thermally activated atomibard to explain because curve(®ith higher temperatuje
transitions between metastable states is known to caus@ntains OD oscillations during the whole hole opening pro-
oscillations?® However, our oscillations are far too regular to cess. Perhaps it is because of intensity, which in the latter
be caused by the same effect. In addition oscillations clearlgase is a little bit higher. Anyway, the oscillations depend on
are due to thermal effects, which is not the case when we af@mperature that is a function of the positiam, exposure
dealing with hot electrons. So we can exclude this phenomtime and light intensity inside the sample. Light intensity
enon. It is not caused by interference either, because thiself is a function of the position and exposure tisee Fig.
oscillations amplitudes are too large. They correspond aboyb). Dependences are thus rather complicated and not so easy
18% transmittance change in the nonabsorbing material. Neto predict.
ther they cannot be caused by spurious reflectance gratings, Curves 4 and 5 in Fig.(& do not show oscillations be-
because the film is in continuous movement in exposed arezause the temperature is too high for the crystalline clusters
already in the beginning of the exposure. We suggest thdp form.
oscillations are due to the phase transition from the amor-
hous state to the crystalline state. Clusters (_)f microcry_stals V. CONCLUSIONS
are formed through the photoinduced crystallization assisted
by the heat from the laser bedfhThese clusters are oriented  Activation energies for the hole opening were found to be
according to the incoming laser beam polarization. different depending on the direction of the exposing laser

To investigate the situation more closely we have redrawrbeam. When the light enters directly the film PSC polymer-
the curves 1-3 from Fig.(&) to Fig. 7 with their correspond- ize the surface where the hole-opening process starts. Vis-
ing temperatures at the center of the bd&m. (3)]. Accord-  cosity on the surface increases. The hole opening, therefore,
ing to Ref. 24 photoinduced anisotropy is the manifestatiorhappens in the area of high viscosity already from the begin-
of photoelectronic-stimulated crystalline growth. Photoin-ning. When the light enters the film through the glass sub-
duced anisotropy in AS; has a maximum near the room strate only a small fraction of photons can reach the film-air
temperature and it sustains at least up to 10&*I€is quite  boundary. Thus the hole forming process in this case, in the
reasonable to assume that clusters formed by the photoitbeginning, is dealing with unexposed or only slightly ex-
duced crystalline growth remain up to the ,8s melting  posed AsS;. However, in the end of the hole opening pro-
temperaturel,,=327 °C2>?® |t is also assumed that optical cess the light has to face high viscosity, polymerizegSAs
absorption is decreased with the cluster size. Therefore, this hole opening process is more nonlinear as the

From curve 1 in Fig. 7 we see that the first oscillationsformer one.
appear when temperature in the middle of the beam is Due to the different nature of the beam-direction-
~280°C. As a consequence OD decreases. However, idependent hole processes also the profiles of the holes were
creasing temperature destroys the clusters and OD starts different. In the nonlinear cagbeam enters the film through
rise. Meanwhile, the temperature where the first oscillatiorsubstratg also the profiles were more complex than in other
appeared has moved away from the beam ceptar Fig. 4  case. When the laser beam exposed directly the film the pro-
Clusters start to form away from the beam center. This profile inside the hole was found to be exponential function of
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hole depth. Near the edge the profile was estimated to be of We feel that the method and acquired results are useful
the form expexp(—bz,)], whereb is a constant. also for other investigators. The method is simple and easy to
The observed quite regular oscillations in some ©OD- use. It gives direct information about the viscous behavior of
curves were explained to be caused by the photoinduced mihe material as a function exposing wavelength and expo-
crocrystallization. These crystals are optically anisotropicsure. In this paper we studied amorphous, as evaporated,
With increasing exposuré&emperaturgthese microcrystals aged AsS; films. The method can be applied also to differ-
serve as nuclei for crystalline clusters. These clusters vanisent kinds of AsS; films and to other chalcogenides including
when temperature is near the melting point. Clusters deAs-Se systen! However, results may differ much because
crease OD and their destruction increase OD. The oscillgphysical properties of chalcogenides may change drastically
tions may appear when temperatifenction of laser beam even as afunction of the compositibhThis paper clearly
intensity, position, and exposure tijnend light intensity in-  shows that beam-direction-dependent behavior exists and it
side the film(function of the position and exposure tijrare  has to be taken into account under conditions similar to this
in favor for cluster forming and destruction simultaneously.work. It also shows that care should taken if even moderate
The appearance of the oscillation was explained as a clust@ower unfocused laser beams are used. They may induce
ring, which moves away from the beam center with increasfilm material transfer from higher exposed parts to lower

ing exposure. exposed regions.
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