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Control of initial growth processes of epitaxial films using pulsed molecular beams
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Department of Chemistry, The University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

~Received 25 September 2000; published 27 March 2001!

Kinetics of epitaxial thin film growth was analyzed from the experiments using pulsed organic molecular
beams. It was found that a minimum appears in the nucleation density as a function of on-off cycle time when
the substrate temperature is near the threshold between growth and reevaporation. This feature can be ex-
plained by assuming desorption of molecules induced by mutual collision on the surface, for which orientation-
sensitive intermolecular forces are responsible.
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When the substrate temperature during vacuum depos
is elevated, the sticking coefficient decreases and no gro
will be observed at temperatures high enough. Although
phenomenon has been explained using steady s
thermodynamics,1 precise processes dominant near
threshold between growth and reevaporation have not b
understood well. The growth/reevaporation transition is i
portant because it leads to the difference in the sticking
efficient among substrate materials, which is now ext
sively used in semiconductor and organic nanostructuring
selective growth phenomena.2–6 We here report an unex
pected kinetic factor determining the threshold that is fou
during the epitaxy of organic molecules using pulsed m
lecular beam technique. In the growth of organic thin film
the kinetic process becomes particularly important beca
the time scale for settling to the energy minima is longer th
other systems due to weak van der Waals interaction m
ating the growth.

We have chosen quinacridone (C20H12N2O2; QA! on
~001! surfaces of alkali halides~NaCl and KCl! and C60 on
a-MoTe2(0001) as the grown organic materials and the s
strates, respectively. The materials combination has been
lected because the effect of atomic height steps was foun
be negligible among them. The alkali halide substrates w
cleaved in air and annealed at 130 °C for 4 h in theultrahigh
vacuum ~UHV! growth chamber to remove large step
a-MoTe2 was cleaved in air and heated 150 °C for 4 h in
UHV. The substrate was kept at certain growth temperatu
during the molecular beam irradiation. QA was purified
vacuum sublimation and C60 ~purity 99.5 %! was used as
purchased. The pulse source consists of a disk with f
round holes which are evenly spaced. By rotating the d
with a constant speed, the molecular beam has intensity
file as shown in Fig. 1~a!. The ratio of open time to one cycl
time was about 0.13 (5d) in the present experiment. Th
instrumental detail of the pulsed beam source is descr
elsewhere.7 The total growth time~‘‘on’’ 1 ‘‘off’’ time ! was
constant for all of the experiments for one materials syst
resulting in the same total number of the molecules impi
ing onto the substrate surface. After the growth, the sam
was cooled down and taken out to ambient atmosphere
atomic force microscope~AFM; SEIKO SPI-3800! was used
to study the growth feature, in particular, the shape and d
sity of the organic crystallets formed on the surfaces.
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Figure 1 shows AFM images of QA film grown on KC
with various ‘‘cycle time’’ (t), namely the period betwee
the beginning of ‘‘open’’ and the end of ‘‘close’’ of the
rotating slit. The temperatures of the substrates (Tsub) and
evaporation sources (Tsource) were 100 °C and 320 °C, re
spectively. As seen in the images, QA forms rod-shaped
lands whose orientation is almost aligned with~100! and
~010! axes of the substrates. It should be noted that the sh
and the density of the islands are not affected by steps on
substrates. The difference in the nucleation density for v
oust is easily noticed.

Figure 2 shows the density of the islands as a function
the cycle time (t). The error bars are estimated from th

FIG. 1. ~a! Shape of the impinging molecular pulses.~b! Mo-
lecular arrangement in QA crystals.~c!–~f! AFM images of QA
grown on KCl~001! at 100 °C with ON/OFF dutyd50.13. ~c! t
538 ms,~d! t5150 ms,~e! t5560 ms,~f! t52.7 s.
©2001 The American Physical Society04-1
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square root of the counted numbers of the islands, wh
were larger than the standard deviation derived from sev
experiments. The nucleation on KCl substrate in Figs. 2~a!
and 2~b! show monotonous increase in the log scale oft. On
the other hand, the growth on NaCl substrates was diffe
@Figs. 2~c! and 2~d!#. Both Fig. 2~c! (Tsub5110 °C) and 2~d!
(Tsub590 °C) show an increase, take a peak, then decre
and finally increase. The cycle time, which gives the pe
density, is ~c! ;210 ms and~d! ;427 ms. Note that no
growth of the islands is observed in~d! for the cycle time
between;427 ms and;1400 ms, while nucleation is ob
served on KCl at the same condition. Measurement of
nucleation density on lower temperatures was impossible
cause too many islands are formed on the substrate sur
The density of flower-like C60 monolayer islands on
a-MoTe2(0001) only showed the increasing nucleation de
sity as a function oft for various sets of substrate temper
ture and molecular flux~Fig. 3!.

We have attempted to reproduce the experimental res
by using rate equations as shown in the following equatio

ṅ15I ~ t !2k0n12k11n1
22 (

j 52

c21

kj 1n1nj12k12n2

1 (
j 53

c21

k( j 21)2nj , ~1!

ṅi5k( i 21)1n1ni 212ki 1n1ni1ki 2ni 112k( i 21)2ni , ~2!

FIG. 2. Nucleation density of QA on alkali halides as a functi
of cycle time (t). The substrate materials and temperatures ar
follows. ~a! KCl, 90 °C; ~b! KCl, 110 °C; ~c! NaCl, 90 °C; ~d!
NaCl, 110 °C.
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ṅc5k(c21)1n1nc21 , ~3!

whereni is the concentration of cluster with sizei, c is the
size of critical nuclei which is the smallest for being therm
dynamically stable.ki 1 and ki 2 are rate constants corre
sponding to the creation of clusters with sizei 11 and de-
composition of clusters with sizei 11, respectively.k0 is the
desorption rate constant of monomers. Here it is assum
that enlarging or shrinking of the clusters must involve me
ing or releasing of monomers. Impinging molecules are
pressed using a integerm as

I ~ t !5H I 0 ~mt<t,~m1d!t!,

0 ~~m1d!t<t,~m11!t!.
~4!

We have performed extended numerical examination w
various parameters, but it was impossible to reproduce
minima of the nucleation rate as a function of cycle tim
The reason can be explained as follows. Shown in Fig. 4
the typical numerical results of concentrations of monom
(n1) and largest unstable clusters (nc21) as functions of time
(c54 for the figure!. It is noticed that there are three region
of t that are distinctly different from each other. For smallt,
both of n1 andnc21 are almost constant@case~i!: Figs. 4~a!
and 4~b!#. For intermediatet, n1 has a similar feature with
impinging pulse andnc21 is slightly oscillating around a
finite value@case~ii !: Figs. 4~c! and 4~d!#. For larget, both
of n1 and nc21 have pulsed shapes that are nearly prop
tional to the impinging flux@case~iii !: Figs. 4~e! and 4~f!#.
Asymptotic values of the growth speedṅc can be calculated
for each case by assumingn1@n2@ . . . @nc21 which leads
to the approximation of Eq.~2! as

as

FIG. 3. Typical example of nucleation density in the puls
molecular beam growth of C60 on a-MoTe2(0001). The tempera-
tures of the substrate and the source were 100 °C and 400 °C
spectively. Insets are AFM images with 50mm350mm.
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ṅi'k( i 21)1n1ni 212k( i 21)2ni . ~2a!

In case ~i!, the impinging pulses are smeared out by t
migration of the monomers that results inI (t)'I 0d and
n1(t)'n̄1[I 0d/k0 . ni are obtained from stationary cond
tion ṅi'0 asn̄i5(k( i 21)1 /k( i 21)2)n̄1n̄i 21 for i ,c21. The
growth rateR is

R5
1

tEt
ṅcdt5k(c21)1S )

j 51

c22
kj 1

kj 2
D n̄1

c5AS I 0

k0
D c

dc,

where

A5k(c21)1S )
j 51

c22
kj 1

kj 2
D .

In case~ii !, the smearing of the pulsed feature becomes
nificant at some marginalm-mer (1,m,c) and the concen-
tration of clusters larger thanm becomes nearly constant a
the function of time. The maximum value of pulsedn1(t) is
the saturation valuen̂1[I 0 /k0 for a continuous beam o
strengthI 0. As for the plateau value ofni(t),

n̂i'S )
j 51

i 21
kj 1

kj 2
D n̂1

i 21

for i ,m is derived using Eq.~2a! and ṅi50. Since the in-
tegration ofṅi5k( i 21)1n1(t)n̄i 212k( i 21)2n̄i over one cycle
is zero for m, i ,c, it follows n̄i5(k( i 21)1 /
k( i 21)2)n̄i 21n̂1d ( i .m). At the transition from constant to

FIG. 4. Typical numerical results for the cluster concentrat
for various regions oft by using the rate equations~1!–~4!. Param-
eters are as follows:c54, I 0510, k0510, k1151, k1250.2,
k2151, k2250.2, andk3151. ~a!, ~b! t50.01; ~c!, ~d! t55; and
~e!, ~f! t51000.
15340
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pulsed function, it is reasonable to assume the intermed
value n̄m5(k(m21)1 /k(m21)2)n̂m21d(d,d,1). They re-
sult in

R5k(c21)1S )
j 5m

c22
kj 1

kj 2
D n̄mn̂1

c2mdc2m

5k(c21)1S )
j 51

c22
kj 1

kj 2
D n̂1

cdc2md5AS I 0

k0
D c

dc2md.

In case ~iii !, since the concentrations of all species ha
pulse shapes,

R5k(c21)1S )
j 51

c22
kj 1

kj 2
D n̂1

cd5AS I 0

k0
D c

d.

From the above estimation the ratio of the nucleation rate
case~i!, ~ii !, and ~iii ! are dc21, dc2m21d, and 1, respec-
tively, which means the ratio increases monotonously a
function of t. It agrees with the numerical result of full rat
equations that does not take minimum for various sets
parameters.

The discussion above suggests attaching an extra ter
the rate equation to enlarge the desorption rate of the mo
mers. We have found that the experimental result can
reproduced by adding the desorption term proportional to
square of the monomer concentration:

FIG. 5. Numerical simulation of nucleation density to reprodu
the experimental results by using the rate equation including c
sion induced desorption@Eq. ~1a!#. Parameters are as follows an
only a was changed through~a!–~c!: c54, I 0510, k0510, k11

51, k1250.2, k2151, k2250.2, andk3151. ~a! a510, ~b! a
5100, ~c! a51000.
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ṅ15I ~ t !2k0n12k11n1
22 (

j 52

c21

kj 1n1nj12k12n2

1 (
j 53

c21

k( j 21)2nj2an1
2 . ~1a!

The time dependence of cluster concentrations looks sim
to Fig. 4, but the absolute values of ordinate become dif
ent because of the increased desorption. IfaI 0@k0

2 and a
@k11 , the asymptotic values ofn1 for cases~i! and~ii ! and
~iii ! are n̄15(I 0d/a)1/2 and n̂15(I 0 /a)1/2, respectively. It
follows that the average nucleation ratesR are: ~i!
A(I 0 /a)c/2dc/2, ~ii ! A(I 0 /a)c/2dc2md, and~iii ! A(I 0 /a)c/2d.
These give the ratios for~i!, ~ii !, and~iii ! asd(c/2)21, dc2md,
and 1 respectively. The first can be larger than the secon
c.2m22, which can be satisfied for large enough value
c. It should be noted thatc must be at least 4 sincem is not
less than 1. A numerical example for the growth rateR is
shown in Fig. 5, which agrees qualitatively with the expe
mental results. The effect of the quadratic desorption is
hanced when the conditiona@k11 or c@2m22 is satisfied.

The physical meaning of the quadratic desorption term
the desorption of the monomers induced by mutual collis
on the surface. We consider that this term, which has
been reported so far, appeared in the present experimen
cause the intermolecular interaction of QA is strongly sen
tive to direction, as seen from the needle shape of crystal
It means largea compared withk11 , which probably facili-
or

rt

15340
ar
r-

if
f

-
n-

is
n
ot
be-
i-
ts.

tated the observation of collision-induced-desorption in
present system. This explanation agrees with the resul
C60/a-MoTe2 because directional difference is not expect
for C60.

Although there are ambiguities in the precise determi
tion of the rate parameters, several things can be der
from the experimental results, according to the above mo
First, critical nuclei size is larger than 4 for QA on NaC
because the nucleation rate took the minimum as a func
of t. Second, the time scale ofk0

21 is the order of 0.1;1 s at
the temperature range in the experiment, since the satura
is nearly achieved within the above range oft.

In conclusion, pulsed molecular beam technique was
plied to the analysis and control of the growth of organ
molecular films near the threshold of sticking and reeva
ration. It was found that the nucleation density can
changed by varying the cycle time even with constant on
duty. The minima observed as the function of the cycle ti
can be explained by assuming the desorption of the mig
ing monomers induced by mutual collision. It should
noted for the application side that perfect selectivity in t
sticking coefficient is achieved by using the pulsed mole
lar beams. As a materials preparation technique, the pre
result will be useful for the selective growth in the materia
system in which only weak selectivity is expected.
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