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Control of initial growth processes of epitaxial films using pulsed molecular beams
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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 deposition Figure 1 shows AFM images of QA film grown on KClI
is elevated, the sticking coefficient decreases and no growtWwith various “cycle time” (7), namely the period between
will be observed at temperatures high enough. Although thi¢he beginning of “open” and the end of “close” of the
phenomenon has been explained using steady statetating slit. The temperatures of the substratég,§ and
thermodynamic$, precise processes dominant near theevaporation sourcesT(,,.d were 100°C and 320°C, re-
threshold between growth and reevaporation have not beeipectively. As seen in the images, QA forms rod-shaped is-
understood well. The growth/reevaporation transition is im-ands whose orientation is almost aligned witt00) and
portant because it leads to the difference in the sticking c0l010 axes of the substrates. It should be noted that the shape

efficient among substrate materials, which is now exten@nd the density of the islands are not affected by steps on the

sively used in semiconductor and organic nanostructuring Substrates. The difference in the nucleation density for vari-

selective growth phenomeRa® We here report an unex- °UST is easily noticed. _ , ,
pected kinetic factor determining the threshold that is found Figure 2_shows the density of the |sland_s as a function of
during the epitaxy of organic molecules using pulsed moJne cycle time ). The error bars are estimated from the
lecular beam technique. In the growth of organic thin films,
the kinetic process becomes particularly important because (a) (b)
the time scale for settling to the energy minima is longer than
other systems due to weak van der Waals interaction medi-
ating the growth.

We have chosen quinacridone 4H;,N,0,; QA) on
(001 surfaces of alkali halideeNaCl and KC) and G on
a-MoTe,(0001) as the grown organic materials and the sub-
strates, respectively. The materials combination has been se- |
lected because the effect of atomic height steps was found to
be negligible among them. The alkali halide substrates were
cleaved in air and annealed at 130 ° € 4oh in theultrahigh
vacuum (UHV) growth chamber to remove large steps.
a-MoTe, was cleaved in air and heated 150°QC #h in
UHV. The substrate was kept at certain growth temperatures
during the molecular beam irradiation. QA was purified by
vacuum sublimation and g (purity 99.5 % was used as
purchased. The pulse source consists of a disk with four
round holes which are evenly spaced. By rotating the disk
with a constant speed, the molecular beam has intensity pro-
file as shown in Fig. (). The ratio of open time to one cycle
time was about 0.13=d) in the present experiment. The
instrumental detail of the pulsed beam source is described
elsewher€. The total growth timg*“on” + “off” time ) was
constant for all of the experiments for one materials system,
resulting in the same total number of the molecules imping-
ing onto the substrate surface. After the growth, the sample
was cooled down and taken out to ambient atmosphere. An F|G. 1. (a) Shape of the impinging molecular pulsék) Mo-
atomic force microscopAFM; SEIKO SPI-3800 was used lecular arrangement in QA crystal&)—(f) AFM images of QA
to study the growth feature, in particular, the shape and dergrown on KC[001) at 100 °C with ON/OFF dutd=0.13.(c) 7
sity of the organic crystallets formed on the surfaces. =38 ms,(d) 7=150 ms,(e) 7=560 ms,(f) 7=2.7 s.
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Cycle Time (s) molecular beam growth of &g on a-MoTe,(0001). The tempera-

tures of the substrate and the source were 100 °C and 400 °C, re-
FIG. 2. Nucleation density of QA on alkali halides as a function spectively. Insets are AFM images with a@n>x50 um.
of cycle time ¢). The substrate materials and temperatures are as

follows. (a) KCI, 90°C; (b) KCI, 110°C; (c) NaCl, 90°C; (d o
Nacl, 11(0)°C. ® © @ nc_k(c—1)+n1nc—1- (©)]

wheren; is the concentration of cluster with sizec is the

square root of the counted numbers of the islands, whiclize of critical nuclei which is the smallest for being thermo-
were larger than the standard deviation derived from severalynamically stablek;, and k;_ are rate constants corre-
experiments. The nucleation on KCI substrate in Figa) 2 sponding to the creation of clusters with sizel and de-
and Zb) show monotonous increase in the log scale.ddn  composition of clusters with sizer 1, respectivelyk, is the
the other hand, the growth on NaCl substrates was differerdesorption rate constant of monomers. Here it is assumed
[Figs. 2¢c) and 2d)]. Both Fig. Zc) (Tsy,=110°C) and &)  that enlarging or shrinking of the clusters must involve merg-
(Teuy=90°C) show an increase, take a peak, then decreasiag or releasing of monomers. Impinging molecules are ex-
and finally increase. The cycle time, which gives the pealkpressed using a integer as
density, is(c) ~210 ms and(d) ~427 ms. Note that no
growth of the islands is observed {d) for the cycle time lp, (Mmr<st<(m+d)7),
between~427 ms and~ 1400 ms, while nucleation is ob- |(t)=[
served on KCI at the same condition. Measurement of the
nucleation density on lower temperatures was impossible be- . S .
cause too many islands are formed on the substrate surface. We have performed ex_tended_numer!cal examination with
The density of flower-like € monolayer islands on various parameters, b.Ut It was |mp055|bl_e to reproduc_e the
a-MoTe,(0001) only showed the increasing nucleation den-mr']n'ma of the ngcleatul)n_ ra(;e an ’Tll functlohn of (_:yck_a time.
sity as a function ofr for various sets of substrate tempera—T € reason can be explaned as follows. S own in Fig. 4 are
ture and molecular flugFig. 3. the typical numerical results of concentrauon; of monomers

We have attempted to reproduce the experimental resul 1) and largest unstable clusters;( ,) as functions of time

- : - - ; =4 for the figure. It is noticed that there are three regions
by using rate equations as shown in the following equations® " !
y 9 q geq of 7 that are distinctly different from each other. For small

both ofn; andn._, are almost constaiitase(i): Figs. 4a)
and 4b)]. For intermediater, n, has a similar feature with
impinging pulse andh._; is slightly oscillating around a
finite value[case(ii): Figs. 4c) and 4d)]. For larger, both
of n, andn;_; have pulsed shapes that are nearly propor-

+ _23 Ki-1)-Nj, 1) tional to the impinging flu{case(iii): Figs. 4e) and 4f)].

: Asymptotic values of the growth speed can be calculated

_ for each case by assumimg>n,> ...>n._; which leads
Ni=Ki—1)+NNi—1—Kinni+ki_nj 1 —ki-1)-n;, (2)  to the approximation of Eq2) as

0 ((m+d)r<t<(m+1)7). @

c-1
h1=|(t)—k0n1—k1+n%—j22 kj+n1nj+2k1_n2

c—1
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FIG. 4. Typical numerical results for the cluster concentration FIG. 5. Numerical simulation of nucleation density to reproduce
for various regions of- by using the rate equatiori$)—(4). Param-  the experimental results by using the rate equation including colli-
eters are as followsc=4, 1,=10, ky=10, k;,=1, k;_=0.2, sion induced desorptiofEq. (1a)]. Parameters are as follows and
ko, =1, k,_=0.2, andkz, =1.(a), (b) 7=0.01;(c), (d) 7=5; and  only « was changed througt®)—(c): c=4, 1,=10, ky=10, k, .

(e), (f) 7=1000. =1, k;_=0.2,k,,=1, k,_=0.2, andks, =1. (@) «=10, (b) «
=100, (c) a=1000.

Ni~Kg -1y NN 1=K 1y-N; - (23 o _ _
pulsed function, it is reasonable to assume the intermediate

In case(i), the impinging pulses are smeared out by thevalue? —(k /K A S(d<s<1). Thev re-
migration of the monomers that results ift)~1od and = (Kon-1)+ Tkim—1)-) 1.8 )- y

sult in
nl(t) nlflod/ko n; are obtained from stationary condi-
tionnj=~0 asn;= (K¢ 1)+ /K1)~ )n1n|,1f0r|<c 1.The s
rowth rateR is Ki, | — .
g R= k(cl)+( H) nLnS~ mdemm
c-2 c I=mR=
Ki+ |\ = lo
R=— ncdt—k(c,lH - 1:A k* dc, c-2 kj+ R 0 c
T j=1 Kj— 0 _k(c—1)+ | r ncdcmﬁ_A(k ) de—ms
j=1 Rj— 0

where

c=2 In case(iii), since the concentrations of all species have

A—k(c_1)+< 11 kH) pulse shapes,
=1 8j-

In case(ii), the smearing of the pulsed feature becomes sig- [\c
nificant at some marginat-mer (1<m<c) and the concen- R=Ke-1y+ ( H J) ldA( 0) d.
tration of clusters larger tham becomes nearly constant as =1k Ko
the function of time. The maximum value of pulseg(t) is

the saturation value;=I,/kq for a continuous beam of From the above estimation the ratio of the nucleation rate in

Stl’engthlo. As for the plateau value 0f|(t), Case (" and (|||) are dcfl, dcfmflé, and 1, respec-
_— tively, WhICh means the ratio increases monotonously as a
- Kit|~i_q function of 7. It agrees with the numerical result of full rate
ni“(jl:[l k,—) equations that does not take minimum for various sets of
parameters.

The discussion above suggests attaching an extra term to
the rate equation to enlarge the desorption rate of the mono-
mers. We have found that the experimental result can be
is zero for m<i<c, it follows =(ki-1)+/  reproduced by adding the desorption term proportional to the
Ki-1)- )n .n;d (i>m). At the transition from constant to square of the monomer concentration:

for i<m is derived using Eq(2a) andn,=0. Since the in-
tegration offn; =K _1y+ Ny (t)ni 1 —Kg_1)-N; Q/er one cycle
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. c-1 tated the observation of collision-induced-desorption in the
nlzl(t)—konl—khnf—E Kj+nynj+2k; N, present system. This explanation agrees with the result of
I=2 Cso/ @-M0Te, because directional difference is not expected
c-1 f0r Ceo.
+ 23 k(j,l),nj—anf. (1a Although there are ambiguities in the precise determina-
i=

tion of the rate parameters, several things can be derived

The time dependence of cluster concentrations looks similairom the experimental results, according to the above model.
to Fig. 4, but the absolute values of ordinate become differFirst, critical nuclei size is larger than 4 for QA on NaCl
ent because of the increased desorptionxllf>k3 anda  because the nucleation rate took the minimum as a function
>k, , the asymptotic values af; for cased(i) and(ii) and  of 7. Second, the time scale k§ * is the order of 0.4 1 s at
(i) aI’eH1=(|0d/a)1/2 and ﬁ1=(|0/a)1/2, respectively. It ~the temperature range in the experiment, since the saturation
follows that the average nucleation ratd® are: (i) is nearly achieved within the above rangerof
A(lo/a)d%2, (i) A(lo/a)®?d°~ ™8, and i) A(l/a)?d. In conclusion, pulsed molecular beam technique was ap-
These give the ratios fdf), (i), and(iii) asd(®?~1, dc~ms, plied to the analysis and control of the growth of organic
and 1 respectively. The first can be larger than the second iholecular films near the threshold of sticking and reevapo-
c>2m-—2, which can be satisfied for large enough value ofration. It was found that the nucleation density can be
c. It should be noted that must be at least 4 singeis not  changed by varying the cycle time even with constant on/off
less than 1. A numerical example for the growth rRés  duty. The minima observed as the function of the cycle time
shown in Fig. 5, which agrees qualitatively with the experi-can be explained by assuming the desorption of the migrat-
mental results. The effect of the quadratic desorption is eNing monomers induced by mutual collision. It should be
hanced when the conditiap>k, . orc>2m-2 is satisfied. noted for the application side that perfect selectivity in the

The physical meaning of the quadratic desorption term isticking coefficient is achieved by using the pulsed molecu-
the desorption of the monomers induced by mutual collisiong, heams. As a materials preparation technique, the present
on the surface. We consider that this term, which has nofagyt will be useful for the selective growth in the materials

been repor_ted so far, app.eared in the presgnt experiment P@ystem in which only weak selectivity is expected.
cause the intermolecular interaction of QA is strongly sensi-

tive to direction, as seen from the needle shape of crystallets. The present research was supported by Grants-in-Aid
It means larger compared wittk, , , which probably facili- from Ministry of Education, Culture, and Sports of Japan.
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