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Controlling film growth with selective excitation: Chemical vapor
deposition growth of silicon
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We propose a method of controlling the growth mode in an epitaxial system. It takes advantage of
differences in the vibrational frequencies of adatom—substrate bonds at terraces and steps. With a
properly tuned infrared laser, one can selectively excite only the adatom—substrate bonds at steps
and enhance the mobility of these adatoms, consequently promoting step-flow growth and reducing
film roughness. The feasibility of this method is shown theoretically with respect to the prototype
system of chemical vapor deposition growth of silicon.2004 American Institute of Physics.
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Thin film growth may occur by two-dimensional island- mobility enhancement can be measured by a dimensionless
ing, three-dimensional clustering, or by step-mediatedparametery given by
growth, where deposited adatoms attach to a Spe latter
is often most desirable for smooth homoepitaxy, modulated 7= Te ghoikT (1)
growth, and other types of films. We discuss a growth- v
control method, called selectively enhanced adatom diffusionvhere v, /v describes the increase of the attempt frequency
(SEAD), which can be used to promote the step-flow growth.as a result of excitation.

On an inhomogeneous surface, the same adatom- The key to the method is to selectively excite blocking
substrate bond can have different vibrational frequencies duadatoms and enhance their mobility by properly tuning the
to distinct local geometric structures, for example, terracedaser frequency.

and steps shown in Fig. 1. One typical example is the silicon ~ Selective excitation has seen tremendous success in
surface passivated by hydrogen adatdmfs. the S(100) chemistry® In contrast, little success has been achieved when

surface’ the terrace-bound hydrogen adatoms vibrates aff cOMmes to surface systems despite enormous efforts in the
2087 cm  while the step-bound at 2150 crhy similarly at past.’. It was .nOt.'Ced very egr_ly thqt one could ut|I|z_e the
the S(111) surface’ the vibrational frequencies of the Si—H selective excitation for efficient isotope separation at
bond are 2084.0 ci at terrace sites and 2135.8 chat surfaces, however, there were few succesSes. .

. . ) The reason for these unsuccessful attempts is that many
step sites. For easy reference, we call this frequency d'ﬁer(')ther physical processes occur simultaneously as a result of
ence the geometric frequency difference.

In this SEAD method, we take advantage of the geomet-
ric frequency difference at a surface and use an infrared laser laser
to selectively excite only blocking adatoms at steps. A block-
ing adatom, for example, is a hydrogen adatom bound to a
step site, preventing Si attachment in the case of the chemi-
cal vapor depositiofCVD) of Si film. Once the adatoms are
resonantly excited, the diffusion barrigris effectively re-
duced by one photon energyw (see Fig. 2 As a result,
these excited blocking adatoms at steps become more mobile
and easier to detach from steps; the film is then favored t@IG. 1. Different local geometric structures for adatoms at a growth front.

grow in the mode of step flow, reducing its roughness. The&The same adatom at different binding sitésrraces or stepscan have
different vibrational frequencies. An infrared laser can be tuned to reso-
nantly excite only the adatoms at the steps, thereby selectively enhancing
dElectronic mail: biaowu@ornl.gov adatom diffusion(see Fig. 2
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FIG. 2. Enhanced diffusion of vibrationally excited adatoms. When the I & A
adatom is vibrationally excited to a higher level by absorbing a photon, its L A
diffusion barrierV is effectively lowered byiw. 9
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laser illumination and they can obscure and overwhelm the 1000/T (K'1)

selective excitatiofi.” These processes includg) absorp-
tion of the laser power by the substrat@) energy redistri-  FIG. 3. CVD growth rates of silicon. The circles are the growth rate data
bution among different adsorbates through C0||iSi0nS,fr°m Ref. 13 for S(100) s_urface. The d@amonds are project(_ad growth rate
. . . . . when a properly tuned high-power cw infrared laser is applied.
dipole—dipole intermolecular interactions, or other means;
(3) relaxation of the resonantly excited adsorbates via sub-
strate phonons. All these physical processes can channel the dn;/dt=(A+B)(ng—n;)—yny, 2
laser energy to nontargeted adsorbates, thereby obscuring the _
desired selectivity. dng/dt=(A+B)(n;—ng)+ yny, (3)
For our proposed method to be successful, selective exdereng andn, are the fractions of atoms in the ground state
citation must be dominant among all the physical processegnd the first excited state, respectively. The paramétéey
induced by the laser. This depends on the specifics of a sy#ie transition rate induced by the lasBrthe transition rate
tem. Therefore, we focus on a concrete system, instead ¢fue to the thermal environmerts.g., substrate phonons and
laying out the arguments in general. black body radiatiop andy is the rate of spontaneous decay.
We consider the CVD growth of silicoff,where one can When the laser pulse is much longer than the inverse of the
use an infrared laser to resonantly excite the Si—H bond. Wiaser frequency and the lifetime of the excited adatoms, the
show convincingly that selectivity is feasible in this systemadatom population probability in the excited state is
and will not be obscured. N N ' (r—1)A+y
In the CVD growth of silicon'® a clean silicon surface is n,= ,
exposed to a silane (SiH gas, which reacts with the dan- 2Ar=DA+(r+1)y
gling bonds on the surface, generating some intermediateherer =e"“/*sT with %w being the energy difference be-
products such as SiHand SiH, before forming a Si filmt!  tween the two states or the photon energy. This result is a
The film growth depends on the growth temperatré®as  steady state solution of Eq€) and(3). Note also thaB is
shown in Fig. 3. When the temperature is low 700 K), related toy since the steady state of Eq®) and(3) should
there is almost no growth as the Si surface is passivated by He a thermal equilibrium wheA=0 (without lase). The
atoms, leaving no Si dangling bonds for reaction with silaneexperimental transition ratA depends on the cross section
As the temperature increases, growth becomes possible bfer excitation of the adatom—substrate bond, the laser power
cause the H adatoms are more mobile, can diffuse, and forin and the spot siz8 of the laser at\= | o/h wS.
H, molecules, which desorb from the surface and free dan- To have concrete numbers ¢h and n;, we use the
gling bonds for reactioh? When the temperature is above parameters of the free electron lageEL) at Vanderbilt Uni-
~830 K, the system enters into a different regime, where theersity as an example. This FEL has a macropulse of 3s-6
growth rate increases much slower. long; each macropulse consists of a series of 1 ps micro-
We are interested in low growth temperatures pulses that are 0.35 ns apart. Since the lifetime of excited
(=830K), where the desorption of H adatoms and theSi—H bonds is~0.8 ns’ such a macropulse can be consid-
growth of Si film are expected to be strongly influenced byered continuous and we can use E4). for the calculation.
an infrared laser properly tuned to the Si—H bonds. The efThe power of the macropulse is2.85 kW; we choosd
fectiveness of the process lies in two aspedisthe strength =1 kW since one can always lower the power by certain
of laser and Si—H bond interactiof2) how much the infra- means. As a result, for spot sif-10"“ cn? and photon
red laser can enhance the mobility. energyhw~0.25 eV, we find the transition rate K~2
We examine first the coupling between the laser andx10° s™1. On the other hand, the decay rate ys-1.2
Si—H bonds: if the coupling is too weak, it becomes mean-x10° s (the inverse of the lifetime Sincer>1 for the
ingless to proceed further. According to experiméntthe  temperature range of our interes€ 830 K), we haven,
cross section for photon absorption in amorphous Siris =0.38, that is, close to 40% of the adatoms are excited. In
~7.4x10 ¥ cn?. The cross section for other Si—H con- addition, the long duration of the macropul&e-6 us) gives
figurations which correspond more closely to Si—H surfacehe excited H adatoms ample time to diffuse.
bonds is estimated to be4.8x 10" 7 cn?.2® In the discus- By selectively tuning the laser to excite only blocking H
sion we use the more conservative value to estimate the e&datoms at the steps, one essentially creates two heat baths
ficiency of the process. Our following estimate shows thatfor the adatoms: H adatoms on the terraces feel the substrate
indeed, close to 40% of targeted H adatoms can be excite@mperaturel, while the adatoms at the steps feel, equiva-
by a laser readily available. lently in terms of mobility, an elevated temperatufe

The estimate starts with a set of master equations, =ToV/(V—#hw) due to laser excitatiotf For example, at
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To=700 K, where there is almost no growth on the terrace, In summary, we have proposed a method of controlling
the step H adatoms feel a heat bath~o800 K, a tempera- film growth based on the geometric frequency difference of
ture where the H adatoms love to diffuse and free Si danthe same adatom—substrate bonds. With selective excitation,
gling bonds for the growth. As a result, one achieves a conene can use an infrared laser to excite only blocking adatoms
trol over the Si growth. In the calculation, we have uséd at the steps, promoting step-flow growth. We call it selec-
~1.57 eV, which is obtained by fitting the low-temperaturetively enhanced atoms diffusion. We have argued its feasibil-
data in Fig. 3. This number also agrees with both experimenity quantitatively for the CVD growth of silicon. This
tal and theoretical results in the literatdfe’® As shown in method of SEAD may find applications in other epitaxial
Fig. 3 we have projected how the growth rate would be ifsystems, for example, the systems where different species of
one has a high power infrared laser operating in the mode adeposited adatoms have different mobilities.
continuous waveécw). A cw source is more efficient at re- ) )

moving H than pulsed FEL sources. Currently, off-the-shelf ~ This work is supported by the LDRD of ORNL, man-
systems using only a 10 W source can produce about 0.1 \R9ed by UT-Battelle, LLC for the USDQBE-ACO5-
of cw intensity at the Sum (Si—H bond frequendy If im- 000OR2272%. It is also supported in part by NSF DMR-
proved to about 10 W or more of cw intensity, then more0306239(Z.Z., B.W), NSF DMR-0074675P.I.C), and the
convenient laboratory based sources could be used. USDOE(L.C.F).

In the following we argue that the resonant excitation of
Si—H bonds in this silicon system by the infrared laser will
not be overwhelmed by other physical processes. The ab-
sorption of laser power by the substrate is the most obvious
physical process that can obscure the selective excitation:M: Zinke-Allmang, L.C. Feldman, and M.H. Grabow, Surf. Sci. R&f.
The absorbed laser energy will inevitably be transferred intozfjgiggind Y.J. Chabal, J. Chem. PI95.2897 (1991
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fore, little heat will be generated by the laser in the substrates j Chuang, Surf. Sci. Re, 1 (1983.
Another unavoidable physical process is the relaxation’l. Hussla, H. Seki, T.J. Chuang, Z.W. Gortel, H.J. Kreuzer, and P. Piercy,

of selectively excited adatoms, which occurs predominantly Phys. Rev. B32, 3489(1985. .
through the creation of substrate phonons. This also gener-}i‘ 8;”3:{;?:1% ngﬁ‘iggf% Proc. SFBE, 154(1976; K.S. Sus-
ates heat in the substrate, a phenomenon known as resonaj. ’Suguri, K. Shudo, F. Komori, and Y. Murata, J. Phys.: Condens. Matter
heating. However, such heating in our case is negligible. 5, 6607(1993.
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tiny fraction of all adatoms on the surface, and even aHSéMS'ﬁffféng' Greenlief, D.B. Beach, and P.A. Holbert, J. Phys. Chem.
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this system, for example, the dipole—dipole molecular®we did not take into account the increase of attempt frequenof H
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