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LASER PHOTOCHEMICAL VAPOR DEPOSITION OF Ge FILMS (300 { T < 873 K) FROM
Gely: ROLES OF GepHg AND Ge
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ABSTRACI

The photochemical growth of polycrystalline
and amorphous Ge films on S10p, Gahs and NaCR by
photodissociating GeH; with excimer laser radia-
tion in parallel geometry is reported. For sub-
strate temperatures (Tg) below the pyrelytic
threshold for GeHy (553 X), two distinet regions
of film growth are observed, In the 425 < Tg <
553 K range, the ultraviolet (UV) laser "seeds"
the reactor with GesHg which readily pyrolyzes at
the surface, forming several monolayers of Ge
which subsequently catalyze the pyrolysis of GeHy.
The activation energy (E,) in this region 1s the
same as that for the normal CVD growth of Ge from
Gelly (E; = 0.9 eV). If, however, the laser is
pulsed throughout the film growth rumn, E; falls by
a factor of at least 2 and growth is observed for

Tg as low as 300 K. In this laser sustained
region, film growth ceases in the absence of UV
laser radiatiom. These results clearly demon-

strate the ability of a UV laser to alter the
reactor chemistry and dictate the species respon—
sible for film growth.

Vapor phase photochemical reactions are capable of producing non-
equilibrium number densities of atomic and molecular species in a CVD reac—
tor. 1Im parbticular, one can selectively create (in situ) transient species
that are not normally present im a conventional reactor. Consequently, the
growth conditions in the reactors can be altered artificially. The impli-
cations of such capabilities are significant for the low temperature growth
of metal and semiconductor films. PDevices based on the temperature sensi-
tive III-V compounds (such as the Ge/GaAs heteroepitaxial system), in
particular, would benefit from reduced temperature operation owing to
reductions in the out—diffusion of Column V atoms and minimal dimpurity
redistribution.

Andreatta and coworkers [1, 2] have reported the photochemical growth
(LPVD: laser photochemical vapor deposition) of Ge films on 5i0g, 1102
sapphire and WaC& by photodissociating GeHs at 193 (ArF laser) or 248 nm
(KxrF). TIn these experiments, the excimer laser beam irradiated the sub-
strate at normal incidence and polycrystalline films were grown at sub-
strate temperatures as low as 300 K. 1In subseguent spectroscopic studies,
Osmundsen et al. [3] demonstrated that, for A = 248 nm, the Ge film growth
process is initiated by the two photon dissociation of GeHs to yield the
germylene radical, GeHy. Although the experiments showeéd that GeHp and
hydrogen atoms are produced immediately, kinetic analysis [3] of the ensu-
ing collision sequence identified digermane {GegHg) and atomic Ge itself as
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the dominant (long—term) "stable' by-products of the photolysis of GeHy. In
this context, 1t is interesting that the potentizl importance of disilane
(SigHg) to the growth of a-3i:H films was inferred from experiments recent-—
1y reported by Taguchi et al [4].

This paper describes experiments in which polycrystalline and amor—
phous Ge films were grown photochémically by photodissociating Gely at 193
or 248 nm in a parsllel configuration (i.e., the laser beam does not irra-
diate the substrate). For temperatures below pyrolytic threshold (I = 353
K} [5], two distinet modes of film growth are observed and attributed to
separate gas phase species. The results clearly show that the ultraviolet
(UV) laser is capable of controlling the reactor chemistry and so determine
the dtomic or molecular species that is responsible for film growth.

A partial schematic diagram of the experimental apparatus is shown in
Fig. !. The beam from an excimer laser passed through a rectangular (0.5 x
2.0 ecm®) slit and entered a
quartz reactor having a
square cross—section (2.5 x
2.5 em?, ~ 30 em in length).
Although the UV laser beam
was not focussed, the beam
intensity in the reactor was
easily varied from 0.1 to ~
7 1.3 MW—cm™? by adjusting the
EXCIMER thyratron charging voltage or
LSt inserting quartz flats in the
EHERGY beam path. Pulse energies
DETECTOR and the average laser power
were measured by pyroelectric
He-Na LASER (Gen-Tec) or absorbing calor-
imetar (Scientech) detectors,

SUBSTRATE

1510,.Gats or NoCl and the laser energy actual-—
5.6% CeH, S ly entering the c¢ell was
Eal He :'> L measured by determining the
A PN F’HOTOU‘O[;MPUTER transmission of the cell
---------------------------------------- walls with the reactor eva-
. PIN PHOTODIOOE cuated. The substrate

{quartz, Gahs or NaCl—typi-
SIDE VIEW cally ~ 0.4 cm? area) lay on
— the bottom of the reactor and
was resistively heated. Sub-
strate temperatures as high
[TfT) SAFPHRE WiOK as ~ 870 K could be obtained
:> and the NaC2 substrates were
SUBSTRATE, prepared by cleaving large
i ] CERAMIC HEATER crystals in argon. The ex-
' cimer laser beam passed over
DHe-Ne LASER and parallel to the sub-
strate. Although the dis-
tance from the center of the
beam to the substrate surface
could be adjusted from 0 to
25 mm, all of the data
reported here were acquired
at a height of 2.2 mm. Care
wasg taken to ensure that the
Flg. 1 Partial schematic diagram of excimer laser beam did not
the experimental apparatus irradiate the substrate.
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A 1 mm diameter hole drilled in the- inconel heater allowed for the
passage of a He-Ne laser beam through guartz substrates and so the thick-
ness of growing Ge films was measured in situ. The growth of thin Ge films
on the window through which the excimer radiation entered the cell attenu-
ated the UV laser beam, making it necessary to measure the film growth rate
at that point with a second He-Ne laser. An infrared pyrometer monitored
the substrate temperature by viewing the. substrate through a sapphire win-
dow at the top of the reactor. In order to ensure that the pyrometer moni-
tored the same region of the region of the substrate that was viewed Dby the
He-Ne probe, the IR pyrometer was aligned by that red laser beam. HeNe
laser transmission data and the substrate temperature were stored by a DEC
LSI 11/73 computer., Gas pressure and flow in the reactor were simulta-
neously controlled electronically. 7

Figure 2 displays Ge film growth curves (laser transmlssion through
growing fiim versus time) that are representative of those obtained in

these experiments. For a sub-

strate temperature of 500 K,

no f£ilm growth occurs at the

10— e T T substrate or the entrance
ouartz substeate | window (reactor side wall

jiﬁﬁ?g:tm where beam enters) before the

15 mdfem? 193 am T laser is turned on. In the

Substots 40 bz PR presence of 193 nm radiation
(laser PRF = 40 Hz, initial

. fluence = 13 mJ~cm'2), growth
at the substrate and entrance
window commences, although
“\\\_ N the substrate growth rate is
v S con51derab}y slower than that
A at the window. Note also

T T~ = that once the laser is later

. ' J turned off, film growth at

the window stops completely
I4mm while substrate growth con—
tinues, but much slower than
before. That is, in a re—
stricted temperature zregion

Fig. 2 He-Ne laser transmission curves below the pyrolytic tempera-
illustrating the growth of Ge films ture for Gely (IP = 553 K)[5]

on an 8107 substrate and on the —-where CVD film growth does

wall where the excimer laser enters not normally occur——UV laser

the reactor. Note that film growth  radiation is capable of ini-

Intensily (orb. umits)

"Laser: On q
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at the entrance "window" does net tiating ("triggering”) the
occur in the absence of UV laser growth of Ge films from Gell;.
radiation, but growth on the sub— The laser is, in other words,
strate is clearly noticeable. not necessary to sustain film

growth in this temperature
range. TFor substrate temperatures well below that given in Fig. 2 (i.e.,
Tg £ 425 K), film growth at the substrate also stops when the UV radiation

is blocked.

Both "modes" of film growth, laser initiated and laser sustained, are
depicted in the Arvhenius plot of Fig. 3. Above 553 K, conventional CVD
growth of Ge films (from 5.2% GeHs in He) on 8i0; (quartz) occurs. The
activation energy in this region (E; = 0,90 eV} is in accord with previous
measurements [5]. As mentioned earlier, for 425 < TIg £ 553 K, Ge film
growth can be ipitiated by irradiating the gaseouswregion above the sub-
strate with a train of UV laser pulses, In practice, a fixed number of
15 ng FWHM, 15 nI~cm™% pulses were admitted to the reactor after which the




192

laser was turmed off. Subsequently, film growth continued indefinitely.
RBecause the minimum number of pulses required to initiate film growth was
found to rise rapidly with decreasing Tg, the film growth rates given in
Fig. 3 for this region were not measured until the laser was extinguished.
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Fig. 3 Arrhenius plot for the growth of Ge films on 8i0y (quartz) for
substrate temperatures in the range 300 { Tg < 873 K. Note that,
below the pyrolytic temperature (T = 553 K), two modes of film
growth (laser initiated and laser sustained) are available. In
acquiring all of the data above in which the UV laser was involved,
the height of the beam center abhove the substrate was 2.2 mm.

Not surprisingly, the aectivation enetrgy that best describes these data is
the same as that observed above pyrolytic threshold.

The logical interpretation of these results is that the laser locally
"seeds" the reactor with GepHg which is a known by-product of the photodis-—
sociation of GeHy (Ref. 3). In contrast to the work described in Ref. 3 at
248 nm, the photodissociation of GeHs at 193 nm appears to require only the
absorption of a single photon, yielding GeH3. TIhe formation of GezHg sub-
sequently proceeds by the reaction:

GeH3 + GeH3z + M + GegHg + M (1)
where M is any third bedy (such as a He background atom). Similar con-—

clusions were reached in experiments in which matrix-isclated GeH,; was
rhotolyzed in the VUV (Ref. 6). The hydrogen atom produced in the initial
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photolysis of GeHy is also effective in producing germyl radicals [3, 6-8].
Further support for associating digermane with the laser—initiated film
growth region lies in the minimum temperature (fp) required to pyrolyze the
molecule.

Preliminary experiments conducted with pure GegHs indicate that I, for
this molecula is ~ 460 X (Ref. 9). TIhis result is consistent with the ini-
tial measurements of the lower temperature limit (Tg < 460 K} of the laser—
initiated growth regime at a system pressure of 200 Torr. Improvements in
the minimum detectable growth rate along with variations of the system
pressure and flow rate allowed for laser—initiated growth to be sub-
sequently demonstrated for Tg as low as ~ 425° K,

As mnoted by Tsao and Ehriich [10], "The initiation of chemical vapor
deposition (CVD) is known to be gensitive, in many cases, to the starting
surface. This sensitivity, which often takes the form of a nuecleation
barrier.ss.”" In the work of Ref. 10 (and, later, the experiments reported
by Higashi and Fleming [l1]), it was demonstrated that several photo-
deposited monolayers of AL catalyzed the pyrolysis of triiscobutylaluminum
to grow aluminum stripes. It appears that a similar process is occurring
here. The major difference is that the ArF laser produces Geglg in the
vapor phase (mot at the surface) which subsequently pyrolyzes (not photo—
dissociates) at the substrate., It is clear that the few monolayers of Ge
resulting from the pyrolysis of GepHy are more catalytically active than
the original surface and are able to promote or catalyze thé pyrolysis of
Gels. Thus, the lower temperature limit of the laser—initiated region in
Fig. 3 appears to be the pyreolytic temperature for GesgHy on 5i05 and not
the limit for pyrolysis of GeHy; on Ge.

Taguchi and coworkers [4] have recently suggested the importance of
Si9Hg in the growth of a—Si:H films grown on glass at 623 K. The role of
disilane was inferred from the thickness of films grown for a fixed "run"
time with the laser on throughout the growth period. The beneficial effect
of 8ipHg was attributed to excitation transfer from SijHg to SiHy. The
experiments reported here suggest that an alternative explanation is the
pyrolysis of SipHg at the substrate followed by catalytic decomposition of
monosilane. In summary, the laser initiated region in Fig. 3 appears to
arise from the pyrolysis of laser—produced GesHg at the 5109 substrate and
the subsequent Ge film—catalyzed pyrolysis of Gely.

If the UV laser is pulsed throughout the film growth run, dramatic
changes in the growth process are observed. Detalled measurements of the
Ge film growth rate (for various pressures and flow rates) in the region of
T, < T, consistently show the two growth modes shown in Fig. 3. However,
E, of the laser-sustained process does vary with pressure and flow. There-
fore, while i1t is not presently possible to be dogmatic as to the identity
of the species responsible for film growth in the laser-sustained tegion,
it can be concluded that this species is neither GegHg mnor GeHy. In sum~
matry, we note that:

1) Specular Ge films can be grown down to room temperature in the

parallel configuration {i.e., no laser heating of substrate).

2} Two modes of film growth are obtained, depending on whether the

Ar¥ laser is pulsed throughout the ruen or not. The laser-initi-
ated mode is attributed to photochemical production of GesHy which
pyrolyzes at Iy as low as ~ 463° K. The presence of several Ge
monolayers on the Si0; sibstrate catalyzes the pyrolysis of GeHy.
If the laser is "on" throughout the run, the activation energy
decreases by at least a factor of two and is believed to arise
from a photofragment of GeHy.

Other experimental evidence also points to the photochemical origin of
both the laser initiated and laser sustained growth of Ge. Not oanly does
the UV laser beam not strike the substrate, but a strong wavelength depen-—
dence to the film growth rate is observed. While film growth does weakly
occur for X = 248 nm, nothing is observed when A= 277 nm (first Stokes of
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248 nm Raman scattered in Ho). Thus one concludes that the photon energy
necessary to initiate the photochemical chain (two photon dissocliation of
GeHp) lies between 4.5 and 5.0 eV.

Transmission electron micrographs of films grown (on NaC) in the
473-553 K region show the films to be amorphous at the low end of this
interval and polycrystalline at the higher temperatures. Details of the
properties of films grown in the two different modes, as well as the depen-
dence of growth rate on laser iIntensity and beam height, will be reported
elsewhere.

In summary, the growth of Ge fllms on various substrates by photodis-
sociating GeHz at 193 nm cleazly demonstrates the ability of extermal UV
radiation teo produce highly nonequilibrium concentration of radicals in the
reactor and thus affect the chemical kinetics and growth rates of thin
gsemiconductor films.
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