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In the laser-induced chemical vapor deposition (LICVD) process, a CO, laser beam impinges
on a gas mixture parallel to the substrate upon which the film is deposited. Since heating of the
reactant gases is accomplished only via the absorption of infrared photons, the reaction zone
can be controlled precisely. The LICVD technique is a cold-wall thermal process allowing
independent control of both the gas and substrate temperatures. In this paper, we propose a
model for LICVD of silane (SiH,) and growth of hydrogenated amorphous silicon (¢-Si:H)
thin films in which the film growth is controlled by gas-phase homogeneous thermal
decomposition of the 8iH,. The peak gas temperature T, depends on many process
parameters, namely, gas partial pressures, laser power, substrate temperature, and cell
geometry. Due to the extreme sensitivity of the growth rate G to the values of the partial
pressures and laser power, these parameters must be fixed to within + 1% variation in order
to control G to + 50% and prevent powder formation. LICVD gas-phase chemistry involves
the production of SiH, for the thermal decomposition of SiH, and higher polysilanes (Si,H,
SizHg, etc.) resulting from reactions between SiH, and SiH,. SiH, and possibly higher
diradicals produced in the laser beam then diffuse to the substrate and react with the surface
layer, thus inducing growth of the ¢-Si:H film and the concomitant elimination of H,.

I. INTRODUCTION

Several preparation techniques have been used to depo-
sit hydrogenated amorphous silicon (@-Si:H) thin films. The
most popular method is glow-discharge decomposition,’ in
which silane (SiH,) is'broken up by electric-field-induced
collisions, creating a wide array of ions and neutral species
which tend to produce significant concentrations of unan-
nealed defects in the resulting films due to surface bombard-
ment by the ions.>> Another commonly used technique, re-
active sputtering,* has a more intensive version of the same
problem. In addition, interaction between the chamber walls
and the plasma may lead to incorporation of unwanted im-
purities into the growing film in either of these methods.
Thus, we might expect that a thermal process could be capa-
ble of producing higher-quality ¢-Si:H films, since the
growth environment does not involve significant concentra-
tions of high-energy particles.

Chemical vapor deposition (CVD) of SiH, has been
used to prepare a-Si:H films,” but these films contain insuffi-
cient concentrations of H([H] <1 at .%) to achieve good
electronic properties because of the necessarily high sub-
strate temperature (7, > 550 °C). Due to their higher disso-
ciation rates, higher silanes (Si,Hy, etc.) have also been used
to grow a-Si:H films by CVD processes but the starting gases
are expensive and the resulting films do not appear to be of
device quality at present.® In the laser-induced CVD
(LICVD) process,”~'* high deposition rates can be achieved
at low substrate temperatures since the gas is heated by in-
frared photons in a region located a significant distance from
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the substrate. This produces films that contain adequate hy-
drogen and low defect concentrations.®

Figure 1 shows a schematic drawing of the LICVD tech-
nique. A CO, laser beam [P(20) line, 10.591 um] impinges
on a gas mixture parallel to the substrate upon which the film
is deposited. These reactant gases, which include SiH,, are
heated by absorbing infrared (IR) protons, so that the reac-
tion zone can be controlled precisely. This allows the reac-
tant gas temperature and the substrate temperature to be
controlled independently. In addition, the cold-wall reactor
eliminates contamination from the walls, a major problem of
hot-wall reactors. The LICVD technique has similarities to
the HOMOCVD process,>''~'? in which a cold substrate is
placed in a hot-wall reactor, since both methods allow for
independent control of the reactant gas and substrate tem-
pertures and both proceed by the homogenous thermal dis-
sociation of SiH,. However, LICVD is subject neither to
parasitic reactions near the hot walls nor to contamination
from heated surfaces due to the high degree of spatial control

~ possible with laser heating.

The use of lasers for semiconductor processing has be-
come extremely popular over the last few years.'* Photon
frequencies ranging from IR to ultraviolet (UV) have been
used to induce either pyrolytic or photolytic decomposition
of molecules. In most of these processes, however, the laser
beam is directed perpendicular to the substrate leading to
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FIG. 1. Schematic of the LICVD reactor.
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thin-film growth via various local surface chemistries. Using
this arrangement, Hanabusa et al.'>'® deposited a-Si:H thin
films with a CO, laser. In the perpendicular geometry, the
laser beam heats both the SiH, gas and the substrate, creat-
ing small area films ( ~ 1 beam diameter, 6 mm) surrounded
by powder. Since the CO, laser beam is paraliel to the sub-
strate in our geometry, the LICVD process produces films of
much larger area, with the substrate temperature essentially
decoupled from the gas temperature. Bilenchi et al.'"** have
recently reported the deposition of a-Si:H by a technique
similar to the one described here.

We have characterized our LICVD ¢-Si:H films, and
have indeed found that their properties are primarily con-
trolled by the substrate temperatures, as anticipated. These
results are the subject of the companion paper.?' In this pa-
per, we describe the LICVD technique in detail and discuss
the effects of varying the laser power, the SiH, partial pres-
sure, and the carrier gas (Ar) pressure on both the gas ab-
sorptivity and the thin-film growth rate. The results are pre-
sented in Sec. II and are analyzed in Sec. III, in which a
model for the process is presented. We find that the peak gas
temperature 7, is primarily controlled by the SiH, partial
pressure and the laser power. Our results suggest that the
rate-limiting step in a-Si:H film growth is the gas-phase ho-
mogeneous thermal dissociation of SiH,. The succeeding,
more rapid steps are diffusion of the resultant SiH, and prob-
ably higher diradicals (e.g., Si,H,) to the substrate, surface
reaction, elimination of hydrogen, and structural relaxation.

Il. CHARACTERIZATION OF THE PROCESS

A. The deposition system

The deposition system is shown schematically in Fig. 1.
Two different reactor cells have been used, one of which was
described previously.” A modified apparatus has also been
constructed in which the cell is in stainless steel and contains
four IR-transparent KCl windows, which allow single-pass,
collinear reflection of the transmitted beam as well as or-
thogonal crossing of two laser beams above the substrates.
An Advanced Kinetics MIRL50 grading-tuned CO, laser is
used in a cw mode on the P(20) line (10.591 pm) with an
available power of about 45 W. The axis of the unfocused
beam is made to pass through the cell, parallel to the sub-
strate plane at a distance of approximately one beam diame-
ter (6 mm). A mirror can be placed at the exit window to
reflect the laser beam back into the cell, thereby essentially
doubling the power. Substrates are mounted horizontally on
a temperature-controlled nickel-base block; we have investi-
gated films with substrate temperatures in the 100400 °C
range.

The deposition system has electronic mass flowrate con-
trollers for each of the gases used. Films have been deposited
using either pure silane (at pressures in the range 4-9 Torr)
with a flowrate of 2 standard cubic centimeters per minute
(scem) or a SiH,/Ar mixture ([Ar]/{SiH,] = 1) with a
total flowrate of 4 sccm. The laser is turned on after the total
pressure reaches 1-2 Torr. The pressure in the cell is then
increased by closing the throttle valve between the reactor
cell and the mechanical pump. Because of the strong depen-
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dence of gas absorptivity and growth rate on SiH, pressure,
as is discussed in the next two subsections, film growth is
ordinarily restricted to SiH, partial pressures Pg;, in the 4-
9 Torr range.

B. Silane absorptivity

The SiH, absorptivity « is a function of the positions of
its absorption lines, the laser emission lines, and their respec-
tive linewidths.?? The CO, laser line that is maximally ab-
sorbed by SiH, is the P(20) line (10.591 um, v, = 944.195
cm™!"),” which is near the SiH, absorption peak centered at
v, = 944.213 cm™'.** Natural and Doppler broadening of
the absorption line is insufficient to induce any coupling, so
that the silane absorption is due to Lorentz or pressure
broadening.?*

The average gas absorptivity a over the beam path
length / is defined as

Win = I"/trans exp( _al)’ (1)

where W,, and W, are the input and transmitted laser
power, respectively. Figure 2 shows a as a function of Pg;y;,
for two different nominal laser powers (8.8 and 36 W) and
for two different Ar concentrations ([Ar]/[SiH,] =0,
1.2), as measured in the processing cell (/ = 17 cm) with an
unheated substrate. The increase of @ with Py, is duetoa
pressure broadening effect. We find that @ o« (Pg;yy, )™ with
m=2 when Pgy <2 Torr and 1.35<m<1.6 when
Py, = 8 Torr, a result that is discussed in greater detail in
Sec. II1. Although Ar is transparent to the laser beam, it has
the effect of increasing a significantly by increasing the pres-
sure broadening. The decrease of @ with increase of laser
power is most likely due to the effect of the increasing gas
temperature on the absorption line.
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FIG. 2. SiH, absorptivity a(cm ") for the P(20) CO, laser line as a func-
tion of SiH, partial pressure for nominal laser power 8.8 and 36 W and for
[Ar}/[SiH,] =0and 1.2.
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C. Growth rate

The growth is given by
G=22 (A/min), (2)
At

where At is the elapsed time between successive appearances
of red fringes at a particular point and Ad is the distance
between these two fringes. Since A = 6500 + 250 A for red
light and the ¢-Si:H index of refraction is # = 4.3 + 0.3,%°
Ad=A/2n=750+T70A.

Figure 3 shows the growth rate per Torr of SiH, [G/
Pgn, (A/min/Torr) ] as a function of P si, for various laser
powers W, at two substrate temperatures, 7, = 300 and
350 °C, for both pure SiH, and for an Ar/SiH, mixture with
X=[Ar]/[SiH,] =1.0. The observed growth rates,
G = 10-300 A/min, are of the same order of magnitude as
those obtained using glow-discharge techniques.’ G in-
creases by an order of magnitude when either W, increases
by =25% or Pg;y, increases by ~10%. Admixing Ar has
the effect of decreasing the Pg;y, and increasing the maxi-
mum growth rate by a factor of 5 for a change from X = 0 to
X = 1. In contrast, an increase in 7T, from 300 to 350 °C
increases the growth rate by less than a factor of 2.

It is clear from these results that the main parameters
controlling the growth mechanism in LICVD are Py , the
Ar partial pressure P, ., and W,; T, has only a small effect
on G. These results can all be understood by considering the
effects of these parameters on the gas temperature, which
controls the SiH, decomposition rate. The gas temperature
increases whenever additional photons are absorbed by the
gas, and this can be accomplished by increasing either the
laser power or the gas absorptivity. Moreover, the gas ab-
sorptivity is a strong function of both Pgy; and P,,, as is
evident from Fig. 2. The results of Figs. 2 and 3 form the
basis of the process model proposed in Sec. IIL

In any event, the growth-rate results shown in Fig. 3
have important implications for the LICVD process. Due to
the extreme sensitivity of G on Pgy and W, these param-
eters must be controlled to within a 1% maximum variation.
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FIG. 3. Growth rate (A/min) per Torr of SiH, as a function of Pgn, (Torr)
in various processing conditions. Powers are calculated for positions above
the substrate.
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The laser power is usually stable to within + 1%, but elec-
tronic mass-flow controllers are essential in order to prevent
significant variations in Pg;; and P ,,. In fact, the previous-
ly reported’ spread in growth rates with time is very likely
due to uncontrolled variations of Py, .

D. Film thickness uniformity

The a-Si:H films produced by LICVD are not uniform
over a 25 X 50 mm? substrate, but typically have maximum
thickness of 0.5-2.0 um. If we take the x and y axes as the
directions parallel and perpendicular to the laser beam, re-
spectively, we find that there is a slight spread in film thick-
nesses in the x direction, probably due to a variation of T,
along the laser beam arising from variations in W,. This
leads to a maximum thickness variation of 4 25% for a
substrate 50 mm long. However, the spread in thickness in
the y direction is usually more pronounced. Figure 4 shows
a typical thickness profile as a function of y for a film deposit-
ed at 7, = 300 °C in pure SiH,. For this particular film, the
laser beam was reflected back into the cell at a slight angle
from the incident beam, such that the reflected beam was 2
mm from the incident beam and both beams were 6 mm from
the substrate. The film thickness decreased by a factor of 2.5
over a 10-mm width. More uniform films can be obtained by
scanning the laser beam?® or by rolling a flexible substrate
onto the heated block.

lll. A MODEL FOR LICVD OF a-Si:H FILMS

Due to basic similarities with the HOMOCVD pro-
cess,'"'? it is reasonable to infer that the LICVD process
proceeds essentially thermally, with G controlled by the pyr-
olysis of SiH,. The resulting SiH, diradicals and possibly
higher diradicals then diffuse from the laser beam to the
substrate where the film is formed. Thus, G should be expon-
entially dependent on T, while the film properties should
depend primarily on T, which can be independently con-
trolled. We also anticipated that T, is determined by the
-various process parameters, primarily W, Pgpu,,and P,,.

A complete model for the process requires: (i) analysis
of the interactions between the IR photons and the SiH,
molecules; (ii) calculation of the gas temperature from the
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FIG. 4. Film thickness variation as a function of the distance y for a film
processed at T, = 300 °C in pure SiH,. The laser beam has been reflected
back into the cell as shown in the insert of the figure.
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steady-state energy balance; (iii) analysis of the reaction ki-
netics, which can be obtained from Arrhenius plots of G as a
function of T, ; and (iv) understanding the dependence of
the LICVD process on the various process parameters.
These are discussed in detail in the following four subsec-
tions.

A. Photon-molecule interactions

When an infrared photon is absorbed, the SiH, molecule
makes a transition to an excited vibrational level. Collisions
distribute the absorbed energy and return the absorbing mol-

ecule to the ground state, where it is again able to absorb -

another photon.?® For the conditions used in LICVD (input
intensity 160 W/cm? absorbed power~1 W/cm at
Py, ~ 10 Torr and with T, =800 K), a molecule absorbs a
photon every 700 us. The average time between intermolecu-
lar collisions 7.y, is ~0.015 us; thus a molecule makes
~45 000 collisions before absorbing another photon. It has
been estimated?®?” that at Pgy, ~ 10 Torr, the vibrational-
vibrational, vibrational-rotational, and vibrational-transla-
tional relaxation times are 0.5, 100, and 100 us, respectively.
Therefore, the molecules will have adequate time to relax
through collisions to a state where the absorbed vibrational
energy is distributed almost equally among the various de-
grees of freedom of the molecule. Thus, the gas returns to a
state of thermal equilibrium between successive absorptions,
and the overall result of photon absorption is an increase in
T,. :

Hanabusa and Kikuchi*® have done a coherent anti-
Stokes Raman (CARS) study of LICVD. The CARS spec-
trum of SiH, is unique in that it contains an additional peak,
which was interpreted as arising from rotationally excited
molecules following gas reactions. A similar peak was noted
when the gas is heated normally. Thus, the special feature is
related not to the way the gas is heated but rather to how the
SiH, dissociates, and it is impossible to estimate 7, from
CARS. This result is not in contradiction with our conclu-
sion that LICVD is a thermal process. '

Deutsch?® and Longeway and Lampe?” have studied the
IR photochemistry of silane extensively. Using a pulsed CO,
laser (~ 107 W/cm?) with a pulse time 100-200 ns, both
groups reported that the average number of photons ab-
sorbed per molecule during a pulse varies between 1.5
(Pgp, = 1 Torr) and 7.5 (Pg;yy, = 10 Torr). Longeway and
Lampe?” tentatively concluded that SiH, decomposition can
occur from multiple photon absorption up to the quasi-con-
tinuum. With the high laser intensity used, the time between
two successive absorptions by a molecule is of the same order
of magnitude as the collision time. Therefore, the molecules
have insufficient time to relax. However, with the much low-
er laser intensity used in the LICVD process (10> W/cm?),
the gas molecules experience sufficient collisions to justify
the thermal equilibrium description.

Because of the difference between the emission line (v,
=944.195 cm™') and the absorption line (v, = 944.213
cm™ '), collisions are necessary to broaden the SiH, rota-
tional level sufficiently to have appreciable absorption.””
The cross section ¢, of the molecule will be a function of the
frequency mismatch and the Lorentz or pressure broaden-
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ing, Av, « (1 4 BX)Pg;y,, where SX is the additional con-
tribution to the broadening by another gas (for Ar,
X = [Ar]/[SiH,] and B =0.8278).>*° With Pgy ~10
Torr, the pressure broadening (Av, =~0.003 cm™') is
smaller than |v, — v, | = 0.018 cm™ . Therefore, the Lor-
entz line shape can be written®?

Av, Av,
o o~ .
(Av )2+ (v, —v,)2 (v, —v,)?

Since the absorptivity is @ = No,., where N is the number of -
absorbing molecules [N = Pgy (kT,) '], '

a(r) = (1+BX)P5 FIT(N)], (4)

where F(T) is a function of the gas temperature only and
‘depends on level populations and gas density variations with
temperature. It is clear from Eq. (4) that the fact that the gas
temperature varies with position induces a spatial distribu-
tion in ¢(r). However, the measured absorptivity is an aver-
age of a(r) over the entire path length.

From Fig. 2, it is clear that the averaged absorptivity is
given by a~(Pgy )", where m=2 at low pressures
(Psin, <2 Torr), but decreases to about 1.5 at higher pres-
sure ( > 8 Torr). The variation of m with Py, is due to the

(3)

[

 variation of F(T) with Pgy . Indeed, at low pressures, the

gas absorptivity is low and the gas remains relatively cool.
Consequently, in this range, the gas temperature is only a
slowly varying function of @. Then F(T) is relatively con-
stant, and Eq. (4) shows that i = 2. However, at higher
pressures, a is much larger, the gas heats up considerably,
and the distribution F(T) changes the value of m. Since
m <2, F(T) has the effect of decreasing the absorptivity
when the gas temperature increases.

B. The gas temperature

T, is calculated from an analysis of the steady-state en-
ergy balance, where the energy absorbed by the gas is set
equal to the energy lost due to thermal conduction.'® With
our parameters (flowrate~2—4 sccm and Py ~ 10 Torr),
the energy lost by forced convection is about a factor of 10
smaller than by thermal conduction. The heat of the reaction
can be neglected, since only a small fraction ( < 19%) of the
gas is dissociated. Moreover, the energy lost by thermal radi-
ation is negligible due to the long IR emission lifetime ( ~ 1-
100 ms> 7, ). We have also verified that the mean free path
(=0.001 cm) is much smaller than any dimension in the
cell, including the laser-beam-to-substrate distance (0.6
cm). Therefore, the steady-state energy balance is*°

V{ —«k[T(r)] VT(r)} = a(r)I(r) (W/cm?), (5)

where T(r) is the gas temperature as a function of position r

" and a(r) is the absorptivity in cm ™. Values for the gas ther-

mal conductivity #(7) can be fit to a relation of the form>®

K(T) =wo(T/Tp)"

where T is a reference temperature around which Eq. (6) is
valid. For pure SiH,, x, = 8.6 X 10™*W/cm K and n = 1.25
for Tp = 800 K.?® If the beam has a gaussian shape, the
intensity 7(W/cm?) is given by

(W/cmK), (6)
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I(xyz2) = W,(7R?)™!

xexp{ —[(x —x)2 + () —yo)I/RZ, (7

where R is the beam radius, the z axis is in the beam direc-
tion, W, is the power at z, and x, and y, give the position of
the beam center.

Figure 5 shows the results of a two-dimensional com-
puter calculation of the gas temperature variation in the di-
rection perpendicular to the substrate and passing through
the beam center for various absorbed powers (W/cm) and
substrate temperatures. Increasing the absorbed power from
Oto 1 W/cm by either increasing the P, or the input power
increases the peak gas temperature 7, at the beam center
(x =30 mm) from ~200 to 610°C when T, = 300°C.
However, with aW =1 W/cm, increasing T, from 200 to
400 °C increases T, at the beam center from 580 to 660 °C.
Film growth at low values of T, requires an increase in ab-
sorbed power in order to compensate for the energy lost to
the substrate. In the Appendix, we show that 7, follows the
relation [see Eq. (A7) ]:

< T, )"*1 ( T, )"*1 ( T, )"“ _ (n+ 1DaW,
aTy bTx cTy T, ’

(8)
where T, and T are the wall and reference temperatures,
respectively (7, = 300K, T = 800 K), a, b, and c are geo-
metrical factors, and » is defined in Eq. (6).

Equation (8) shows that aW_ above the substrate is
necessary for the calculation of the gas temperature at any
specific point. However, as pointed out previously the mea-
sured a is actually the averaged value over the beam path
length (=17 cm), so that this value yields an‘incorrect esti-
mate for T, above the substrate. Nevertheless, we expect
that the W, calculated from an averaged a should give a
good estimate of the power at the point of interest. Param-
eters like Py and P,, should be used, since they are posi-
tion independent. These pressures, along with the calculated
W, are used to calculate 7, above the substrate by the meth-
od described below.

By combining Eqgs. (4) and (8), we obtain

Pure Silane
800
Y 36mm
T waw
g 6001 Twe27%C
9 - ;ubskute
2 {Ts)
o Laser beam
L 400,
£
i
-
2 o 5 2 18 24 30 3:3
o Distance (X) mm Substrate

FIG. 5. Two-dimensional computer calculation of the gas temperature vari-
ation in the direction perpendicular to the substrate and passing through the
beam center for absorbed powers aW = 0, 0.5, 1.0, 1.5 W/cm and for sub-
strate temperatures 7, = 200, 300, 400 °C (¢ W = 1.0 W/cm).
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Tg n+1 Tx n+41 Tw n4+1
(GTR) _(bTR) _<CTw)
_(n4+1) U+BOW,P

7TTx Ko

2
e F(T,). 9

Equation (9) shows that 7, is only a function of
(1 + BX) W,(Psy, ) kg "and T, for a specific system geom-
etry (a, b, ¢, T,, and Ty are constants). Figure 6 shows G /
Py, as a function of (1 + BX) W, Py (K, /K, )~ for
the data of Fig. 3. Continuous curves are obtained for 7,
=350°C (pure SiH, with several different values of
W,) and T, = 300 °C (pure SiH, and an Ar/SiH, mixture),
in agreement with the model. The function #(7, ) in Eq. (9)
is needed to calculate 7, from the various measurable pa-
rameters. Assuming that the only effect of the substrate tem-
perature is to change 7, and that the growth rate is a unique
function of 7, we can calculate F(T, ) from the data of Fig.
6, which gives various values of 7, and
(14 BX) W, Py, (Kpix /ksin,) " for a specific peak gas
temperature. Using Eq. (9), we find that F(T,) obeys the
empirical relation: '

F(T,) =27X107%T,/Tg) —046  (¢m™'/Torr?)
(10)
for 730< 7, <840 K.
With this expression for F(T,), the gas absorptivity
above the substrate takes the form :

a=2TX10"*(1 +BX)Psu (T,/Tg) ~°* (cm™"),
(11)
where Pg;, isin Torr, T = 800 K, and = 0.8278 for Ar.
As Py or W, increases, T, % increases, which by Eq. (11)
reduces a. This is in agreement with our observations that
a« (Pgy, )" withm = 2for Py, <2Torrandm~1.6-1.35
for Pgy;, = 8 Torr (see Fig. 2). However, due to the fact that

we measure an average a for a beam path over which 7,
might vary significantly, we cannot expect perfect agree-

. ment between the measured and the calculated values of .
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FIG. 6. Growth rate (A/min) per Torr of SiH, as a function of
(1 +BX) W, PLy (Kpin/ksin,) ™' (W Torr?) for T, =200, 300, and
350°C.
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a = 0.9566, b = 1.1152, ¢ = 1.9328, and n = 1.25. Growth rate values are
from Fig. 8.

In any event, Eq. (11) gives the gas absorptivity above the
substrate for 730 < T, < 840 K.
Combining Eqs. (9) and (10), we obtain

Tg n+1 Ts n41 Tw ntl
(aTR) _<ng) _(CTR)
Jn4+1) +BX)WZP§iH4 (&)—0.46
Ty

=2.7X10"

o Ko

(12)

This relation is general and gives T, as a function of measura-

ble quantities, Py ,W,, X,T;, and geometry (i.e., a,b,c,).

For our specific system geometry, shown in the insert of

Fig. 5 (a = 0.9566, b = 1.1152, and ¢ = 1.9328), the calcu-

lated  values of T, as a function of

(1 4+ BX) W, Pin, (Kpix/Ksi,) ™' for several values of T

are plotted in Fig. 7. These results can then be used to calcu-
late T, as a function of 7, W,, Pgy,, and X.

C. Reaction kinetics

Figure 8 shows the Arrhenius plot of G /Py, as a func-
tion of the reciprocal of T, for 80 different runs made under
various processing conditions (4 <Pgy, <10  Torr,
200°C < T, <400°C, 25 W< W, <54 W, and X =0,1).
There is some scatter in the data which should be expected
because of small variations in both the geometry (e.g., laser-
beam-to-substrate distance) and the laser mode during dif-
ferent runs. However, for all the runs, G can be expressed
approximately as

log( G ) —136+13— ((46 +5 kcal/mol))(A/mm)
SiH, 2.3RT, Torr

(13)

in the gas temperature range 450-575 °C.

The observed activation energy of 46 + 5 kcal/mol is
close to both the single-pulse shock tube kinetics results of
52.7 kcal/mol for the silane decomposition® (pressure
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FIG. 8. Arrhenius plot of growth rate (A/min) per Torr of SiH, as a func-
tion of reciprocal calculated peak gas temperature for films made in various
processing conditions.

=4000 Torr and T'= 762-911 °C) and to the static experi-
ment results of 56 kcal/mol for the same reaction®? (pres-
sure = 35-230 Torr and T = 375430 °C). The LICVD re-
sult is also close to the 53.9 kcal/mol for G in the
HOMOCYVD process'""'? where is has been proposed that
SiH, resulting from the thermal decomposition of SiH,, is the
main precursor of film deposition. From kinetics stud-

ies,212 the initial reaction for the SiH, pyrolysis is

SiH,(g) —SiH,(g) + H,(g). (14)
Small differences exist between LICVD activation energies
and the one required for the pyrolysis of SiH, and is probably
due to differences in experimental conditions. Indeed, the
rate constant for reaction (14) is in the pressure fall-off re-
gion and kinetics parameters should therefore depend on
pressure, type of gas and also on temperature. Recently, Col-
trin, Lee, and Miller*® did an empirical fit to the temperature
and pressure dependence of the silane unimolecular decom-
position rate constant obtained from RRKM analysis of the
experimental data of Newman ef al.>' The results are on the
form

k= (a+bP)AT? exp( — E/RT), (15)

where a =0.0504, b=0.9496, B= — 795 E=6196
kcal/mol, 4 = 2.54x 10° s~1, and Pis the total pressure in
atmosphere (5 Torr < P < 1 atm). With our particular con-
ditions for the LICVD process (5 Torr < P <10 Torr and
450°C < T<575°C) Eq. (15) can be approximated by

k= 1.57X 10" exp( — 49.6 + 0.8 kcal/mol/RT) (s™').

(16)

In the LICVD conditions, the activation energy for the for-
mation of SiH, is within experimental error of the observed
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LICVD activation energy of 46 + 5 kcal/mol. Finally, note
that the involvement of SiH; in SiH, pyrolysis is excluded
since its formation energy is approximately 40 kcal/mol
larger than that for the formation of SiH,.

According to Scott, Reimer, and Longeway,** other
gas-phase reactions should follow reaction (14), including
the formation of higher silanes Si,Hg, Si;Hg,...resulting for
instance from the reactions between SiH, and SiH,, Si,Hj, or
higher silanes. These reactions have very low activation en-
ergies of the order of 2 kcal/mol.>® However, these higher
silanes should decompose back to form SiH, and higher dira-
dicals (e.g., SiH,SiH,...). For instance, thermal decomposi-
tion of Si,H¢ produces SiH, with E = 49.8 kcal/mol (Ref.
36) and decomposition of Si;H, leads to SiH, with £ = 53
kcal/mol or SiH;SiH with E = 49 kcal/mol.>” Again these
activation energies are of the same order of magnitude of the
one for the LICVD growth process.

Modeling the LICVD process is difficult since many
intermediate reaction-rate constants in the pyrolysis of SiH,
are unknown. However, the relatively good agreement
between the observed activation for the growth in the
LICVD process and the one for thermal decomposition of
silane and higher silanes suggests that the LICVD a-Si:H
film growth results from the pyrolysis of SiH,. Silene (SiH,)
and probably higher diradicals diffuse from the laser beam to
the film surface leading to the film growth. However, as
pointed out by Scott, Reimer, and Longeway,** those diradi-
cals diffusing toward the cold substrate react with SiH, to
form cold polysilanes as the gas temperature decreases from
the hot zone (i.e., within the laser beam) to the cold sub-
strate. All of these reactions complicate the development of a
quantitative model of the gas-phase chemistry occurring in
the LICVD process. However, some insight can be obtained
by comparing the proposed model with some assumptions to
the film thickness variation of Fig. 4.

Let C; be the concentration of diradicals (SiH,,
SiH;SiH,...). Then, equation of continuity for that particu-
lar species is

f_& =D, V’C, — R,,

dt :
where we assume a constant diffusion coefficient D, for spe-
cies / and R, represents all possible reactions mentioned
above that produce and consume that species. The magni-
tude of the corresponding growth rate G, is its flux at the film
surface times the appropriate number of Si atoms &, divided
by the a-Si:H film density (p = 5X 10> cm™?):

(17

Gi = (NiDi/p)VCilﬁlmsurface' (18)
The total growth rate is
- G=pTlvz, (19)
where

Z=2N,.D,-C,-. (20)
In steady state, Eq. (17) becomes for all species

VZZ=ZN,.R,.. (21)
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FIG. 9. Normalized film thickness d(y)/d(y =0) as a function of p
(mm).

Now, a particular diradical might be consumed to produce a
higher silane which in turn might dissociate back to form the
original diradicals or some other diradicals. Since we would
expect the summation over all diradical species of the differ-
ence between the production and consumption terms to be
negligible compared to the diffusion term, our calculation
should lead to an estimate of the flux at the film surface.

‘With this assumption, Eq. (21) becomes

ViZ=0. (22)
This has to be solved for our particular geometry. Let 4 be
the vertical distance from the film surface to the center of the
laser beam of radius R, and let the y axis be perpendicular to
the beam axis and parallel to the film surface and the x axis
be perpendicular to the film surface and passing through the
axis of the beam (see the inset of Fig. 9). If the surface con-
centration of diradicals is negligible (i.e., fast surface reac-
tions), the calculated growth rate is*®

G 2Zbeam H 2

pH In[(h + H)/R | (y2 + 112) ’
where H = (h? — R?)'/2. Z,, . is Eq. (20) evaluated in the
beam and is a very difficult quantity to estimate without an
exact knowledge of all possible reactions occurring in the
gas. However, this quantity is not important if we consider
only the film thickness variation d(y) which according to
Eq. (23) follows

dy) _ H?

d0) Yy +H?*

Films grown by the LICVD process are not uniform in
thickness, as is clear from Fig. 4. Figure 9 shows the normal-
ized film thickness, d(y)/d(0), compared with the estimates

from Eq. (24) with H=Jh? —R%=5.2 and 8 mm. The

(23)

(24)

. choicesof s = 6 mmand R = 3 mm (H = 5.2 mm) result in

Meunier ot a/. 2818

Downloaded 10 May 2002 to 132.207.124.22. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



a theoretical curve that is lower than the experimental data.
This is most likely due to our assumption of only negligible
overall gas-phase chemistry. It is probable that SiH, genera-
ted in the gas phase readily inserts into SiH, to form Si,H,,
which is more reactive than SiH, and brings two Si atoms to
the surface. Thus, since gas-phase chemistry has a net posi-
tive contribution to the growth rate, we might expect that
our predicted curve is smaller than the observed one. In any
event, if we choose H = 8 mm, good agreement between the
calculation and the data is obtained. It is important to point
out that our films were processed using a reflected beam
having a 2 mm shift in the y direction (see the inset of Fig. 4).
Equation (24) was derived using a beam of radius R located
at x = h from the film surface. The results of Fig. 9 suggest
that the “effective” laser beam of our reflected-beam geome-
try has H = 8 mm. This can be represented by # = 8 mm
(R =0 mm) up to h=8.5 mm (R =3 mm). The effective
location of the diradicals source is within the region in which
the two beams overlap and about 2.0-2.5 mm above the
centers of two beams.

LICVD and HOMOCYVD are both thermal processes
based on the formation of SiH,, species. This is different from
the process of plasma decomposition, in which there is ex-
perimental evidence that SiHj is the main precursor in the
film deposition.>****® Scott, Reimer, and Longeway** have
suggested that in HOMOCVD there is a possible source of
SiH,, from reactions on the surface of the hot walls of the
reactor. However, LICVD is a cold-wall reactor technique,
and the presence of monoradicals in the gas is highly improb-
able. The possible involvement of SiH,; in HOMOCVD
might explain the small differences between the observed
properties of films produced by the HOMOCVD and
LICVD processes.

D. Control of the LICVD process

In the LICVD process, the CO, laser is used to heat up
and thermally decompose the silane. The gas temperature
T, is critical; in turn, T, depends on the silane and argon
partial pressures, Py, and P,,, and the laser power above
the substrate W,. Using Eq. (13) and assuming T, =800 K,
we find that the variation of the growth rate with the gas
temperature is

AG /G =30(AT,/T,). (25)
Thus, a change of about 3% in T, leads toa variation in G of
approximately a factor of 2. Using Eq. (12) with n = 1.25
and neglecting the T, and T,, terms, we can calculate that
T, varies with the process parameters as

AT, AP AP AW,
L= (2 B — A"">.(26)
T, 2Mm Py, P, W, Ko
The variation of G with these parameéters is then
AP, AP AW,
AG pplfsm  gB07a 1 87 1 B (g9
G Py, Py, W, Ko

If variations in the partial pressures and the laser power are
of the order of 1% (as might be expected under the condi-
tions used in our system), then G can fluctuate by =~ 50%.
This is consistent with both the observations of Bilenchi et

2819 J. Appl. Phys., Vol. 62, No. 7, 1 October 1987

al.'® and our data shown in Fig. 3, for which G increases by
about a factor of 2 as the power increases by 9%.

Some constant volume (static cell) experiments were
carried out,” and indicated that as the film begins to be de-
posited, G decreases to zero rapidly. This is due to the fact
that H,(g) is a product of reactions which increase the gas
thermal conductivity, leading to a sharp decrease in 7,,. For
instance, an increase in the H, partial pressure from 0 to 1%
increases kg, by 10%,* leading to a decrease of G by more
than a factor of 2. A flowing gas system is necessary to re-
move the H, from the gas. We also previously reported a
dependence of G on the flowrate.” This may be due either toa
change in gas thermal conductivity or to an unmonitored
pressure variation which results in an uncontrolled flowrate.
" Similar to HOMOCVD and glow-discharge decomposi-
tion, the maximum growth rate in LICVD is controlled by
the onset of powder formation. The role of gas-phase nuclea-
tion on the CVD process has been discussed previously by
Sladek.*' Athigh values of either Py, or T, gas-phase reac-
tions involving high radical concentrations lead to the for-
mation of aggregates. In the LICVD process, T, is deter-
mined by Pg;;, and W,. Control of P, and W, to within
+ 1% is required to prevent any major variations in 7,
which might produce powder instead of film.

The effect of Ar on the LICVD process is both to de-
crease the gas thermal conductivity and to broaden the SiH,
absorption lines. These result in Ar/SiH, mixtures yielding
the same values of T, and G at lower Py, than in the case of
pure SiH,. As is evident from Fig. 3, the incorporationof Ar
has the beneficial effect of increasing G by about a factor of 5
(for 47 W), by lowering Py from 7 to 5 Torr as X increases
from O to 1. From the same figure, we can also see that an
increase in W, from 24.5 to 53.5 W increases the maximum
value of G from 45 to 120 A/min by lowering Py, from9to
7 Torr. These results suggests that lower P, moves the
onset of powder formation to higher gas temperatures, lead-
ing to higher film growth rates.

IV. CONCLUSIONS

LICVD is a cold-wall thermal process in which G is
controlled by the thermally activated dissociation of SiH, at
a rate determined by T,. The balance between the energy
absorbed by the gas molecules and that lost to the surround-
ing surfaces by thermal conduction determines 7. The spe-
cific value of T, depends on gas characteristics and on many
process parameters including Pg,y, , W, X, T, and geome-
try. Due to the extreme sensitivity of the process to several of
these parameters, Pg;;, and W, have to be controlled to
within a + 1% variation in order to control the growth rate
to =~ + 50% and prevent powder formation. The maximum
growth rate is limited by the onset of powder formation,
which in turn is related to 7, and Pg;y, .

Similar to the HOMOCVD process, the gas-phase
chemistry involves the production of SiH, from thermal de-
composition of SiH, and higher polysilanes (Si,Hg,Si;Hg,
etc.) which arise from reactions between SiH, and SiH,
SiH, and possibly higher diradicals produced in the laser
beam then diffuse to the substrate and insert into any of the
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Si-H bonds of the hydrogenated surface, leading to the
growth of @-Si:H films and the elimination of hydrogen. In
our model, all the succeeding steps are rapid compared to the
thermal decomposition of SiH, in the laser beam.

Our results suggest that the use of higher laser power or
a gas with lower thermal conductivity provides a good meth-
od for retarding the onset of powder formation, thus leading
to higher film growth rates. More uniform films can be ob-
tained by either scanning the laser parallel to the substrate or
by rolling a flexible substrate under a fixed laser. We expect
that the LICVD process might be applicable to the produc-
tion of other materials for which a cold-wall thermal pro-
cesses with independently controlled 7, and T, is desirable;
for example, Si;N, and SiO, can be produced by incorporat-
ing appropriate gases (e.g., NH;, O,, ...) in specific concen-
trations. A careful analysis of the gas chemistry as well as the
effects of the gases on the pressure broadening, gas thermal
conductivity, and gas temperature is essential.
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APPENDIX

The differential equation, Eq. (5), which describes the
steady-state energy balances in the LICVD process can be
linearized by the Kirchhoff transformation®’:

T Ty

9=_(_£+_1) x(T)a'T—M k(D)dT, (Al)
Kol g Tr K()TR Tr

where «(T) is the temperature-dependent thermal conduc-

tivity given by Eq. (6). This yields
O=(T/Tg)" ' —(Tw/Tg)" ', (A2)

where we have chosen 8, = 0. The differential equation
then becomes

VO=[—(n+ Vall/x,Tk. (A3)

We expect only small variations of the gas temperature along
the laser beam. Therefore, conductive heat transfer in the
laser-beam direction (z) can be neglected and heat losses
occur only radially from the beam. Using Eq. (7) with di-
mensionless variables § = (x — x,)/Randn = (y — y,) /R,
we obtain

a%*e d% 2, g2

e UL A (A4)
where

Y= (n+ aW, /mr,Tg. (A5)

For a simple geometry, Eq. (A4) can be solved analyti-
cally; however, for a complicated geometry like the one used
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here, numerical solutions are essential. Figure 5 shows the
results of a computer calculation. The peak gas temperature
0, must depend on the substrate temperature 6,,,, and the
heat absorbed . Assuming a linear relation between these
quantities, we get

epeak =A7/+Besub’ (A6)

where A and B are geometrical factors. From the definition
of 6, Eq. (A2), we find

Tg n+1 TS n+1 Tw n+1
(aTR) "’(bTR) “(cTR)
_ (n+ aW, _

Ko r

Vs (A7)

where a, b, and ¢ are geometrical factors. The computer cal-
culations indicate that the peak gas temperature follows Eq.
(A7) exactly if we choose @ =0.9566, b=1.1152, and
¢ = 1.9328. These geometrical factors are independent of the
molecular characteristics and the substrate temperature.
Changing the gas mixture should only modify the value of .
Equation (A7) is used in the text as Eq. (8).
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