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Understanding the growth rate of silicon layers during chemical vapor deposition (CVD) processes is
fundamental in semiconductor manufacturing. When working with silicon tetrachloride (SiCls) as a
source gas at elevated temperatures such as 1200 °C, various parameters influence the deposition
rate. In this analysis, we will focus on calculating the silicon layer growth rate by considering the
relevant mass transfer and surface reaction kinetics, incorporating given constants Hg=1 cm/s and
Ks=2106exp(-1.9). We will methodically outline the theoretical framework, assumptions, and step-by-
step calculations to arrive at an accurate estimate of the silicon deposition rate under the specified
conditions.

Understanding the Process and Relevant Parameters

Silicon Growth from SiCls at Elevated Temperatures

Silicon deposition from SiCls involves a chemical reduction process where gaseous SiCls reacts with
hydrogen (or another reducing agent) or decomposes on the substrate surface, leading to silicon
formation. The process is typically modeled using mass transfer and surface reaction kinetics. At
1200 °C, the process is dominated by both the diffusion of reactants to the surface and the surface
reaction kinetics that convert the precursor into solid silicon.

Key Parameters and Constants

e Hg: Gas-phase mass transfer coefficient, given as 1 cm/s. This parameter characterizes the rate
at which SiCla molecules are transported from the bulk gas to the substrate surface.

e Ks: Surface reaction rate constant, given as 2106exp(-1.9). This reflects the kinetics of the
surface reaction where the precursor converts into silicon.

e T: Temperature, 1200 °C (which is approximately 1473 K).



e Source gas concentration: Typically, the partial pressure or mole fraction of SiCls in the gas
phase, which influences the flux toward the surface.

Theoretical Framework for Growth Rate Calculation

Mass Transfer and Surface Reaction Control

The overall growth rate (G) can be limited either by mass transfer of the reactant gas to the surface
or by the surface reaction kinetics. The combined effect is often modeled using the concept of a
combined (or overall) rate expression:

G = (mass transfer limited rate) or (reaction limited rate)

Depending on which is slower, the process can be either mass transfer limited or reaction limited. The
general approach involves calculating the flux of SiCls to the surface and the surface reaction rate,
then selecting the limiting step.

Mass Transfer-Limited Growth Rate

The molar flux, J.,, of SiCls to the surface is given by:

Jm=Hg (Cg - C5s)

where:

* C,: Gas-phase concentration (or partial pressure) of SiCla in the bulk flow.

e C.: Concentration at the surface, typically assumed to be negligible if the surface is consuming
reactant rapidly.

Reaction-Limited Growth Rate

The surface reaction rate, R,, is related to the surface site density and the reaction kinetics:



Rs=Ks Cs

Assuming the process is in steady state, the actual deposition rate is controlled by the slower of the
two steps, which can be expressed mathematically as:

G = min(G mass transfer, G _reaction)

Calculating the Growth Rate Step-by-Step

Step 1: Determine Gas-Phase Concentration of SiCla

Suppose the total pressure (P,,) is known; for simplicity, assume atmospheric pressure (1 atm = 760
Torr). The partial pressure of SiCls (Ps,) depends on the process conditions, but in typical CVD
processes, a known or assumed partial pressure is used. For this calculation, assume Py, = 0.1 atm
(or 76 Torr).

The molar concentration (C,) of SiCls in the gas phase can be calculated via the ideal gas law:

Cg=(PSiCl4) / (R T)

where R = 0.08206 L-atm/(mol:K), T = 1473 K.

Calculating:

C g=0.1atm/(0.08206 1473) = 0.1/120.8 = 8.28 x 10-4 mol/L
Converting to mol/cm3:

1L =1000cm3, so:

C g =8.28 x 10-4 mol / 1000 cm3 = 8.28 x 10-7 mol/cm?

Assuming the surface concentration Cs is negligible initially, the flux is primarily driven by Cg.

Step 2: Calculate Mass Transfer Limited Growth Rate

The molar flux (J,,) in mol/(cm?:s) is:

J_m=HgC.g



Given Hg = 1 cm/s:

J_m = 1cm/s 8.28 x 107 mol/cm? = 8.28 x 107 mol/(cm?:s)

This represents the maximum molar flux of SiCls arriving at the surface under mass transfer control.

Step 3: Calculate Surface Reaction Rate

The surface reaction rate constant Ks is given as 2106exp(-1.9). First, evaluate Ks:

Ks = 2106 exp(-1.9)

Calculating:
exp(-1.9) = 0.1496
Thus,

Ks = 2106 0.1496 = 315.4 (units depend on the context, typically mol/(cm?2-s-partial pressure) or
similar)

Assuming Cs = Cg for the purpose of reaction rate calculation:
R s =Ks Cs = 315.4 8.28 x 10-7 = 2.61 x 10-4 mol/(cm?:s)

This is the reaction-limited molar flux.

Step 4: Determine the Limiting Step and Final Growth Rate

Compare the mass transfer limited flux (8.28 x 107 mol/(cm?:s)) with the surface reaction rate (2.61 x

10 mol/(cm?2-s)). Since the reaction rate is significantly higher, the process is likely mass transfer
limited.

Therefore, the overall growth rate G (in mol/(cm?-s)) is approximately equal to the mass transfer flux,

i.e., G = 8.28 x 107 mol/(cm?-s).

Converting Molar Flux to Thickness Growth Rate

Step 1: Calculate Silicon Density and Molar Mass



e Molar mass of silicon (Si): 28.0855 g/mol

» Density of silicon (p): approximately 2.33 g/cm3

Step 2: Compute Growth Rate in nm/sec

The volume of silicon deposited per unit area per second (V) is:

Viep = (G in mol/(cm?:s)) (molar volume of silicon)

But more straightforwardly, the thickness growth rate (d) in cm/sec can be found by:
d = (G molar mass of Si) / (density of Si Avogadro's number)

or:

d (cm/sec) = (G 28.0855 g/mol) / (2.33 g/cm? 6.022 x 10*° mol™)

Calculating numerator:

G 28.0855 = 8.28 x 10<

Frequently Asked Questions

What is the significance of the growth rate in silicon layer
deposition from SiCl4 at 1200°C?

The growth rate indicates how quickly the silicon layer is formed during the chemical vapor deposition
process, which affects the film's quality, uniformity, and suitability for semiconductor applications.

How does the temperature of 1200°C influence the silicon
deposition from SiCi4?

At 1200°C, the thermal energy increases the reaction kinetics, leading to a higher deposition rate, as
evidenced by the exponential dependence in the rate expression, facilitating faster silicon layer
growth.

What role does the parameter Hg=1 cm/s play in calculating
the growth rate?

Hg=1 cm/s represents the mass transfer or gas-phase transport rate of reactants to the surface,
which influences the overall deposition rate and must be considered in the growth rate calculation.



How is the rate constant Ks=2106exp(-1.9) used in
determining the silicon growth rate?

Ks represents the temperature-dependent surface reaction rate constant; plugging this value into the
rate expression allows calculation of the actual growth rate at 1200°C.

Can you explain the exponential term in Ks=2106exp(-1.9)
and its impact on growth rate calculations?

The exponential term models the Arrhenius temperature dependence, indicating how the reaction
rate accelerates with increasing temperature, directly affecting the silicon deposition rate.

What assumptions are typically made when calculating the
growth rate from these parameters?

Assumptions may include steady-state conditions, uniform temperature, negligible gas-phase
depletion, and that surface reactions dominate the rate process without mass transfer limitations.

How would an increase in Hg influence the silicon layer
growth rate?

Increasing Hg would enhance the supply of reactants to the surface, potentially increasing the growth
rate until mass transfer or reaction kinetics become limiting factors.

What are the practical implications of accurately calculating
the silicon growth rate in semiconductor manufacturing?

Accurate growth rate calculations enable precise control over film thickness, quality, and uniformity,
which are critical for device performance and yield in semiconductor fabrication.

How does the temperature dependence expressed in Ks
impact process optimization for silicon layer deposition?

Understanding the temperature dependence allows process engineers to optimize temperature
settings to achieve desired growth rates while avoiding issues like unwanted reactions or film stress.

Additional Resources

Calculating the Growth Rate of a Silicon Layer from an SiCl: Source at 1200 °C: An In-Depth
Analysis



Introduction: The Significance of Silicon Layer Growth
in Semiconductor Manufacturing

In the rapidly advancing field of microelectronics, the ability to accurately control the growth of silicon
layers is fundamental. Silicon, being the cornerstone material for most semiconductor devices, relies
heavily on precise deposition techniques such as Chemical Vapor Deposition (CVD). Among various
methods, the growth of silicon from silicon tetrachloride (SiCls) at high temperatures stands out due
to its well-understood chemistry and scalability. Understanding the growth rate under specific
conditions enables process engineers to optimize layer quality, thickness uniformity, and device
performance.

This article delves into the calculation of the silicon layer growth rate from SiCls at an elevated
temperature of 1200 °C. The analysis hinges on key parameters: the molecular flux of silicon atoms
arriving at the substrate surface, influenced by the gas-phase properties and surface kinetics, and the
specific parameters given—namely, the molecular flux (Hg) and the surface reaction rate constant
(Ks). We will systematically explore the physical principles, relevant equations, and practical
considerations to provide a comprehensive understanding of the growth process.

Fundamental Concepts Underpinning Silicon Growth
from SiCls

Chemical Vapor Deposition (CVD) and Silicon Growth
Mechanics

CVD processes involve the transport of reactive precursor gases to a heated substrate surface, where
surface reactions lead to the formation of a solid film. For silicon growth from SiCls, the process
involves:

- Transport of SiCla molecules in the gas phase toward the substrate.
- Adsorption and decomposition of SiCla molecules upon reaching the surface.
- Formation of silicon atoms and their eventual incorporation into the growing layer.

The overall growth rate depends on both the delivery of reactants (mass transport) and the surface
reaction kinetics.

Role of Gas-Phase Transport and Surface Reactions

- Mass transport is described by the diffusion of precursor molecules through the boundary layer to
the substrate surface.
- Surface reaction kinetics dictate how quickly silicon atoms are incorporated once the precursor



decomposes.

The interplay between these two processes determines whether the process is reaction-limited or
mass-transport-limited:

- Reaction-limited regime: Surface reactions are slower than mass transport; the growth rate depends
primarily on surface kinetics.

- Mass-transport-limited regime: The precursor delivery is slower; the growth rate depends on how
fast molecules reach the surface.

Given the parameters provided, especially the molecular flux (Hg), our calculations will focus on the
mass transport component, complemented by surface reaction kinetics represented by Ks.

Parameters and Their Physical Significance

Before establishing the calculation framework, it is essential to understand the given parameters:
- Hg (Molecular Flux): 1 cm/s

This parameter indicates the flux of silicon-containing molecules (or atoms) impinging on the
substrate surface, measured in terms of the number of molecules crossing a unit area per second.
Although the units are somewhat simplified, this flux is critical in estimating how many silicon atoms
arrive at the surface per unit time.

- Ks (Surface Reaction Rate Constant): \( 2106 \times \exp(-1.9) )

This exponential expression suggests an Arrhenius relation for surface reaction kinetics, where:

\[
K s =A\timese”~{-E a/RT}
\]

with:

-\(A\) being the pre-exponential factor,
- \(E_a\) the activation energy,

- \(R\) the universal gas constant,
-\(T\) the temperature in Kelvin.

Given the numerical form, the key is to evaluate \(Ks\) explicitly, which will then be used to determine
whether the process is kinetically limited or transport-limited.



Converting Parameters and Establishing the
Calculation Framework

Step 1: Temperature Conversion

The temperature given is 1200 °C. To work in Sl units, convert this to Kelvin:

\[
T(K) = 1200 + 273.15 = 1473.15\, \text{K}

\]

Step 2: Calculating the Surface Reaction Rate Constant (Ks)

Given:

\[
Ks = 2106 \times e~ {-1.9}
\]

Compute \( e~ {-1.9} \):

\[
e”{-1.9} \approx 0.1496
\]

Thus,

\[
Ks \approx 2106 \times 0.1496 \approx 315.2
\]

This value indicates the rate constant for surface incorporation of silicon atoms at 1200 °C.

Step 3: Understanding the Physical Meaning of Hg and Ks

- The flux \(H_g\) (1 cm/s) indicates that in a unit area, 1 molecule (or atom) per second arrives per
square centimeter. To interpret this quantitatively, convert this flux into a number flux (molecules per
unit area per second):

\[



\text{Number flux} \; \Phi = H g \times N_A
\]

However, since \(H_g\) is given in cm/s, it often represents a mass flux or molecular flux directly,
depending on context. Typically, in surface science, flux is in molecules/cm?:s, but here, it's specified
as 1cm/s, implying a velocity flux. To proceed, we assume this indicates the molecular flux arriving at
the surface per second per unit area.

Modeling the Growth Rate: Combining Mass Transport
and Surface Kinetics

The overall silicon layer growth rate (\(G\)) can be modeled based on the flux of silicon atoms arriving
and the rate at which they are incorporated into the solid film.

Two limiting cases exist:
1. Mass-transport-limited growth:

\[

G = \frac{\Phi} {N_A}

\]

where \(\Phi\) is the molecular flux (number of molecules per unit area per unit time).

2. Reaction-limited growth:

\[
G = K s \times \theta
\]

where \(\theta\) is the surface coverage or the probability that arriving molecules react and
incorporate into the solid.

In practice, the actual growth rate is determined by the minimum of the two regimes:

\[
G = \min \left( \text{mass transport limit}, \text{reaction limit} \right)

\]

Given the parameters, we can estimate both.



Estimating the Mass Transport-Limited Growth Rate

Assuming the flux \(H_g\) is in units of velocity (cm/s), the number flux per unit area can be
approximated by:

\[
\Phi = H_g \times n_{gas}
\]

where \(n_{gas}\) is the number density of molecules, which depends on the gas pressure and
temperature. Since these are not specified, and given the units, we assume the flux directly
represents the molecular arrival rate per unit area.

Thus, the growth rate in terms of atomic layers per second:

\[

G_{mass\_transport} = \frac{\Phi}{N_A}

\]

where \(N_A\) is Avogadro’s number (~\(6.022 \times 10"~ {23}\) molecules/mol). To convert this to a

thickness growth rate (e.g., nm/s), we need to know the number of silicon atoms per unit volume in
the solid.

Calculating the Silicon Layer Growth Rate

Step 1: Estimating Silicon Atom Flux

Assuming the molecular flux \(\Phi\) is 1 cm/s (or 1 molecule per cm? per second), and considering the
molar volume of silicon, we can estimate the growth rate.

- Number of silicon atoms per unit volume in solid silicon:

\[

n_{Si} = \frac{\text{Density of silicon}}{\text{Atomic mass of silicon}} \times N_A
\]

Given:

- Density of silicon \(\approx 2.33\, \text{g/cm}~3\)
- Atomic mass of silicon \(\approx 28.0855\, \text{g/mol}\)

Calculating:

\[



n_{Si} = \frac{2.33\, \text{g/cm}~3}{28.0855)\, \text{g/mol}} \times 6.022 \times 10" {23} \approx
5.00 \times 10~ {22}\, \text{atoms/cm} "3
\]

- Silicon atoms per unit area in a monolayer:

\[
d_{Si} \approx 0.27\, \text{nm} = 2.7 \times 10"~ {-8}\, \text{cm}

\]

The number of atoms per unit area in a monolayer:

\[
N_{mono} = \frac{1}{d_{Si}"~2} \approx \frac{1}{(2.7 \times 10"~ {-8})"2} \approx
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