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I. INTRODUCTION 
A key issue for semiconductor manufacturing plants is to 

increase the productivity and yield of high quality chips 
simultaneously [1]. Semiconductor companies have tried to 
obtain better uniformity of the pattern features as well as the 
electrical characteristics of the wafer. Specifically, a Si 
thermal deposition process is one of the most challenging 
areas in the semiconductor fabrication because it is difficult to 
achieve pattern uniformity due to a narrow range of acceptable 
process parameters and sensitivity to pre-cleaned surface 
conditions. For instance, the Si layer is deposited uniformly 
on the super-clean Si surface of the wafer, especially in the Si 
epitaxial growth process, but the oxygen atoms on the Si 
surface interfere with the growth of the Si layer, which results 
in nonuniform pattern height. To resolve this issue, it has 
become critical to effectively remove the oxide layer from the 
Si wafer for the advanced devices, which has motivated the 
semiconductor industry to optimize various native oxide 
removal methods to obtain high performance of the devices. 
As a chemical dry cleaning process, batch type plasma native 
oxide cleaning (PNC) equipment has been widely used to treat 

and remove a native oxide layer on the Si surface due to its 
high throughput and superior cleaning efficiency. However, it 
has been difficult to obtain even distribution of gas 
temperature as well as species concentration in the batch 
chamber. The key requirement of the process is to make the 
silicon surface ultra clean uniformly across the wafers in the 
batch chamber [2].  

In this paper, firstly we study the flow mechanism by 
computational fluid dynamic (CFD) simulation to elucidate 
potential causes related to the batch uniformity. Then we 
analyze characteristics of gas flow in a different showerhead 
design affecting uniform cleaning quality in the PNC 
equipment. 

 

II. BACKGROUND AND NUMERICAL PROCEDURE 

A. PNC process
The schematic of a batch-type PNC equipment is as shown 

in Fig. 1. There are two types of gas inlet ports in the chamber. 
A mixture of 𝑁2 and 𝑁𝐻3 gas enters the two applicators and 
is dissociated by a continuous wave source driven at 2.45 
GHz. Hydrogen radicals are generated in the applicator and 
supplied to the process chamber through a showerhead inlet. 
An 𝑁𝐹3  gas directly enters the chamber through straight 
nozzles. Production and dummy wafers are loaded together on 
a wafer-boat in the vertical type chamber at one time. The 
exhaust port is located in the center of the chamber opposite 
to showerhead and the outlet pressure of the chamber is 
controlled by automatic pressure valve. Halogen lamps are 
installed to heat the wafers to vaporize and remove the by-
product on the wafers after the etch step. 

B. Simulation procedure
The simulation consists of three different parts. First, the 

plasma discharge is simulated to obtain the mole fractions of 
plasma generated species inside a microwave waveguide 
applicator.  Second, a steady-state fluid flow simulation is 
performed for each test case to obtain the distribution of 
pressure, temperature and mass flow rates at the hole outlets 
of the showerhead. Finally, reacting flow simulations are 
conducted with the inclusion of the neutral plasma generated 
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species.  The main goal of these simulations is to obtain the 
transport characteristics of the plasma generated radical 
species to the showerhead hole outlets of the gas.  For this 
study, reactive hydrogen radicals are of main interest as they 
become an important source for the formation of etchants 
( 𝑁𝐻x 𝐹y ) [3-6]. 

 
Fig. . Chamber structure for PNC batch process.

 

C. Plasma and reacting flo chemistry
For the simulation of plasma discharge, a kinetic 

mechanism that includes 23 Species and 152 reactions is used.  
The database is provided by VizGlow [7]. The species 
include: 𝑒, 𝑁𝐻3 , 𝑁𝐻3

+  𝑁𝐻4
+ , 𝑁𝐻2 , 𝑁𝐻2

+ , 𝑁𝐻2
− , 𝑁𝐻 , 𝑁𝐻+ , 

𝑁 , 𝑁𝐻+ , 𝑁 , 𝑁+ , 𝑁2 , 𝑁2
+ , 𝐻 , 𝐻+ , 𝐻− , 𝐻2 , 𝐻2

+ , 𝐻3
+ , 𝑁2𝐻2 , 

𝑁2𝐻3, 𝑁2𝐻4, 𝑁𝐻3(𝑣).  For the reacting flow simulation, all 
charged species and reactions that involve them are ignored. 
This assumption is reasonable since the recombination of 
charged species occurs in 𝜇𝑠 timescale or less, which is much 
smaller than the flow timescale (𝑚𝑠).  To model the loss of 
atomic hydrogen during its transport to the outlet holes, the 
surface recombination coefficient is set as 0.01 [8].  

D. Micro ave plasma simulation
a  Micro ave plasma discharge: Plasma discharge 

simulation is performed to obtain the mole fraction of each 
species generated by the plasmas.  The mole fractions are used 
as the inlet boundary condition of the reacting flow simulation 
in the next section.  Based on the pressure and temperature at 
the inlet of the showerhead obtained from the fluid flow 
simulation, a plasma discharge simulation is conducted to find 
out the species number densities at quasi-steady state.  At a 
fixed mass flow rate of 2.0 × 10−4 𝑘𝑔/𝑠 and the temperature 
of 700𝐾,  the inlet pressures are 300𝑃𝑎 and 600𝑃𝑎 for the 
Case I and Case II, respectively.  These temperature and 
pressures are chosen as the operating conditions of an 
𝑁𝐻3/𝑁2  mixture. Numerical models developed for high 
frequency plasma discharges are used for this section [9-10]. 

b  Computational domain: To model the microwave 
discharge, a downstream plasma source built by MKS is 
considered [11].  It employs the 𝑇𝐸10 mode of a rectangular 
waveguide whose side view of the schematic is shown in Fig. 
2.  In the figure, D (25mm) is the diameter of the quartz tube, 
L (30.6mm) is the distance between the tube and the short 
plunger at the end of the waveguide, and H (33mm) is the 
height of the waveguide.  L is the quarter wavelength of the 
operating frequency (2.45GHz) which indicates the standing 
wave formation inside.  The maximum wave amplitude occurs 

near the surface of the dielectric shown as the thin grey area 
in Fig. 2.  The dielectric quartz thickness is 2mm and its 
relative dielectric permittivity is 3.8. We model the 
electromagnetic wave propagation as a simple 1D waveguide 
as shown in the Fig. 2 by impinging the plane wave from the 
left.  The Perfectly Matched Layer (PML) is implemented on 
the left to effectively absorb the reflected waves from the short 
plunger.  While the Maxwell’s equations are solved in the 
entire computational domain, the self-consistent plasma 
governing equations are solved only inside the plasma 
subdomain. 

 

 
Fig. . Schematic of the D aveguide.

 

E. Reacting flo simulation
Two showerhead designs were modeled to check the 

distribution of mass flow rate including radical species and gas 
temperature in the hole outlets of the showerhead. The 
simulation consists of a two-step process. First, steady state 
2D analysis of the gas flow inside the showerhead was 
conducted using only the fluid flow solver in VizGlow. The 
models were meshed with dominant quadrilateral and 
triangular elements. The total mass flow rate of the process 
gases was used as an inlet condition of the model. The gases 
were assumed to be ideal gas. Major boundary conditions for 
the models are shown in Table 1. The temperature at the gas 
inlet was set as 700K. The static pressure 200 Pa was set as 
outlet boundary condition of the chamber. The constant 
temperature on the backside surface of the showerhead is 
applied to the wall condition because the chamber wall in 
contact with the showerhead is cooled and kept at 300K during 
the process. The other surfaces of the showerhead were 
assumed to have thermally insulated walls. Then, a transient 
simulation of the gas flow including radical species generated 
by microwave plasma in the applicator was conducted using a 
species density solver in VizGlow. In particular, the species 
density solver includes bulk chemical reactions as well as 
surface reactions on the wall. The time step was set to 
1.0 × 10−6s to resolve the chemical reaction timescale. Two 
types of showerhead design with different gas flow paths are 
shown in Fig. 3. Especially, mass flow rate, temperature and 
the number density of the hydrogen radical species were 
monitored at the hole outlets of the showerhead. 

TABLE I.  BOUNDARY CONDITIONS FOR GAS FLOW SIMULATION 
MODEL 

p
k

N2 NH3 Showerhead 
backside surface 

Other 
surfaces 

value 1.63 10-4 3.29 10-5 200 300K 
Constant Temp. 

Thermally 
Insulated 
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Fig. . Sho erhead designs of a Case I and b Case II.

 

III. RESULT AND DISCUSSION 

A. Micro ave plasma formation
     At each operating pressure, the ratio of the seed number 
densities of 𝑁𝐻3  and 𝑁2  is given as 1: 3  according to the 
inlet flow condition, respectively.  The order of magnitude of 
the number densities are 1022𝑚−3. For all other species, the 
seed number density is set as 1012𝑚−3.  The incident wave 
amplitude is set as 50𝑘𝑉/𝑚. The transient plasma formation 
is shown in Fig. 4 where the tracepoint is 2.5𝑚𝑚 away from 
the dielectric surface on the right.  Here, the generation of 
radical species 𝐻, 𝑁𝐻, and 𝑁𝐻2 is important as they mainly 
participate in the formation of etchants (𝑁𝐻𝑥𝐹𝑦) [3].  The 
order of magnitude of these species densities is comparable 
to or larger than the electron number density (1018𝑚−3).  The 
mole fraction of each species is obtained from these results.  
For the operating pressure of 300𝑃𝑎, the mole fractions of 𝐻, 
𝑁𝐻, and 𝑁𝐻2 are found to be 1.98 × 10−4 4.07 × 10−5 and 
1.30 × 10−4 , respectively.  For 600𝑃𝑎 , they are 1.93 ×
10−4 ,  3.38 × 10−5 , and 1.39 × 10−4 , respectively.  The 
mole fractions of the other neutral species are also obtained 
and used as the inlet boundary condition for the reacting flow 
simulation in the next section. 

 
Fig. . Transient evolution of species number density. a Charged
species and b neutral species.

B. Fluid characteristics in the sho erhead
Case I shown in Fig. 5(a) has diffusers to disperse the gas 

throughout the showerhead and obtain flow uniformity in the 

showerhead. However, Case II without any diffuser in 
Fig.5(b) has returning paths of the gas at both sides to maintain 
continuous flow in the showerhead. Inlet pressure values of 
Case I and Case II model used in the microwave plasma 
simulation were calculated by the CFD models to be 300 Pa 
and 600 Pa, respectively, as shown in Fig. 5. Return paths of 
gas flow in the Case II made pressure drop larger in the 
showerhead, whose inlet pressure is about twice larger than 
Case I. The pressure inside both chambers were nearly 200Pa 
which is similar to the outlet boundary condition.  

 
Fig. . Pressure distribution of sho erhead models a Case I and
b Case II.

The distribution of temperature normalized by inlet gas 
temperature 700K at each hole of the showerhead is plotted in 
Fig.  6. The gas temperature in Case I gradually decreases with 
distance from the applicators because of conductive heat loss 
from the showerhead to the chamber. Therefore, the 
temperature distribution of the gas in the showerhead shows 
an M’-shaped profile as shown in Fig. 6. Case II exhibits 
relatively flat shape in the temperature profile compared to 
Case I. Case II shown in the Fig. 6, however, has no diffusers 
but instead there is a thermally isolated vacuum barrier to 
change the gas flow path and prevent heat flux from the 
showerhead to process chamber. Here it is important to reduce 
the heat flux from the hot gas to the chamber through the 
showerhead. The temperature distribution of the gas at the 
hole outlets of the showerhead was affected by the 
showerhead backside area in contact with the chamber.  

 
Fig. . Normali ed temperature distribution at the hole outlets of
the sho erheads.
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The distributions of total gas mass flow rate and number 
density for hydrogen radicals normalized by inlet flow 
condition for each showerhead design are shown in Fig. 7 and 
Fig. 8,  respectively. It is found on the distribution that the 
mass flow rate is inversely dependent on the gas temperature. 
For both models, the distribution of hydrogen radicals has a 
different trend compared to the mass flow rate. It is noticeable 
that it depends on the flow path. Case II shows 16  and 23  
better uniformity in the process zone than Case I in terms of 
the number density of hydrogen radical species and 
temperature, respectively. However, the radical species loss in 
Case I is smaller than Case II due to its shorter flow path which 
yields less amount of surface recombination. The simulation 
results imply that Case II can show the better the etch rate 
uniformity but lower silicon oxide etch amount on the wafer. 

 
Fig. . Distribution of normali ed mass flo rates at the hole outlets
of the sho erheads a Case I and b Case II.

 
Fig. . Distribution of normali ed number densities for hydrogen
radical species at the hole outlets of the sho erheads.

 

IV. CONCLUSIONS 
    The effects of showerhead design on flow characteristics 
are studied in this work to estimate their correlation to the 
process uniformity.  High frequency plasma discharge model 

and chemically reacting flow model are employed to find out 
the distribution of temperature and plasma generated radical 
species. Mass flow rate at the hole outlets of the showerheads 
was inversely dependent on the gas temperature, which is 
affected by the heat flux to the showerhead backside surface. 
However, the distribution of number density for hydrogen 
radicals was affected by the flow path of the gas in the 
showerhead. By altering the flow path, the gas temperature 
gradient at the hole outlets was changed to yield better 
uniformity. CFD simulation results show the showerhead 
design with a vacuum barrier has 23  lower temperature 
gradient in the process zone than without the thermal barrier. 
It is also shown that the showerhead with the thermally 
isolated barrier had improved 16  in hydrogen radical flow 
uniformity. However, the radical species loss was larger for 
the case with a longer flow path. 
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