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The required temperature in semiconductor process technology is 
going in two extreme directions. Either very high temperatures (up 
to 1300°C) with very short durations on the order of milliseconds 
are required for highest dopant activation, or extremely low 
temperatures are needed for forming high-quality dielectrics with 
minimum dopant deactivation and redistribution. This contribution 
describes a new microwave plasma oxidation apparatus with 
unique features addressing the before-mentioned low-temperature 
process requirements. With this new technique the oxide growth 
rate was studied as a function of time, gas ambient, pressure, 
applied microwave power and silicon substrate parameters to 
determine crystallographic oxidation rate anisotropy and dopant 
concentration independent oxidation at temperatures well below 
500°C. The “More-Moore” approach of geometrical scaling in 2D 
will soon come to a physical end and therefore new requirements 
related to the thermal budget occur. Additionally, the transition 
from 2D- to 3D-devices requires extremely conformal oxide 
growth. Both the low temperature and the conformal oxide growth 
will be demonstrated on test structures.  

Introduction 

Oxidation is a key process step in semiconductor device fabrication. Oxides are 
widely used in the production process as gate dielectrics, pad oxides, sacrificial oxides, 
screen oxides, protection oxides etc. Even though the used oxide thicknesses are getting 
thinner the thermal budget (roughly time at temperature) is generally not scalable with 
the thickness decrease due to the thermally activated oxidation process. But for future 
sub-32 nm logic device structures there is an upcoming requirement to decrease the 
oxidation temperatures continuously to minimize dopant redistribution, deactivation, 
boron depletion, and oxidant enhanced diffusion effects while oxidizing the silicon 
surface. The mechanical and electrical quality of the oxides must also be maintained. 

In the early 80’s low-temperature oxidation using plasma techniques was already 
intensively studied to reduce the thermal impact for small device structures and field 
effect transistor devices (1,2). Ray and Reismann replaced the standard thermal oxidation 
process by an RF generated oxygen plasma in the pressure range below 10 mTorr and 
showed field effect transistor devices with comparable characteristics to conventional 
thermally oxidized structures (1). The advantage was the lower processing temperature 
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below 600 °C, because of absence of defects and surface dopant depletion, and junction 
containment. Additionally the “bird’s beak” phenomenon was minimized. Various other 
methods were also tested at that time for low temperature oxidation utilizing microwave-
excited plasma oxidation (3) or ion oxidation with energies ranging from 100 eV to 200 
eV (4,5,6) or corona-discharge induced oxygen ion beams (7). All the used processes 
ranged from several minutes up to several hours of plasma exposure to grow the 
necessary oxide at substrate temperatures significantly below 600 °C. From a 
productivity point of view these processing times and the expected full wafer uniformity 
in the era of 300 mm wafers growing towards 450 mm are not adequate for today’s 
production schemes even though the techniques are highly desirable from a thermal 
budget point of view. 

The low thermal budget oxidation trend was already observed in 2006 and reported 
for memory devices like DRAM or non-volatile memories to improve the transistor 
performance (8). Due to scaling issues the conventional gate stack of “poly-silicon – 
tungsten silicide” is being replaced by “poly-silicon – tungsten nitride (WN) – tungsten 
(W)” because this sequence allows lower sheet resistance in combination with a smaller 
aspect ratio. Often W is now replaced by titanium (Ti) or tantalum (Ta) or their nitrides 
as lower resistivity materials. In this stack the WN acts as a barrier layer against 
silicidation during the subsequent thermal treatment. After deposition and gate stack 
pattern etching, state-of-the-art CMOS devices nowadays receive a selective gate re-
oxidation to anneal damage after reactive ion etch. Only the poly-silicon sidewalls are 
oxidised leaving the WN/W or WN/Ti sidewall unoxidized (8,9,10,11). During the re-
oxidation, penetration of oxidants into the structure has to be avoided because the re-
oxidation of the nitride layer leads to an increase of interfacial resistance. Therefore, 
ideally the re-oxidation should take place at room temperature. The plasma oxidation 
process at temperatures well below 400 °C is a potential candidate to replace the 
conventional high temperature processes. It fulfils the stringent requirements regarding 
thermal budget, selectivity, oxide growth (up to 80 Å), and process throughput. The low 
temperature plasma oxidation process below 400 °C can also be used to grow a 
protection oxide after ion implantation without dopant activation / deactivation / 
redistribution. The low temperature oxide prevents dopant loss during the subsequent 
millisecond or spike annealing activation process (12,13). 

In this article we present the latest data on low-temperature microwave-based plasma 
oxidation equipment (less than 400 °C) with new enabling features addressing the above-
mentioned technology requirements for the upcoming device nodes beyond 32 nm. 

Experiments

For the oxidation experiments p-type, 300 mm prime bare Si wafers of (100) 
orientation and 1-50 �cm were taken out of boxes shortly before processing and the 
native oxide was in the range of 10 Å. The wafers were processed in a centrotherm 
PLASMOXLT low-temperature plasma oxidation tool. In Figure 1 a cross sectional view 
of the process chamber is shown. The system consists of a specially designed low-
pressure microwave discharge unit above the substrate in a vacuum-sealed aluminum 
reactor. The microwave discharge unit (2.45 GHz) consists of an array of antennae which 
overlay the wafer and the silicon edge guard ring. The microwave power of each antenna 
is controllable in the range between 250 and 1500 W. Each microwave coaxial antenna is 
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encapsulated by a quartz tube and consists of an inner and a partly opened outer coax-
electrode. The quartz tube is filled with air at atmospheric pressure to suppress plasma 
between the electrodes and for cooling. At the end of the inner electrode a linear 
oscillator is working as an ignition unit for the plasma. The microwave coming from the 
generator is guided between the inner and outer coax electrodes to the ignition oscillator. 
The propagation of the plasma starts from the ignition oscillator to the specially designed 
opening of the outer electrode that provides very homogenous plasma in a large process 
window independent of the working pressure of the process gases. Also, the distance of 
the wafer to the microwave discharge array and the conductivity of the wafer have only a 
minor impact on homogeneity using this approach. 
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Figure 1: Schematic process chamber cross section of the low-temperature plasma oxidation module, PLASMOXLT.

The wafer is supported by quartz. The wafer support is designed for rotation during 
the process and the distance between wafer and discharge unit can be varied by a z-lift. 

An additional improvement for a uniform oxide growth over a silicon substrate (200 
up to 450 mm in diameter) at room temperature is achieved by individually controllable 
power of each antenna that influences the plasma density above the substrate. 

For most of the oxidations a mixture of oxygen and hydrogen was used, unless the figure 
captions note differently. The low-temperature grown oxides where measured on a 
Plasmos 3300 ellipsometer using a laser wavelength of 632 nm and a refractive index of 
1.465. Additionally, several samples were analysed by transmission electron microscopy 
(TEM) in conventional bright and dark field imaging conditions as well as in high 
resolution (HREM) mode. 

For plasma investigation a Langmuir experimental assembly replaces the wafer in the 
chamber and consists of an opaque quartz plate with holes. The cylindrical Langmuir 
probes (Pt wire of 0.3 mm diameter) penetrate 3 mm through the holes in the quartz plate 
towards the plasma discharge array. The ion density was derived from the voltage-current 
characteristics following a standard method. From the extracted ion concentrations the 
electron concentrations were calculated assuming that each individual oxygen ion 
provides one electron. With the Langmuir technique, the concentration of the singly 
charged oxygen ions were measured in several cases: 1. constant power and pressure 
varying the distance between probe and the plasma discharge array, 2. constant pressure 
and distance varying the plasma power, 3. constant plasma power and distance varying 
the pressure regime.  
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Results and Discussion 

The Deal-Grove thermal oxidation model describes the oxidation mechanism for 
temperatures higher than 600 °C (16). For plasma oxidation processes between 600 and 
800 °C the model describes the experimental results in a pure O2 down-stream 
microwave plasma (18) very well, but in this work the temperatures are much lower than 
400 °C. At such low temperatures thermal oxidation with activation energy of ~ 2 eV 
(17) is not possible due to the exponential decrease of oxidation rate with temperature. 
For plasma oxidation at temperatures from 100 °C up to 400 °C, a very small activation 
value of ~ 0.15 eV was determined (14). Therefore the physical mechanism supporting 
these high oxidation rates at these low temperatures seems to be comparable to the anodic 
oxidation mechanism as already proposed by Hasegawa et al. (14). At a 1 cm distance 
from the plasma array the measured microwave power is 5 mW/cm2 and therefore plasma 
charge damage is assumed to be negligible. 

Anodic oxidation can almost be considered as “plating” or field-driven growth. Our 
proposed description of anodic oxidation is based on the microwave plasma conditions. 
In contrast to the RF-plasma the microwave plasma generates very highly excited 
electrons and low excited, positive ions. The highly excited electrons form an “electron 
tunnel” around the plasma sticks and shield the wafer from direct microwave radiation. 
The electrons diffuse very quickly out of this spatially limited plasma zone (“electron 
cloud”) and charge the wafer surface with electrons. The negatively charged surface 
creates an electrostatic field in the growing silicon oxide film and acts like an external 
electrical field for anodic oxidation described in the basics of electrochemistry. 
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Figure 2: Electron concentration in an oxygen plasma at 260 mTorr versus radial distance of the wafer to the plasma 
stick array measured by a Langmuir probe. The microwave power of the individual plasma stick was set to 1000 W. 
The reduction of the electron density with distance is fitted by an exponential decay function. In the point of origin a 

cross-section of a plasma stick is shown with the center electrode (light grey) and a surrounding quartz tube. The 
decreasing electron concentration can be directly correlated to the decreasing oxide thickness seen in growth 

experiments. The Langmuir probe was laterally spaced corresponding to the individual sticks. 

The charged surface attracts the positive oxygen ions from the plasma (and possibly 
Si ions from the substrate) and drives the oxidation, even at very low temperatures. Field-
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driven oxidation is self-limiting if the local thickness of the film is high, the local field is 
lower so the growth rate is reduced and conversely, if there is a thin region, the field and 
growth rate will be higher. This effect leads to very uniform growth with excellent 
conformality regardless of crystal orientation or doping. 

Figure 2 shows the decrease of the electron concentration with the increase of the 
distance between the plasma array and the wafer as measured by Langmuir probing. One 
plasma stick is schematically shown at the origin of the diagram. The change in electron 
concentration is directly proportional to the oxide thickness i.e. the oxide thickness 
decreases similarly with increase of the distance between plasma array and substrate. The 
dependence of this oxidation rate on the distance can also be described by an exponential 
decay function. As the electron concentration in Figure 2 approximates towards a 
minimum concentration, also the oxide growth rate decreases, which means the oxide 
growth is mainly driven by oxygen radicals. At which distance the asymptotical 
approximation starts depends directly on the process pressure. For lower pressure the 
approximation to a saturation value takes place at longer distances compared to higher 
pressures due to the expansion of the plasma around the plasma sticks.  
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Figure 3: (a) Electron concentration in an oxygen plasma at a constant pressure of 260 mTorr versus plasma power 
(left y axis and lower x-axis) and (b) electron concentration in an oxygen plasma at constant power condition (1000 W) 

versus chamber pressure (right y-axis and upper x-axis). The distance between plasma array and Langmuir plate was 
for all conditions 24 mm and the Langmuir probes where located directly below the individual plasma sticks. The lines 

are to guide the eye. 

In Figure 3 the dependence of the electron concentration on the pressure for a close 
distance (24 mm) to the plasma array is shown in which the electron concentration 
decreases with increasing pressure at around 2000 mTorr below 1�1010 cm-3. This low 
electron concentration also has a strong influence on the oxide growth; leaving again 
mainly oxygen radicals as the basic driver for oxidation in this pressure / distance regime. 
Clearly different processing regimes with respect to anodic- or radical-based oxidation 
can be identified by changing the physical parameters like distance and pressure.

In case of distance, two extreme conditions can be identified. The plasma oxidation 
can be in “immersion” condition (anodic-based), with the small vertical distance small, or 
in “remote” condition (radical-based), with large vertical distance. The intermediate 
processing conditions are “immersion/remote-(im-mote)”, i.e. more or less anodic- or 
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radical-based. Similar processing regimes can be identified for the pressure variable. One 
important aspect is that one can easily and continuously switch between the anodic and 
radical oxidation modes during processing of the substrate. 

Additionally, Figure 3 shows the power dependence of the electron concentration. As 
expected, increasing the power of the microwave plasma array leads to an increased 
electron concentration at the substrate. Only for this data set we tested various distances 
between discharge array and substrate. For the following experiments 24 mm is always 
used with a 260 mTorr pressure, therefore the immersion condition and an anodic-based 
oxidation is ensured. 

0 50 100 150 200 250 300
0

1

2

3

4

5

6

7

8

9

10

11

O
xi

de
 th

ic
kn

es
s 

(n
m

)

Time (s)

 H2 / O2 Plasma
 O2 PlasmaNative Oxide

Figure 4: p-type (100) Si processed under a defined ambient (50% O2 / 50% H2) and pressure conditions (260 mTorr), 
the native oxide thickness is around 10 Å. The distance wafer - plasma array is 20 mm and the wafer rotates with 

30 rpm. The microwave power per plasma stick was set in average to 750 W. The lines are to guide the eye. 

Figure 4 shows the linear plot of the oxide thickness as a function of plasma 
discharge time t. The processing conditions vary slightly with respect to ambient. The 
mixture of oxygen and hydrogen at 260 mTorr show different growth behaviour, 
compared to pure oxygen. For all conditions the initial, extrapolated value of x0 ~ 20 Å at 
t ~ 0 s corresponds to an extremely rapid oxidation of the Si surface depending slightly 
on ambient and pressure. The native oxide value, measured prior to processing, is around 
10 Å. In general, the oxide layers increase with time, the growth rate slows down and the 
layer thickness tends to saturate as the oxide thickness growths i.e. with time. The 
oxygen-hydrogen plasma lead to a parabolic oxide growth behaviour on Si wafers. 
Processing in pure oxygen shows over the whole time range a lower oxide thickness 
compared to a 1 : 1 mixture of hydrogen to oxygen. The growth in oxygen ambient seems 
more linear with two different slopes. The growth slows also down for thicker oxides. A 
practical growth regime for both gaseous ambients is up to 120 s plasma treatment time 
giving up to 10 nm oxide thickness. 

In Figure 5 the high resolution transmission electron micrograph (TEM) confirms on 
one hand the optical oxide thickness measurement on the other hand shows an atomically 
smooth interface after a low-temperature plasma oxidation process. The TEM picture 
reveals that the interfacial Si/SiO2 roughness is remarkably good, on the order of one 
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atomic distance. This is an exemplary picture; the interface quality was confirmed on 
several spots over 300 mm Si wafers.  

c-Si

Si02

�-Si

Figure 5: TEM pictures to determine the measured oxide thickness and the interface roughness of the atomically flat 
Si/SiO2 interface. Process: 80 s, 100% O2, 260 mTorr, 750 W, tox = 5,1 nm, distance 24 mm,  
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Figure 6: Oxide thickness versus time with the boundary condition that the wafer temperature stays below 200 °C for 
p-type (100) Si processed under a defined ambient (100% O2, pressure conditions (260 mTorr), and power conditions 
(500 W). The native oxide thickness is around 10 Å. The distance wafer - plasma array is 20 mm and the wafer rotates 

with 30 rpm. No external heating was applied. The temperatures were measured pyrometrically and the peak 
temperatures are recorded during the growth runs. The line is to guide the eye. 
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Thermal budget reduction through Rapid Thermal Processing or Millisecond 
Annealing is key for keeping all the atoms in a device in their proper places during 
thermal processing of advanced devices for technology nodes larger than 45 nm and 
below. 

580 nm 

Figure 7: TEM pictures of a Shallow Trench Isolation (STI, aspect ratio  3.2:1) structure to determine the step 
coverage of the low temperature plasma oxidation process (80 s O2 plasma-on time at 260 mTorr, distance 24 mm). 

The step coverage is nearly 80%. The oxidation rate of the silicon as well as the Si3N4 areas is nearly the same. 

These lamp based techniques are essential for formation of many of the most critical 
structures in advanced devices. Thermal oxidation temperatures combined with the 
needed time to grow the oxide were continuously lowered to temperatures close to 
production worthiness for single-wafer systems. But further decrease in technology nodes 
beyond 22 nm means that thermal influences have to be greatly constrained to prevent 
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device degradation through undesired reactions like e.g. dopant deactivation (19), phase 
changes etc. This has stimulated adoption of single-wafer processing approaches towards 
very low-temperature processing with a reasonable throughput to address an increasing 
wider range of applications. Non-thermal energy sources, like the microwave source in 
the low-temperature plasma oxidation process, provide an alternative reaction path which 
may ensure future device stability and integrity. 

Figure 6 provides the proof that reasonably thick oxides with an excellent electrical 
quality can be grown at temperatures below 200 °C for the upcoming technology nodes 
beyond 32 nm and/or non-lateral device designs. The electrical data of these oxides will 
be published soon. Oxide thickness versus growth time is shown and the maximum 
temperature of the 300 mm wafer at the end of the growth process is denoted at each data 
point. Other growth conditions will give faster or slower rates but result in similar wafer 
temperature at the end of the process. 

Figure 8: TEM pictures and a HRTEM to determine the measured oxide thickness and the interface roughness of the 
atomically flat Si/SiO2 interface in a 17 µm deep trench. Process: 106 s, 100% O2, 260 mTorr, 24 mm distance, wafer 

temperature below 400 °C. The classical Bosch process often leaves typical corrugated sidewall profiles that often 
cause locally lower breakdown fields during high temperature oxidation due to non-conformal growth (reliability issue). 

The low-temperature grown plasma oxide demonstrates ideal side wall coverage. 
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For the upcoming 3D devices the two-dimensional uniform oxidation is crucial. The 
conformal, orientation-independent SiO2 growth was additionally tested on patterned 
wafers. In Figure 7 the TEM picture shows the shallow trench isolation (STI) structure 
with Si3N4 on top and an adjacent pad oxide of 10 nm. The visible notch (bird’s beak) in 
the STI structure is caused by under-etching during the reactive ion etch process. In 
principle the pad oxide provides a diffusion path for oxidation and gives rise to a growing 
notch. But the ability to plasma oxidize silicon at very low temperatures suppresses the 
oxidant diffusion in the layer and therefore inhibits a growing notch. This structure with a 
low aspect ratio of 2.5 : 1 was oxidized and the conformal oxide growth was measured to 
be 0.80 : 1 (side : top). The oxide is the white film along the STI structure in Figure 7 
(left side). The oxide growth is independent of the crystal orientation with an excellent 
conformality and corner rounding. This growth behaviour is significantly different from 
the crystal orientation-dependent thermal oxidation at high temperatures (15). The 
oxidation rate anisotropy of the low-temperature plasma oxidation process is very small 
compared to high temperature oxidation processes. 

In the same structure a reoxidation of the Si3N4 is visible (Figure 7, right side). The 
reoxidized layer is nearly of the same thickness as the oxide thickness grown on the Si 
area of the STI. The covalent bonds within the Si3N4 layer break under the influence of 
the plasma ions independently of the gaseous ambient. It is important to note that the 
reoxidation of Si3N4 also takes place at temperature much below 400 °C. 

Even in very deep trenches of 17 µm depth (aspect ratio 20 : 1) the excellent 
conformal growth process by low-temperature plasma oxidation can be demonstrated. In 
Figure 8 (left) the bottom area of the trench is shown and the white film (line) denotes the 
oxide layer. The oxide growth is similar at the top and the bottom area of the trench. The 
oxide film uniformly follows even the corrugated contour due to the Bosch etch process 
(Figure 8, right side). 

Conclusion 

CMOS device scaling will require extremely low-temperature processing (close to 
room temperature) or very high temperature/very short time processing as an enabling 
technology. Interface engineering, gaseous ambient control, topography control and 
reduction of parasitic resistances will become increasingly important as new device 
structures, especially 3D, and new materials are integrated in the process flow. In this 
paper we demonstrated a low-temperature plasma oxidation tool for low thermal budget 
(< 500 °C) oxidation of Silicon and Si3N4. The low-temperature grown oxides show an 
excellent dielectric isolation and the bulk properties are comparable to thermally grown 
oxides at temperatures much above 850 °C grown for several minutes. The breakdown 
strength improved considerably up to 10 MVcm-1 for leakage currents of around 
1�10-9 Acm-2. The detailed electrical data of the grown films will be published soon. The 
Si/SiO2 interface is atomically smooth and within the 3D structures, like deep trenches 
(17 µm), the oxide grows conformally with an excellent corner rounding. The 
PLASMOXLT module has special features like novel design of the plasma discharge array, 
independent power control of each antenna, wafer rotation and an in-situ alteration of 
reaction mechanism (plasma mode) by wafer elevation (z-lift). 
“More Moore”, “More-than-Moore” and 3D devices will be enabled by low-thermal 
budget processing. 
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