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Introduction

Most silicon wafers used in the production of semi-
conductors are cut from single crystals grown by the
Czochlarski (CZ) method. During the growth process,
oxygen and carbon are introduced into the molten silicon
to varying degrees from the quartz crucible and the
graphite heaters. As the ingot is pulled from the melt and
the silicon solidifies, these impurities become incorporated
into the crystal lattice. Because the carbon atoms occupy
sites normally taken by silicon atoms in the lattice struc-
ture, this type of impurity is classified as substitutional. In 
addition, the oxygen atoms can find positions within the
lattice structure between the silicon atoms, forming what
are called interstitial impurities.

Different levels of interstitial oxygen (Oi) in the silicon
have been correlated with varying effects, both physical
and electrical. The need to control these effects leads to
the need for monitoring the concentration of Oi [Oi] in the
wafers used to fabricate devices. Although no direct effects
of the substitutional carbon (Cs) have been proven, many
experiments suggest that Cs affects the way the Oi behaves
when silicon is heated, such as in typical silicon-processing
temperature cycles.

The Oi is present in a gas/solid solution, which can
undergo changes when heated. Oxygen is dissolved in
molten silicon above the melting point (1,410 ºC). As the
silicon cools to ambient temperature, the oxygen becomes
trapped at concentrations too high for a stable solution at
this temperature, creating a super-saturated state. There is
then a tendency for the Oi to precipitate out of the silicon
as SiOx when heated to temperatures that allow the oxygen
some mobility. Substitutional carbon may form the centers
for these precipitates to begin accumulating. As the 
oxygen comes out of solution, it can form electrically
active defects that affect the characteristics of the devices 
fabricated on these wafers. Certain types of oxygen 
precipitates have been theorized to “getter” heavy metal
impurities. In drawing these impurities away from the
device regions of the wafer, a “denuded zone” can be
formed that has superior qualities for device construction.

Historically, a number of techniques have been used to
monitor [Oi] and the concentration of Cs [Cs] in bulk 
silicon. These include gas fusion analysis, mass spectrometry,
charged particle analysis and neutron activation analysis,
all of which are destructive, costly and time consuming.
Because they are all methods that detect the elemental 
carbon and oxygen, they are non-specific and can be in
error if carbon or oxygen is present in any other form.

The chemical nodes formed between silicon and these
impurities can also be analyzed using infrared spectroscopy,
which has none of the disadvantages noted above and is
very specific to the [Oi] and [Cs] in silicon.

Infrared Analysis of [Oi] and [Cs] in Silicon

Silicon atoms form bonds with the carbon atoms (Si-C)
and oxygen atoms (Si-O-Si) in the lattice structure.
Infrared spectrometry uses light of wavelengths (2-25 µm)
to irradiate the sample. Silicon is transparent to these
wavelengths, and as the light passes through the sample,
chemical bonds in resonance with a wavelength can
absorb a portion of the light. The amount of light
absorbed is proportional to the concentration of atoms
forming the bond, and thus is measured and used 
to quantitate the concentration. In infrared spectroscopy,
it is more convenient to represent the wavelengths as 
frequencies with the units cm-1 (frequency = 1/wavelength).
In these units, the Oi absorption is centered at 1107 cm-1,
and the Cs absorption is centered at 605 cm-1 (Figure 1).

The silicon crystal also gives rise to some unique
absorptions in this region for the lattice bonds (Si-Si).
These have been well characterized by studying the spectra
of FZ silicon. FZ silicon is silicon that has been purified to
remove (or greatly reduce) the Oi and Cs impurities.
These absorbances can be used to determine the thickness
of the sample (Figure 2).

Figure 1: Spectrum showing the Oi and Cs absorptions in silicon. The 
spectrum of a float zone (FZ) reference has been removed to facilitate the
viewing of the baselines around the peaks of interest.



The FZ refining method is performed by passing the
ingot through a furnace having different temperature
regions. This silicon is heated to near melt in one of these
regions, and the zones are moved along the ingot to
“sweep” the now mobile impurities to one end of the 
crystal. This process is repeated a number of times to
improve the purity of the silicon. The vacuum float zone
(VFZ) method performs the process in a vacuum to aid in
the removal of gaseous impurities. In both methods, the
more passes performed, the lower the concentrations of
the impurities.

An FZ silicon reference is needed because the Cs
absorption occurs at the same locations as those of the
strongest absorption from the silicon lattice (Figure 3).
The TO + TA phonon (sometimes referred to as the “two

phonon band”) of 
silicon is centered at
630 cm-1 and makes
the measurement 
difficult because of the
lower signal-to-noise
ratio in this region of
the spectrum and the
relatively low concen-
trations of carbon

present. A phonon present in the oxygen region (TO + TO
+ TA or “three phonon band”) at 1118 cm-1 is much less
intense. This absorption imparts a non-linear baseline
below the Oi peak and is removed by the use of the FZ 
silicon reference (Figure 4).

Beer’s Law expresses the relationship between concen-
tration, sample thickness and absorption as follows:

A = a • b • c

where:

A = the measured absorbance
a = the absorptivity of a particular bond
b = the thickness of the sample
c = the concentration of the impurity

This equation shows that a linear relationship exists
between concentration and absorbance (Figure 5) for a
known thickness. Assuming that the impurity levels are
negligible, the concentration of silicon is considered to be
unity, allowing the phonon bands to be used to calculate
the thickness (Figure 6).

The following American Standard Test Methods (ASTM)
documents address these analyses:

ASTM Designation F120 – Infrared Absorption Analysis 
of Impurities in Single Crystal Semiconductor Materials

ASTM Designation F121 – Interstitial Atomic Oxygen 
Content of Silicon by Infrared Absorption

ASTM Designation F123 – Substitutional Atomic Carbon 
Content of Silicon by Infrared Absorption

ASTM Designation F951 – Test Method for Determination 
of Radial Interstitial Oxygen

ASTM Designation F1188 – Test Method for Interstitial 
Atomic Oxygen Content of Silicon by Infrared
Absorption

ASTM Designation F1189 – Test Method for Using 
Computer-Assisted Infrared Spectrophotometry to
Measure the Interstitial Oxygen Content of Silicon Slices
Polished on Both Sides

ASTM Designation F1391 – Test Method for Substitutional
Atomic Carbon Content by Infrared Absorption

Figure 2: Spectrum of a FZ silicon reference. The labeled features are 
attributed to the different lattice vibrations in silicon. TA = transverse acoustic,
TO = transverse optic, LA = longitudinal acoustic and LO = longitudinal optic
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Figure 4: Spectra of silicon in the region where the absorption due to Oi
occurs: A) CZ silicon with 30 ppmA carbon; B) FZ silicon with an undetectable
amount of oxygen; C) Difference spectrum showing the absorption due to
oxygen without the silicon phonon interference.

Figure 3: Spectra of 
silicon showing the
region of the Cs 
carbon feature: A) CZ
silicon with 1 ppmA
carbon; B) FZ silicon
with undetectable
amounts of carbon;
C) Difference 
spectrum showing
the carbon absorption
without the interfering
silicon phonon
absorption.

Figure 6: Spectra from silicon samples of various thicknesses: A) 2.00 mm; 
B) 1.50 mm; C) 1.00 mm; D) 0.50 mm

Figure 5: Spectra of the Oi peak at various concentration levels: A) 40 ppmA; 
B) 30 ppmA; C) 20 ppmA; D) 15 ppmA. All levels are expressed in ASTM-79 
concentrations



These documents are geared to the analysis of a
specifically defined sample. The definition of the sample is
a 2 mm-thick wafer, which has a resistivity greater than
10 Ω-cm and is lapped to a mirror finish on both sides
(double-side polished). These limitations are partially due
to the types of infrared instruments available at the time
the original analyses were optimized. The modern Fourier
transform infrared (FT-IR) spectrometers have much better
performance specifications allowing the analyses to be 
performed on production wafers. Combined with the use
of advanced mathematical algorithms, this process yields
rapid and reproducible results on standard wafers (Table 1).
Careful implementation of the quantitative approach is
required to be assured that the published calibration 
constants are still valid for the non-ideal sample case. 
By implementing a step-wise procedure that mimics the 
individual steps described in the ASTM methods, Thermo
Scientific Nicolet™ ECO™ software can be shown to comply
with these published procedures, while removing all the
operator-related errors by automating many of the required
steps in the methods.

ANALYSIS PRECISION TIME

Oxygen [Oi] ±0.1 ppmA 30 sec.
Carbon [Cs] ±0.2 ppmA 100 sec.

Table 1: Reproducibility of Determinations

The need for 2-mm double-side polished samples has
been overcome. However, there is still a need to control
the resistivity to a level above 1 Ω-cm because the portion
of the silicon spectrum used to calculate thickness and 
carbon becomes opaque to infrared radiation much below
this value. Interstitial oxygen can still be determined at
lower resistivity levels, but the thickness must be measured
externally to the system and entered at the time of analysis.
Due to the location of the Cs absorption, carbon determi-
nations are not usually possible in low-resistivity samples.

Calculation & Calibration

The ASTM methods call for the sample spectrum to be
acquired relative to an FZ silicon reference. The spectrum
of FZ silicon contains all the absorbances of the silicon
lattice, allowing them to be removed from the sample
spectrum. Baselines are then fit into the resulting spectrum
below the peaks, and the quantitative amounts are 
calculated from the Beer’s Law relationship shown above.

The Oi concentration of FZ silicon is undetectable by
infrared spectrometry, but the concentrations of Cs are
still high enough in many types of FZ silicon that the
determination of this impurity in standard samples is
affected. The analysis of many samples with varying low
levels (below 1 ppmA) of Cs can be used to extrapolate to
the point of undetectable levels. This yields an enhanced
spectrum of FZ silicon that can be used to analyze any
sample of CZ silicon without erroneous results. The
Thermo Scientific Oxygen & Carbon analysis package
incorporates this enhanced FZ silicon reference, allowing
for lower levels of carbon to be determined than is 
possible with commercially available FZ silicon samples.

In the computerized determination, each of the 
component concentrations and the thickness are calculated
using least squares methods referenced to the calibration
spectra used in generating the model. Each component
concentration and thickness are analyzed independently
using integrated absorbances over frequency intervals in
the spectrum. The calculation can be further refined to a
specific level of resistivity and backside damage by factoring
in a sample spectrum of a representative CZ wafer of
known thickness and impurity concentrations. References,
interferences and baselines are known before the sample
spectrum is acquired, so most of the time-consuming
mathematics is pre-calculated. At the time of data collection,
only the sum of the products of the integrated sample
absorbances must be preformed, yielding a rapid analysis.

Further calibration of this technique to agree with an
“accepted” alternate type of analysis is performed by
applying a leveling correction to any or all of the results
calculated by the algorithm. Only the final calculated 
concentrations are reported.

An additional benefit from the least squares evaluation
of the Oi is the ability to extract the Oi information from
the data in the presence of precipitated oxygen in the 
sample. This offers a new capability to monitor the
change in [Oi] in the sample after it has been annealed to
force precipitation and formation of the denuded zone.
This change in [Oi] can be used to estimate the amount of
precipitated oxygen in the sample. Normal peak height
determinations outlined in the ASTM procedures cannot
be used to accurately predict the [Oi] after precipitation
due to the overlap of the absorption bands associated with
these different Si-O species.

Calculation of the [Oi] is accomplished by multiplying
the normalized absorbance by a conversion coefficient.
Several conversion coefficients are currently in use, including
DIN or “new ASTM”, “old ASTM” and JEIDA. Because
of the diversity of values, it is desirable to identify the one
used when reporting the [Oi]. Our software suite offers all
the standard conversions listed above and a user configurable
conversion to meet any future changes in this analysis.

Conclusion
The use of Fourier transform infrared spectrometry for the
determination of [Oi] and [Cs] levels in silicon is rapid,
precise, non-destructive, non-contact and relatively 
inexpensive. With ECO application-specific software 
tailored for customer operation, these determinations can
be performed with little knowledge of the theory of the
instrument involved. Wafers of varying resistivities, back-
side damages and thickness can be easily analyzed. This
affords the device engineers and operators in the fabrication
lines a powerful technique to aid them in the production
of semiconductor devices without the need for the 
spectroscopy “expert” to perform the analysis.
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