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Sensitive and Accurate Measurement of Interstitial Oxygen and Substitutional Carbon
in Single Crystalline Silicon by Multiple Transmission-Reflection Infrared
Spectroscopy (MTR-IR)
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Abstract: A new infrared spectroscopic measurement of interstitial oxygen and substitutional carbon in silicon wafers
at room temperature by Multiple Transmission-Reflection Infrared Spectroscopy (MTR-IR) has been established. The
superiority of MTR-IR to conventional IR has been analyzed first in principle by theoretical calculation and then
verified by practical measurements of single crystalline silicon samples. The advantages of MTR-IR over conventional
IR with a single normal incidence are: (1) The absorption bands of interstitial oxygen at 1 107 em™ and substitutional
carbon at 605 ¢cm™ can be enhanced linearly with the simplified transmission times (N) between 6 and 12, which
consequently extends the detection limit of oxygen and carbon at least one order of magnitude lower. (2) The strength of
interference fringes can be decreased for a 0.2 mm thin silicon slice by 23 times as that from the single normal
incidence and 11 times as that from the Brewster angle transmission respectively. (3) Not like the conventional IR
method, only collecting data from one sampling point at each measurement, MTR-IR collects data from multiple
sampling points in a longer sample for one measurement. Overall, both theoretical calculations and experimental
results demonstrate the high sensitivity, reliability, and reproducibility of the MTR-IR spectroscopy on the
measurement of impurities of interstitial oxygen and substitutional carbon of single crystalline silicon.
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0 Introduction

Silicon-based  semiconductor industry, as a
miracle in the human beings history, continues to
develop at considerably high growth rates already for
half a century. Recently, solar energy has been
recognized in common as an alternative sustainable
energy source due to the increased awareness of the
global energy crisis . Silicon solar cells have become
the most important photovoltaic products owing to the
sophisticated manufacturing technology and the
reliable cell quality. The quality control of silicon
materials is crucial to both semiconductor and solar
cell industries of silicon. During the Czochralski (CZ)
procedure in growing silicon single crystals for
semiconductor and photovoltaic industry, oxygen and
carbon are incorporated into the molten silicon to
different extents from the quartz crucibles and the
graphite heaters. As oxygen atoms can find sites
within the lattice structure among silicon atoms,
interstitial oxygen (Oi) appears. Moreover, carbon
atoms occupy positions generally taken by silicon
atoms in the lattice structure, and this kind of
impurity is defined as substitutional carbon (Cs)!'.
Interstitial oxygen and substitutional carbon are
the main forms of oxygen and carbon impurities
existing in silicon. Their different levels cause
different physical and electrical effects in silicon,
which have been extensively investigated and
correlated™*®. Although Oi in suitable concentrations
possesses an advantage to enhance the mechanical
strength of silicon because of its nailing for stretching
higher

concentrations will result in electrically active defects

of dislocation in the silicon lattice,
that decrease the performance of the devices. Thus a
gettering technique has been developed to decrease Oi
and avoid defects during the silicon crystal growth
procedure. High content of Cs affects the way Oi
nucleates and precipitates, as well as resulting in
softening and breakdown of electronic components™7.
Consequently, to control the silicon quality for high
performance devices, it is absolutely necessary to

monitor the content of Oi and Cs in silicon wafers

more accurately and sensitively.

Various techniques have been applied to
determine the content of Oi and Cs in bulk silicon.
These techniques consist of gas fusion analysis,
secondary ion mass spectrometry, charged particle
activation analysis and neutron activation analysis
etc., all of which are destructive, costly and time
consuming'". In addition, the above methods measure
the total content of elemental oxygen and carbon,
including Oi and Cs and other forms of oxygen and
carbon. Thus they are not specific for measuring the
concentration of Oi (atoms per cm’, abbreviated as c,
cm™) and of Cs

cm™). By contrast, infrared analysis is specific to cg;

(atoms per cm’, abbreviated as cg,

and c¢ in silicon. Silicon atoms form bonds with the
adjacent oxygen atoms (Si-O-Si) and carbon atoms (Si-
C) in the lattice structure """ The interstitial oxygen
is in the form of Si-O-Si, giving three vibration peaks

centered at 1 107 cm™

and 1 718 em™

bands, the strongest one at 1 107 ¢cm™ is usually used

(strong), 513 cm™ (medium)
(weak) respectively. Among the three

[14-16]

to determine c; The substitutional carbon in the

form of Si-C gives a vibration band at 605 cm ™.
However the Si-C band overlaps with the strong
(Si-Si) at 605 cm ™, which
renders the measurement of c¢ delicate. The amount

of light absorbed by Si-O-Si and Si-C is proportional

silicon lattice vibration

to the concentration of atoms forming the bonds. Thus
their corresponding infrared bands are measured and
manipulated to quantitate ¢q and cc. respectively. The
calculation procedure is composed of subtraction of a
reference (free of Oi and Cs) absorption band from a
samples band, and subsequently calculation of ¢ and
¢ using the following formulae generally.

A=ab a=ec

where A is the measured absorbance; & is the
absorption coefficient of a particular bond, ecm% b is
the thickness of the sample, ¢m; ¢ is the concentration
of the impurity, cm™.

The IR method for the levels of Oi and Cs can be
carried out at ambient or low temperature. Although
the latter is more accurate than the former, it is costly

and time consuming to handle the measurement at the



B /N A5 22 YRS S5 S5 0 A 5 i v 2RIV o s 0 Sk P ik v 1) R SN

2

AR R 9 5

353

cryogenic temperature. Furthermore, the reflection loss
of infrared light at both cryostat windows outweighs its
advantages!""?.

The room temperature IR method for cq and ce,
measurements is most commonly used in industry
because it is easy and simple to operate. Generally
the presently accepted standard method used in
industry for ¢y and ¢ measurements is restricted to a
silicon slice with a thickness of 2 mm and a diameter
of the infrared beam by a one-time perpendicular
transmission of the infrared beam (we name it
“conventional IR”). The detection limits of ¢y and ¢,
for a 2.0 mm thick single crystalline silicon are 1x10'
and 5x10" ¢cm™ respectively™*. The above quantitative
analysis meets challenges in practice such as: 1)
measurement errors become larger when ¢y and ce
reach their own detection limits, 2) interference
fringes from thin wafers below 0.3 mm thickness
the

interfere target

transmission measurement approach in a spot provides
a localized spectrum with poor specimen statistics,
compared to the multi-spot data collection in MTR-IR.
Our newly developed MTR-IR (Scheme 1) provides an
excellent quantitative approach for analysis of cq and
¢e, due to its up to one order of magnitude
enhancement of infrared absorption signals on the
the IR

measurement™. In this letter, we applied the MTR-

same silicon slice from conventional
IR spectroscopy in analysis of cq and c¢c, of 0.45 mm
thick silicon wafers. Our MTR-IR method greatly
improves the measurement sensitivity and accuracy,
for example, reaching detection limits of ¢y at 1x10%
em™ and cq at 5x10™ em™ for the standard silicon
specimens with a 2.0 mm thickness, which is one
order of a magnitude lower than from the standard

method. MTR-IR

fringes of thin wafers greatly, and advances the

also attenuates the interference

band signal, 3) the single representativeness of data collections.
—= —= = gold mimor
bt ——— — - =
gold mirror

The incident light, depicted with arrows, transmits the silicon chip N times and reflects on two gold mirrors N times too, finally reaches the detector.

The parameters used in the calculation are marked: b, the thickness of the chip; 6, the Brewster incidence angle of 74°; by, the optical path at the

Brewster incidence” >,

Scheme 1
1 Experimental

1.1 Substrates
Double-side-polished and (100) oriented n-type
silicon wafers (B doped, resistivity of 15 -cm (CZ)
and 3 000 Q-cm (FZ) respectively, 0.45 mm thick,
from Shanghai Junhe Electronic Materials Co. Ltd.,
China) were cut into rectangular shapes (16 mm x 50
mm) for infrared analysis. CZ silicon wafers were used
as samples and FZ as reference to measure the
impurity concentrations of Oi and Cs respectively.
1.2 Wafer cleaning
Silicon  wafers cleaned with “piranha

solution” (concentrated H,SO,/30%H,0,, 3:1, V/V) for
4 h

were

(caution: piranha solution reacts violently with

Scheme of the MTR-IR optical path

organic materials and should be handled with great
care) to remove organic pollutants, followed by boiling
in the mixture of NH;+H,O/H,O/H,0, (1:1:1, V:V:V)
for 30 min, then cooling to room temperature, rinsing
with water, and storing in water. Silicon samples were
immersed in 1% HF for 5 min to eliminate the native
passivation silicon oxide layer, and dried with a
stream of nitrogen just before the measurement.
1.3 Measurement

The optical setup was designed to adapt to any
commercial FTIR spectrometers, which is Bruker 80v
FTIR, in our case. MTR accessory with a Brewster
incident angle of 74° was used. Unless specified, a
DTGS detector and scan times of 100 at 4 cm ™
measurement the

resolution were used for over
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wavenumber range from 400 to 4 000 ecm™.
The silicon sample was inserted between the two
of the

protruding about 5 mm out of the incident spot, in

Au  mirrors, with one end silicon slice
order to make sure that the first incidence shot was on
the silicon surface. The two guiding mirrors can be
moved back and forth to get the maximal luminous
flux in the DTGS detector. The incident angle was
controlled at 74° by a micro-adjuster with a minimal
angle scale of 0.225.

The whole measurement procedure was performed
according to ASTM F 1188 and ASTM F 1391122
Eight random samples from different batches were
used. Each sample was measured successively 4 times
by MTR and IR by slightly relocating the Si wafer
each time in order to measure different sampling
points. Therefore for each sample, 4 different sampling
points were measured by IR, whereas 40 different

sampling points measured by MTR-IR if NV equals 10.
1.4 Theory/calculation

1.4.1 Comparison of computation models for
conventional IR and MTR-IR
1.4.1.1 Conventional IR method

In the conventional IR method, the normal incident
light passes a Si wafer (for convenience, a slightly
oblique incidence is drawn in Fig.1), the transmittance

can be expressed as in Eq.(1) and (2)*#,

(1-R)’exp(-ab)

where T is the transmittance of normal incidence,
% ; R is reflectivity; n is refractive index; o is
wavenumber, cm™; ¢ is the phase change due to the
interfering multiple reflections on the boundaries of
the sample.
1.4.1.2 Brewster angle single incidence

The expression of Ty for the single Brewster

incidence refers to Eq.(3)™.
1 1
TB = Texp(—ab[;)+2*

(1-R)%exp(-ab) 3)
1+R “exp(-2ahg)-2R cos(2)exp(—aby)

where Tj is the transmittance of the Brewster

angle single transmission, %; R, and R, indicate the
reflectance of s- and p-polarization respectively; the
first (R,=0) and the second term (R, has a value) in
the formula represent transmittance energy of p-
polarization and s-polarization respectively, because
the total transmittance energy equals the sum of p-
polarization and s-polarization (p- or s-polarization
holds 1/2 of the original light energy); the phase change
introduced by the interfering multiple reflections on the
boundaries of a silicon is considered.

1.4.1.3 MTR method®”

The light path of the computation model for
MTR-IR refers to Scheme 1. Comparing Scheme 1 to
Fig.2, we observed that two gold mirrors enforce the
light transmit through the silicon slice N times and

simultaneously taking away the message of oxygen and

T= 3 @
L+R%exp(-2ab)-2Rcos(2p)exp(-ab) carbon of the silicon sample. The optical path in the
W = 2mnbo (2) MTR-IR setup of Scheme 1 is N times of by at the
T to detector

¢4 4

incidence

Fig.1  Light path of computation model for IR
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Fig.2 Light path of the computation model for Brewster angle single transmission

Brewster incidence. For simplicity, only the main light
path is drawn in Scheme 1 with N=6, all other light
paths by multiple reflections in the MTR setup are
(Tyiw) 1

(See supporting information for

ignored. The transmittance for MTR-IR

deduced as follows
details of derivation of the formula of MTR-IR):

_ GXQ(—OlobM'rR) R
2 Au

TMTR-O -

(I-R.) N
[1+( 1+R 2exp(=2aobg)—2R cos(2iro)exp(—cobp) T

_ eX[}(—achIR} R%N-l
2 Au

4)

TM]'R—O -

(1_R5)2 N
[1+( 1+R Zexp(—2ach ) -2R cos(2ip Jexp(—achy) ' ®)

where Ty is the transmittance of MTR, % ;R 4, is

the reflectivity of gold; bymy is the optical path through
a silicon sample in the MTR-IR measurement, cm.
1.4.2  Theory of signal enhancement of MTR-IR

IR method for

measurement of cq and cc, is to place a 2 mm thick

Presently, the conventional

1Mo

Absorbance

MTR-sample

IR-sample

single crystalline silicon slice normally (or within the
margin of error of a slightly oblique angle <10°) in
the light path. The sampling length equals to the
thickness of the slice. The illuminated area is a circle
with a diameter of the light spot, so the resulting ¢
and ¢, just represent the impurities within a cylinder
with a diameter of the light spot (depending on the
aperture) and a height of 2 mm. Whereas in the MTR-
IR setup, the infrared light reflects back and forth
many times between two gold mirrors and
simultaneously passes through the sampling silicon
slice repeatedly and takes away the information of Oi
and Cs by the resonance of Si-O-Si and Si-C bonds.
So, the optical path is N (1 +1/n%)"* times of the
thickness of a silicon wafer (b), and correspondingly
the absorbance is amplified N(1+1/n)" times™.

At the Brewster angle of 74, when R =0, R.=0.70,
R\.=1, the phase change of p polarization light =,

the following formula can be deduced from Eq.(1) and

Cs, 605

0i, 1107

oo

T T
3000 2500 2000

T T 1
1500 1000 500

Wavenumber / cm™!

Length of the sample is 50 mm, n=3.42, N=10, =0.045 cm, 6=74°.

“MTR-sample” denotes the spectrum of a sample measured with

the MTR-IR method; “IR-sample” indicates the spectrum of the same sample measured with the conventional IR method

Fig.3 Comparison of Oi and Cs spectra for MTR-IR and conventional IR
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by = Nb(1+717)1/2 ©)
A IR = ab
A, b
Avirar = by = % = aa% =
1
aNb(1+— )" _
o M) ™)

From Egq. (6), the sampling length is enlarged
N (1 +1/n%" times, assuming the recorded infrared
spectral signal comes from the main optical path
illustrated in Scheme 1, and all other infrared signals
are ignored. The infrared light passes through a
silicon slice NV times in different regions, thus the
collected signal is an integrated one of the whole
optical path, physically and statistically representing

Oi and Cs in the silicon slice better.
2 Results and discussion

2.1 Comparison of infrared traces between the
conventional IR method and the MTR-IR
method
We listed two spectral traces of the same sample

in Fig.3, where the upper trace was obtained from

MTR-IR and the lower trace from the conventional IR.

All bands bear the same shape but their absorbance

strength in MTR-IR is much higher than from IR,

especially for the two strongest bands of Oi at 1 107

em™ and Cs at 605 cm™. From the view point of

quantitation, the bigger the absorbance value, the less

the measurement error of Oi and Cs. Consequently c;

and c¢q are more accurate and will have a lower

detection limit. Because the absorption of Cs at 605

cm ™' overlaps with the strongest absorption of the

silicon lattice vibration (Si-Si) centered at 610 cm™, a

FZ silicon reference is needed to subtract the silicon

lattice vibration. Further, the real advantage of MTR-

IR over the conventional IR not only lies in its ability

to measure the spectra of Oi and Cs with stronger

signals, but also with more sampling points for robust
and representative measurements.
In Fig.3, the peak height ratios of Oi and Cs

(MTR-sample/IR-sample) were measured to be ~10

and ~8 respectively. Generally speaking, cc. is more
difficult to be measured than ¢ using the conventional
IR method, due to two factors: (1) It is very tough to
extract the much smaller Si-C peak from the strong Si-
Si lattice band and therefore artificial results are often
derived individually, thus an accurate quantitation is

(2) The Cs level in single

crystalline silicon is always an order of magnitude

nearly impossible.

lower than that of Oi. Judged from the signal
enhancement, it is possible to extend the limit of
detection of co; at 1x10" to 1x10"” em™ and cc. at 5%
105 to 5 x10" cm ? for a 2.0 mm thick single
crystalline silicon.

We randomly chose 8 samples to measure their
coi and c¢c, both by the conventional IR and the MTR-
IR methods, for verification of the MTR-IR method by
the correlation curve in Figd4a and 4b (calculation
details please see Supporting Information: 2. Data
calculation). As it can be seen in Fig.4a and 4b, both
coi and ¢ are linearly correlated. The linear

relationship of both ¢y and ¢ proved the
measurement accuracy of the MTR-IR method for
determination of ¢ and ¢, in single crystalline silicon
materials.

The interference fringes become much stronger
when a silicon wafer thickness is close to the infrared
wavelength. The fringes are well recognized to
interrupt the IR measurement, they obscure the weak

features of the spectra, as well as reduce the accuracy

115x10"*
114x10"%
113x10%
112x10"

MTR-IR

L11x10% .
> 110x10%
~5109x10"%-
Q .
108x10% »
07108  =m
106x10®

mn

)

cm’

T T T T

T T 1
1.18x10'® 1.22x10"®  1.26x10"®

¢, (em?) in IR

T T
110x10"®  1.14x10%®

c0=3.14x10"xe, (cm )P

Fig.4a Oi concentration at 1 107 em™ for eight samples

measured by MTR-IR vs conventional IR
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Fig.4b Cs concentration at 605 cm™ for eight samples
measured by MTR-IR vs conventional IR

of quantitative analysis. Both IR and MTR-IR are able
to measure a silicon slice with a thickness above 0.3
mm because the multiple beams resulted from
multiple reflections and transmissions are out of phase
and thus these beams

generate  neglectable

interference fringes™.

However, when the sample thickness is less than
0.2 mm, the interference fringes become more obvious
and cannot be ignored when measuring Oi and Cs.
The amplitude of interference fringes depends on the
interaction mode between the incident light and the
sample. Eq.(1), (3) and (4) are used to calculate the
transmittance of three modes respectively: normal
incidence, Brewster angle single transmission, and
MTR. For the Brewster angle incidence, Ry is equal to
0, while Rs is 0.70. Obviously the oscillation of
transmittance is derived from the phase change of i,
thus the p-polarization does not cause any oscillation
of transmittance at the Brewster angle incidence. In
(1), the whole term affects the amplitude of oscillation,
while in  (3) and (4), the second term bearing the
phase change of ¥ becomes weaker and weaker when
N increases. Therefore the amplitude of oscillations
must be reduced with increasing N. In Fig.5, the
variation of oscillations caused by phase change () is
shown for the normal incidence, the Brewster angle
single transmission, and the MTR mode respectively.
The amplitude of the oscillation is 0.058 for the
(7), 0.029 for the Brewster angle

normal incidence

1300 1250 1200 1150 1100 1050 1000
Wavenumber / cm'!
With assignment of n=3.42, £=39.5 em?, 5=0.02 cm, b;=0.020 8
cm, byp=0.166 4 cm, 6=74°, N=8
Fig.5 Theoretical simulation of the transmittance

oscillations as a function of the wavenumber
o calculated from Eq.(1), (3) and (4),
corresponding to the normal incidence,
the Brewster angle single transmission

and MTR respectively

(Ty), and only 0.002 5 for the
MTR-IR approach (Tyg). In this case, theoretically

single transmission

compared to the normal incidence, the Brewster angle
single transmission reduces the oscillation amplitude
by a factor of 2, whereas, the MTR setup reduces the
oscillation amplitude by a factor of 23. The above
theoretical analysis demonstrates the overwhelming
advantages of the MTR setup for measuring ¢ and c,
in a thin silicon slice.

To prove the theoretical calculation, we recorded
the spectra of a 0.20 mm thin silicon wafer in Fig.6
with normal incidence

(bottom trace as “normal

incidence”), Brewster angle single transmission
(middle trace as “Brewster angle single transmission”)
and MTR (upper trace as “MTR”) respectively. From
the three curves, it is easily observed that interference
fringes appear heavily for the normal incidence,
moderately for the Brewster angle single transmission,
and negligibly for the MTR. The interference fringe
of  MTR/Brewster

transmission/normal incidence are close to 20:2:1 in

strength  ratios angle single
most regions.
From Fig.6, not only the interference fringes in

MTR-IR are greatly attenuated, the target signals in
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Brewster angle single transmission

T T T T 1
1200 1000 800 600 400
Wavenumber / cm™!

With a sample length of 5 em, n=3.42, N=8, =0.02 cm, by=
0.020 8 cm, by=0.166 4 cm, 6=74°

Fig.6  Experimental results of interference fringes
corresponding to normal incidence, Brewster

angle single transmission and MTR respectively
the region of 400 to 1 200 cm™ are also significantly
magnified. Thus the signal to noise ratio is enhanced
several orders of magnitude higher in MTR for much
thinner silicon slices less than 0.3 mm thickness. The
use of a thin silicon wafer can decrease the sampling
volume, save the cost of an experiment, and fits the
requirements of the solar energy industry. From both
the theoretical calculations of Fig.5 and the

experimental spectra of Fig.6, obviously the currently

0i, 1107
=12
N=11

Absorbance
Detection limit of Oi / cm™

T T T T T T T ]
1300 1200 11001000 900 800 700 600 500
Wavenumber / cm™*

used standard IR method is not suitable, whereas
MTR-IR is much more powerful for measurement of
Oi and Cs in a thin silicon slice less than 0.3 mm
thick. That is also why MTR-IR is needed urgently for
the silicon solar cell industry.

Finally, we present the evolution of 7 infrared
traces against NV in Fig.7a. We have demonstrated the
linear relationship of the absorbance strength of a band
against the number of simplified transmission times (V)
in our previous report .. Since the detection limit of an
analysis method depends on the signal to noise ratio.
For the measurements of Fig.3 and Fig.7a, their
baselines are flat enough, therefore, we can assign the
spectral noise from 0.3~2.0 mm thick silicon samples to
the instrumental noise, which possess the same value.
With this hypothesis, we can deduce the detection
limits of Oi and Cs, shown in Fig.7b, at different N from
6 to 12 by dividing the standard detection limits with
the peak magnification times of MTR/normal incidence
(peak height of Oi or Cs in Fig.7 /peak height of Oi or
Cs in IR-sample in Fig.3). It is observed that our MTR-
IR method significantly improves the detection limits of
co and c¢ for the standard 2.0 mm thick single
crystalline silicon, reaching c; and ¢, at 1x10" and 5x

10" em?, respectively.

2 4 6 8 10 12
10.1x10% - - - : oo
10.0x10'5{ ~—mu ’
9.9x10' [5.2¢10% o,
9.8x10%] s~ Fs.0x10% 2
9.7x10% Lasxi0 S
9.6x10% Fa6x108 2
9.5x10'5 B! E
1.5x10' —n F1.5x10% ‘g
1.0x10% 4 P : e e FLOXIOE F
0.5x10'5 *oxow L Fsxaoe g

0.0 Lo a
|
IR MTR-IR
Method

(a)  With the length of a silicon slice 50 mm, n=3.42, 6=0.045 cm, 6=74°

Fig.7 (a) Variation of the absorbance of Oi and Cs in silicon wafers vs N from the MTR setup (b) Comparison of the limit of

detection of c¢(; and ¢ in silicon wafers measured with IR and MTR-IR

3 Conclusions

In conclusion, our experiments confirm that the
MTR-IR method can reach a higher sensitivity and
better spectral quality than the most commonly used

conventional IR. The signal of the Oi peak at 1 107

cm™ obtained by MTR can be enhanced 10 times than
by the conventional IR method, the one of the Cs
peak at 605 c¢m ™' 8 times. The MTR sampling
length is N (1 +1/n%)" times long as the one in the
conventional IR, thus the measured cq and cq are

more representative. Since MTR-IR reduces the
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interference fringes greatly for silicon slices with a
thickness thinner than 0.3 mm, it will be the most
powerful tool to characterize the ultrathin silicon
wafers and therefore the portable and foldable silicon
devices. Due to its simple operation, MTR-IR satisfies
the practical needs in industrial applications,
especially for semiconductor and silicon solar cell
industries.

Several parameters still need improvement in
further works. For example, the theoretical equations
are deduced from the main light path, neglecting other
multiple reflections and transmissions on silicon and
gold mirrors. The MTR formulas still need more
experimental data for calibration.

Considering the conclusion above, we believe
that the MTR-IR method will be established as a
standard method for measurement of interstitial oxygen
silicon

and substitutional carbon for crystalline

materials.
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