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FOREWORD

This report describes an in-house study conducted by personnel of
the Laser and Optical Materials Branch, Electromagnetic Materials Division,
Materials Laboratory, Air Force Wright Aeronautical Laboratories, Wright-
Patterson Air Force Base, Ohio 45433 under Project No. 2306, Task No.
2306Q1, Work Unit 2306Q106. The report covers work performed during the
period January 1981 to September 1982. The report was released by the
authors on 15 November 1982.

The authors wish to thank Mr. Robert C. Marshall of the Rome Air
Development Center (RADC/ESM) for his helpful suggestions and participa-
tion in defining this cooperative program between AFWAL and RADC. We
also thank Mr. David A. Walsh and Mr. Robert Bertke of the University of
Dayton Research Institute for the sample cutting and polishing.
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SECTION I

INTRODUCTION

The U.S. Air Force has a strong interest in silicon as a semi- !
conductor material for electronic device and infrared detector ;
applications. To meet future requirements, better quality bulk silicon
is needed.

A1l of the single crystal silicon currently used for semiconductor
applications is grown by one of two techniques: the Czochralski (CZ)
technique or the Floating-Zone (FZ) technique. The CZ technique involves
pulling a single crystal from the melt which is contained in a quartz
crucible. The FZ technique makes use of induction heating and zone melt-
ing of a supported polycrystalline silicon rod which eliminates the need
for a containment crucible. By far the majority of singie crystal silicon
in use today is grown by the CZ technique. Unfortunately, neither growth
technique yields silicon crystals capable of meeting future requirements
for purity, perfection or processability. Improvements are needed in
bulk resistivity, minority carrier lifetime, and concentration control -
and uniformity for impurities and defects. Some silicon material property
goals (future requirements) are compared to typical properties obtained
from currently available CZ and FZ material in Table 1.

CZ crystals can be grown to large size and made virtually dislocation-
free. The main problem with this material is the residual impurity
concentration. Since the melt is in contact with a quartz crucible,
some reaction and impurity leaching will occur. The primary impurities
found in the resultant crystals are oxygen and carbon but other elements
such as boron, phosphorus, and aluminum may also be present in sufficient
quantity to cause degradation of important properties.

FZ grown crystals tend to be of higher purity than CZ material
because the melt does not come in contact with a crucible. Unfortunately,
lack of bulk homogeneity (pf&perty uniformity throughout the crystal) is
a problem. Another problem for some applications is the low oxygen con-
centration.
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The oxygen concentration, in fact, is a significant factor in the
quest for better bulk silicon for device application. On the one hand
it has been shown that a high oxygen content directly correlates with a
high defect density which makes the material unsuitable for certain
applications such as VLSI. On the other hand, it has also been shown
that the oxygen concentration must be maintained above a certain level
(~10]8cm'% for optimum wafer processability (minimum wafer warpage). It
is thought that oxygen precipitates act as getters for defects and help
insure a higher device yield. This is the main reason that FZ material
with its low oxygen concentration is usually not acceptable for device
applications. What is needed, therefore, is a bulk silicon material in
which the oxygen concentration and uniformity can be carefully
controlled while all other impurities are kept to a minimum such that
the requirements listed in Table 1 can be met.

A process which appears to have good potential for the growth of
ultrapure silicon possessing the requisite properties is the cold
crucible (skull-melting) technique. In this technique, a molten column
of silicon is confined in a water-cooled cold-crucible structure and is
squeezed and is squeezed radially and contained by an RF field. The
base of the molten column is supported on the unmelted portion of the
feed material so that while the melt is physically supported it is not
in contact with any contaminating solid (Reference 1). A crystal can
then be pulled from the melt similar to the manner in which it is done
in a standard CZ process. Impurity contamination such as occurs from
the crucible in conventional CZ growth should be significantly reduced.
Furthermore, it should be possible to more accurately control and
maintain the oxygen concentration at whatever level is desired for
optimum material processability.

In light of the potential advantages of the cold crucible growth
process, Rome Air Development Center (RADC/ESM) at Hanscom AFB, MA
initiated a contract with Ceres Corporation of Waltham, MA (Contract
#F19628-80-C-0104). The objective of the program was to explore the
feasibility of utilizing a cold crucible system for the growth of high
purity, oxygen-free single crystals of silicon (Reference 1). ODuring
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the program, numerous crystal growths were made to evaluate and improve
the process. RADC needed a means of assessing the quality of the crystals
as they were grown. As a result of this need, an informal cooperative
agreement between RADC/ESM and AFWAL/MLPO was initiated. We at AFWAL/MLPO
(WUD#48) are heavily involved in an in-house research effort on the
properties of silicon-based materials for both detector and device
applications and so we had a strong interest in this RADC/Ceres contract.
Under the informal agreement, RADC sent us pieces of silicon boules grown
under the contract and we performed characterization analyses on them.

The specific analyses performed were Fourier Transform Infrared (FT
spectroscopy, Hall effect and etching. Fewer samples than anticipe !

were received. This report summarizes the characterization results v
those samples.

T PRRAR % " Ay T W - -
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SECTION II

EXPERIMENTAL RESULTS

1.  INFRARED ABSORPTION

Samples for infrared absorption analysis were prepared in our
laboratory from boule sections submitted to us by RADC/ESM. All samples
were cut to 4mm thickness and both faces were polished. The samples
were cooled to 10% in either a liquid helium optical dewar or a Lake
Shore Cryogenics model LTS-21-D70C closed cycle refrigeration system.

A1l spectra were recorded at a resolution of 1 cm‘1 using a Digilab
model FTS-20CVX Fourier transform spectrophotometer purged with dry
nitrogen. The spectrophotometric arrangement, which included a cesium
jodide (Csl) beamsplitter and TGS detector with a CsI window, permitted
investigation in the 4000 to 200 cm"1 region. The data were recorded in
the single beam mode with the sample transmittance referenced to an
empty sample holder. Transmittance was then converted to absorption

coefficient in the usual way.

The purpose of the FTIR analysis was to determine the con.entration
of impurities in the samples. Impurities of particular interest were
oxygen, carbon, and boron plus anything else that might be detected.
Oxygen and carbon in silicon give rise to Yocal mode vibrations at
1136 cm~! and 607 cm'l, respectively (if the sample temperature is about
10%K) (References 2, 3). Boron and phosphorus (and also the other group
111 acceptors and group V donors), on the other hand, form electronic
energy states within the silicon band gap which give rise to a series of
discrete excitation lines in various infrared spectral regions
(References 4, 5, 6). Optimum detectability for each of these
impurities occurs when the sample is cooled to near liquid helium
temperatures. Approximate lower limits of detectability of some of
these impurities in silicon are given in Table 2. The only impurities
detected by FTIR in the cold crucible samples were carbon, oxygen,
boron, and phosphorus.

A portion of a typical scan from one of these samples is shown in
Figure 1. The carbon peak is seen at 607 cm'1 and the other peaks are

?
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the excitation lines of boron. In theory, the intensity of a peak should
be directly proportional to the concentration of the impurity giving

rise to that peak. By measuring the integrated intensity (peak area)

and multiplying it by an empirically determined calibration factor the

impurity concentration can be determined (Reference 7).

Table 3 lists the impurity concentrations determined for the cold
crucible samples and for two samples of polycrystalline silicon. The
polycrystalline silicon is used as the starting material in the cold
crucible crystal growth (Reference 1). Notice that most of the cold
crucible samples have considerably more boron in them than the poly
silicon starting material. One of the boules also had a measurable amount
of phosphorus in it as shown in Figure 2. Normally the phosphorus is
overcompensated by the boron but by using additional band-gap light
pumping (also called Kolbesen excitation) (Reference 8) the phosphorus
becomes infrared active. A small quartz-halogen incandescent bulb is
used for the band-gap pumping and the resuits are clearly evident in
Figure 2. The bottom spectrum was obtained with the light off (no
Kolbesen excitation) and shows only lines due to boron. The top spectrum
was obtained with the light turned on (everything else remained unchanged)
and now, in addition to the boron lines, three new lines appear. A1l
three of these new lines are due to phosphorus. Its concentration is
estimated to be about 10}3cm=3. Only the samples from boule #93 showed
evidence of phosphorus.

Another common impurity in silicon is carbon. As can be seen in
Table 3, all samples contained a measurable amount of carbon. It appears
that one of the later boules (#93) contains even less carbon that the
poly-Si starting material. The other crystal samples contain a bit more.
A typical carbon spectrum from one of the samples is shown in Figure 3.
Carbon has one of the poorest detectability limits of all the infrared-
active impurities in silicon because it lies on top of a strong silicon
two-phonon lattice band (Table 2). Careful spectral differencing between
the sample spectrum and the silicon lattice spectrum must be performed
to obtain an accurate absorption coefficient. There is considerable
disagreement among various investigators as to the correct calibration

L R NLE L oL - . . e A
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factor to use for determining the carbon concentration (Reference 10) as
indicated in Table 4., Different sample temperatures and different
instrumental conditions contribute to the disagreement but another
important factor is the difficulty in obtaining reliable silicon standards
with accurately known amounts of carbon. We plan to investigate this
problem in more detail in the near future. In the meantime we are using
Honeywell's calibration factor (Reference 7) because it is one of the

few determined at near liquid helium temperature using an FTIR instrument
similar to ours.

The oxygen situation is even worse than carbon. There is a similar
disagreement among various workers on the IR absorption calibration factor
(Table 4), partly for the same reasons as given above for carbon. In
addition, there is one serious complicating facter. The peak at
1136 cm! (at 10°K) such as shown in Figure 4, arises only from the
oxygen which is in interstitial lattice sites. Not all of the oxygen
need be in such 01 sites. It is well known that oxygen can and does
form precipitates and complexes with other impurities and defects in
which case it does not contribute to the 1136 cm™l line. So the
1136 cm™! Vine does not indicate the total oxygen concentration, but
only the interstitial oxygen concentration. These points should be kept
in mind when evaluating the oxygen values listed in Table 3. They were
determined from the absorption coefficient of the 1136 en~! Vine using
Honeywell's calibration factor (Reference 7). Nevertheless, it is clear
that the cold crucible grown crystals contain considerably less oxygen
than standard CZ grown crystals. Conventional CZ silicon crystals
usually have oxygen in the mid-lo17 to 1018 concentration range,
probably due to reaction of the molten silicon with the quartz crucible.

2.  HALL DATA

Samples for electrical transport measurements were prepared from
wafers cut from boule sections submitted to this laboratory by RADC/ESM.
These wafers were cut immediately adjacent to other wafers cut for
infrared absorption analysis. The wafers were nominally 0.5 mm thick,
and both faces were polished. Cloverleaf samples were then cut from
these wafers for Hall effect analysis by the method of van der Pauw
(Reference 11).

Ron,, ut . rou oy il “eenbited
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The purpose of the Hall effect measurements was to determine the
identity and concentration of electrically active impurities in the
samples. These measurements were made at temperatures from about 20K to
380K. From these measurements, the temperature degendence of the carrier
concentration, as well as the resistivity and Hall mobility, were deter-
mined.

The carrier concentration was calculated from the Hall effect
measurements using the relationship

i
p=-l (1)
Rye

where p is the carrier concentration, e is the electronic charge, and RH
is the Hall coefficient given by

_R-Rt
R : (2)

In Equation 2 R* and R™ is the Hall voltage divided by the Hall current
for a magnetic field of magnitude B in a positive and negative direction
respectively.
p+N, = & NA* (3)
D™ i 1+p(g;/N,) exp (Ep /KT)
- i

where Ny is the density of states in the valence band and is given by

3/2
N = 2(211"\; 7) (4)
h

where NAi’ EAi' and gy are the concentration, ionization energy, and
ground state degeneracy, respectively, of the ith acceptor, p is the
carrier concentration, k is Boltzmann's constant, T is the temperature
in degree kelvin, h is Planck's constant, and m*(T) is the carrier
concentration effective mass. An analytical expression (Reference 12)
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for m*(T) obtained in AFWAL/MLPO was used in this analysis. Nj is the
% net donor concentration and is given by

Ny =2 Ny -2 N 5 |
p =% M, -2 N, . (5) |

where Np; are all donor levels and NAj are all acceptor levels which are
overcompensated and do not contribute to the measured carrier concen- !
tration, that is, they are below the Fermi level and remain fully ionized
at all temperatures. This analysis yields the impurity concentration

and activation energy for each acceptor species that is uncompensated by
residual donors, or that is not overcompensated by more than a factor of

2Ny

In each of the cold crucible samples only one acceptor level was
observed, and that acceptor was identified as boron. The carrier concen-
tration data as a function of 1000/T shown in Figure 5 are typical of
all of the samples. A one level computer fit to the data is also shown
in this figure as a solid line. The activation energy determined from
this fit was .0450 eV, thus identifying the impurity as boron.

The impurity concentrations as determined by the Hall analysis for
these cold crucible samples are listed in Table 5. The concentration of !
boron in crystals 1 and 2 was about 7 x 1014cm‘3. The four crystals
grown subsequently contained about two times that amount of boron
(1.3 x 1015 atoms/cm3). The concentrations of boron determined by Hall
analysis agreed quite well with those determined by infrared absorption

listed in Table 3. |

The resistivity and Hall mobility of the cold crucible crystals
were also measured using van der Pauw type Hall samples. The
resistivity at 300K is indicative of the concentration of the Major
dopant impurity. Measuring the resistivity in different directions is
also a useful tool for determining the homogeneity of the material.

The mobility is the velocity of a charge per unit electric field and is
strongly dependent upon the purity of the material, temperature, and the
crystalline quality.
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Values of the resistivity and the Hall mobility at 300K are listed
in Table 6. Measurements of resistivity in different directions were
nearly equal and did not indicate any problems with nonuniformity in
these samples. The Hall mobility was approximately the same from one
sample to the next. The Hall mobility at 300K for a boron doped
conventional Czochralski silicon sample with a net donor concentration
of 3.4 x 1013 cm™3 and a boron concentration of 2.4 x 1015 cm™3 has been
determined to be 326 cm2/volt-sec. The mobilities for the cold crucible
samples were of the same magnitude. It is therefore concluded that the
crystal quality of these samples, at least in terms of its effect on
mobility, is comparable to the quality in conventionally grown crystals.

3. ETCHING

Defects such as dislocations in silicon are known to have a
deleterious effect on its electrical properties, particularly carrier
lifetime. Therefore, wafers from each crystal of cold crucible silicon
submitted to this laboratory by RADC/ESM were preferentially etched to
reveal the defects present. Wafers were etched for ten minutes in Wright
etch at room temperature (Reference 13). Etched wafers were then examined
microscopically. Micrographs at 116X taken at several locations across
the wafer surface were used to determine the average de€ect density.

The results of the defect studies are tabulated in Table 7. It can
be seen that all of these crystals had a large defect density. Most of
the defects in the two early crystals, numbers 1 and 2, were dislocations
although some stacking faults and shallow etch pits were also observed.
In the four subsequent crystals, more stacking faults than dislocations
were generally observed.

Figure 6 illustrates the differences in defects observed in the
crystals. Figure 6(a) is typical of crystals 1 and 2 and shows mostly
dislocation etch pits. Figure 6(b) is typical of crystals 3 through 6
and shows many stacking faults and shallow etch pits in addition to the
dislocation etch pits. The triangular shape of the dislocation etch
pits observed for each of these crystals indicates that the orientation
of these crystals was (111).

i
i
|
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4., OTHER DATA

The personnel of RADC/ESM also submitted some of their samples to
Manlabs, Inc. for analysis. One of their analyses involved determination
of the total carbon and oxygen content using a LECO combustion-type
apparatus. The average data for their measurements on two of the samples
were:

Carbon Oxygen
Polycrystalline Sample 72ppm 22ppm
Cold Crucible Crystal 140ppm 18ppm

These values are considerably higher than our FTS values listed in Table
3 and also seem unreasonably high in view of what is known about typical
impurity concentrations expected for average quality polycrystalline
silicon. We don't know enough about the combustion-type analysis used
in this case to make specific comments about it but we must question the
accuracy of the values reported above.

Two different spark source mass spectrographic analyses were also
made, one by Manlabs, Inc., the other by Charles Evans and Associates.
The results were listed in the cold crucible program contract report
(Reference 1) but are not listed here. Some of the results seemed very
strange and questionable to us. In our experience mass Spec data on
samples such as these can be very unreliable unless they are run on an
instrument dedicated solely to silicon samples because of instrument
“memory" effects.

10
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SECTION III

CONCLUSIONS AND RECOMMENDATIONS

From the characterization analyses performed on the cold crucible

samples as discussed in the previous sections, the following conclusions
are offered: d

1) The cold crucible samples have significantly lower oxygen
concentration than conventional CZ crystals but somewhat more than the
poly-Si starting material.

2) The cold crucible samples have a significantly higher boron
concentration than the poly-Si starting material. This would indicate
that somehow boron is being added during the growth process.

3) The carbon concentration for one of the cold crucible boules
(#93) is a 1ittle lower than the poly-Si and the other samples are a
Tittle higher but it appears that no significant amount of carbon is
added during growth.

4) The Hall mobility of the cold crucible samples is comparable to
that measured for conventionally grown silicon crystals.

5) The total defect density, consisting of the dislocation density
and stacking faults, is rather high (mid 103 or more). |

It is recommended that further development work be done on the cold
crucible growth technique. From the results obtained so far, it appears
that this techhique has the potential for producing high quality silicon
for detector and electronic device applications. Reasonably good control
of oxygen and carbon contamination has been demonstrated but improvements
are needed in terms of lower defect density and boron concentration.

The cause of the high boron concentration needs to be determined. From
the point of view of AFWAL/MLPO, the main emphasis should be directed to
the groyth of boules which will yield high quality processable silicon
wafers for device applications. Recommended material specifications
include a resistivity of 200-500q-cm, a minority carrier lifetime in the
range of 500 microseconds, uniform specifiable oxygen concentrations in
the 10 to 40 ppm range and a carbon concentration of less than 0.5 ppm.
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Figure 1. Infrared Absorption Spectrum of Cold Crucible Sample
0226-663-0825 Showing Boron and Carbon Lines.
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Figure 2. Infrared Absorption Spectra of Cold Crucible Sample
Showing Kolbesen Effect.
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Figure 3. Typical Carbon Infrared Absorption Line Observed in
Cold Crucible Samples.
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Figure 4. Typical Oxygen Infrared Absorption Line Observed in
Cold Crucible Samples.
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Figure 5. One Level Fit of Carrier Concentration Data vs. 1000/7
for Sample 0227-667-0828.
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a. Crystal 1. 50 um

b. Crystal 6. 50 yum

Figure 6. Comparison of Types of Defects Observed in Crystal 1
and Crystal 6 After Wright Etching.
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TABLE 1

FUTURE SILICON MATERIALS REQUIREMENTS COMPARED TO TYPICAL |
CURRENT MATERIALA i

CURRENT CURRENT ;
PROPERTY CZOCHRALSKI FLOAT ZONE REQUIREMENTS j‘
RESISTIVITY 1-50 ohm~cm 1-1000 ohm-cm  100-400 ohm-cm ,
n-TYPE (PHOSPHORUS)
RESISTIVITY 0.005-50 ohm-cm  1-1000 ohm-cm  100-400 ohm-cm
p-TYPE (BORON)
RESISTIVITY GRADIENT 3% min, 20% min. <1%
n-TYPE
RESISTIVITY GRADIENT 10% min, 20% min. <1%
p-TYPE
RESISTIVITY 3-15% 20-50% <1% ¥
MICROSEGREGATION g
MINORITY CARRIER 30-300 s 1000 us 300-1000 s |
LIFETIME
OXYGEN CONCENTRATION 5-25 ppma not detected uniform and
controlled
CARBON CONCENTRATION 1-5 ppma <0.01-1 ppma <0.1 ppma

3This Table adapted from Table 5.1 of Solid State Sciences Committee 1
report on "Microstructure Science, Engineering, and Technology"
published by National Academy of Sciences, 1979.

TABLE 2
LOWER DETECTION LIMITS IN FTIR SPECTROSCOPY FOR
IMPURITIES IN SILICON i
(T = 20°K, sample thickness = 4 mm) ,
LOWER LIMIT «
IMPURITY ATOMS/cm 3 PPMA
CARBON mid 1015 0.1
OXYGEN mid 1014 0.01
BORON mid 10! 0.00001
PHOSPHORUS mid 1011 0.00001

Note: 1lppma = 5 X 1016 atoms/cm3
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SOME PUBLISHED VALUES OF IR ABSORPTION CALIBRATION FACTORS

TABLE 4

FOR CARBOM AND OXYGEN IN SILICON

IMPURITY  CALIBR. FACTOR?  CALIBR. FACTOR® SOURCE TEMP.
(atoms/cm3) (ppm atomic) !
{
|
CARBON 1.1 x 1017 2.2 ASTM-F123-74 300K s
4.0 x 1016 0.8 78K ﬁ
3.1 x 1016 0.6 Hughes 78K 5
8.8 x 1016 1.8 Honeywell 78K j
6.7 x 1016 1.3 4-20K ;
]
7.8 x 1016 1.6 U.D.R.I. 10K ;
: :
OXYGEN 4.8 x 1017 9.63 ASTM-F121-76 300K
2.4 x 107 4.81 (o1d standard) 78K
2.45 x 1017 4.9 ASTM-F121-80 300K
0.95 x 10%7 1.9 (new standard) 78K "
1.4 x 10Y7 2.8 Hughes 78K
8.5 x 1016 1.7 Honeywell 78K
3.1 x 1016 0.6 4-20K
2.5 x 1017 4.9 Graff et al. 300K
9.5 x 1016 1.9 78K
1.2 x 107 2.4 U.D.R.I. 10K
3.0 x 1017 6.0 Shin-Etsu Handotai 300K
AConcentration = peak absorption coefficient (a) X calibration factor.
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TABLE 5
k HALL RESULTS FOR COLD CRUCIBLE SILICON SAMPLES
CRYSTAL AFWAL /MLPO RADC NET DONORS BORON
SEQUENCE NO.  SAMPLE NO. SAMPLE NO. (atoms/cm3) (atoms/cm3)
1 0205-523-0765 --- 4.5 x 1083 7.0 x 1014
2 0206-525-0766 Si-47 3.5 x 1013 7.4 x 1014
3 0224525 - us22 938 1.3 x 1083 1.2 x 101°
4 0225-772-0966 937 1.5 x 1013 1.4 x 101°
5 0226-664-0826 103 4.7 x 1083 1.3 x 1010
6 0227-667-0828 1037 1.2 x 1013 1.3 x 1015
TABLE 6

RESISTIVITY AND HALL MOBILITY AT 300K FOR COLD CRUCIBLE SILICON SAMPLES

CRYSTAL AFWAL /MLPO RADC RESISTIVITY  HALL MOBILITY
SEQUENCE NO. SAMPLE NO. SAMPLE NO. (ohm-cm) (cm2/volt-sec)
1 0205-523-0765 -~ 21.9 348
2 0206-525-0766 Si-47 20.8 320
3 0224-658-0822 93$ 13.7 295
4 0225-772-0966 937 11.9 316
5 0226-664-0826 103s 12.3 318
6 0227-667-0828 103T 12.3 317
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