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Permanent working collection of high purity substances
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The work of the collection of high purity substances in the research on the composition
of impurities in high purity substances is evaluated. On the basis of the materials available,
the present state and future perspectives of the study of high purity substances are discussed.

1. Introduction

The All-Union permanent collection of high purity
substances was founded in 1974 at the Institute of
Chemistry of the Academy of Sciences of the USSR by
the Presidium of the Academy of Sciences of the USSR 2
The reason for its establishment was the necessity of
having the most exhaustive and reliable data possible on
the level of purity of high purity substances being ob-
tained in the country. The exhibition continues its work
nowadays at the Institute of Chemistry of High Purity
Substances of the RAS (Nizhnii Novgorod), which was
founded in 1987 on the basis of the Department of
Volatile Compounds of Metals and High Purity Sub-
stances of the Institute of Chemistry of the Academy of
Sciences of the USSR. The purpose of the collection is
to monitor the level of purity of compounds and to
reveal and analyze problems of the chemistry of high
purity substances. A special research program is being
realized to fulfill this aim. This program includes:1—3

« collection of samples of the purest substances that
are synthesized in research organizations or produced by
industrial enterprises;

¢ analysis of these samples in order to obtain the
most exhaustive and reliable information possible con-
cerning their composition and any impurities present;
certification of samples;

¢ creation of a data base of high purity substances;
this data base includes results of analysis of samples
from the collection, as well as data from various norma-
tive documents (standards, technological norms) and
from catalogues of Western companies that sell high
purity substances;

o development and use of methods of analysis of data
on impurities present; these methods should make it
possible to study the general tendencies of the composi-
tion of impurities in high purity substances and to
predict the content of impurities in samples.

2. Sampling

The collection established and maintains contacts
practically with all organizations of Russia and other
countries of the FSU that are involved either in research
or into production of high purity substances and materi-
als. The list amounts to about 100 organizations total,
including academic and applied research institutes; re-
search divisions of universities and other institutes of
higher education; and industrial enterprises.

Nowadays the collection consists of about 500 samples
of substances and materials. They represent mostly two
classes of substances: elements and volatile compounds
of elements — volatile inorganic hydrides, halides, and
organometallic compounds. Table 1 shows the distribu-
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tion of the samples among the various classes of sub-
stances. Many organizations that have maintained con-
stant contact with the exhibition throughout all 20 years
of its existence donate samples repeatedly. This makes it
possible to have an idea not only of the purity of similar
samples, but also of the dynamics of the increase in
purity.

3. Control analyses and certification of samples

In order to obtain the most exhaustive and reliable
information possible concerning the fine composition of
samples submitted to the collection, along with the data
obtained from the producer of the sample in question,
contro] analyses are carried out. Practically all of the
leading analytical laboratories of Russia participate in
this additional testing of samples. The list of these
organizations includes: laboratories of Institutes of the
Academy of Sciences (Institute of Chemistry of High
Purity Substances of the RAS, Institute of Geochemistry
and Analytical Chemistry of the RAS, Institute of Prob-
lems of Technology of Microelectronics and High Purity
Materials of the RAS, Institute of General and Inor-
ganic Chemistry of the RAS, Institute of Inorganic
Chemistry of the Siberian Branch of the RAS) and those
of the applied Institutes (State Research and Design
Institute of Rare Metals Industry, GIDROZVETMET,
Research Institute of Chemical Reagents and High Pu-
rity Substances, Research Institute of Materials Tech-
nology).

When these control analyses are performed, the col-
lection does its best to obtain information on the maxi-
mum number of impurities. The impurities that are
usually present in relatively larger quantities and for this
reason determine the total amount of impurities present
are analyzed in every case when possible. These impuri-
ties were listed when the collection was established and
the list is still in use with some minor additions.2

For samples of solid elements this list includes: gas
forming elements (H, C, N, O); widely spread elements
(Na, K, Mg, Ca, etc.); the most abundant element of
each subgroup of the Periodic System; neighbouring
basic substances along the period; analogous impurities
and impurities that are difficult to remove during purifi-
cation. Semi-conducting materials, mainly silicon and
germanjum, are analyzed to determine the difference
concentration of the charge carriers, and the content of
small electroactive impurities, and deep centers.

For samples of volatile substances the following com-
ponents are determined: contamination by widely dis-
tributed elements (non-volatile forms); water; oxygen;
traces of organic substances; impurities that are difficult
to remove; and generic impurities (molecular forms).
Also analyzed are impurities in the form of dispersed
particles of sub-micron size.3

For metals the relative residual electrical resistance
at the temperature of liquid helium is used as a measure

Table 1. Samples presented from the collection

Class of Number of Number of
substance substances samples
Elements, 75 336
as:
solids 68 310
gaseous 7 14
Ss* 7 12
Volatile substances, 68 147
as:
halides 27 78
hydrides 7 17
OMC** 30 46
organic 3 6

*SS — standard samples of high purity substances.
**OMC — organometallic compounds.

of purity. This quantity is closely related to the amount
of impurities present. However, special investigations
have determined that residual electrical resistance can
not be used as an integral measure of purity level (and
especially of total purity). The value of residual electri-
cal resistance depends upon the chemical and phase
form of an impurity, the homogeneity of distribution of
it throughout the sample, and crystal-lattice imperfec~
tions.4

In Table 2 are presented some characteristics of
analytical methods used for analysis of samples of the
collection. These characteristics were obtained by statis-
tical treatment of results of control analyses. Starting
from this point all analytical results are presented as
atomic per cents. For analysis of solids, mass spectrom-
etry and gas chromatography (for volatiles) were mostly
used. These are the most universal methods in the sense
of number of impurities determined simultaneously. Dur-
ing control analyses it is possible to determine some of
the impurities quantitatively. Let us designate this part
as the measured content (C,,y. The content of the other
impurities is below the detection limits of the analytical
methods in use. In this sitvation the results of the
control analysis can be expressed as the respective de-
tection limit (C;). The corresponding mean values, which
are given in Table 2, represent detection limits that can
be achieved in real practice. These values are 1—1.5
orders of magnitude lower (in the case of impurities of
gas-forming elements this value equals 1—2 orders of
magnitude) than the corresponding values reported in
the literature; the latter are characteristics of the funda-
mental possibilities of each method. Table 2 indicates
that the mean detection limits are close to the mean
impurity contents (see also Fig. 2). This causes the
fraction of determined impurity content in the total
number of analyses (d,,) to be much lower than unity.
The highest ratio of determined impurity content to the
total number of analyses is found in gas chromatogra-
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Table 2. Some characteristics of analytical methods

Analytical N, n 3. M, M-M
method

MC 319 31 0.33 5.0 0.8
AC 157 14 0.36 5.4 0.6
AA 63 17 029 69 0.7

ro 144 2 062 25 0.3

X 214 4 0.47 48 1.3
XC 117 13 028 6.0 04

Note. Abbreviations used for designating methods of analysis
of solid elements: MS — mass spectral methods of analysis, AS
— atomic spectral methods of analysis, AA — activation
methods of analysis, GE — methods of determination of
impurities of gas-forming elements. Designations for methods
of analysis of volatile substances: GC — gas chromatographic
methods, CS — chemical spectral methods of analysis. N, —
number of analyses performed by a particular method. n —
average number of impurities determined simultaneously. d,
— fraction of determined impurities of the total number of
impurities monitored. M; = <-logCp> — mean value of the
detection limit on a logarithmic scale, M, = <-logC,> —
mean value of measured content of impurities.
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phy. Activation and spectrochemical analyses have the
lowest detection limits. The latter often uses concentra-
tion of impurities. The number of elements analyzed by
these methods is relatively small and the methods are
rather laborious; as a result fewer analyses are performed
by these methods. At present the analytical methods for
determining traces of gas-forming elements have the
most serious problems. For illustration, it is enough to
indicate high level of background noise at all stages of
analytical procedure. In some cases the amount of gas-
forming elements is not monitored at all (e.g., mercury,
phosphorus, arsenic). For this reason determination of
these elements was not performed for every sample
collected; the detection limits of these elements are
lower than those of all of the other elements.

The number of control analyses of a sample depends
upon the completeness of the data supplied by the
producer of the sample. Also of importance is the level
of correlation of the supplied data with the results of the
first control analyses. When the discrepancy is not neg-
ligible additional control analyses are performed. Thus,
as a result of control analyses, generated is a set of pairs
representing the results of the determination of the same

a0 — b

30

20 —

-4 -2 0 2 4 6
Y = log(Cy/ C))

Fig.1. Distribution of deviation values of control analyses of samples of the collection: a — solid elements, 5 — volatile impurities
in samples of volatile substances. ¥ = log(C,/C;), C;and C, are results of two independent determinations of impurity content; in
all cases C, is the result of the more recent analysis. n is number of results within the given interval of Y values.
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impurity by different analytical procedures is generated.
This set of pairs makes it possible to study inter-labora-
tory differences, which are characteristic of high purity
substances. In Fig. 1 given are distributions of the
discrepancy values for analysis of solid elements and for
determination of volatile impurities in volatile substances.
In both cases the magnitude of the discrepancy is about
the same as the value of the impurity content. Analysis
of literature:6 indicates that this situation is typical for
all analytical methods and all analytical laboratories.
Work on creating of standard samples was initiated’
to increase the reliability of the results of analyses (see
Table 1 for the number of developed samples). These
samples represent one of the most important compo-
nents of the metrological garantee of trace analysis in
high purity substances; at the same time these samples
were practically absent until recently. Every standard
sample of copper, silicon, tin, and cadmium developed
recently’-8 has certified contents of 20—30 impurities in
the range 1073—10"7 % and the upper limits of the
contents of another 30—40 impurities is in the range 10~
510712 %, In addition to analysis of inter-laboratory
discrepancies, the development of standard samples for
the collection, has made it possible to detect the main
sources of errors in the analysis of samples of high purity
substances. For solid elements these sources includeS’
non-homogeneity of samples and their residual con-
tamination, inaccuracy of calibrations, influence of the
matrix on the analytical response of an impurity, overlap

2000 — a
n —
- 32 '—F
| , B
i [
1500 ‘
L Lj
1000 —
| I
\h‘L_
500 l
=
0 FrTTrrrrT Ty T T e T Tl
o 1 2 3 4 S 6 7 8 9 10 11

—logC

Table 3. Content of impurities in one of the purest samples of
germanium.

Im- Content Im- Content
purity (atomic %) purity (atomic %)
Ag <2.0-10-8 Fe <1.0-10°7
Al <8.0-10°9 Ga <1.0-10-10
Al* 1.0-10-10 Ga* <1.0-10-12
As* <1.0-10-12 In <3.0-10°7
Au <1.0-107 K <6.0-10"7
B <7.0-10-8 Li <1.0-10-10
B* 7.0-10-12 Mg <2.0-10-7
Be <2.0-10°7 Mn <7.0-10-8
Bi <1.0-10°7 Na 3.0-107

C <6.0-10°6 Ni <9.0-10°7
Ca <2.0-10-6 ) <5.0-10°5
cd <2.0-10-7 p* 5.0-10-11
Co <1.0-10°7 Pb <3.5-10-8
Cr <7.0-10°7 Si <3.0-10-%
Cu <6.0-10-8 Ti <1.0-10-6

* Content of impurities in electroactive form.

of analytical lines, losses during concentration, memory
of analytical instruments, errors of control analysis.
Expert evaluation of the results supplied by the producer
of a sample and the results of control analyses form the
basis for certification of a collected sample. The collec-
tion certificate gives a better idea of the purity of a
sample being certified than the preliminary results of the
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Fig.2. Distribution of impurities in samples of solid elements of the collection: «, all impurities; b, impurities of gas-forming

elements; (I) determined percentages, (2) detection limits.
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Fig.3. Distribution of total content of impurities for the purest samples of elements of the collection. The distribution was plotted
using the determined percentages; the position of the element symbol on the X axis corresponds to the total amount of impurities

in the sample of the element.
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Fig.4. Distribution of impurities in samples of volatile substances of the collection: a, elemental impurities; 6, molecular

impurities, (7) determined percentages, (2) detection limits.

control analyses. For the latter, as was mentioned above,
considerable discrepancies are possible. The certificate is
forwarded to the producer of the sample and it is used
for study of the general tendencies of the composition of
impurities in high purity substances by comparison with
data on other samples of the substance, and data known
from normative documents and catalogues. The certifi-
cate of a collected germanium sample is given in Table 3
as an example. Certificates for the purest (at the date of
publication) samples of major collected substances are
reported in Refs. 2, 3, 9—14.

4. General charachterization of the purity level of high
purity substances

The results obtained during the study of the compo-
sition of impurities in the collected samples form a data
base (DB) of high purity substances. The data base also
includes information on the composition of impurities
in high purity substances retrieved from normative docu-
ments {standards, technological norms) and catalogues
of western companies. At present the DB includes about
38,000 determinations of impurity content.
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Figure 2 gives the distributions of percent impurity in
the samples of solid elements that are included in the
collection. In the most general way these distributions
characterize the impurity content in samples based on
the collection certificates. The distribution of the deter-
mined percentage characterizes typical values of impu-
rity content; comparing it with the detection limits
shows that the low number of determined impurities
with percentage lower than 107> % is due to insuffi-
ciently low detection limits. The left wing of the distsi-
bution is correlated mostly with impurities of gas-form-
ing elements (H, C, N, O) (Fig. 2, b). It is these
elements that contribute most to the number of impuri-
ties determined in the high percentage range. Figure 3
gives the distribution of the total amount of impurities
for the purest collected samples; the values of C,,, were
found from the determined percentages. Most of the
samples have a total impurity content greater than
1074 %. Among the samples with a total impurity con-
tent less than 1075 % are pure samples of silicon,
germanium, indium, and galtium.

In the analysis of volatile substances some analytical
methods give the percentages of elements only, while
others also give the amounts of the specific molecular
forms. In addition, the amount of suspended particles is
determined in volatile substances. The elemental form is
usually non-volatile metals’ impurities. The molecular
forms of impurities are first water, organic compounds,
constant gases, and compounds analogous to the main
substance. About 130 compounds total have been identi-
fied in samples of the collection.

Figure 4 gives the distributions of the determined
percentages of the elemental and molecular forms of
impurities in collected samples of volatile substances.
The content of the molecular form is much higher (on
average almost two orders of magnitude higher) than
that of the elemental form. At high percentages (>1072
%) there are mainly impurities of volatile substances.
The detection limits for the elemental form of impurities
are 1.5 orders of magnitude lower than those for mo-
lecular forms of impurities. As in the case of elements,
the decrease of distribution of the determined impurity
contents is preceded by a maximum in the distribution
of the detection limits.

The materials of the collection make it possible to
evaluate the tendencies in the changes in detection
limits and purity levels over the 20 years during which
the collection has been operating. It is important to
emphasize that these results were obtained on the actual
samples of the exhibition. They are neither the detection
limits reported during the development of an analytical
procedure, nor the lowest detected impurity contents
found during the development of a purification proce-
dure.

Figure 5 shows the variation of the detection limits
of various methods of analysis of high purity substances.
The results of control analyses of collected samples,
which were accompanied by the sign “less”, were used

to determine the mean values of the detection limits. It
can be seen that over the years no changes have oc-
curred in the limits of detection by mass spectrometry
and by methods used for determination of impurities of
gas-forming elements. During these years no new mass
spectrometers have appeared in our country with lower
detection limits; and methods with chemical pre-con-
centration of impurities have not found wide applica-
tion. In other cases the detection limits have improved:
in analysis of solid elements by one order of magnitude,
in analysis of volatile substances they have decreased by
1—2 orders of magnitude. In spectral methods this
progress is attributed to the development of methods of
concentrating impurities, and in gas chromatographic
methods to usage of new detectors and capillary chro-
matography.

Analysis of the purity level of samples of solid ele-
ments from some sub-groups of the Periodic System
(Fig. 6) demonstrated that the purer a substances is
(from sub-groups IIb, 1la—VIa), the more its purity
level varies; the value of the mean total content varies
more than the value of the mean impurity content. This
fact can be attributed to more intense work on purifica-
tion of elements from these sub-groups. Figure 7 shows
the variation in the of purity level of samples of some
volatile substances submitted to the collection by the
Institute of Chemistry of High Purity Substances of the
RAS over a period of several years. The content of
elemental form of impurities has decreased by one order
of magnitude and that of the molecular form has de-
creased by 1—2 orders of magnitude. The increase of the
purity level of chlorides during these years has been
caused first of all by the needs of the fiber optics
industry, while that of hydrides and organometallic com-
pounds is due to the needs of the microelectronics
industry.

Analysis of the data presented in the collection and
in catalogues of foreign companies that sell high purity
substances shows that although the distributions of the
determined impurities are qualitatively similar, the high
purity substances produced by foreign companies have a
relatively higher proportion of impurities in the range of
high concentrations of about 1072 % (Fig. 8).

The development of the chemistry of high purity
substances as a branch of science is characterized by
three major parameters: the number of substances ob-
tained in high purity form N, the average level of
monitored impurities <C>; the average number of moni-
tored impurities n. Let s consider an index of the
development of the chemistry of high purity substances
that is a combination of these three parameters, i. e.,
Ind= Nn/<C>.15 Figure 9 shows the change in this
index throughout the last century. Values of the index
were calculated!’ using data from handbooks, cata-
logues, and the collection. In Refs. 16, 17 quantitative
data on purity level are not given; an estimate of the
index was calculated assuming that #n = 3—6, <C> =
1071—1072, and n = 5, <C> = 10~1—1072 respectively.



Collection of high purity substances Russ.Chem.Bull., Vol. 43, No. 8, August, 1994 1439

<—log Cjim> a

8

MS AS AA GE

GC, halides

GC, hydrides L
GC, gases -
GC, OMC -

CS, halides —

CS, hydrides —

Fig.5. Average values of detection limits by various methods of analysis of samples of the collection as a function of control
analyses dates : a, solid elements; &, various classes of volatile substances, (/), 1974—1980, (2), 19811985, (3), 1980—1993.

<—108 C> a <_10g C‘0‘>

A

AR

AN
MMM

Va Via Ln VIb IIb Ila IVa Va Vla

Ln Vib b I1la IVa

[

Fig.6. Impurities in samples of solid elements from some of the subgroups of the periodic table: (1), samples submitted in 1970s,
(2), samples submitted in 1980s; (a), mean content of impurities, (b), mean total content of impurities.
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Fig.8. Normalized distributions of the determined impurities
in samples of solid elements, based on data from the collection
(1) and in catalogues from foreign companies (2). da, ratio of
number of impurities in a given interval of -logC values to total
number of impurities in the whole range of concentrations.

In other publications!8~28 the index was estimated using
either the presented tables of impurity composition or
tables for high purity substances.?! When several tables
with impurities contents existed for one particular sub-
stance (different grades of the substance), then the table
with the lowest concentrations of impurities was chosen.
The two last points on the plot, which have the highest
value of the index, differ from the others either by the
wide variety of high purity substances (Merck) or by the
high number of monitored impurities as well as the low
average content of impurities (the of collection).

Figure 7 clearly shows the linear (in semi-logarith-
mic coordinates) increase in the index of the develop-
ment of the chemistry of high purity substances. This
situation is typical for intensely developing branches of
science. Three periods of time can be distinguished on
this plot. The first one covers the years for which
quantitative data on the level of purity of reagents were
not reported.1%:17 The second one corresponds to the
period when reference data started to include quantita-
tive parameters on purity level, 1819 mostly as a result of
the influence of the nuclear industry. The last period
started in the 1960s, when a variety of chemical reagents
started to evolve high purity substances for various ap-
plications; this situation was created at first by the



Collection of high purity substances

Russ. Chem. Bull., Vol. 43, No. 8, August, 1994 1441

rapidly developing semiconductor industry and later by
the fiber optics industry.

5. Conclusions

Studies of the composition of impurities in high
purity substances, which were conducted within the
framework of the collection, have made it possible to
obtain a much more complete and reliabie picture of the
research and development of the chemistry of high
purity substances in the territory of the former Soviet
Union, than was possible before. It is important that
after completion of the study it became possible to get
rid of a series of rather stable illusions on the level of
purity achieved, and on the real confidence of the
results of the analysis of high purity substances. The
accumulation of the unique body of information of
impurity composition made it possible to formulate the
general tendencies of the impurity composition of high
purity substances, to characterize them quantitatively,
and to use them to predict complete impurity composi-
tion.

The authors are grateful to the Russian Foundation
for Fundamental Research for financial support (project
93-03-181309).
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