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CHAPTER 1

Brief History. The genesis of this program lay in the Defense Department recognition that
there were absolutely first class elements in Russian basic research conducted at many of
their premier research institutes. This fact, together with the economic reality of Russian
professional salaries being some 50 times less than U.S. counterparts, led to the decision
during calendar 1982 to support five specific research programs in Moscow and St.
Petersburg, contractually modeled after basic research grants and contracts placed to
American universities. Materials, equipment, and operational costs are much the same in
Russia as they are in the United States and Europe, so the overall "financial® gain is only

about 15 fold over equivalent research being conducted in the United States.

It would have been virtually impossible for any agency within the Department of Defense to
directly fund- a Russian research institute because the contractual conduit would have been
(and probably still would be) through the Russian Academy of Sciences. The ultimate result
of this process would be that it would have been fortunate if as much as 10 cents on the
dollar were actually deployed by the Russian principle investigators! The "overhead" attached
to these funding transfers by the banks, as well as the Academy administration, in series with

the Institute front offices themselves, is what accounts for this dreadful loss mechanism.

Accordingly, it was decided that the Defense Department, through the Army Research Office
in Raleigh-Durham, would issue a straight-forward grant to the University of Arizona designating
Professor Peter Franken as the principle investigator. The University, in turn, would conduct
the identified research "off campus" along the established and well audited manner in which
off campus research is usually carried out. As examples, we may consider high-energy
physicists using accelerator facilities in Geneva, or anthropologists on location in Peru. For
these activities the University takes responsibility for salaries, travel, operational expenses on
site, etc. In the present situation, with research being conducted in Moscow and St

Petersburg, the University has again been faced with the task of payroll and other "off




campus" expenses, but with somewhat atypical constraints and complications which will be

detailed further in this report.

Despite the occasionally bizarre complexities of accomplishing the support of approximately
180 scientists in Russia, this program has been outstandingly successful, as will now be

described in the various summaries that follow.

Numerical summary of progress. In the period beginning November, 18892 through September.,
1993 approximately 1390 FTE (full time equivalent) Russian Scientists and associated staff have
been supported. The research results are diverse, of course, and are summarized in the
individual institute reports of chapter 2. The overall publication summary for this ten month

period has been as follows:

Number of journal articles published: 12
Number of journal articles accepted for publication: 10
Number of journal articles submitted for publication: ' 27
Number of journal articles currently in preparation: 33
Number of invited papers presented at conferences, largely international: 10
Number of conference contributed papers: B61.

This phenomenal production derives, primarily, from the fact that Russian salaries are much
less than their American counterparts, even though operational costs are much the same as

in the US. Nevertheless, even with this correction noted, the output has been remarkably high.

Administrative delicacies. Underlying the basic facts of contemporary Russian economics lies
the somewhat fundamental fabric of what can be gently described as marginal business
practice woven together with corruption. The aphorism "the rich get richer and the poor get
poorer" applies to current Russian economics and derives, in large part, from the virtual
absence of sensible regulation or controls. The Russian government does not yet understand,

seemingly, that "free market economy" has to be exceedingly well (and intelligently) regulated;
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it is not sufficient just to be free. Accordingly, the University has had to design quite a variety
of novel funding mechanisms as well as management procedures to deal effectively with the

challenge of this contract.

One of the most vexatious challenges has been establishing an efficient transfer of money to
Moscow and St. Petersburg for the monthly payroll journal of some $12,500, as well as an
equivalent sum for materials and operations. This money is needed directly in the Russian
cities {either in dollars or rubles) and there is no simple or standard procedure for
accomplishing such transfers. The familiar mechanism of "wire transfers” from U.S. banks
through correspondent institutions in Moscow and St. Petersburg results in losses exceeding
30%. These losses arise from a mixture of excessive banking greed as well as governmental
taxation at the Russian end of the transfers, but matters may improve in the near future as
(hopefully) Western banks might become licensed to conduct operations in Russia itself. At
the present time, of course, many Western banks have offices in Russian cities but are not

allowed to conduct conventional cash operations.

The best solution to this dilemma has been for Professor Franken and others to "courier”
some of the money on their trips to Russia, supplemented by the use of Western Union (at
about a 6% loss} as well as special financial transactions that have been possible from time
to time. These are consistently and thoroughly documented with the recognition that they

constitute atypical although outstandingly cost effective procedures.

As an interesting example, approximately 5O Russian scientists will have had a visit to the U.S.
for the primary purpase of technology transfer, via participation in major U.S. based scientific
conferences. Round-trip airfares from Moscow to the east coast run about $600 if purchased
on Aeroflot in Moscow but something like $1500 if purchased from Aeroflot in the USA. !
For most of these trips it has been possible for the Russians to scrape together enough cash
to buy their tickets in Moscow and, upon presentation of receipts in the United States to be
reimbursed in dollars here. This has permitted a substantial savings in travel costs, and is

entirely legal within the Russian regulations that currently exist.
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CHAPTER 2

Reports of the Individual Institutes. In the Fall of 1933 Prof. Franken asked each Principle

Investigator in Russia to provide a brief "progress report" to be included in the present

document. They were asked to merely describe, briefly, the key accomplishments of their

program this year. It was emphasized that they should each select material that THEY

regarde

d as important, rather than to anticipate what WE might think was important! in the

summaries that follow, the prose of the individual Principal Investigators has been used, with

only minor modifications of language made by Professor Franken.

2.1

2.1a

The General Physics Institute (Moscow}); Alexander Prokhorov, Director and
Alexander Nadezhdinskii, Principal Investigator.

Key accomplishments.

Different physical processes limiting accuracy of tunable diode laser spectroscopy were

investigated. Due to these investigations, significant improvement in precision

parameters were obtained leading to observation of new physical effects:

1)

2)

3)

Local line mixing effect in polyatomic molecules spectra causing nonlinear
behavior of broadening vs. pressure of resonance structures in polyatomic
molecules' spectra at high buffer pressure.

Quantum behavior of colliding particles was observed originating in 8 resonance
of the broadening cross-section in the region of the adiabaticity parameter being
unity.

First experimental observation of a difference between "hard” and "soft"
collisions (molecules' velocity relaxation occur during one collision or diffusion
process in vélocity space takes place.] Recent results enable us for the first
time to determine partial transport cross-sections as a function of quantum
numbers of molecular rotational-vibration states. Several applications require

such detailed information.




2.1b

2.1¢c

4) Simultaneous measurement of trace CO and CO, molecules concentration in
human breath showed several specific features as important for early medical
diagnostics.

5) TDL were used to measure rotational-vibrational levels of population in active
medium of high pawer CO, laser.

B) Diode lasers were developed for the spectral range 1.B - 3.54, which has
previously been a "black hole" for diode lasers. The lasers with wavelength <2.3
um can operate near room temperature. At the moment only a group in St.
Peterburg is able to do this job. Thus, at the moment, we have an almost

exclusive opportunity to perform unique spectroscopic investigations.

Journal articles published.

1) V.G. Avetisov, Al Nadezhdinskii, A.N. Khusnutdinov, P.M. Omarova and M.V. Zyrianav,
Frequency scale precision in diode laser spectroscopy, published JASRT, 1883.
Errors in tunable diode laser spectroscopy (TDLS] are discussed. Proper allowance for
error sources may lead to a scale precision of 5-10 cm’.

2] V.G. Avetisov, A.l. Nadezhdinskii, A.N. Khusnutdinov, P.M. Omarova and M.V. Zyrianov,
Diode laser spectroscopy of water vapor at 1.8u with line profile measurements.
published JMS, v.160, 1883.

A diode laser spectrometer has been used for high accuracy H,O line profile
measurements near 5475 cm-1. Measured line shapes have been least-squares fitted
by Voight profile with a floating Gaussian component. Gaussian component pressure
dependence resulting from Dicke narrowing effect is observed. Line intensities, self-

and air-induced broadening and shifts of five water vapor lines are presented.

Journal articles accepted.

1) A. Nadezhdinskii, P. Omarova, M. Zyrianov, Precision limitations of tunable diode
laser spectroscopy, prepared for publication.

Precise molecular spectra obtained by Tunable Diode Laser Spectrometers were fitted

by Voight profile. All line parameters {transition frequencies, line intensities, Lorentzian
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2.1d

and Gaussian parameters) were obtained from this fitting. Different effects limiting
TOLS precision such as laser noise, detector non-ideality, zero absorption and zero
transmission levels determination, etc. were considered. Results are presented in
analytical from showing error dependence upon various experimental parameters. The
results were tested through computer modeling and compared with the obtained
experimental results. ‘
2) A. 1. Nadezhdinskii, Spectral lines broadening in polyatomic molecules spectra; Local
lines mixing.

A new approach is proposed to investigate polyatomic molecular spectra, where these
spectra are treated as an ensemble of all spectral lines. Statistical parameters of the
whole ensemble have to be measured in this approach, giving averaged information
about spectral lines distribution function and relaxation matrix. The approach appears
to be very powerful, yielding qualitative information even for spectra with strongly
overlapping lines. A theoretical model was developed to give physical meaning for
measured values. Thus, new information was obtained for polyatomic molecule spectra
that could not be investigated previously due to problems of experiment and treating.
Some new effects were observed, such as line mixing and resonance behavior of
collisional broadening and shifts. Resonance was observed for experimental
parameters showing quantum behavior of colliding particles' translation motion. Model

was proposed to explain observed results.

Journal articles submitted for publication.

1) S. M Chernin, New multipass systems in high resolution spectroscopy.

This brief review deals with various types of new multipass systems developed for
urgent high resolution spectroscopic applications at the Institute of Chemical Physics
of the Russian Academy of Sciences. Some of them have been widely acknowledged
and independently applied in different fields of modern science and technology, i.e. laser

technology, metrology, spectral instrument engineering and environment.




2.1e

2} A. Nadezhdinskii, N. Sobolev and S. Kadner, Tunable diode laser spectroscopy; New
methods and applications.

The goal of this paper is to present a brief view of recent results obtained in The
General Physics Institute of the Russian Academy of Sciences and collaborating
organizations. The results are related to limited topics of Tunable Diode Laser
Spectroscopy, such as Tunable Diode Laser based systems and their applications.
Properties of diode laser (available in Russia) being important for monitoring are
discussed. Several systems developed in GP! are considered. Some features enabling
us to develop DL based systems under full computer control for long term monitoring

are reviewed.

Joumal articles currently in preparation.

1) A. I. Nadezhdinskii, P. M. Omarova, Precise spectral lineshape measurements.
Experimental distinctions between "soft" and "hard" model profiles.

2) S. M. Chernin, New generation of multipass systems.

3) A. |. Nadezhdinskii, P. M. Omarova, Precision limitations of spectral lineshape
measurements for tunable diode laser spectroscopy.

4) K. L Moskalenko, N. V. Sobolev, I. A. Adamovskaya, E. V. Spepanov, A. |
Nadezhdinskii and S. McKenna-Lawlor, Tunable diode laser application for fully
automated absolute measurements of CO and CO, concentration in human breath.
5] K L Moskalenko, A. . Nadezhdinskii and E. V. Spepanov, Tunable diode laser
spectroscopy application for ammonia and methane content measurements in human
breath.

8) M. Spiridonov and D. Toebaert, Diagnostics of a fast-axia-flow CO, laser active
medium using a diode laser spectroscopy technique.

7) A. N. Baranov, T. N. Danilova, O. G. Ershov, A. N. Imenkav, V. V. Sherstnev and Yu.
P. yakovlev, Long-wavelength inAsSb/InAsSbP lasers for the spectroscopy of methane
(A = 3.2 - 3.4 umj, Sov. Tech. Phys. Let. 18 {11), nov. 1882, p. 725.

8) A. N. Baranov, S. Yu Belkin, T. N. Danilova, O. G. Ershov, A. N, Imenkov and Yu. P.

Yakovlev, Generation of coherent radiation at the n-n interface in double heterostructure
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2.1f

GalnAsSb lasers, Sov. Tech, Phys. Let. 18 (3], Sept. 1892, p. 555.

8] Yu. P. Yakovlev, A. N. Baranov, A. N. Imenkov, A. A. Popov and V. V. Sherstney,
Tunable IR-diode lasers based on the A3B5 salid solution for the spectral region range
2-4um.

invited papers presented at conferences.

1) A. |. Nadezhdinskii, Tunable diode laser spectroscopy, New methods and
applications, High Resolution Molecular Spectroscopy Conference, Sept. 1982, Prague.
2] Yu. P. Yakoviev and A. A. Popov, Recombination processes in long wavelength LED
on the base of InGaAsSb (A = 2.55 um, T = 300K], International conference on
semiconductor Physics, N-Novgorod, Russia, Sept. 1993.

Contributed papers presented at conferences:

1) B. A. Andreev, S. M. Shapin, High-resolution spectra of pure volatile inorganic
hydrides in the middle infrared range.

2) V. G. Avetisov, A. |. Nadezhdinskii, A. N. Khusnutdinav, P. M. Omarova and M. V.
Zyrianov, Diode laser spectroscopy of water vapor at 1.8um; Line profile
measurements.

3] P. M. Omarova, Rapid precise spectral line fitting with four parameter Voight
Function.

4) A. I Nadezhdinskii and P. Omarova. "Soft" and "hard" collision models.
Experimental observation of differences in spectral line shape.

5) A. |. Nadezhdinskii. New approach of polyatomic molecule spectra treatment.
Observation of quantum behavior of colliding particles.

6) G. A. Makssimov, V. A. Khorshev and S. M. Shapin. Determination of water content
in high-purity volatile substances by the method of laser absorption IR-spectroscopy.

7] K. L. Moskalenko, A. I. Kuznetsov, A. I. Nadezhdinskii, N. V. Soboley, E. V. Stepanov
and S. McKenna-Lawlor. Application of tunable diode lasers to fully automated
monitoring of concentrations of Co and CO, in human breath.

8) K. L. Moskalenko, A. |. Nadezhdinskii, E. V. Stepanov and |. A. Adamovskaya. Tunable
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2.2

diode laser spectroscopy application for absolute measurements of CO and CO,
concentrations in human breath.

g} K. L. Moskalenko, A. |. Nadezhdinskii and E. V. Stepanov. Tunable diode laser
system for ammonia content measurements in human breath.

10) Yu. P. Yakovlev, A. N. Baranav, A. N. Imenkov, A. A. Popov and V. V. Sherstnev.
New semiconductor lasers based on the A3B5 solid solution for the spectral range 2-
3mm.

11) P. V. Zyrianov, N. I. Sobolev and A. |. Kuznetsov. Control and data acquisition
system for diode laser based analytical applications.

12] A. |. Nadezhdinskii and P. Omarova, Precision limitations of tunable diode laser
spectroscopy.

13) V. G. Avetisov, A. |. Nadezhdinskii, A. N. Khusnutdinov and M. V. Zyrianov.

Frequency scale precision in diode laser spectrascopy.

October 11-15, 1993, Optical Instrumentation and Atmospheric Measurements,
Atlanta, Georgia, USA

1} S. I. Chernin (Institute of Chemical Physics, Russian Ac. Sc., Moscow] - New
generation of multipass optical cells.

2] Yury P. Yakovlev (Physics-Technical Institute of Russian Ac. Sc., St. Petersburg)
Tunable IR-diode lasers for spectral range 2-4 microns and their applications.

3) A. Nadezhdinskii, Tunable diode laser spectroscopy. New methods and applications.

The loffe Physico-Technical Institute (St. Petersburg); Zhores Alferov, Director and

* Valentin Chelinokov, Pﬁncipal Investigator.

Several months ago Prof. Franken wrote to each of the principal investigators and
requested a brief summary of important results to date, as well as material he could
use in the 1994 proposal. The summaries presented here in chapter 2 have been,

as noted, reproduced with slight editing by Professor Franken for purposes of clarity.
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However, the response from Professor Chelnokov has a most unusual quality to it, and,
accordingly, is reproduced exactly as it was received. The fact that the response of the
loffe has been much more detailed than that from the other four Institutes does not,
in our opinion, reflect at all adversely on the other four. Instead, it illustrates a different

and interesting form of response; a kind of translation of what Professor Chelnokov and

his colleagues believe an American progress report should be!




Introduction

When in 1992 we wrote the proposal for this Project we had absolutely no experience in writing such
documents though were familiar with instructions on drawing up proposals of this kind and seen
prepared proposals.

The very volume of instructions and finished proposals (25-30 typewritten pages). a multitude of
sections and subsections and other requirements seemed terrific to us. Not knowing what specific
problems you were going to put before us. we prepared a brief proposal in which we attempted. in a
verv concise manner. to present all those things which we were ready and willing to do in the tield of
SiC research and development. We believed that then you would choose one or more among the
proposed problems and we would draw up on these problems a detailed proposal following thove
complicated instructions.

The fact that this brief proposal has been accepted as it was we welcomed as a great and pleasant
surprise because we were thus spared a lot of unwonted work of drawing up the proposal.

On the other hand. this made us feel uneasy because our brief proposal contained many different und
complex problems.

So. in the term of one year we had to implement for you a remendous volume of work with an additional
complicaton of not having any previous experience of collaboration with people in the United States.
How we succeeded in this task you will see from the report below.

1. Budget of the Project

(a) USD 35,000 as salaries (USD 2.500 a month. 14 months):

(b) USD 1,500 for operations and supplies:

(c) USD . 14,000 for equipment (computers and other technical means);
(d)yUSD 6,000 for travels:

(e) USD 21,000 as overheads for the loffe.

The total amount will be USD 77.500. In an event of any changes in the work on this grant the bud et
items (a). (b) and (d) may be altered by agreement with the University in such a way that the totul
expenses will be unchanged.

These minor alterations have been approved by Prof. P. Franken. So, the total sum spent by the
Laboratory proper on the work on the Project amounts to approximately 77,500 - 21,000 = 56.500 +
700 or about USD 57,000.

2. Number of personnel and the amount of work done

Executors of the work were mainly of the Laboratory personnel. However, for some special tasks
research workers from other laboratories of the Institute were enlisted.

The work shall be completed by the end of 1993 (14 months, Nov.92-Dec.93 or approximately 330
days. on the average, 25 working days a month because the work took more than 8 hours a day and so
forth).

Till now (11.92-09.93), there lapsed 11 month. i.e.. 275 days. The average monthly number of workers
was 34.7. Labor expenditure is 9.550 man days, USD 27.271 have been paid in wages and salarie~.
Thus. the cost of every working day of the entire team was approx. USD 98 and the cost of eveny
man-day approx. USD 2.63. '

The average monthly salary was USD 66-70.

The total number of those engaged in the work was 50 persons.

In the remaining three months of this year the above figures will change insignificantly.

Research associates, engineers and technicians took part in the work. As seen from the complete list
of personnel (see Appendix 1), research associates having various academic degrees numbered -(".

engineers 3 and technicians 7 persons.
11




The main essential “product” of the work on the project are papers and conference reports.

Today we have submitted 39 papers for publication in the ICSCRM-93 Proceedings. The Proceedings
will be published as a book by IOP Publishing Ltd. (Bristol. England). Besides. 17 papers have been
submitted for publication in those Russian journals which AIP wanslates into English and 25 papers
are now in preparation. Three other papers have been accepted for presentation at the E-MRS-93
meeting. at the European Conference on Diamond. Diamonds-like and Related Matenials iIDDRM-Y3,
Albufeira. Portugal). and at the [nternational Semiconductor Device Research Symposium-93 «Char-
lottsville. USA).

Appendix 2 contains the list of publications.

Besides. the work on the project resulted in the following engineering and technological developments.

__A CVD installation for producing epitaxial SiC structures has been designed and constructed « vee
Photograph 1).

—A technological process of producing epitaxial n-layers of SiC using this installation has been de-
veloped.

—A prototype installation for producing epitaxial SiC layers by sublimation method using electron
beam heating (see Photograph 2).

—A technological process of producing epitaxial layers of SiC with this installation was tried out.

__An installation has been designed and constructed for producing layers of silicon oxide. silicon
nitride. silicon oxynitride. amorphous and modified nitrides of aluminum and, possibly. gallium
by the method of magnetron sputtering with the use of plasmochemical reactions (MAGD—muyg-
netron-assisted gas decomposition) (see Photograph 3).

—A technological process for producing the above epitaxial layers (with an exception of gallium ni-
tride) with the MAGD installation was tried out.

—An installation has been designed and constructed for producing by plasma-assisted CVD
(plasma-assisted CVD) of the same layers as those produced with the MAGD installation (except-
ing nitrides) (see Photograph 4).

— A technological process for producing epitaxial layers with the use of the PACVD installation
has been tried out.

—_An installation has been designed and constructed for modifying amorphous, polycrystalline und
monocrystalline SiC by the method of anneal in nascent plasma of hydrogen and helium pro-
duced by RF-discharge (13.56 MHz) (see Photograph 5).

—A technological process of modifying SiC with this installation was tried out.

A more detailed description of designs of the installations and of some technological processes is given

below.

3. Areas of research and development work on the Project

3.1. Research and development in the fieid of technology of SiC and related
materials

This field of research covers the development of such technological processes as the growth of bulk
SiC single crystals of 6H and 4H polytypes. growth of epitaxial layers of amorphous, polycrystalline
and monocrystalline SiC of 6H. 4H and 3C polytypes having different properties, modifying the
properties of these layers through different weatments as well as the development of methods of forminy
multilayer epitaxial structures for use in various SiC devices. Among these methods are metallization
of the structures (application of various kinds of contacts), structure etching, surface passivation.
protection of the periphery of epitaxial structures and other methods used in fabrication of SiC dev ices.
As substates. 6H-SiC wafers produced by Lely method in Russia a few years back as well as 4H-51C
wafers produced lately by modified Lely method (also in Russia) were used.

In all, 31 publication deals with this field of research (15 reports and 16 papers, see the lixt In
Appendix 2).




hotograph L.
An installation for growing epitaxial SiC layers by CVD

Photograph 2.
An installation for growing epitaxial SiC layers by sublimation with electron
heated cell
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Photograph 3.

An installation

for magnetron-assisted
gas decomposition

Photograph 4.

An installation
for plasma assisted CVD




Photograph 5.
An installation for annealing SiC films in nascent plasma
of hydrogen and helium

3.1.1. Sublimation growth of SiC

The major method of growing epitaxial structures in this Laboratory is the original sublimation method
developed by us more than 10 years back (patents have been obtained).

The current state and some development prospects for this method are outlined in Refs. 1.1, 1.2.
Most of the epitaxial SiC structures investigated under this project were produced by sublimation
method.

In the Laboratory, there are three installations for sublimation growth with induction heating, which
are capable of yielding epitaxial layers of n- and p-type of a thickness 1-10 um in the concentration
range 1016-1018 cm3 having rather good quality. However, today we are not satisfied both with the
layer parameters such as concentration range, structural characteristics, lifetimes of minority carriers
and others and with the production rate of the installation.

Therefore. to further improve this method the use of electron beam heating was suggested [1.3] instead
of induction RF-heating. A prototype installation has been constructed (see Photograph 2) and the
technological process of growing epitaxial layers tested. The results demonstrate feasibility of growing
n- and p-type SiC layers using this method of heating.

However, we did not have enough time and resources in order to construct an installation of high
enough perfection, which would have produced higher vacuum (10-8 Torr and higher) and had several
positions for wafers. These two conditions, as shown in our studies, should ensure high layer quality
and high production rate.

Growth of bulk SiC single crystals in our group (Ioffe Institute) was made possible only since the end
of 1992 when the financial support in terms of this project was made available to us.




For the crystal growth two or three sublimation installations with resistance or induction heating were
used. [n our opinion. in this short period rather good results have been achieved. viz.. buik crvstals up
to | inch in diameter have been obtained of 6H and. more important, 4H prototypes. the latter being
an ideal matenial for high-frequency and high-power applications. <
Deployment of the work along these lines on a larger scale is restrained by the shortage of some tvpes
of equipment, in particular, for cutting and lapping of wafers. as well as by the high costs of operating
the equipment and high cost of some materials (for example. graphite).

3.1.2. Ion implantation and some other methods

More than a decade lapsed since the ion implantation method of producing pn junctions has been
developed in our laboratory. First diodes and other devices with pn junctions were formed using ion
implantation. In the course of this project. this method was further improved and studied. the results
obtained have been reported in Refs. 1.14. 1.15.

Also. work was continued on the growth of epitaxial structures using the method of container-free
liquid-phase epitaxy developed in our laboratory about ten years ago.

Some results of studies of the samples produced with this method are presented below in Section 3.2.
Regrettably, the work on growing bulk SiC crystals from liquid phase. as suggested in our proposal.
could not be done for a number of reasons, one of these being the lack of resources.

Still, 6H-SiC layers have been obtained of a thickness up to | mm. The layers were found to be
monocrystalline, however their quality was rather poor. inclusions of other polytypes occurred.

In the framework of the project. work on MBE was continued and focused on modification and
adjustment of the installation constructed in our laboratory earlier. First results of this work have been
published [1.12].

3.1.3. CVD-technology

CVD-technology is at present the most reliably controlled way of growing epitaxial layers having
specified properties. So, for instance, there are reports on CVD-growth of epitaxial SiC layers with u
doping level of 1014-1019 ¢cm~3.
There is known quite a number of versions of the epitaxy from the gas phase differing both in gas
mixture composition and temperatures of epitaxy.
The most widely used temperature range for the growth of epitaxial layers was 1250-1350 °C or higher.
Therefore, a task was undertaken to design and construct an installation that would have been
sufficiently versatile and afforded a possibility of choosing an optimum regime of epitaxy.
Fig.1 shows a schematic drawing of the installaton (see also Photograph 1).
The installation comprises a water-cooled reactor with induction heating in a wide temperature range
(1200-1650 °C) and a gas unit which can provide dosage of a number of gas mixtures:

(a) silane-propane,

(b) methyltrichloride-silane,

(¢) methane-tetrachloride.
As a material of the inner rigging of the quartz reactor (screens, heater) graphite of MPG-6 grade wa-
used. We have also made the rigging of other thermally stable carbon-containing materials (pirocarbon
and fiber glass carbon). All inlets and outlets are arranged on one side for convenient dismantling of
the inductor without breaking the vacuum inside the reactor. Design of the reactor flange permuts
loading and withdrawing of samples via the docking chamber to be done without subjecting the inner
rigging to a contact with an environment. The reactor has a blown-through optical window through
which the temperature control by means of an optical pirometer can be carried out for a long operation
term.
Diameter of SiC substrate that can be handled in this installation is about 1 inch and the growth
temperature of epilayers is high enough to permit growth of 4H-SiC layers.
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At present an adjustment work on the installagon and the technological process is underway .

With the use of conventional CVD installations research was carried out on the growth of jC-SiC on
silicon substrates. The results of this research have been published (see. for example. {1.6. 1.10}).
Another direction of research on the processes of relatively low-temperature CVD technology is the
growth of aluminum nitride layers and SiC-AIN solid solutions.

The results of this studies have been reported in Ref. 1.4, 1.5.

3.1.4. The technology using plasmochemical reactions

As mentioned above. three installations are related to this group of technologies (see Photographs 3.
4 and 5).

These installations (and. consequently. this group of technologies) have an advantage of relative
simplicity and provide a possibility of obtaining layers of practically any aréaon substrates of arbizrary
configuration using rather low process temperatures.

At the same time. this group of technologies is capable both of producing layers of corresponding wide
band gap materials and dielectrics and of modifying their properties.

Below we give a description of these installations.

An installation for producing SiC and related materials by the method of magnetron-assisted gas de-
composition (MAGD).

MAGD installation is based on VUP-5 commercial product in which residual pressures lower than
1.3x10 Pa (1.0x10~% Torr) can be obtained.

The vacuum chamber (see Fig. 2) houses up to three planar magnetron systems of original design.
wafer holder with heater and a wafer holder positioning gear. The use of three magnetron systems
makes possible deposition of multilayer coats in one vacuum cycle. A system of gas feed which
introduces various gas mixtures directly into the discharge chamber and the possibility of controlling
the sputtering power by varying the magnetc field strength and voltage at anodes of the magnewons
(design of the unit is shown in Fig. 3) allow the composition of grown layers to be varied in a wide
range. So, this technique is in fact a combination of magnetron sputtering proper and plasmochemical
deposition. Effective control of the film characteristics is provided by a possibility of varying the
substrate bias potential and of controlling the substrate temperature over a wide range (0-1200 °C).
The magnetron of this design (see Fig. 3) permits operation at a low discharge power and growth at
low rates which is especially important low temperature epitaxy.

Cylindrical electromagnet (2) serves simultaneously as the anode of the magnetron (1). The presence
of the closed magnetic field (4) near the surface of the target (5) serves to localize plasma in the
immediate vicinity of the target. The magnitude of the magnetic field, which is chosen taking into

/‘ - Figure 3.
7 | |‘\ 3 l—cathode of the magnetron, 2—cylindrical
electromagnet, 3—anode, 4—magnetic flux lines.
/__\ /ﬁ\ 5—sputtered target, 6—gas duct
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account sputtering condiaons. can be vaned in the range from U-1UU mT by varying the current 1n the
winding of the elecmomagnet. The cathode of the magnetron is surrounded by a cylindrical anode (3.
The voltage applied to the anode (300-500 V) determines the discharge current (150 mA). Mixres
of carrier gases via gas duct (6) are fed directly into the discharge chamber (7).

The results of these investigations can be found. for example. in Refs. 1.7 and 1.8.

Installation for producing SiC and related materials by plasma-assisted CVD (PACVD)
A technological installation for preparation of films of amorphous silicon carbide and of other matenials
is based on VUP-5 commercial installation of which the below-cover unit has been adapted for
capacitative RF-discharge and comprises:
1. A unit for film growth:
2. An RF-generator with operating frequency 40 MHz and maximum output power 30 W
3. A gas distributing system for preparing mixtures of gases of specified composition. feeding
these gases into the reaction chamber. measuring the pressure of the gas mixture in the course of
the process and for control and stabilizaton of the gas flow rate through the reaction chamber.
Schematic drawing of the below-cover unit is shown in Fig. 4.
A distinctive feature of the design is the use of a reactor with quasi-sealed volume: the space between
the RF- and grounded electrodes of the reactor is encompassed by a cylinder of vitreous silica glass.

8 Figure 4.
Schematic drawing of the plasma-assisted CVD
7 below-cover module. | —RF electrode. 2—sputter-

ing unit, 3—screen, 4—insulating support of the
= =T 1 chamber, 5—gas inlet, 6—quartz cylinder, 7—

g upper electrode, 8—heater, 9—foundation of the
¥~ vacuum chamber.

(3]
—

=

Ends of the cylinder are closely fitted to the surfaces of the electrodes. The gas mixture is fed through
a special distributing system on the lower RF-elecrode. This system maintains a positive pressure
relative to the volume under the cover. This facilitates initiation of the gas discharge inside the reactor
and serves to localize the gas discharge. to reduce the gas mixture consumption, to lower contamination
of the growing film with uncontrollable impurities from the walls of the vacuum system of the
installation. Both electrodes of the reactor are made of an Al alloy and polished. The diameter of the
electrodes is 120 mm. The RF electrode is located in the bottom part and screened. The separation
between electrodes is 30 mm. Substrates for sputtering onto are positioned on the upper grounded
electrode. Heating of the upper electrode and substrates is done using a screened quartz lamp of 300 W
power. The temperature of the substrates is congolled during the process with a copper-constantan
thermocouple and maintained constant. For preparation of gas mixtures of the required composition a
preliminary mixing of gases in a mixing chamber (7) is used. The specified mixwre composition is
achieved by letting in the components untl corresponding pressures are reached, the process being
controlled by pressure gauge. The gases used are 25%SiH, + Ar, 12%CH,4 + Ar, Ar and H,.
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Technological parameters of the sputtering process:
1. Substrate temperature 250 °C:

. Specific RF-power 0.1 W/cm?;

. Gas mixture flow rate 0.2 U/h;

4. Fore-vacuum 10~6 Torr: operating vacuum 5x10- Torr.

LI I

Installation for modifying SiC

The technological installation for annealing the films in a hydrogen and helium RF-plasma is simular
in its design to that for PACVD but simplified somewhat. The gas system 1s designed only for hydrogen
and helium. The electrode separation is 120 mm. Samples are mounted on a special well-screened
high-temperature heater.
Technological parameters of the process of such anneal:

1. Substrate temperature 100-1200 °C:

2. Specific discharge power 0.1-10 W/cm-=:

3. Operating vacuum 1x10~* Torr.
Some results of these studies can be found. for example, in Refs. 1.11, 1.13.
Special mention should be made of a very interesting work {1.13] on modification of near-surface
layers of monocrystalline SiC by annealing in hydrogen or helium plasma. As a result of such anneal.
the resistivity of the thin (1-2 pm) near-surface layer is increased by a few orders.
Such technology can, possibly, open new prospects for the silicon carbide electronics. both in
preparation of insulating layers and in protection of the periphery of devices with pn junctions.

3.2. Research in the field of structural properties of SiC and related materials

This part of the project covers research on techniques and fundamental properties of crystalline and
amorphous SiC and related materials, as well as properties of epilayers and epistructures grown with
the use of technologies described in Section 3.1. Various latest techniques were applied in studies of
electrical. optical and structural properties of those objects which were produced in the course of the
present project. It should be noted that in every work several techniques were used as a rule. Therefore.
it is difficult to group these works on the basis of techniques used. Besides, studies of properties of
SiC and related materials (especially, their structural properties) have been discussed in publications
referred to in Sections 3.1 and 3.2. In all, this group of publications numbers 35 works (see the List of
publications in Appendix 2). These include 16 reports and 19 papers. Among publications dealing
predominantly with electrical measurements the following may be mentioned.

Ref. 2.24 deals with a new technique for investigation of deep levels in SiC, and in Refs. 2.5 and 2.6
data can be found on DLTS studies of deep levels responsible for diminution of the diffusion length
in SiC. Refs. 2.4 and 2.8 are a continuation of the study of a relation between the diffusion length
(lifetime) and recombination parameters, on the one hand, and different technological methods. on the
other hand. These studies are very important as leading to a solution of the problem of fabricating
high-performance bipolar devices, on the one hand. and, on the other hand, as providing criteria of the
perfection of technological processes.

Ref. 2.2 deals with junction breakdown, which is a very important problem for development of high
power SiC devices. Refs. 2.1, 2.12 and 2.13 deal with optical properties of SiC. The study was carried
out on epistructures prepared by liquid-phase epitaxy and ion implantation.

Of special interest is Ref. 2.7 where the effect of neutron irradiation on parameters of current-voltage
characteristics of pn structures were studied. It is known that one advantage of SiC devices is their
high resistance to irradiation as compared, for example, with silicon devices. This paper, on the one
hand. confirms this fact and, on the other hand, describes those properties of SiC pn structures which
make SiC diodes radiation-hard.

Ultimately, a group of papers, in particular, Refs. 2.9, 2.11 and 2.14 deals with investigations of
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epilayers and epistructures prepared by technologies using plasmochemical reactions (Section 3.1 4,
Our analysis of these works shows that these technologies can be instrumental in further advance of
both fundamental research on SiC and related materials and of applications of these materials.

3.3. Research in the field of development of SiC devices

These investigations deal with theoretical modeling and realization of various SiC devices whose
prototypes have been made with the use of technologies and investigation results presented in
Sections 3.1 and 3.2.

Here we have 18 publications (see the list of publications in Appendix 2). namely. 11 papers and ~
reports. ‘

All these development works present a considerable advancement in the field of silicon carbide
electronics.

Now we find it difficult to indicate the most important developments. however a mention should be
made, for example, of such device as a green LED having record-high efficiency, 4H-SiC JFET und
4H-SiC MOS-capacity parameters of which are also record-high in some respects and 6H-SIC JFET
with low cut-off voltage.

Very interesting is the development of a SiC varactor operating at frequencies 100-200 GHz.

A mention should be made also of the development of a SiC diode [3.16]. the most powerful at the
present ume.

4. Summary of the Project

[n the course of the first year of the work on the Project research was carried out on all the items cited
in Articles 2 (Objective) and 3 (Approach) of the Project, the results confirming the preliminary ones
as depicted-in item 3.3 of the Project. '

—In particular, using sublimation method the first in Russia SiC single crystals of 6H and, more im-
portant, 4H polytypes 1 inch in diameter have been grown (items 2.1 and 3.1.1). With further im-
provement of the technique crystals of larger diameter and higher quality can be obtained.

— There have been obtained first thick (up to 1 mm) 6H-SiC layers grown by container-free liquid-
phase epitaxy from silicon melt (items 2.1. 3.2.1 and 3.2.3).

—sublimation technique of growing epistructures has been further advanced; technologies have
been developed and 6H and 4H-SiC epilayer of various quality produced (items 2.2 and 3.2.1).

—A unique CVD-apparatus has been constructed for the growth at temperatures 12501650 °C of
epilayers of various SiC polytypes (6H and 4H) on substrates 1 inch in diameter (item 2.2).

—Work was continued on growing SiC-AlN layers (item 2.2).

— Apparatus for plasma-assisted CVD has been constructed and first results on the growth of SiC
epilayers obtained (item 3.2.2).

—A prototype installation has been made for growing SiC epilayers with the use of electron beam
heating and first SiC epilayers obtained (item 3.2.1).

Besides, the scope of the work on the Project was expanded to cover amorphous SiC and SiC modified

into polycrystalline or, possibly. monocrystalline form. Some steps undertaken in this direction are

outlined below.

— An installation has been constructed for producing layers of silicon oxide, silicon nitride. silicon
oxynitride, amorphous and modified silicon carbide and aluminum nitride by magnetron sputter-
ing with the use of plasmochemical reactions (MAGT, magnetron-assisted gas decomposition,.

—_An installation has been constructed for modifying amorphous and polycrystalline SiC by the
method of annealing in atomic hydrogen and helium plasma produced by RF discharge.

The epilayers and epistructures produced by the above methods were examined and characterized using

different methods, in particular, those described in Article 1 of the Project.

With the use of all the above technological methods and investigation results on the obtained epilavers

and epistructures prototype devices have been developed such as a power diode for forward current of
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| A.low punch-voltage JFET in 6H-SiC, JFET in 4H-SiC. high-efficiency ion-implanted 6H-SiC green
LED. SiC varactor operating at a frequency of 150 GHz. SiC LED modules. UV detector basgd on
alpha-SiC:H films, ferroelectric memory cells based on SiC MOS-capacity. SiC thyristor see item 2.3
and the end of item 3.3 of the Project).

Nearly all the results of the research and development work have been presented in more than K0
publications (including conference reports). a list of these is given in Appendix 2 to this report.
From the above said it follows that in the first year of the Project an advance has been made. to a various
extent. on all the items of the Project and. in addition. a considerable volume of work has been done
outside the scope of the Project.

[n our opinion, a significant advance has been made in the field of electronics based on SiC and related
materials.

We ask you to consider a possibility of financing the second year of work on the original Project and
of including in the Project additional objects of research. namely. other wide band gap semiconductors.
such as amorphous and modified SiC, aluminum and gallium nitrides and, if possible. diamond-like
films. ‘

A brief proposal for research along these lines is submitted (see Appendix 4).

5. Conclusions and suggestions

If it is accepted that 1993 is phase I of the work on the Project then. relying on the foregoing. we may
conclude, as already done above, that phase [ has been successfully completed.

On these grounds, we ask you to consider a possibility of financing to be continued into the second
phase of the Project in an amount which you will be able to appropriate for this purpose.

At the same time, judging by the results of work on phase [ of the Project, it appears necessary to make
some amendments to the Project. These amendments are necessitated by a number of both objective
and subjective reasons that could not be taken into account when the original Project was being drawn
up in 1992. First. in 1992 we could not envisage a possibility of the fantastic inflation which set on
early in 1992 and continues unabated. Therefore, some directions of research that have been wnten
down in the Project in 1992 could not be carried out on a sufficient scale in the course of the work on
the Project in 1993 (for example, development of the technology for growing SiC single crystals from
melt).

Some directions of research (for example, development of the technology of growing SiC-AlN sohd
solutions) turned out to be more labor-consuming and their end results more distant than we assumed.
though results of the work done along these lines in 1993 suggest that their continuation is worthwhile.
On the other hand, as noted above, we widened the scope of work on the Project and undertook studies
not included in the original proposal because we saw that this group of technologies can be very
important for the project on SiC and related materials. ,

Therefore, taking into account our experience of collaboration with you in 1993 we ask you to consider
a possibility of financing phase II of the Project in 1994 according to amended proposal submutted
below in Appendix 4 to this report.

We hope very much that you will accept our proposals.




2.2b Journal articles accepted for publication.

1] AYu Maksimov, AA. Maltsev and N. K. Yushin, ICSCRM-83, Growth of silicon
carbide rectangular boule of one inch dimension.

This work deals with the growth of the rectangular silicon carbide single crystal boules
of 6H and 4H polytypes by sublimation vapor transport method. New approach to the
large dimension single crystal boule growth has been suggested. The SiC boules of
3030 mm dimension and 18 - 22 mm height with polytype homogeneity 86% for 4H
83% for BH-SIC were obtained. The results of measurements some parameters of the
plane wafers and ones with epitaxial layers are given.

2) M. M. Anikin, A. L. Syrkin and V. E. Chelnokov, ICSCRM-83, Sublimation epitaxy of
SiC: Development paths and an outlook for the future.

Main results and potential means of sublimation epitaxy in SiC are observed. Possible
ways of development of this technology are discussed.

3] MM. Anikin, A.A. Lebedev, M.G. Rastegaeva, AM. Strel'chuk, AL Syrkin and V.E.
Chelnokov, Epitaxial layers of n- and p- type 6H-SiC grown by sublimation "sandwich"”
method in an Electron Heated Cell.

Main results and potential means of sublimation epitaxy in SiC are observed. Possible
ways of development of this technology are discussed.

4) 0. Lebedev, Yu V. Melnik and AM. Tsaregorodtsev, Thermodynamic analysis of
chemical vapor deposition of éiC—AIN solid solutions.

Thermodynamic analysis of SiH4-CH4-AICI3-NH3-system have been carried out to see
the possibility of deposition of AIN-SiC solid solutions in this system in proper
perspective. The deposition region of (AIN]) x {SiC) 1-x solid solutions have been
determined in terms of experimental parameters. It is shown that an addition of
hydrogen chioride into the vapor phase should expand the deposition region for AIN-SiC.
The calculation revealed that the preparing the AIN-SiC solid solutions with small AIN-

content using system under study involves difficulties.
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5) A.O. Lebedev, Yu V. Melnik and A.M. Tsaregorodtsev, Epitaxial growth of aluminum
nitride on sapphire using modified chloride-hydride method.

The gas-phase epitaxy of AIN on sapphire substrates in the system Al-HCI-NH3-Ar was
investigated. The effect of homogeneous formation of AIN on the deposition process
has been discussed. The modified chloride-hybrid method, which may be called
"chloride-hydride method with suppression of homogeneous formation,” is proposed.

6] I.P. Nikitina, N.B. Guseva and S.V. Rendakava, The effect of high temperature anneal
on structural perfection of 3C-SiC Epitaxial Layers Grown by CVD on Si{111).

The effect of high-temperature anneal on structural perfection of 3C-SiC epitaxial layers
grown by CVD on Si(111) has been investigated by X-ray differential diffractometry and
X-ray topography methods. It has been shown the anneal in vacuum at T=1540 C led
to considerable decrease of FWHM of rocking curves (RC) and made it possible to use
such annealed epilayers as seeds for growth of cubicpolytype SiC bulk single crystals.
7) N.A. Rogachev, AN. Kuznetsov, E.l. Terukov, V.E. Chelnokov and |.N. Trapeznikova,

Deposition of hydrogenated amorphous silicon-carbon alloy films by magnetron glow
discharge plasma.

Hydrogenated amorphous silicon carbide was prepared by reactive magnetron
sputtering. Materials obt:ainebd by sputtering of carbon target in the atmosphere of
argon-silane mixture as well as by sputtering of silicon target in the atmosphere of
argon-methane mixture were compared. Electrical and optical absorption spectra of
material obtained by various methods were found out.

8) N.A. Rogachev, AN. Kutznetsov, E. Terukov and V.E. Chelnokov, Growth of SiC
epitaxial layers from the gas phase created by reactive magnetron sputtering.

The obtaining of n-SiC epitaxial films by reactive magnetron sputtering method at
substrate temperature higher than 800 C with different reactive gases, solid targets
and their combinati.ons as sources of films growing components is described.
Crystalline Si, SiC and graphite plates were used as targets and silane, methane, argon
as gases. It has been shown that this method allows to obtain n-SiC epitaxial films with
difference in impurities concentration Nd-Na=610 E18 cmE-3. On the basis of the

films obtained, Schottky barriers matrixes have been formed.
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8) AA. Maltsev, A. Yu Maksimov, I.P. Nikitina and N.K. Yuhin, Structure investigations
of large diameter bulk 6H-SiC single crystals.

10) S.V. Rendakova, |.P. Nikitina and A.S. Zubrilov, Properties of Annealed 3C-SiC CVD
films.

Effect of annealing of 8 mcm thick monacrystalline 3C-SiC films on CL spectra,
impurities concentration, crystallinity and resistance has been investigated. The
pervasive character of oxygen in 3C-SiC samples irrespective of the growth technique
has been established, with the minimum concentration measured 1.510E18 cmE-3.
We find that O tends to accumulate near the regions of a high defect density. We
propose that it is at least partially responsible for existence of the defect-related CL
band in 3C-SiC films grown on Si.

11) LN. Trapeznikova, O.1. Konkov, V.E. Chelnokov, E.l. Terukov and M.P. Vlasenko, Effect
of temperature annealing on the properties of a-Si [1-xJC(x):H films.

The a-SiQ:H structural and optical properties after vacuum and hydrogen annealing have
been investigated. The hypothetical model of structural rearrangement is proposed.
12) VK. Kudoyarova, G.M. Gusinskii, El. Terukov and V.E. Chelnokov, Hydrogen and
carbon depth profile measurement in aSi(1-xJC(x):H films by elastic recoil detection.

Amorphous silicon-carbon a-Si(1-x)C({x):H (0 < x < 0.5) alloys prepared by RF glow
discharge decomposition of SiH and CH mixtures were studied. The experimental
techniques used to study a-Si(1-xJC:H films were the Rutherford back scattering (RBS]),
elastic recoil detection (ERD) and IR spectroscopy. The results are reported of
concerning the composition of films, the film density, the hydrogen content, the
hydrogen and carbon profiles and IR absorption. The obtained data allowed to make
certain conclusions about the a-Si{1-xIC{x}:H (O < x < 0.5) film structure.

13) AN. Andreev, MIM. Anikin, ALL. Syrkin and V.E. Chelnokov, The method for
formation of a spectrally non-disordered silicon carbide surface in high vacuum.

A new technique for clarification of silicon carbide surface under high vacuum condition
is presented. This method includes preliminary oxidation. The oxide film is then
remaoved in high vacuum by means of bombarding the surface with electrons. In this

way the technique enables us to form a non-disordered spectrally clean silicon carbide
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surface.

14) P.A. lvanov, LB . Elfimov, A.O. Konstantinov, V.N. Panteleev, T.P. Samsonova and V.E.
Chelnokov, Characterization of 6H-silicon carbide MOS-structures.

The theoretical C-V characteristics of MOS-structures on the base of wide band-gap
semiconductors like silicon carbide are discussed. Al/Si02/n-6H-SiC (0001) C and
Al/Si02/n-BH-SIiC (0001) Si MOS-structures have been fabricated and evaluated at
room temperature. It has been shown that the charge trapping at the SiO2/SiC
interface is strongly affected by the oxidation rate which depends drastically on the
surface orientation of SiC crystal.

15) A.O. Konstantinov, P.A. Ivanov, O.. Konkov and E.l. Terukov, Plasma passivation of
crystalline silicon carbide.

Plasma technique was shown to be an effective method of obtaining high resistivity
layers in silicon carbide. The passivation mechanism is related with the intrinsic point
defect production at crystal surface and with the subsequent diffusion of the defects.
into crystal bulk to form the defect complexes which compensate the shallow dopants.
Due to the effect of Fermi Alevel position on the process the method is effective for the
p-type material, whereas only very thin high resistivity layers can be produced in the n-
type one.

18] V.N. Makarov, D.A. Plotkin and AV. Suvorav, Graphitization of silicon carbide
implanted by aluminum at high temperature of target.

We studied BH-SIC implanted with aluminum. The fluency was 510E16 cmE-2, the
temperature of target was ranged from 300 to 1800 K. Implantation at 300 K
resulted in amorphization of implanted layer. We found precipitates of microcrystalline
Si in highly disordered SiC after 1300 K implantation. Above 1600 K graphitization of
subsurface layer occurs. This process prevails at 1800 K. The effect of fluency on
graphitization is also considered.

17) AM. Strel'chuk, A.L. Syrkin, V.E. Chelnokov, A.E. Cherenkov and V.A. Dmitriev, The
current, electroluminescence and recombination parameters of SiC pn structures
produced by container-free liquid-phase epitaxy.

This paper presents a review of electrical transport, electroluminescent and
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recombination properties of SiC pn structures produced by container-free liquid-phase
epitaxy. At high temperatures thermo-activation currents are observed and investigated
and at low temperatures influence of tunnel effect on current is detected. Lifetimes
and charge carriers diffusion lengths are studied; a lifetime increase with elevation of
temperature is detected. Temperature and current dependences of edge electrolumin-
escence are investigated.

18) AN. Andreev, M\M. Anikin, AA. Lebedev, N.K. Poletaev, A.M. Strelchuk, A.L. Syrkin
and V.E. Chelnokov, A relationship between defect electroluminescence and deep
centers in 6H-SIC.

It has been found that if in 6H-SIC pn structures a defect electroluminescence (DEL)
(hv = 2.35 ev] is observed then deep acceptor or i-centers (Ev + 0.52 eV) must be
present there. A comparison of different mechanisms of radiative recombination
showed that the best fit is obtained with the donor-acceptor pair recombination. It is
considered that the acceptor level involved is i-center and the donor level is due to
nitrogen.

18) AM. Anikin, AA. Lebedev, NK. Poletaev, AM. Strelchuk, A.L. Syrkin and V.E.
Chelnokov, Deep centers and blue-green electroluminescence in 4H-SiC.

There were investigated 4H-SiC diodes with pn junction produced by ion implantation
of Al (ID structures] or by epitaxial p-type layers onto epitaxial grown n-type layers (SE
structures). In both types of samples there have been observed "defect"
electroluminescence (EL) (hv = 2.554 eV)] and "boron" EL [hv = 2.4 eV), respectively.
DLTS data show the presence of D-center in samples displaying the "boron” EL and
center in those displaying the "defect" EL, that is of the same centers which are
responsible for EL in 6H-SiC. Calculation of 4H-SiC pn structures properties, assuming
recombination models proposed for 6H-SIiC, and of parameters of detected defects are
in good agreement with the experiment.

20} V.V. Evstropov, A.M. Strel'chuk, A.L. Syrkin and V.E. Chelnokov, The effect of neutron
irradiation on current in SiC pn structures.

The effect of neutron irradiation on forward and reverse current in 6H-SIC epitaxial pn

structures was investigated. An evidence of tunneling was detected in the currents,
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in particular, a change from thermal injection currents of the form J=Joexp {qU/NkT)
with T-independent "n" to thermally-assisted tunnel currents having an analogous
dependence on voltage but with T-dependent "n". Thermally-assisted tunnel currents
in structures irradiated with a dose of 510 E14 cmE-2 could be observed at
temperatures of up to 600-700 K.

21) MM. Anikin, AM. Strelchuk, A.L. Syrkin and V.E. Chelnokov, Diffusion length and
lifetime of charge carriers in 6H-SiC pn structures.

The diffusion length and lifetime of charge carriers in pn structures produced by
different technological methods were studied. The link between values of the lifetime,
the diffusion length and the rate of temperature variation of these quantities, on the
one hand, and the fabrication technology of the pn structures, on the other hand, was
observed.

22) AS. Zubrilov, Electrical transport properties of monocrystalline cubic-SiC/Si
heterajunctions.

The electrical transport properties of the monocrystalline n-beta-SiC/ p-Si heterojunction
(HJ) system fabricated by chemical vapor deposition {CVD) are investigated using the
capacitance-voltage (C-V] and currentvoltage (V) characteristics, as well as
photovoltaic and minority carrier lifetime measurements. The HJs studied show good
and fast rectification. The |V characteristics can be given as I=loexp {-qU/nkT)
exp(qV/nkT-1), where the value of n is in the range 1.1 - 1.25, the build-in voltage U
= 0.87 - 0.02 V. An energy-band diagram of the HJs and the value of the SiC/Si
interface density of states are presented.

23) K.V. Vassilevski, AV. Zorenko and V.V. Novozhilov, Temperature dependence of
avalanche breakdown voltage of pn junctions in 6H-SIC at high current density.

The temperature coefficient of avalanche breakdown voltage (b) of 6H-SIiC p+n junctions
was measured at high current density for the first time. P+n structures with various
donor concentration in n-region (Nd) were formed on (0001) Si face of 6H-SiC
substrates. The change of breakdown voltage (Ub) caused by diode heating during the
current pulse was studied. It was found that the Ub decreases with the temperature

rising from 300 to 750 K and increases from 750 to 800 K. An absolute b value
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increases with Nd increasing.

24) E.V. Kalinina and G.F. Kholujanov, Structure and electrical properties of implantation-
doped pn junctions in SiC.

Forward and reverse capacitance-voltage (CVC) and current-voltage (IVC) characteristics
were studied of pnn+ structures produced by Al implantation (ID) into epitaxial layers
of n-SiC in a wide range of ID and annealing regimes. Simultaneously, integrated
profiles of implanted Al were studied by the method of resonant nuclear reactions. It
has been shown that peculiar features of the electrical characteristics of these
structures are due to the combined effect of the radiation-stimulated diffusion (RSD)
and de-compensation of the players during anneal.

25} V. Kh Kudoyarova, D. Dimova, E.l. Terukov and V.E. Chelnokav, Optical properties
and structure of RF~magnetron sputtering a-Si(1-x)C{x}:H films.

Amorphous silicon-carbon alloys in a-Si(1-x)C{x):H (O < x < 0.5) have been prepared by
RF magnetron reactive co-sputtering of Si and graphite in Ar + H2 gas mixture with
30% hydrogen concentration. The results of the optical band gap, refractive index, IR
absorption and Raman spectra as function of film composition.

26) ME. Kumekav, SE. Kumekov, El. Terukov, V.A. Vassilyev and V.E. Chelnokov,
Quantum efficiency of the photoelectrical effect and impact ionization in a-Si:H films
n the UV spectral range.

The study of a-Si:H films photoconductivity over a wide energy interval (1.5 - 6.3 eV) has
carried out. It was shown that quantum efficiency of the intebeen rnal photo effect can
exceed unity due to impact ionization showing a threshold at E = 3.6 eV > 2Eg. The
mean energy for electron-hole pair creation during impact ionization has been
measured, amountingto 24 eV at T = 283 K

27) AA. Babaev, 0.. Konkov, LN. Trapeznikova, E.l. Terukov and V.E. Chelnokov,
Photoluminescence and optical properties of a-Si(1-xJc(x):H Films.

The a-Si(1-x)C(x]:H films phaotoluminescence properties are investigated after annealing
at 400 C in vacuum. It is shown that photoluminescence intensity is increased after
annealing as a consequence of the material structure rearrangement caused by

annealing.
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28) Ya V. Morozenko, The effect of defects in substrate on the blue
electroluminescence efficiency of epitaxial 6H-SiC pn structure.

The correlation of the properties of 6H-SIC epitaxial pn junctions and 6H-SiC substrate
used for epitaxy was investigated. A dependence of the electrical and
electroluminescence characteristics of pn mesa structures on the light absorption
coefficient was observed. This correlation may be used for the substrate selection
before the epitaxial pn junction growth.

29) Ya V. Morozenko, The spatial inhomogeneity of edge emission in 6H-SIiC epitaxial
layers.

The spatial fluctuations of the quantum efficiency of exciton and donor-acceptor
photoluminescence in epitaxial 6H-SIC layers were studied. A dependence of the mean
relative deviation of the quantum efficiency on the shallow impurity concentration was
examined.

30) P.A. Ivanov, N.S. Savkina, T.P. Samsonova, V.N. Panteleev and V.E. Chelnokov,
Junction field-effect transfstor based on 4H-silicon carbide.

A buried-gate junction field-effect transistor (JFET) based on 4H-silicon carbide has been
fabricated and evaluated. p-Type and n-type homo-epitaxial films were successfully
grown on a 4H-SiC wafer by vacuum sublimation. lon-sputtered Ta/Al was used as an
ohmic contact to both n-type conducting channel and p-type buried gate. A maximum
transconductance of 15mS/mm was observed at room temperature. The device
operated well at elevated temperatures with decreasing transconductance. An analysis
of n-channel conductance yielded room temperature drift mobility of electrons 340
cmE2/Vs being twice greater than that for BH-SIC JFET with the same electron
concentration in the channel.

31) M.M. Anikin, A.A. Lebedev, M.G. Rastegaeva, N.S. Savkina, A.M. Strelchuk, A.L. Syrkin
and V.E. Chelnokov, Low pinch-off voltage JFETs in SiC.

New results in fabrication of JFETs based on sublimation grown epi-structures in 6H-SiC
are presented. Low threshold voltages without essential decrease of drain current is

obtained.
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32] K\V. Vassilevski, V.A. Dmitriev and A.V. Zorenko, SiC varactor operating at frequency
150 GHz.
We report the fabrication of the first silicon carbide varactor. 6H-SiC pn structures
were grown by containerfree liquidphase epitaxy and encapsulated in microwave
package. Fabricated diodes were used as varactors to tune in the frequency of silicon
IMPATT oscillator. The frequency modulation about 6 MHz was obtained at frequency
150 GHz.
33) AV. Suvorovand V.N. Makarov, Prebreakdown electroluminescence of 6H-SiC Diode
structure formed by ion implantation.
Pn junctions with prebreakdown light emission were formed by Al+ ions and
conventional thermal annealing of 6H-SIC. The produced structures show a wide
radiation spectrum of electroluminescence in the range 400 - 800 nm. The spectrum
is practically independent of temperature (100 - 500 K) and current density (10 -
1000 A/cmE2). The homogeneous field of microplasmas with density of about 10E7 -
10EB cmE-2 is the radiation area. The radiational power is about 0.1 mcW under
current 40 mA.
34] AV. Suvorov, V.N. Makarov and D.A. Plotkin, High-effective ion-implanted green 6H-
SiC LEDs.
The pn structures were formed by the implantation of Al+ ions n-type 8H-SiC films and
the thermal annealing. An energy of ions was in the range of 40 - SO keV, an
annealing temperature 1700 - 2000 K. We investigated the influence of implantation
conditions over the defects electroluminescence of the obtained structures. After
fabricating contacts and mesas with area 0.50.5 mmE?2 our devices showed under the
current of 20 mA:

- integral light power 20 mcW,

-1 = 535 nm, dl = 80 nm.
After encapsulating it will be possible to obtain LEDs with an integral light power up to
80-100 mcW.
35) ME. Kumekav, 0., Konkov, El. Terukov, V.A. Vassilyev and V.E. Chelnokov, UV-
detector based on 8-SiC:H Films.
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It was done investigation of photosensibility of photodetectors on base a-SiC:H and its
alloys at temperature 300 C in the range of spectrum 1.5 < hn < 6.3 eV. It was
shown possibility of red bound shift of spectrum in dependence on thickness and i-layer
composition.

36] A. Yu Maksimov, AA. Maltsev and N.K. Yushin, Silicon carbide application in
integrated optics.

Optical waveguide propagation was observed in SiC heteroepitaxial layered structure
prepared by sublimation method. Some perspectives of SiC as an integrated optic'
material are discussed.

37] A. Yu Maksimav, A.A. Maltsev and N.K. Yushin, Silicon carbide LED-modules and
arrays.

38) AN. Andreev, M-M. Anikin, AM. Strelchuk and V.E. Chelnokov, Parameter
evaluation for silicon carbide thyristors.

An evaluation of switching and holding currents, switching and breakdown voltages is
given for a SiC-based thyristor; peculiar features of silicon carbide as predetermine the
thyristor specificity are considered. It has been shown that this the present
development level of silicon carbide technology the switching voltage of a thyristor can
be made as high as 500 - 700 V.

38] KV. Vassilevski, How far we are from silicon carbide diodes for 100 - 200 GHz.
The possibility of a SiC IMPATT diode creation is discussed taking into account recent
results of theoretical and experimental investigations in silicon carbide. It was predicted
numerically that 8 micro wave power generation with a maximum efficiency about 8%
Is available for the specific input power, Pin, of 10 MW/cmE2 at the frequency 140
GHz. A pulse avalanche current with a pulse length about 60 ns, dens