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Analysis of metallofullerenes using a mass reflectron
V. I. Karataev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
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A high-resolution mass reflectron has been used to analyze an extract of a fullerene mixture
containing the metallofullerene Gd@C82. It is shown that various metallofullerenes can be
analyzed by means of thermal desorption followed by electron impact ionization. The C60,
C82, and Gd@C82 ion currents are obtained as functions of the evaporation temperature. Doubly
charged (Gd@C82)

21 metallofullerene ions are identified in the mass spectra. ©1998
American Institute of Physics.@S1063-7850~98!00103-7#
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Mass spectrometry is one of the fundamental method
analyzing fullerenes and metallofullerenes.1,2 The
gadolinium-containing fullerene C82, conventionally de-
noted as Gd@C82, is considered here. The samples we
analyzed by a technique which involves thermal desorp
by electrical heating followed by electron-impact ionizati
of the vapor and separation of the product positive ions i
‘‘mass reflectron’’ time-of-flight mass spectrometer.3 When
this technique is applied to fullerenes,4 a sample in the form
of soot particles, an extract, or a solution of fullerenes
organic solvents weighing;0.1 mg, is placed in a;5 mm3

quartz crucible and inserted in an electrically heated ta
lum furnace fitted with a thermocouple. The maximum he
ing temperature is;900 °C. The rate of heating can be va
ied between 10 and 100 °C/min. The energy of the ioniz
electrons can be varied between 5 and 100 eV.

The composition of the fullerene ions in the mass sp
trum depends on the evaporation temperature of the sam
and as the temperature increases, a gradual yield of he
clusters is observed for both fullerenes and metallofulleren
Figure 1 gives the C60, C82, and Gd@C82 ion current as a
function of the sample evaporation temperature. It can
seen that fullerenes of different mass exhibit different th
mal desorption kinetics. Desorption of C82 and Gd@C82

takes place at almost the same temperature but with an
preciable shift toward higher temperature for the metall
ullerene. The evaporation curves have a similar profile. T
minimum desorption temperature for Gd@C82 was
'400 °C. It should be noted that in the thermal desorpt
technique the quantitative result of the analysis is an a
aged value obtained for total evaporation of the sample
that it is more accurate to measure the total ion currents o
types of fullerenes over the entire evaporation time,
which the maximum evaporation temperature should ens
evaporation of the heaviest clusters. The composition of
sample vapor is frequently given at a particular evapora
temperature, which provides sufficient information.

Figure 2 gives the complete mass spectrum of
fullerenes in this extract sample atT5600 °C. An increased
content of heavy fullerenes is observed, extending as fa
C120. The mass reflectron can resolve all combinations of
isotopes with C82 isotope lines, as can be seen clearly fro
1671063-7850/98/24(3)/2/$15.00
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Fig. 3, which shows part of the mass spectrum between94

and C96, including the Gd@C82 metallofullerene lines with
masses between 1138 and 1148 u. Doubly charged Gd@82

21

ions were recorded along with the singly charged ions, a
the ratio of the singly charged to the doubly charged i
current was similar to the ratio C82

1 /C82
21 for empty fullerenes.

It is interesting to note that the Gd@C82/C82 current ratio
which characterizes the efficiency of the yield of fille
fullerenes to empty fullerenes was;0.5.

On the basis of these results, it may be concluded t
some metallofullerenes possess extremely good thermal
bility and that prolonged thermal action does not impair the
integrity, as had been supposed previously.2 It should be
noted that the thermal desorption method gives fairly rep
ducible results and in particular, does not depend on the
mogeneity of the sample microstructure. The dependence
the mass spectrum of metallofullerenes on the method
conversion of the molecules to the gas phase2,5 is a major
disadvantage of mass spectrometric analysis. In this resp
the thermal desorption method is potentially useful for an
lyzing metallofullerenes, since it has a minimal affect on t
initial composition of the sample.

Thus, the method of thermal desorption followed b
electron impact ionization of the vapor in a conventional io
source can be used in the mass spectrometric analysi
various metallofullerenes. Another commonly used meth

FIG. 1. C60 , C82 , and Gd@C82 ion current versus evaporation temperatu
of sample.
© 1998 American Institute of Physics
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FIG. 2. Complete mass spectrum of fullerene e
tract containing Gd@C82 metallofullerene at
Tev5600 °C.
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involves laser desorption of the sample followed by ioniz
tion of the vapor using another laser which delivers a pho
electron flux. It should be noted that both methods give si

FIG. 3. Thermal desorption section of the mass spectrum of the ex
between C94 and C96 including Gd@C82 isotopic multiplets with masses
between 1138 and 1148 u.
-
-

i-

lar qualitative results for the same sample but dif
quantitatively as a result of the very different conditions us
to convert the molecules to the gas phase, i.e., the temp
ture and duration of the action on the sample material.

To conclude, the author is deeply grateful to Yu.
Grushko~St. Petersburg Institute of Nuclear Physics, Ru
sian Academy of Sciences! for kindly supplying samples of
Gd@C82 metallofullerene.

This work was carried out under Project No. 94006
part of the Russian Scientific-Technical Progra
‘‘Fullerenes and Atomic Clusters.’’
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Cross linking and thermal destruction processes in thin films formed from dilute
solutions of a copolymer of trifluorochloroethylene and vinylidene fluoride

A. O. Pozdnyakov, B. M. Ginzburg, O. F. Pozdnyakov, and B. P. Redkov

Institute of Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg;
A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted August 20, 1997!
Pis’ma Zh. Tekh. Fiz.24, 6–10~March 12, 1998!

Thermal desorption mass spectrometry has been used to investigate the mechanisms for thermal
destruction of films prepared from dilute solutions of a copolymer of trifluorochloroethylene
and vinylidene fluoride. It is shown that compared with films obtained from concentrated solutions,
the ratio of the intensities of the low- and high-temperature stages of HCl and HF release
changes substantially in this case. It is concluded that the low-temperature stage of hydrogen halide
release is attributable to cross-linking processes rather than to intramolecular reactions
caused by the formation of double bonds in the chain. ©1998 American Institute of Physics.
@S1063-7850~98!00203-1#
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It has been shown in various studies1–3 that the mono-
tonic heating of the copolymer of trifluorochloroethylene a
vinylidene fluoride is accompanied by the two-stage rele
of hydrogen halides~HF and HCl!. In an earlier study4 we
noted that the high-temperature stage is observed in the s
temperature range as the yield of chain destruction produ
Since the solubility of the copolymer decreases at the lo
temperature stage of hydrogen halide formation,1–3 we
attributed4 this release of hydrogen halides to the formati
of intermolecular cross links. At the same time, some cr
links may also be formed between independent section
the same chain~intramolecular cross links!. In addition to
this mechanism of hydrogen halide formation at the lo
temperature stage, there is also an alternative mecha
caused by intramolecular HF and HCl detachment react
accompanied by the formation of a system of conjug
bonds. This mechanism is confirmed by a change in the c
of the samples and by the detection of double bonds thro
infrared spectroscopy.1–3 Thus, there are two possibl
mechanisms for the release of hydrogen halides at the
temperature stage. In view of this, we used thermal des
tion spectroscopy to carry out experiments which confirm
one of these mechanisms, i.e., cross linking. Information
the materials and experimental method can be found
Ref. 4.

The concept of the experiments is as follows. It is kno
that when polymers crystallize, the degree of ordering~crys-
tallinity! depends very strongly on the crystallizatio
conditions.5 In particular, it has been established that t
crystallization conditions strongly influence the structure
the copolymer.6 During crystallization from melts or concen
trated solutions, steric hindrances always increase the f
tion of noncrystallizing sections of the chains, which form
amorphous phase~Fig. 1a!. However, highly dilute solutions
from which the solvent evaporates very slowly,5 are used to
obtain polymer single crystals~Fig. 1b!. It is quite clear that
the maximum number of contacts between different mac
molecules or independent sections of the same macro
1691063-7850/98/24(3)/2/$15.00
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ecule is achieved for single crystals~in both cases we shal
call these contacts ‘‘interchain contacts’’!. These contacts
only participate in the formation of hydrogen halides
cross linking, not by the formation of double bonds. No
that the increased number of interchain contacts formed
films obtained from dilute solutions is clearly conserv
when these films are then heated above the melting poin
a result of the well-known ‘‘genetic memory’’ effect.7,8

Thus, if the release of hydrogen halides at the lo
temperature stage is caused by cross-linking reactions
increase in the number of contacts should lead to an
creased probability of intermolecular contacts between h
gen atoms and hydrogen atoms, and thereby increase
quantity of released hydrogen halides. However, if t
mechanism of hydrogen halide formation is the result of
trachain recombination between neighboring halogen
hydrogen atoms, this dependence should not be found.

To vary the number of interchain contacts, we prepa
copolymer films from dilute ethyl acetate solutions~initial
concentration less than 0.05%!. The temperature dependenc

FIG. 1. Diagram showing supermolecular organization of a polymer form
by crystallization from a concentrated solution or melt~a! and from a dilute
solution ~b!.
© 1998 American Institute of Physics



b
s

o

on

tra
n

b-
hy-
h-
n.

an-
a

nds
—

er
at
cre-
that
g
de,
red

an
s-

ilu

170 Tech. Phys. Lett. 24 (3), March 1998 Pozdnyakov et al.
of the formation of the main volatile products~HCl and HF!
obtained for these films differed substantially from that o
tained by heating films prepared from more concentrated
lutions ~initial concentration higher than 2–3%!. For conve-
nience of comparison, the curves giving the formation
HCl ~Fig. 2a! and HF ~Fig. 2b! obtained by heating films
prepared from dilute and concentrated copolymer soluti
are normalized to the quantity of heated sample.

A comparison of the curves reveals that the concen
tion of the initial polymer solution has two main effects o

FIG. 2. Temperature dependences of the formation of HCl~a! and HF~b! by
heating films prepared on the surface of a steel substrate using a d
solution~around 0.05 wt. %! shown by the filled circles~1! and films formed
from a concentrated solution shown by the empty circles~2!. Rate of heating
;10 K/s.
-
o-

f

s

-

the formation of volatile products. The first involves a su
stantial increase in the intensity of the low-temperature
drogen halide formation peak compared with the hig
temperature peak for films obtained from the dilute solutio
The second effect involves a reduction in the specific qu
tity of chain destruction products which is evidenced by
decrease in the specific quantity of hydrogen compou
other than halides and of one of the comonomers
CF2CFCl—at the high-temperature stage~not shown in the
Figure; see Ref. 4 for the release kinetics of the comonom!.
From this it follows that the formation of hydrogen halides
the low-temperature stage is undoubtedly caused by the
ation of interchain contacts. Quantitative estimates show
for films obtained from dilute solutions, the cross-linkin
density increases by approximately an order of magnitu
i.e., is 10–20 links per two macromolecules as compa
with 1–2 for films obtained from concentrated solutions.

This work was carried out as part of the Russi
Scientific-Technical Program ‘‘Fullerenes and Atomic Clu
ters’’ ~‘‘Tribol’’ project !.
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Bistability and response to hydrogen adsorption in nanostructured films based on
mixed tin and titanium oxides

B. Sh. Galyamov, S. A. Zav’yalov, G. G. Postovalova, and Yu. E. Roginskaya

L. Ya. Karpov Physicochemical Scientific-Research Institute, Moscow
~Submitted August 4, 1997!
Pis’ma Zh. Tekh. Fiz.24, 11–16~March 12, 1998!

It is shown that the strong response to hydrogen adsorption exhibited by the electrical
conductivity of thin nanostructured films based on mixed tin and titanium oxides and its rapid
relaxation to the initial value in an adsorption–desorption cycle are caused by the
‘‘trigger’’ properties of this system relative to changes in the composition of the gaseous
atmosphere. ©1998 American Institute of Physics.@S1063-7850~98!00303-6#
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The strong response of the electrical conductivitys to
adsorption of molecular hydrogen exhibited by nanostr
tured films formed of mixed tin and titanium oxides~subse-
quently called 10ST, where the coefficient indicates the c
tent of the titanium component in mol.%! suggests that thes
materials may be potentially useful gas-sensitive eleme
for use in gas sensors.1,2 The increase in the electrical con
ductivity of ST films accompanying the adsorption of H2 is
similar to that resulting from strong metal–carrier interacti
in oxides, particularly TiO2, with deposited particles o
platinum-group metals, in whichs also increases in the pres
ence of hydrogen. It is postulated that this effect is caused
reduction of the carrier as a result of hydrogen spillover fr
the metal to the oxide, with the hydrogen diffusing to t
carrier in the form of protons.3 However, unlike a metal–
carrier system, the particles dispersed in a 10ST film
nanometer-scale interacting oxide–titanium particles co
bined to form ensembles, rather than metal particles.1,4 It is
thus predicted that the adsorption response of the elect
conductivity of these systems may have a certain specific
This is the main focus of the present study.

As in Refs. 1 and 2, the films were prepared by cop
cipitation of solutions of tin and titanium chlorides on qua
substrates coated with a conducting ITO layer, followed
thermolysis at 450°. The samples obtained were thin~of the
order of 100 nm! transparent films. The electromechanic
characteristics were determined by a conventional techn
using a 1N H2SO4 solution.

Figure 1 shows an image of part of the surface of
10ST film obtained by scanning tunneling microscop
which shows that the samples are inhomogeneous at the
nometer scale. The maximum particle sizes do not excee
nm. Precision x-ray phase analysis and x-ray photoelec
spectroscopy revealed that away from the surface these
ticles consist of a partially crystallized, hydrated formatio
enriched in the titanium oxide component, no larger than
nm ~i.e., the oxide–titanium particles are in fact hydrat
solid solutions! and an outer shell formed predominantly
disordered tin oxides. No distinct boundary exists betwe
the core and the shell with continuations of the shell in
form of extended inclusions of amorphous SnO2 being ob-
1711063-7850/98/24(3)/3/$15.00
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served in the oxide–titanium particles. Samples of ot
compositions do not exhibit this nanoheterogeneity: 5
films are single-phase solid solutions of tin and titanium o
ides while 15ST films are two-phase solid solutions of t
same oxides with particle sizes between two and three ti
greater.

In order to study effects associated with proton transp
oxidation and reduction processes~redox processes! in ST
films of different composition were investigated by cycl
measurement of the current–voltage characteristics in ac
electrolyte solutions. Cycling was carried out in a range
potentials which eliminates other electrochemical proces
associated with charge exchange between the electrode
the electrolyte. Typical current–voltage characteristics
plotted in Fig. 2, which clearly shows that the 10ST film
have the highest electrical capacitance. This observatio
quite consistent with previous results which suggest that
10ST sample is an extremely sensitive adsorbent for mole
lar hydrogen.1,2 Redox processes also take place at TiO2 and
SnO2 electrodes, but are considerably weaker.

Similar processes for 5ST and 15ST films are com
rable with those for 10ST, which is unexpected since
electrical conductivity of these films has a response to
sorption of molecular hydrogen similar to that of TiO2 and
SnO2 films. From this it can be concluded that like 10ST, t
5ST and 15ST films are good proton acceptors, but un
10ST, they are not very sensitive to the adsorption of m
lecular hydrogen. Thus, the 10ST film must contain adso
tion centers not present in samples of different compositi
at which hydrogen is activated and then migrates as H1 over
the film. In the absence of any activator center the film
unaffected by the adsorption of molecular hydrogen.

The nature of these centers, which are unique to 10
may be identified by analyzing its real structural characte
tics. As was noted in Refs. 1 and 2, only in 10ST films are
the electrons localized in oxide–titanium particles disper
in the matrix with no conduction electrons being present.
a result, the usual screening is impossible and the nano
ticles combine to form extended ensembles in which all
oxide–titanium particles are intercoupled by electrosta
forces of attraction or repulsion. The corresponding elec
© 1998 American Institute of Physics
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FIG. 1. Scanning tunneling microscope imag
of part of the surface of 10ST film. Left—relie
topology, right—three-dimensional represent
tion. Scan: 1303130 nm. The maximum heigh
of the irregularities is less than 20 nm.
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field strength between these particles may reach 105 V/cm. It
is known that the rate constant of chemical reactions i
strong electric field is an exponentially increasing function
its strength, so that the most probable centers for dissocia
chemisorption of hydrogen are local sections of the ma
between interacting oxide–titanium particles. These fie
are responsible for separation of the protons and elect
and their subsequent migration to different oxide–titani
particles.

As a result of this charge redistribution, the function
properties of various sections of the film undergo lo
changes. Electrons are localized near some oxide–titan
particles and are involved in the reduction of their near
neighbors. According to Ref. 3, this reduction not only su
presses the acidity of the surface but also increases the
centration of proton acceptors, thereby promoting furt
dissociative chemisorption of hydrogen. Protons are injec
into the hydrated oxide–titanium particles along extend
inclusions of amorphous SnO2, creating local fluctuations in
the density of proton-containing particles. This results in d
proportionation of Ti~III ! ions, for example to give Ti~IV !
and a Ti~II ! ion, which is unstable in a proton medium and
oxidized rapidly and irreversibly in the presence of water
a reaction of the form

5Ti~ II ! . . . OH2→5Ti~ IV !5O1H2.

This reaction is thermodynamically favorable, since the
dox potential is Ti21/Ti41520.5 V, which makes this pro
cess irreversible.5 Thus, dissociative chemisorption of hydro
gen at ensembles of interacting oxide–titanium partic
creates effective adsorption centers which are probably
sponsible for the rapid relaxation ofs to its initial value for
the 10ST film after the removal of hydrogen from the g
phase.

The reversibility of the adsorption response of the el
trical conductivity suggests that the initial structure and co
position of the 10ST films are stable. The electron distrib
tion is thermodynamically nonequilibrium. This conclusio
is supported by the results of an investigation of the pho
conductivity in the absence of hydrogen.4 The photogener-
ated electron–hole pairs in the tin oxide matrix are separa
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by the electrostatic fields between the interacting partic
Nonequilibrium holes, migrating along random fields, rea
oxide–titanium particles and recombine with localized ele
trons. As a result, without any change in its composition,
10ST system also becomes equilibrium in terms of char
i.e., is converted to a stable state, which is observed a
irreversible change in the electrical conductivity und
illumination.4

To conclude, controlled thermohydrolysis conditions c
be used to prepare thin films whose structure and comp
tion are stabilized before thermodynamic charge equilibri
is established. In the absence of external influences, the
tial state is stable~slow sample aging processes are not co
sidered here!. Dissociative adsorption of hydrogen take
place in the surface layer of nanoparticles and is initiated
the strong fields which bind these particles into ensemb
while desorption takes place via hydrated oxide–titani
particles. During adsorption, the composition of the fi
changes and the system is converted from the initial m
stable state to another charge-equilibrium state which is o

FIG. 2. Cyclic current–voltage characteristics of ST films of different co
position in 1N H2SO4 solution: 1—SnO2, 2—5 ST, 3—10 ST,4—15 ST.
The potentials are given relative to a silver chloride electrode.
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stable in a hydrogen atmosphere. When the hydrogen is
moved, the system relaxes rapidly to the initial state. Th
the hydrogen adsorption–desorption processes are acco
nied by relaxation of the system between different me
stable states and the reversible adsorption response is ca
by the ‘‘trigger’’ properties of the 10TS film relative to
changes in the composition of the gas atmosphere.
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Distortion of the spatial distribution of a laser beam reflected by a VO 2 mirror

A. I. Sidorov

Scientific-Research Institute of Laser Physics, S. I. Vavilov State Optical Institute Scientific Center,
St. Petersburg
~Submitted July 8, 1997!
Pis’ma Zh. Tekh. Fiz.24, 17–22~March 12, 1998!

The switching of controllable VO2 mirrors with dR/dT.0 or dR/dT,0 under the action of a
Gaussian-profile laser beam is modeled. It is shown that when a high-intensity laser beam
is reflected by a VO2 mirror, it undergoes appreciable spatial distortion during switching. ©1998
American Institute of Physics.@S1063-7850~98!00403-0#
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The change in the reflection coefficient of a vanadiu
dioxide (VO2) film accompanying a reversibl
semiconductor–metal phase transition1 has been used to fab
ricate controllable mirrors for the visible1 and for the middle
infrared.2,3 It was shown in Ref. 3 that multilayer VO2 mir-
rors with dR/dT.0 or dR/dT,0 may be fabricated forl
53 – 11mm, where the reflection coefficient varies betwe
Rmin55–10% andRmax595– 98% as the temperature of th
VO2 film varies. When these mirrors are used to control la
radiation ~including intracavity control2,6!, the heat from a
high-intensity laser beam may be an additional factor,
even the main factor, responsible for switching the mirro6

When a VO2 mirror is exposed to a spatially inhomogeneo
laser beam, the reflection coefficient of the VO2 mirror will
be spatially modulated, which will distort the spatial dist
bution of the reflected beam. Here the deformation of a la
beam with a Gaussian profile reflected by VO2 mirrors with
dR/dT.0 anddR/dT,0 is modeled for the case where th
laser beam is the main factor responsible for switching
VO2 mirror.

The VO2 mirror is a multilayer thin-film interference
system incorporating a VO2 film ~of thickness h
50.2– 0.3mm! deposited on a thick substrate. The reflecti
coefficient of the mirror as the temperature of the VO2 film
changes may be approximated by the linear functions

R~T!5H Rmin~Rmax!, T<60 °C,

Rmin~Rmax!1~2 !a@T260#, 60<T<70 °C,

Rmax~Rmin!, T>70 °C,
~1!

where the symbols in parentheses refer to mirrors w
dR/dT,0, anda50.1 (Rmax–Rmin). The following expres-
sion is valid for VO2 mirrors with a thin (h'0.1 mm) metal
film inserted between the interference system and
substrate,3

Jab~T!5Jinc@12R~T!#, ~2!

whereJab is the power density of the radiation absorbed
the VO2 film andJinc is the intensity of the incident radiatio
on the mirror. The absorption coefficient of VO2 is between
three and four orders of magnitude higher than that of
other materials contained in the interference system of
mirror. Thus, the heat release accompanying the absorp
1741063-7850/98/24(3)/2/$15.00
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of radiation is concentrated mainly in the VO2 film. How-
ever, for t.1 ms the temperature becomes equalized all
way through the interference system because of its sm
thickness. This means that in the thermophysical sense
system can be considered to be a homogeneous body
averaged thermophysical parameters. For typical film ma
rials used in the interference system of a VO2 mirror de-
signed for l510.6mm—ZnSe, ZnS, Ge, and BaF2—the
average thermophysical parameters ared55.1 g/cm3,
c50.45 J/gK, andk50.2 W/cm•K. Thus, the thermal mir-
ror model may be reduced to the approximation of an
bounded homogeneous plate in thermal contact with a se
bounded homogeneous body. In cases of high radia
intensity and short heating times, the influence of heat c
duction along the surface of the mirror can be neglect
Then the heat source formed on the VO2 mirror by the ra-
diation may be represented by means of point sources.
cording to Ref. 7, the temperature at the surface of the mi
for each source is then given by

T~ t !5
4J* At

h1~11K ! (
n50

`

Mn3 ier f cS 2n11

2AFo
D , ~3!

whereh5(kcd)1/2, k is the thermal conductivity,c is the
specific heat,d is the specific weight,q5k/dc is the thermal
diffusivity, K5h2 /h1 , the subscripts 1 and 2 refer to th
film and the substrate, respectively,M5(12K)/(11K),
and J* is the specific power of the heat source, and
5qt/h2 is the Fourier criterion. In accordance with expre
sion ~2!, J* may be given by

J* ~ t,r !5J0exp@2~r /r 0!2#~12R~ t,r !!, ~4!

wherer 0 is the radius of a Gaussian source at the 1/e level,
andJ0 is the radiation intensity at its center. The intensity
the radiation reflected by the VO2 mirror is given by

Jref ~ t,r !5J0 exp@2~r /r 0!2#R~ t,r !. ~5!

The modeling was performed for a VO2 mirrors and laser
beam with the parametersRmin55%, Rmax598%, a
50.093,J052 kW/cm2, r 053.2 mm, and the substrate ma
terial was SiO2.

Figure 1 shows the temporal variation in the reflecti
coefficient of a VO2 mirror with dR/dT.0 under the action
of a laser beam~a! and the change in the profile of the re
© 1998 American Institute of Physics
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flected beam~b!. At t50 the mirror is homogeneous and th
profile of the reflected beam corresponds to that of the in
beam. Fort,1 ms Jref (r ) narrows to approximately 0.7 o
the width ofJinc(r ) ~at the 1/e level!. As R increases in the
central part of the mirror, the region of maximum absorpti
of radiation by the mirror shifts to the wings of the distrib
tion, causing a reduced rate of increase ofR in the central
part of the mirror and broadening of the profilesR(r ) and
Jref (r ). When the reflection coefficient reachesRmax, the
part of the beam reflected from the region withRmax repro-
duces the initial profile of the beam, while at the wings of t
distribution, distortion is observed up tot'40 ms.

It can be seen from Figs. 2a and 2b that when a V2

mirror with dR/dT,0 is switched by radiation, the profil
of the reflected beam shows stronger distortion in comp
son with that described above. AsR decreases in the centra
part of the mirror, the central part of the reflected beam p
file is ‘‘cut out’’ with the initial distribution conserved at the
wings. After the central part of the mirror has reachedRmin ,
the part of the beam reflected from this region reproduces
initial profile.

FIG. 1. Changes in the profile of the reflection coefficient~a! and profile of
the reflected beam~b! during switching of a VO2 mirror with dR/dt.0:
1—t50 ms, 2—3, 3—10, 4—20, and5—Jinc(r ).
l

i-

-

he

It can be seen from these examples that when VO2 mir-
rors are used as switches for high-intensity laser radiat
the spatial distribution of the reflected beam undergoes
preciable distortions at the switching stage. When VO2 mir-
rors are used inside cavities, these effects may lead to de
mation of the laser cavity modes.

1A. A. Bugaev, B. P. Zakharchenya, and F. A. Chudnovski�, Metal–
Semiconductor Phase Transition and its Applications@in Russian#, Nauka,
Leningrad~1979!, 183 pp.

2J. S. Chivian, M. W. Scott, W. E. Caseet al., IEEE J. Quantum Electron
QE-21, 383 ~1985!.

3O. B. Danilov, O. P. Konovalova, A. L. Sidorov, and I. I. Shagano
Technical Digest of Papers Presented at the Eighth Laser Optics Co
ence, St. Petersburg, 1995, Vol. 2, p. 55.

4O. P. Konovalov, A. I. Sidorov, and I. I. Shaganov, Opt. Zh. No. 1,
~1995! @J. Opt. Technol.62, 41 ~1995!#.

5A. A. Bugaev, B. P. Zakharchenya, V. V. Shkunovet al., Pis’ma Zh.
Tekh. Fiz.1, 593 ~1975! @Sov. Tech. Phys. Lett.1, 267 ~1975!#.

6A. I. Sidorov, Opt. Zh.64~1!, 25 ~1997! @J. Opt. Technol.64, 19 ~1997!#.
7B. A. Grigor’ev,Pulsed Heating by Radiation, Vol. 2 @in Russian# Nauka,
Moscow ~1974!, 727 pp.

Translated by R. M. Durham

FIG. 2. Changes in the profile of the reflection coefficient~a! and profile of
the reflected beam~b! during switching of a VO2 mirror with dR/dt.0:
1—t50 ms, 2–10,3—15, 4—25, and5—Jinc(r ).
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Kinetics of adsorption and recombination of hydrogen atoms at a solid surface
V. F. Kharlamov, K. M. Anufriev, E. P. Krutovski , Yu. V. Mosin, E. A. Zlotkin,
and I. V. Emel’yanov

Orlovo State Technical University
~Submitted June 4, 1997!
Pis’ma Zh. Tekh. Fiz.24, 23–27~March 12, 1998!

A description is given of an experimental apparatus to study fast processes at the interface
between solids and gases, which has no counterpart elsewhere. The kinetic adsorption curves of
the reactants and the rates of the heterogeneous chemical reaction were both determined
for the first time as a result of direct measurements for the recombination of hydrogen atoms. As
a result, the dependence of the reaction rate on the concentration of chemisorbed particles
revealed that pre-adsorbed particles participate in the reaction. ©1998 American Institute of
Physics.@S1063-7850~98!00503-5#
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It is known that observations of the rate of adsorption
gas molecules at the surface of solids can be used to s
short-lived pre-adsorption states of molecules~precursor
states! and their role in adsorption. Similar data are not ava
able for the time dependence of the rate of heterogene
chemical reactions accompanied by abrupt changes in
concentration of reactants at moderate and high gas pres
because the necessary technical facilities and methods o
vestigation are lacking. Consequently, chemical proces
involving molecules trapped by a surface from the gas ph
in short-lived states have been very little studied.

We developed an experimental apparatus to make re
ation measurements in heterogeneous catalysis by sim
neously determining the kinetic adsorption curves of the
actants and the rate of the heterogeneous chemical reac
In order to make real-time measurements of the rate o
chemical reaction taking place at the interface betwee
solid and a gas, we recorded the dynamic effectF(t)
5Pr(t)2P5GJ(t) of this reaction, wheret is the time,Pr

is the gas pressure at the surface of the catalyst,P is the gas
pressure at the walls of the vessel,G is a coefficient which
depends on the momenta of reactant molecules and rea
products, andJ is the rate of this reaction.1–3 A glass cup
containing the sample was suspended by a quartz coil
continuous-flow reactor. The vertical displacements of
cup were recorded automatically by using a capacita
pickup with a sensitivity of 70 V/mm~using capacitance–
frequency–voltage conversion!. This pickup consisted of a
horizontal metal plate suspended from the cup by lo
threads and two fixed horizontal capacitor plates~Fig. 1!.
The detector signal was recorded with an N307 record
millivoltmeter. The sensitivity of this automatic weighin
system, calibrated with a 1 mgload, was 431028 N with a
time constant of 1 s.

The time variation of the dynamic effect of th
H1H→H2 or O1O→O2 reaction was observed experime
tally after switching on the atom source, an rf electric d
charge in molecular gas. Spectrally pure hydrogen was s
plied by diffusion across heated nickel; the oxygen w
supplied by thermal dissociation of KMnO4 in vacuum. Gas
1761063-7850/98/24(3)/2/$15.00
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at 50 Pa pressure was pumped continuously through
vacuum chamber containing the sample. A ZnS–Cu pow
phosphor with a specific surface area of 1 m2 g21 and highly
disperse nickel powder consisting of spherical particles w
an average diameter of 10 nm were used. The adsorptio
gas at the surface of the sample was monitored using qu
piezoresonance weights with a sensitivity of 1023 monolay-
ers. A piezoelectric transducer with the material being st
ied deposited on both surfaces was placed alongside
weighing cup containing the same substance. The exp
ments were carried out with different quantities of mater
deposited on the piezoelectric transducer, which were de
mined from the decrease in the natural frequencyf
( f 512 MHz) of the piezoresonance weights (D f s

510– 120 kHz). ‘‘Idle’’ experiments (Dts50) were also
carried out. The frequencyf was measured with a ChZ-3
frequency meter.

The samples were preliminarily outgassed in gase
atomic hydrogen whose concentration was 1013 cm23

near the sample. The temperature of the glass walls of
vacuum chamber containing the sample was held for 5 h at
T5350 K and the removal of adsorbed contaminants w
monitored from the piezoweight readings. The kinetics of
dynamic effect of the reaction and the atomic adsorption
netics were recorded after a pause in the excitation of
sample by the atomic gas, during which recombination
sorption of chemisorbed atoms takes place from the surf

The profile of the adsorption and desorption curvesf (t)
does not depend on the quantity of material deposited on
piezoelectric transducer, and the decrease inf as a result of
the adsorption of gas is proportional to the quantity of d
posited material. The rate of adsorption of H atoms from
atomic–molecular hydrogen mixture is more than two ord
of magnitude higher than the rate of adsorption of H2 mol-
ecules under the same conditions. The rate of establishm
of adsorption equilibrium after switching on or off the sour
of H atoms increases with temperature. Hydrogen atoms
pel adsorbed H2 molecules from the surface of the ZnS an
Ni crystals after prolonged~hundreds of minutes! exposure
of the samples to molecular hydrogen, which leads to a s
© 1998 American Institute of Physics
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decrease in the quantity of adsorbed hydrogen under the
tion of the H atoms. The dynamic effect of the reaction
creases monotonically as the surface of the samples is
fied from adsorbed molecules by the action of H atoms
heating. For the recombination of hydrogen atoms at the
face of ZnS the dynamic effect satisfiesF,0 which, accord-
ing to theory,2,3 corresponds to the desorption of product2
molecules at thermal rates. For nickel, on the other hand
find F.0, i.e., the H2 molecules leaving the surface have
excess kinetic energy of translational motion.

For Ni and ZnS crystals whose surface has been puri
of molecules after switching on and off the source of hyd
gen atoms, the dynamic effect of the H1H→H2 reaction
changes abruptly and the kinetic curves of the dynamic ef
F(t) are close to rectangular. In this case, the adsorption
desorption of hydrogen atoms takes place slowly and
curvesF(t) and f (t) have different profiles. Treatment o
nickel with atomic oxygen sharply reduces its adsorption
pacity for H atoms and changes the sign of the dyna
effect of the H1H→H2 reaction~Fig. 2! which is caused by
a decrease in the velocity of desorbed H2 molecules as a
result of a change in their interaction potential with the s
face. A comparison of the curvesf (t) and F(t) shows that
the reaction rate does not increase as the concentratio
chemisorbed atoms increases~it does not depend on this con
centration or decreases slightly!.

When atomic oxygen interacts with ZnS and Ni, t
samples reversibly adsorb large quantities (D f '1 kHz) of
oxygen atoms; the dynamic effect of the O1O→O2 reaction
is low.

The experimental results for the H1H→H2 process may
be explained using a reaction model3,4 in which under these
experimental conditions, the reaction chann
HZ1HZ→H212Z predominates in the heterogeneous

FIG. 1. Schematic of apparatus:1—continuous-flow reactor,2—vacuum
chamber lid with manipulator and electrical leads;3—quartz coil,4—cup
containing sample,5—capacitative detector,6—oscillator,7—piezoelectric
transducer,8—nichrome coil, and9—shield.
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combination of H atoms at the surface of solids, where HZ
a pre-adsorbed atom, Z is an adsorption center, andk3 is the
rate constant of the reaction. The estimated concentratio
pre-adsorbed atoms isNp.s.'109 cm22 and lies outside the
limits of sensitivity of the adsorption measurements. Acco
ing to numerical analyses using the model,4 the theoretical
curves J(t) and N(t), where N is the concentration of
chemisorbed atoms, have the same profile as the experim
tal curves provided that the following conditions are sat
fied: k1@k5 , k3@k4.105k5 , wherek1 , k4 , andk5 are the
rate constants of the reactions H1Zk1→HZ, HZ1~HZ!k4

→H212Z, and H1Zk5→~HZ!, where~HZ! is a chemisorbed
atom.

To conclude, we have developed an experimental ap
ratus to study fast processes at the interface between s
and gases, which has no counterpart elsewhere. As a res
direct measurements for the recombination of hydrogen
oms, we have determined for the first time the kinetic a
sorption curves of the reactants and the heterogene
chemical reaction rates. From the dependence of the reac
rate on the concentration of chemisorbed particles we es
lished that pre-adsorbed particles are involved in the re
tion.

1V. F. Kharlamov, V. N. Lisetski�, and G. G. Savel’ev, Khim. Fiz.9, 603
~1990!.

2V. F. Kharlamov, Poverkhnost’ No. 11, 122~1993!.
3V. F. Kharlamov,Recombination of Atoms at the Surface of Solids a
Accompanying Effects@in Russian#, Tomsk State University Press, Toms
~1994!, 207 pp.

4V. F. Kharlamov, Ukr. Zh. Khim.71, 678 ~1997!.

Translated by R. M. Durham

FIG. 2. Time dependence of the dynamic effect of the reaction~1, 3! and of
the frequency of the piezoresonance weights~2, 4! after switching on~↑!
and switching off ~↓! the hydrogen atom source for the adsorption a
heterogeneous recombination of H atoms at the surface of nickel be
~1, 2! and after ~3, 4! its treatment with atomic oxygen:T5350 K;
n51013 cm23.
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Study of the formation of contact between rough surfaces based on the particle method
V. E. Rubtsov, S. G. Psakh’e, and A. V. Kolubaev

Institute of Physics of Strength of Materials and Materials Science, Siberian Branch of the Russian
Academy of Sciences, Tomsk
~Submitted August 28, 1997!
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A model is proposed for the rough surface of a solid based on the particle method. Although the
particle size is selected arbitrarily in this study, the evolution of the actual area of contact
and the change in stress at the points of contact show fairly good agreement with concepts derived
from experimental investigations. The experiments show that as two surfaces converge, the
pressure at the contacts is considerably higher than the nominal value, and this leads to plastic
deformation of the surface layers much greater than the bulk deformation. The model
clearly shows the controlling factors and how the stressed state of the surface layer is formed.
The model can be used to analyze interaction between surfaces, not only for the stationary
case, but also when these undergo relative displacement. ©1998 American Institute of Physics.
@S1063-7850~98!00603-X#
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When modeling friction and wear processes and a
when solving problems of heat and electrical conduction
volving contact between rough surfaces, there is a nee
determine the real area of contact, the stress distribution,
the structural changes in the surface layers. In addition,
materials which may undergo phase transformations, all
ance must be made for changes in the phase compositio
the surface layers. It is extremely difficult to realistical
estimate contact interaction with allowance for these ph
comechanical and chemical properties of rough surfaces
ing numerical methods of the mechanics of continuous m
dia. One approach to solve these problems may invo
using physical concepts developed using the particle met

In the particle method1,2 the system being modeled
represented by a set of elements having given properties
interacting according to specific laws. The real structure
side the element is not generally taken into account exp
itly, and is incorporated in the model via the laws of inte
action and the properties of the elements. Thus, the beha
of a condensed medium is determined by the properties o
constituent elements, the nature of the interaction, and
by the initial and boundary conditions.

In the present study the process of contact format
between two normally converging rough surfaces was m
eled using the particle method in a two-dimensional form
lation. An investigation was made of the process of cont
formation between two surfaces with different degrees
roughness.

In the proposed model, the material was represented
set of elements of the same species and size. The Lenn
Jones potential was used to describe the interaction betw
the elements inside the bulk of the material during compr
sion. Under tension it was assumed that the material un
goes elastic–plastic deformation after reaching the y
stress. The interaction between the elements of different
faces was assumed to be elastic before the yield stress
reached and elastic–plastic beyond the yield stress. The
1781063-7850/98/24(3)/2/$15.00
o
-
to
nd
r
-
of

i-
s-
-
e
d.

nd
-
-

ior
its
so

n
-

-
ct
f

a
d–
en

s-
r-
d
r-
as

rea

of contact was taken to be the area of the cross sec
formed by the geometric intersection of the microirregular
profiles as they approach one another.

The microgeometry of the surface was taken into
count as follows:

Each surface element of the contacting layer was m
to correspond to an irregularity in the form of a spheric
segment~the radius of the segment was assumed to be e
to the radius of curvature of the tips of the irregularities fo
given roughness!;

The spacing of the microirregularities was defined by
size of the elements;

The undulation was defined by varying the coordina
of the elements of the surface layer~it was assumed to be
sinusoidal and characterized by period and height!;

The roughness was defined by varying the heights of
irregularities~the coordinates of the corresponding eleme
in the surface layer! relative to the wave~it was assumed tha
the heights obey a normal distribution in a certain rangeDh
and the center of the distribution coincides with the avera
height of the microirregularities for a given roughness!.

The proposed model offers the following possibilities
1! The surface microrelief can be defined explicitly.
2! Any law of deformation of irregularity under loadin

can be defined.
3! The number of contacting irregularities, the deform

tion, and the area of each contact can be determined.
4! The variation in the height distribution of the irregu

larity tips caused by deformation of the entire surface can
taken into account.

In addition, in the particle method the properties of i
dividual elements can be varied during the modeling proc
and the influence of possible phase transformations can
investigated.

The system being modeled consisted of a sample an
abradant. The sample was attached to a rigid base and
upper layer of the abradant moved at a constant velocity
© 1998 American Institute of Physics
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10 cm/s. The sides of the sample and the abradant w
assumed to be free. The sample contained 100 elemen
the surface layer and the abradant contained 72, their s
being 40 and 55mm, respectively. The selected paramet
of the microgeometry corresponded to polished surfaces3,4

The parameters of the sample material and the abra
were broadly consistent with the characteristics of avera
strength structural steel: density 7800 kg/m3, modulus of
elasticity 200 GPa, modulus of elasticity under elasti
plastic deformation 7 GPa, and maximum elastic deform
tion 0.5%.

As the surfaces converged, the number of contacts
determined and calculations were made of the strain
pressure at the contact points, the actual contact area, an
nominal pressure, which was taken as the ratio of the forc
resistance to approach to the total area of the sample~nomi-
nal area!.5

Figure 1 gives the average pressure at the contact po
Pcon ~curve 1! and the number of contacting irregularitie
Ncon ~curve 2! as a function of the nominal pressureP. At
the initial stage of convergence when only one contact s
has formed, the transition from elastic to elastic–plastic
formation can be clearly seen. The pressure at the si
contact increases rapidly and after the transition to elas
plastic deformation, the pressure increases more slowly.
ther convergence leads to an increased number of micro
tacts and also causes an increasing number of conta
irregularities to undergo a transition from elastic to elasti
plastic deformation.

As each new irregularity comes into contact, the act
area of contact increases and consequently, pulsations o

FIG. 1.
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average contact pressure are observed for a small numb
interacting irregularities. As the number of contacts
creases, these pulsations are smoothed and the average
sure at the microcontact remains approximately const
The real area of contact of the interacting surfacesScon in-
creases linearly with increasing load~Fig. 2, curve 1!,
whereas the average area of contact of a single irregula
Scon•m remains almost constant~Fig. 2, curve2!. Thus, the
real area of contact increases mainly as a result of an
crease in the number of interacting irregularities.

All these results are quite consistent with current ide
on the mechanics of contact between rough surfaces3–5 al-
though they were obtained using a fairly simple realizat
of the particle method which only takes into account t
central interaction of the elements. In future work we pr
pose to extend the model to obtain a more adequate des
tion of the plastic deformation process and interaction
tween surfaces, which can be used to model sliding frict
with allowance for adhesion and surface roughness.

1R. W Hockney and J. W. Eastwood,Computer Simulation Using Particles
~McGraw–Hill, New York, 1981; Mir, Moscow, 1987!.

2D. Potter,Computational Physics~Wiley Interscience, New York, 1973;
Mir, Moscow, 1975!.

3I. V. Kra�gel’ski�, M. N. Dobychin, and V. S. Kombalov,Principles of
Friction and Wear Calculations@in Russian#, Mashinostroenie, Moscow
~1977!.

4N. B. Demkin, Contact Between Rough Surfaces@in Russian# Nauka,
Moscow ~1970!, 227 pp.

5É. D. Braun, N. A. Bushe, I. Ya. Buyanovski� , Principles of Tribology
(Friction, Wear, and Lubrication), in Textbook for Technical Universities,
edited by A. V. Chichinadze@in Russian#, published by ‘‘Nauka i Tekh-
nika’’ Center, Moscow~1995!, 778 pp.

Translated by R. M. Durham
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Equilibrium states of an ion-beam plasma with magnetized electrons at low pressures
S. V. Dudin, A. V. Zykov, A. V. Ushakov, and V. I. Farenik

Kharkov State University; Scientific Physicotechnological Center, Kharkov
~Submitted July 18, 1997!
Pis’ma Zh. Tekh. Fiz.24, 33–38~March 12, 1998!

Results are presented of an experimental investigation of an ion-beam plasma with magnetized
electrons in the cathode channel of an ion accelerator with an anode layer. New data are
reported on the spatial distributions of the local plasma parameters~plasma potential, electron
temperature, electron and ion densities! as functions of the external parameters of the
discharge~magnetic field strength, anode voltage, and working gas pressure! in regions with
strong, nonuniform electric and magnetic fields. ©1998 American Institute of Physics.
@S1063-7850~98!00703-4#
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Earlier studies1,2 of an ion-beam plasma with magnetize
electrons in the conducting cathode channel of an ion ac
erator with an anode layer revealed fundamental differen
between its properties and those of other active, nonisot
mal plasmas—an ion-beam plasma in the absence of ele
~E! and magnetic~H! fields,3 a positive glow-discharge col
umn at low pressures,4 and an ion-beam plasma with ma
netized electrons in an accelerator with a dielectric e
channel.5 The main differences are as follows:

1. A nonuniform electric fieldE5(1 – 200) V/cm exists
in the direction of the ion flux as a result of the strong ma
netization of the electrons.

2. A locally equilibrium, near-Maxwellian electron en
ergy distribution functionf e and large electron temperatu
gradientsdTe /dz;10 eV/cm are established, where thez
axis is in the direction of the ion beam.

3. ForH.Hcr'1 Oe there is a steady-state electron c
rent to the cathodes, which is not compensated by the
and is comparable with the discharge currentI p .

However, because of a lack of experimental data on
spatial distribution and dynamics of the local plasma para
eters~Te , the plasma potentialwpl , the electron densityne ,
and the ion densityni! as functions of the discharge cond
tions ~H, I p , anode voltageUa , and working gas pressur
p!, it was impossible to estimate the role of two-dimensio
effects and diffusion processes associated with the stronne

andTe gradients in the electron current transport to the
ode. Thus, the aim of the present study is to measure t
dependences and use them as the basis to determine the
acteristic states of an ion-beam plasma with magnetized e
trons. These data are important for establishing the relat
ship between the parameters of the ion-beam plasma in
beam transport space and the processes of ion generati
the anode layer and also for developing a self-consis
model of Hall-type ion plasma systems as a whole.

The experimental investigations were carried out us
the ‘‘Radikal’’ Hall ion source.1,6 As in Ref. 2, the diagnostic
equipment includes a single cylindrical probe, a directio
probe, and a multigrid electrostatic analyzer. The parame
Te andwpl were determined by double differentiation of th
probe current with respect to the probe potential,7 ne was
1801063-7850/98/24(3)/3/$15.00
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calculated from the saturation electron current andTe , and
the ion beam densityni was determined by measuring the io
current density and the ion energy spectrum.

Data on the evolution off e from the ion-beam plasma
to the anode layer, and also the dependence ofwpl andTe on
the probe–anode distancezpr for typical operating conditions
of the ion source ~p5431024 Torr, H51.5 kOe,
Ua51.5 kV, and ion beam densityj i51 mA/cm2) are pre-
sented in Ref. 2. Measurements of the local plasma par
eters as a function ofUa , H, andp, the results of which are
presented here, were made under the same discharge c
tions. The working gas was nitrogen.

The experimental measurements required for this pr
lem are complicated by the relative nature of the bounda
of the transition region, which is essentially an ion-bea
plasma with magnetized electrons. Another factor is the m
bility of the boundaries both in the direction of the ion bea
transport space and in the direction of the anode layer w
varying Ua , H, andp. For example, Fig. 1 gives the elec
tron and ion densities as a function of the magnetic field
a fixed position of the probezpr57 mm. Also plotted for
comparison are the electron densitynal51/4pmc2n i /n0 H2

in the anode layer and the layer thickne
l al5A2mc2/en0 /n i Ua31/H calculated using the Zharinov–
Kervalishvili model,8 wheren i is the frequency of ionization
by electrons andn0 is the frequency of elastic electron–ato
collisions. It can be seen from these curves that for smalH
the thickness of the anode layer is of the order of the prob
anode distance, while the electron densityne is of the same
order asnal and two or three times higher thanni . As H
increases, the thickness of the anode layer decreases, th
ference betweenne and ni decreases, and forH>1.5 kOe
the electron and ion densities are comparable. Note that
cording to earlier measurements,2 at the boundary of the an
ode layerf e has a Maxwellian core, the electron temperatu
is Te'10– 12 eV, and the plasma potentialwpl may reach
60–100 V.

Using these data, the results of measurements ofwpl ,
Te5 f (H,Ua ,p,z) were generalized on a diagram showin
the equilibrium states of an anisotropic plasma with intens
ionization~Fig. 2!. The diagram is based on the dependen
© 1998 American Institute of Physics
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wpl5 f (Te), calculated from the continuity equatio
d jx /dx1 d jz /dz5n ine1n i i ni , wheren i i is the frequency
of ionization by the ion beam,j z and j x are the densities o
the currents to the anode and the cathode, respecti
~xiH, ziE!. It assumes a Maxwellian functionf e and a linear
approximation of the ionization cross sectio
when j x5eneATe/2pme exp$2 ewpl /Te % and n i54Ci

3A(Te/2pme)na(I 12Te)exp$2 I/Te%, whereI is the ioniza-
tion potential,na is the atomic density, andCi is a constant
which depends on the type of working gas and has dim
sions of electron volts per square centimeter~Ref. 9!. As-

FIG. 1. Experimental values of the electron densityne and ion densityni as
functions of the magnetic fieldH for zpr57 mm, Ua51.5 kV, andp54
31024 Torr, along with the electron densityNal in the anode layer and
thicknessl al of the anode layer as given by the Zharinov–Kervalishv
model.8

FIG. 2. a—Coefficient of proportionalitya between the plasma potentialwpl

and the electron temperatureTe as a function of the pressurep for various
Te : 1—Te51 eV, 2—Te510 eV, 3—Te525 eV; b—plasma potential ver
sus electron temperature forp5431024 Torr; 1—using the ionization
equilibrium model; curve2—for the spatial distributionswpl ,Te5 f (z)
at H51.5 kOe, Ua51.5 kV; curve 3—for wpl ,Te5 f (H) at zpr57 mm,
Ua51.5 kV; region4—for wpl ,Te5 f (Ua) at zpr57 mm andH51.5 kOe.
ly

n-

suming that the wall layer is thin compared with the thic
nessd of the cathode channel, in the absence of ionizat
amplification of the electron current in the direction of th
electric field (d jz /dz50) and neglecting ionization by th
beam (n i i 50), we readily obtain the relationewpl5I
1aTe , wherea'2 ln@0.42pd(I 12Te)# for nitrogen. The
dependencea5 f (p) for Te51, 10, and 25 eV is plotted in
Fig. 2a~curves1, 2, and3, respectively! while Fig. 2b gives
wpl5 f (Te) for p5431024 Torr ~curve1!. Also plotted are
the experimental datawpl5 f (Te) for the same pressurep for
various dependences: curve2—for the spatial distributions
wpl , Te5 f (z) for H51.5 kOe, Ua51.5 kV; curve3—for
wpl , Te5 f (H) for zpr57 mm, Ua51.5 kV; region4—for
wpl , Te5 f (Ua) for zpr57 mm andH51.5 kOe. The right-
hand axis in Fig. 2b gives the nonlinear scales which disp
the correspondence between the experimental po
wpl5 f (T)e and the parametersH andz.

As a result of analyzing this diagram, we can identify t
following characteristic ionization equilibrium states in a
ion-beam plasma with magnetized electrons:

I. Te,1 eV—the experimental pointswpl5 f (Te) lie
substantially (;50%) lower than the equilibrium line, which
corresponds to the beam ions contributing appreciably to
ionization.

II. Te51 – 10 eV—the experimental points coincide wi
the equilibrium state (d jz /dz50) to within 10%, when the
product electrons mainly drift to the cathode.

III. Te.10 eV—the experimental points lie above th
equilibrium line, which corresponds to the onset of ioniz
tion amplification of the electron flux to the anode (d jz /dz
.0).

It can be seen from the state diagram that regions I,
and III systematically alternate with decreasingH andz. A
decrease inUa and p causes a negligible (;10– 20%) in-
crease inwpl andTe for constantH andz.

To conclude, the experimental data and a theoret
analysis of the ionization amplification of the electron cu
rent indicate that in the ion-beam plasma–anode layer t
sition region in Hall systems at low pressures and stro
magnetic fields, conditions are established where the elec
pressure gradient impedes the evolution of electron a
lanches and causes the newly formed electrons to drift to
cathodes. The determining factor for the existence of t
region is the formation of a locally equilibrium functionf e ,
where the high-voltage boundary is defined by the condit
Tal,(2 – 3)I and the boundary value of the potentialwal5I
1aTal;100 V increases with decreasing pressure, i.e.
considerable fraction of the applied potential difference fa
within the transition region.

In addition, estimates have shown that at pressurep
.1025 Torr at the high-voltage boundary of an ion-bea
plasma with magnetized electrons, the frequency of M
wellizing electron–electron collisions isnee!n i , i.e., a
Langmuir paradox is found as in the positive column of
low-pressure glow discharge.4 The evolution of small-
amplitude diocotron oscillations in the anode layer obser
in systems withH.1 kOe, may well be a factor responsib
for the significant expansion of the transition region in t
direction of largewpl andTe .
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Laser autodyne interferometry of the dynamic parameters of biological specimens
D. A. Usanov, Al. V. Skripal’, A. Yu. Varagin, An. V. Skripal’, V. V. Potapov,
T. T. Shmakova, and S. S. Mosiyash

N. G. Chernyshevski� State University, Saratov
~Submitted September 4, 1997!
Pis’ma Zh. Tekh. Fiz.24, 39–43~March 12, 1998!

A method based on the use of autodyne detection effects in a semiconductor laser is proposed to
analyze the dynamic state of biological specimens. The advantages of this method compared
with conventional photoelectric methods are demonstrated. Results are presented of the use of the
proposed method to investigate the heart beat frequency and amplitude of Daphnia as a
function of the degree of toxicity of the aqueous medium. ©1998 American Institute of Physics.
@S1063-7850~98!00803-9#
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Methods based on estimates of the physiological par
eters of biological test specimens are widely used to as
the degree of environmental contamination. Daphnia fre
water crayfish~Daphnia magna Straus! are used as tes
specimens to monitor the state of water. It was shown
Refs. 1 and 2 that the heartbeat rate of Daphnia depe
strongly on the concentration of hydroquinone in the wa
and that the phenol concentration influences the respira
rate. However, since the photoelectric methods used in th
studies possessed low sensitivity and could not be use
record the radiation transmitted by a biological specimen
was impossible to make elaborate investigations of
changes in the physiological parameters of the specimen

In order to increase the number of informative para
eters characterizing the behavior of Daphnia in a toxic m
dium, we developed a method using an autodyne detec
effect in a semiconductor laser.

The method of recording the dynamic state of the spe
mens is based on the principle of forming an external au
detection signal by returning some of the radiation reflec
by the monitored object to the cavity of a semiconduc

FIG. 1. Schematic of apparatus to measure Daphnia heart rate.
1831063-7850/98/24(3)/3/$15.00
-
ss

h-

n
ds
r
n

se
to
it
e
.
-
-

on

i-
-
d
r

laser.3,4 The method was implemented using the appara
shown schematically in Fig. 1. Radiation from a semico
ductor laser7 ~ILPN-206!, stabilized by a current source8,
was focused by a lens6 into the heart region of Daphnia4
which was inserted in a channel3 on a transparent stage5. A
night viewing device1 was used to observe the infrare
semiconductor laser radiation and its focusing into the he
region. Some of the radiation reflected by the Daphnia he
was returned to the semiconductor laser cavity, where
change in its output power was recorded by a photodete
9. The photodetector signal was passed via an amplifier10
and an analog-to-digital converter11 to a computer12. The
Daphnia heart rate was determined after calculating the s
trum of the detected signal using a fast Fourier transform
tion.

Daphnia freshwater crayfish~Daphnia magna Straus!
were bred under standard laboratory conditions. For the

FIG. 2. Daphnia heart rateF versus time of exposure to water containin
various concentrations of phenol:1—control batch,2—1.2 mg/liter,3—2.5
mg/liter, 4—5 mg/liter, and5—10 mg/liter.
© 1998 American Institute of Physics
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FIG. 3. Results of measurements and analysis of
detected signal: a—instantaneous values of the n
malized detected signalU versus timet for a phenol
concentration of 5 mg/liter in the water; b—spectru
of detected signal normalized to the amplitudeSn of
the largest harmonic. The heart rate is 375 beats/m
c—instantaneous values of the displacement of
Daphnia heartA versus timet when the phenol con-
centration in the water is 5 mg/liter.
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periments we used specimens between one and three
old, measuring 0.7–1.5 mm. An aqueous solution of phe
with concentrations between 0.3 and 10 mg/liter was use
the toxic factor. The water in which the Daphnia were rais
was used for control measurements. A single crayfish fr
the aquarium was placed in a chamber which contained
toxic solution and restricted the movement of the crayfi
The chamber was attached to a microscope stage. The op
system was directed toward the heart and the apparatus t
to the maximum signal.

The results of measurements of the Daphnia heart
for various concentrations of phenol dissolved in the wa
are plotted in Fig. 2. The results show that the Daphnia h
rate varies negligibly in the control measurements and st
lizes after adaptation for 5 min. A decrease in the Daph
heart rate was recorded for phenol concentrations excee
1.2 mg/liter. The largest reduction in the heart rate was
served for phenol concentrations of;10 mg/liter. In this
case, the heart rate was 200 beats per minute at the end o
exposure period.

Other parameters which can be recorded using this l
autodyne system are the amplitude and profile of the dete
signal. Figure 3a gives the instantaneous values of the
ays
ol
as
d
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e
.
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ed
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tected signal as a function of time when phenol is presen
the water. Figure 3b gives the results of calculations of
detected signal spectrum. The Daphnia heart rate was d
mined from the harmonic having the largest amplitude in
given range of variation of the vibration frequency of th
biological specimen and the amplitude of the oscillatio
was determined from the set of spectral harmonics.5,6 Figure
3c gives the time dependence of the instantaneous value
the displacement of the Daphnia heart, calculated using
results of the measurements. It can be seen that when ph
was present in the water, the amplitude of the Daphnia h
beats was 0.2mm, which is substantially smaller than that
the absence of phenol~0.4 mm!.

To sum up, we have shown that a method based on
autodyne detection effect in a semiconductor laser is pro
ising for analyses of the dynamic state of biological spe
mens.

1G. S. Kiknadze, B. P. Esakov, S. B. Kuz’minykh, and V. M. Komaro
Experiment to Estimate the Degree of Contamination of an Aqueous
dium from Changes in the Heart Rate of Daphhnia@in Russian#, published
by Scientific Center of Biological Research, Academy of Sciences of
USSR, Pushchine, 1983, 13 pp.
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Determination of the uniformity of the carrier lifetime in a material from the profile of
the amplitude spectrum of an ion detector

N. B. Strokan

A.F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 22, 1997!
Pis’ma Zh. Tekh. Fiz.24, 44–50~March 12, 1998!

An analysis is made of charge transport in the neutral base of ap1-n structure as a result of its
diffusion to the boundary of thep-n junction under conditions where nonequilibrium
carriers are generated by singlea-particles. It is assumed that nonuniformity of the carrier
lifetime ~t!, described by a Gaussian distribution, exists over the area of the structure. The profile
of the transported charge spectrum is calculated for these conditions and its correlation with
the measure of nonuniformityt is obtained. Since the tracks of the diffusinga-particles occupy an
extremely small volume, recording them is equivalent to local probing of the material fort.
It is suggested that the calculated function should be used as a calibration function to determine the
spread oft values in materials. The method is tested on Si for a surface-barrier structure by
recording 8.78 MeVa-particles. © 1998 American Institute of Physics.
@S1063-7850~98!00903-3#
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It is known that semiconductor detectors use an ‘‘ioniz
tion’’ principle to record hard radiation. By analogy with
gas-filled ionization chamber, the working zone of the det
tor is a region of electric field in which nonequilibrium
electron–hole pairs separate and drift to the electrodes
capacitor equivalent in the detector configuration. In pr
tice, this is achieved in the structure of a reverse-bia
p1-n junction.

Here we show that by using diffusive carrier transpo
which is uncharacteristic of a detector, it is possible to
termine the nonuniformity of parameters such as the car
lifetime over the area of thep1-n structure. This nonunifor-
mity is determined from the width of the spectrum of sign
amplitudes obtained using a standard spectroscopic app
tus.

It has already been established1,2 that the widthd of the
amplitude spectrum~at half-maximum! is extremely sensi-
tive to the trapping of nonequilibrium charge. In this cased
is a linear function of the charge loss at the signal format
stage. The coefficient of proportionality of this dependenc
determined by the nonuniformity of the carrier transport
the detector structure.

In Ref. 1 this was demonstrated for the case of car
trapping. The implication is that a carrier is confined
some trapping center for a time exceeding that required
the electronics to form the signal~usually of the order of
microseconds!. Ultimately, as the carrier drifts, it only passe
through part of the gap of the equivalent capacitor, wh
leads to an amplitude deficit. In Ref. 2 an analysis was m
of another type of trapping, direct recombination of carrie
generated in a dense ion track after the comparatively s
stage in which the field responsible for the drift is screen
In this case, the electron–hole pair is completely exclud
from the formation of the signal amplitude.

The task is to determine how the spectral line profile a
1861063-7850/98/24(3)/3/$15.00
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its width depend on the charge losses accompanying d
sion transport when the main loss channel is recombina
of minority carriers. In our opinion, the results appear to b
useful method of analyzing the inhomogeneity of a mater
Thus, irradiation by 8.78 MeV monochromatica-particles
which is standard for detector practice is considered~in Si
the range is 56.5mm and in GaAs it is 39mm!. The radiation
intensity is low so that single particles are recorded.

1. The amplitude spectrum of the transported chargeq is
constructed by the following steps. First,dN/dq is formed,
wheredN is the number of cases~pulses! in the amplitude
intervaldq. It is assumed that the nature of the spectrum~the
spread ofq values! is caused by fluctuations of the nonequ
librium carrier lifetime t. The a-particle tracks are dens
bunches of electron–hole pairs whose diameters are onl
the order of tens of micron. Thus, when each particle is
corded, the transport conditions show up in the microsco
volume. As a result of the random incidence of particles
the detector, the statistics of the lifetimet over the area of
the sample appears as the parameter most sensitive to s
tural defects. Then, we can writedN/dq5(dN/dt)
3(dt/dq) and the question arises as to the form of thet
distribution and the functionq5 f (t) under carrier diffusion
conditions.

Let us take the distribution oft to be Gaussian. A Gauss
ian distribution is most likely when the deviations of th
value from the mean are smaller than the mean:dN/dq
5(dN/dt)(dt/dq). Thus, we take

dN/dt5
exp@2~t2t0!2/2s2#

A2ps
. ~1!

The correlation betweenq and t for charge generation
with the profile typical ofa-particles~the Bragg curve! and
subsequent diffusion to the boundary of thep1-n junction
was examined in Ref. 3. It was assumed that the end poia
© 1998 American Institute of Physics
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of a particle track of lengthR can only be situated in the
region of diffusion transport. The charge deficitl512q as
a function of a8 was calculated for various values of th
diffusive displacement lengthL5(Dt)1/2, where D is the
diffusion coefficient. These data are plotted in Fig. 1 on t
required scalel5 f (L) for various values ofa. The depen-
dencel(L) was conveniently approximated in the form

l5A01A1 /L1A2 /L2, ~2!

where A0 is cubic andA1 and A2 are quadratic parabolas
relative to a. Then, for the required spectrumdN/dq
5 f (q), neglecting the numerical factors, we obtain a syste
of two equations:

dN/dq5~L/L0!2

3
exp$2@~L/L0!221#2/0.362~Dt/t0!2%

~A1 /L12A2 /L2!
, ~3!

q512~A01A1 /L1A2 /L2!.

Here, by analogy withd, the width of the spectrum oft
values is introduced asDt52.35s. The system~3! can be
used to construct the spectra of signal amplitudes for vario
average values ofL05(Dt0)1/2, Dt/t0 , and the parameter
a.

Figure 2 shows the amplitude spectra for the case wh
a corresponds to the particle range, i.e.,a5R556 mm. De-
spite the valueL05100 mm ~almost twicea!, an average
charge deficit of the order of 25% is observed. As the lif
time becomes more variable, the profiles of the spectra
quire a characteristic asymmetry. An extended section w
small amplitudes appears on the left wing. If the relativ
nonuniformity reaches 100% (Dt/t051), up to 50% losses
of charge may occur.

The width of the spectrum at half-maximum and also
one-tenth maximum (d0.1) where the asymmetry is stronges
is taken as a quantitative measure. The behavior ofd andd0.1

as a function of the average charge lossesl0 is shown in the
inset to Fig. 2 for the caseDt/t051. The points give the

FIG. 1. Losses caused by recombination of electron–hole pairs ina particle
track versus diffusive displacement length. A 56mm particle track protrudes
into the region of diffusive transport by the lengtha, mm; 1—56, 2—36,
3—26, 4—16, and5—10.
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calculated values, which include three values ofL0 ~45, 100,
and 200mm!, with the parametera varied in each case~val-
ues of 10, 20, 30, and 45mm were taken!. The inset shows
that if the nonuniformity oft is fixed, both values for the
spectral widthd and d0.1 are uniquely determined by th
charge losses. In other words, the specific values ofL0 anda
responsible for the lossesl0 are unimportant for the spectra
profile.

An extremely important factor is that the function
d(l0) for various Dt/t0 are linear, with the slopeK
5Dd/Dl0 which depends on the nonuniformity facto
These observations can be used to obtain the functionK
5 f (Dt/t0) which is the calibration function to determin
the uniformity of the carrier lifetime in the material~Fig. 3!.
Note that for largeDt/t0 the functionK is less gently slop-
ing than that obtained in Ref. 2, also for carrier recombin

FIG. 2. Amplitude spectra for various nonuniformities of the carrier lifetim
Dt/t0 ~calculated!. Diffusion conditions:L05100 mm, a556mm. Values
of Dt/t0 , %: 1—100, 2—50, 3—25. Inset—spectral line width versus av
erage carrier losses. Width taken at 0.1~1! and 0.5~2! of maximum.

FIG. 3. Calculated function to determine the carrier lifetime nonuniform
The growth rate of the line width as a function of the relative carrier los
is plotted on the ordinate~see inset to Fig. 2!. Inset—dependence of line
width on carrier losses observed experimentally for Si surface-barrier st
ture. Single 8.78 MeVa-particles are detected; the losses are created b
difference in the energy released in the diffusive transport region.
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tion. This difference can be attributed to the different dep
denceq(t), which is determined by diffusion rather than b
drift transport of carriers, as in Ref. 2.

2. An experiment was carried out using the surfa
barrier structure of an Si detector. The apparatus was s
dard for recording amplitude spectra, and incorporated a
amplifier, an amplifier with a pass band formed byRC
differentiation–integration circuits, and an amplitude an
lyzer. A reverse bias was initially applied to the structure
that the space charge region~strong electric field! completely
covered the track. Under conditions of ‘‘fast’’ carrier dri
the signal was taken to be unity. The voltage was then
duced and values at which some of the track extended
side the field region were used. In this case, the aver
amplitude of the signal decreased as a result of carrier
combination accompanying the relatively slow diffusi
transport. At the same time, the profile of the amplitu
spectrum became asymmetric in agreement with the ca
lated data plotted in Fig. 2.

The inset to Fig. 3 shows the behavior of the spec
line width d as a function of the lossesl0 . As was to be
expected, the dependence is linear with the slope~i.e., the
value of the functionK! Dd/Dl050.36. In accordance with
Fig. 3, this value corresponds to substantial nonuniform
Dt/t05120%.

3. In conclusion we note some practical aspects. We
phasize that this method does not require ap1-n structure
with a high-quality return branch, since the line width
usually appreciable and the return current noise make
small contribution against this background. For example
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surface barrier is quite sufficient, i.e., the material does
require heat treatment. It is also possible to use particle
different energy, when the charge losses will vary as a re
of differences in the ranges. In this modification, a sing
~and also low! bias voltage may be used.

The resistivity range for this variation in the losses a
result of a reverse bias applied to Si is three orders of m
nitude~between a fewV•cm and a few kV•m!. In the vari-
ant with particles of different energy, the resistivity has
lower limit.

In Ref. 3 it was shown that the carrier lifetime can b
determined from the signal deficit. Note that the integra
nature of the method~the charge is measured! means that
short, nanosecond, timest can also be determined. In thi
connection, the results obtained above combined with
data from Ref. 3 give a complete picture of the recombin
tion properties of a material: the values oft and also their
statistics over the sample area. Another important facto
that the values oft for densea-particle tracks correspond t
a high level of injection, i.e., are related to the concentrat
of recombination centers by a simple~inversely proportional!
dependence.

1L. L. Makovsky, N. B. Strokan, and N. I. Tisnek, IEEE Trans. Nucl. S
5, 304 ~1968!

2E. M. Verbitskaya, V. K. Eremin, A. M. Malyarenko, N. B. Strokan, an
V. L. Sukhanov, Fiz. Tekh. Poluprovodn.21, 1883 ~1987! @Sov. Phys.
Semicond.21, 1140~1987!#.

3I. N. Il’yashenko and N. B. Strokan, Fiz. Tekh. Poluprovodn.30, 302
~1996! @Semiconductors30, 167 ~1996!#.
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Influence of feedback on the complex dynamics of an electron beam with a virtual
cathode in a virtode

A. E. Khramov

‘‘Kolledzh’’ State Educational-Scientific Center, Saratov State University
~Submitted October 17, 1997!
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Results are presented of a numerical simulation of the nonlinear dynamics of a relativistic
electron beam with a virtual cathode in a drift relativistic-electron-beam vircator system with and
without external feedback. ©1998 American Institute of Physics.@S1063-7850~98!01003-9#
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As a result of the development of efficient sources
high-current relativistic electron beams~REBs! with currents
exceeding 10–100 kA and acceleration energies of 0.1
MeV, the power of almost all classical microwave devic
has increased sharply. However, the success achieved i
celeration technology cannot be fully utilized in these d
vices because the beam current is limited. As the cur
approaches a certain level, the efficiency of the interac
between the electrons and the electromagnetic fields det
rates. Supercritical-current generators, or vircators,1 do not
have this shortcoming. They use the oscillations of a
called virtual cathode, a region in the interaction spa
whose potential is close to that of the cathode, for ph
selection of the electrons. At present, the use of vircator
generate superpower microwave radiation pulses mus
considered its most important application. However, it h
been shown that virtual-cathode devices may be contro
by an external microwave signal, allowing them to be us
as modules of phased-array antennas.

Here, results are reported of investigations of the non
ear dynamics of an electron beam with a virtual cathode
drift REB vircator system with and without external fee
back delay.

The system studied is a section of a cylindrical wav
guide closed on both sides by conducting walls. A sing
velocity electron beam is injected into the system. A char
teristic feature of the system is the external feedback, wh
was achieved by kinematic modulation of the electrons
tering the drift space by an electromagnetic signal deri
from the interaction space and influencing the flux with
delayt.

A description of the nonlinear and nonsteady-state p
cesses in this system was constructed using a self-consi
system of Maxwell equations and the Vlasov transport eq
tion, which was solved numerically using a conservative d
ference scheme.2,3 The main parameters on which the beha
ior of this system depends are the ratio of the beam curren
the critical vacuum current, denoted bya, and the feedback
parameters: the delay timet and the coordinate of the poin
from which the feedback signal is taken.

It is well known from both numerical simulations an
experiments that an electron beam with a virtual cath
exhibits complex irregular dynamics. In Ref. 4 an elect
1891063-7850/98/24(3)/3/$15.00
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static model was used to show that an electron beam wi
virtual cathode in a Pierce diode may demonstrate differ
types of behavior, including dynamic chaos. In the pres
study, the investigations were carried out using a virca
model which allows for nonpotential effects which limit th
propagation velocity of the electromagnetic waves in
system.5

Figures 1a–1c give the power spectra, attractor pro
tions, and time series of the beam current from the region
formation of the virtual cathode for various values ofa. Note
that the time series was taken after the transition process
damped away.

For low supercriticalitya (a,2) periodic relaxation os-
cillations are established in the system~Fig. 1a,a51.5!. The
power spectrum contains narrow peaks which are mult
harmonics of the fundamental frequencyv0'2vp , where
v052p/T0 ~T0 is the characteristic scale of the oscillatio
which corresponds to the total transit time of the electro
reflected by the virtual cathode! and vp is the plasma fre-
quency of the electron beam. The attractor projection co
sponds to a single-stage limit cycle. As the parametera in-
creases (2,a,5), the periodic oscillations disappear~Fig.
1b, a53.7!. The spectrum contains a noise pedestal
which are superposed a well-defined fundamental-freque
peak and peaks of its harmonics which merge into the no
pedestal asa increases. It can be seen from the phase port
that a chaotic attractor appears at the base of a single
stable limit cycle which corresponds to an attractive limit s
for the periodic motion. In addition to the chaotic behavior
the amplitude, the time series reveals random phase shif
the oscillations. This behavior suggests that in this range
variation ofa, a rotational fporm of chaos is present in th
system whose image in phase space is an inhomogen
attractor. Fora.5 ~Fig. 1c!, the spectrum is extremely
noisy. No clearly defined peaks can be identified, and
structure of the attractor is fairly complex, consisting of a
of unstable periodic orbits.

All these observations suggest that the system formed
an electron beam with a virtual cathode and an electrom
netic field exhibits complex nonlinear dynamics. To refi
the characteristics of the complex behavior of the system,
fractal dimension of the reconstructed attractor is now de
mined. Figures 2a–2c give the slope of the correlat
© 1998 American Institute of Physics
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FIG. 1. Phase portraits, power spectra, and time
ries of current oscillations for various values of th
parameters.
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integral6,7 as a function ofe in a log–log plot for various
values of the embedding space dimensionm.

For a,2 ~Fig. 2a,a51.5!, the dimension of the limit
set is an integer, which corresponds to a regular manifold
the supercriticality increases, the dimension becomes a f
tion. For 2,a,5 ~Fig. 2b, a53.7! the dimension of the
limit set saturates with an embedding space dimension
four. The correlation dimension of the attractorDe increases
monotonically with increasinga. The saturation of the at
tractor dimension form,5 suggests that the system form
by a virtual-cathode electron beam and an electromagn
field possesses 1.5–2 degrees of freedom. The nature o
spectrum, and the fact that the fractal dimension is finite
fractional confirm that when the beam current exceeds
critical vacuum current in the range 2,a,5, dynamic chaos
is established in the vircator. For the supercriticalitya.5
~Fig. 2c,a512!, it can be seen that the attractor dimensi
does not saturate for values of the embedding space dim
sion m,9. The duration of the time series does not allo
accurate estimates of the attractor dimension form.9. This
s
c-

of

tic
the
d
e

n-

behavior ofDe leaves the problem of determining the chao
regime fora.5 unresolved.

The problem of controlling the behavior characterist
of a vircator system has recently become important. Thus
REB generator with supercritical current and controlled fe
back, called a virtode, is of particular interest.8 It was dem-
onstrated experimentally that the feedback has a strong
fluence on the characteristics of the device.

An analysis is made of the case when the feedback
nal is taken from the virtual cathode region. Figures 1d–
and 2d–2f show the oscillation characteristics in a syst
with fixeda for various values oft: 20 ~d!, 40 ~e!, and 60~f!.

The investigations reveal that the dynamics of the s
tem is determined by the relation between the character
scaleT0 of the oscillations in the system and the feedba
delay timet. Incorporation of feedback with a short dela
time ~t,T0/2 complicates the system dynamics: a noise p
estal appears in the spectrum and the embedding spac
mension ism.10 ~Figs. 1d and 2d!. This is caused by the
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FIG. 2. Slope of the correlation integral of the re
constructed attractor for various embedding spa
dimensionsm in various behavior regimes.
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excitation of a many degrees of freedom in the system.
t.T0/2 ordering of the oscillations is observed until regu
motion is established in the system. The form of the ph
portrait, the dimension of the limit set, and the spectral co
position of the radiation all vary as a function oft. In this
case, the characteristic oscillation frequency varies in
range (0.7– 1.5)v0 , where v0 is the free oscillation fre-
quency of the virtual cathode. Note that variation of the d
lay time of the feedback signal can also be used to con
the amplitude of the virtual cathode oscillations and thus
level of the generated power in the system. There is an
timum delay timet for which the electron interaction powe
Pe in the system has a maximum. The ratio (Pe)max/(Pe)min

'0.5 is obtained and the ratio of (Pe)max to the free oscilla-
tion power of the virtual cathode is of the order of 0.65.

Figure 1g shows the oscillation characteristics of the s
tem for the case where feedback is introduced in the colle
region. The oscillations are highly irregular, the power sp
or
r
e
-

e

-
ol
e
p-

-
or
-

trum is noiselike, and the attractor has a comparatively u
form structure.
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Stable current oscillations accompanying magnetron sputtering of oxide targets
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Undamped total current oscillations were observed for the first time during dc magnetron
sputtering of oxide ceramic targets. It was shown that these oscillations were caused by the
continuous generation of atomic oxygen as a result of chemisorption–desorption processes
at the surface of the target heated by ion bombardment. Oscillations of an attachment nature
~similar to Trichel oscillations! were observed at low pressures (P5431024 Torr).
© 1998 American Institute of Physics.@S1063-7850~98!01103-3#
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Instabilities of discharges in electronegative gases
well-known and have been widely studied.1–3 In particular,
regular current oscillations between planar electrodes, s
lar to Trichel oscillations, are predicted in Ref. 4 at gas pr
sures of 1–4 Torr.

Here we report the observation of stable current osci
tions caused by the continuous generation of atomic oxy
at the surface of zinc oxide ceramic targets during dc m
netron sputtering of the targets at pressures less tha
31024 Torr.

A block diagram of the apparatus is shown in Fig. 1. T
magnetron sputtering system was supplied by a pulsed r
fied voltage at twice the line frequency. The targets w
pressed and annealed zinc oxide ceramic plates with a r
tivity of around 1V• cm and overall dimensions of 11
337535 mm.

The discharge gap was 10 cm and the working gas
argon or an Ar–O2 mixture. Oscilloscope traces of the cu
rent and voltage, and also the discharge current–volt
characteristics, were studied as a function of the power s
ply system, and the gas composition and pressure.

Figure 2 gives the results of measurements made in
Ar:O253:1 atmosphere. All the measurements were mad
an applied voltage U5550 V and discharge curren
I 56 A. When the circuit contains no capacitanceC con-
nected in parallel to the discharge gap, the oscillosc
traces of the voltage and current, and the current–volt
characteristics atP5431024 Torr corresponds to those of
normal glow discharge~Fig. 2aI and 2aII!.

FIG. 1. Power supply to system for magnetron sputtering and measure
of the discharge characteristics. V.C. is the vacuum chamber.
1921063-7850/98/24(3)/2/$15.00
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The results of the measurements with a capacitancC
incorporated in the circuit at different pressures are plotted
Figs. 2b–2d. AtP.631024 Torr the voltage and curren
traces reveal damped oscillations at the instant of breakd
of the discharge gap~Fig. 2b!. The current–voltage charac
teristic at this stage indicates that the current pulses lag

ent

FIG. 2. Oscilloscope traces of voltage~upper traces! and current~lower
traces! ~I!, and current–voltage characteristic~II ! of the discharge under
various conditions: a—with capacitanceC in supply circuit; b, c, d—with
capacitanceC at pressures of 631024 Torr, 531024 Torr, and 4
31024 Torr, respectively.
© 1998 American Institute of Physics
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hind the voltage. The characteristic then corresponds to
static characteristic of a normal glow discharge.

A reduction in pressure (P'531024 Torr) leads to the
generation of current oscillations near the maximum volta
~Fig. 2c!. At pressures of 331024,P,531024 Torr the
discharge becomes completely oscillatory and the cons
component of the discharge current is negligible. In this ca
the current–voltage characteristic contains no element
the static characteristic. An increase or decrease in
anode–cathode gap or the capacitanceC causes a constan
current component to appear until the oscillations disapp
A reduction in the pressure belowP'331024 Torr leads to
quenching of the discharge. We did not observe any ap
ciable variation of the oscillation frequency as a function
the distance between the electrodes or the ratio of the pa
gas pressures calculated in Ref. 4.

We studied the discharge characteristics in a pure
atmosphere in order to determine the role of oxygen in
formation of oscillations. Oscillations were also observed
this case but after a few minutes of sputtering they w
completely damped and the discharge was then uninfluen
by the capacitance. A discharge in an argon atmosph
blackened the target as a result of oxygen depletion of
surface layer. The oscillating regime was only restored a
the target had been sputtered for a few minutes in an Ar2

atmosphere, which oxidized the surface layer. This beha
suggests that the discharge current oscillations are cause
desorption of atomic oxygen from the surface of the tar
and by the formation of negative O2 ions as a result of
electron attachment. The undamped nature of the oscillat
is caused by the processes taking place at the surface o
target. It is known that ion bombardment of zinc oxide lea
to desorption of atomic oxygen.5,6 It is also known that the
temperature of the target surface during magnetron spu
ing is close to the melting point~decomposition! of the tar-
get. Our previous investigations7 showed that the processe
at the surface of a zinc oxide target take place as follow

– Desorption of atomic oxygen under ion bombardme
he
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Oxygen atoms are ionized and confined by the field near
surface of the target.

– Sublimation of zinc and its oxidation near the targ
The oxygen deficit in the heated surface layer is made up
oxygen supplied to the chamber as part of the working g
Thus, in magnetron sputtering the molecular oxygen c
tained in the bulk is continuously converted into atomic ox
gen at the surface of the target.

The presence of a capacitanceC in the supply circuit
changes the external current–voltage characteristic of
source and, combined with the fluctuations caused by
attachment instability, leads to a delay of the feedback w
respect to voltage and to the formation of curre
oscillations.8 A model was proposed in Ref. 4 to describe t
dynamics of the distribution of the positive and negative
gions of the space charge and potential in a discharge ga
P'1 – 10 Torr. However, further investigations are requir
before the oscillation mechanism can be reliably determin

This pulsed magnetron sputtering regime in a dc sys
revealed various advantages for applications. These inclu
multiplication of the maximum sputtering rate and increas
scope for controlling processes in the gas phase in reac
magnetron sputtering. We propose to report the results
further studies in our next publication.

1Yu. P. Ra�zer,Gas Discharge Physics~Springer, New York, 1991; Nauka
Moscow, 1992!.
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5S. R. Morrison,The Chemical Physics of Surfaces@Plenum Press, New
York ~1977!; Mir, Moscow ~1980!, 488 pp.#.
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Condition for a time-constant current in a high-current planar diode
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The conditions required to achieve a constant current from an explosive cathode during the pulse
in a high-current planar diode are calculated. ©1998 American Institute of Physics.
@S1063-7850~98!01203-8#
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High-current electron beams with large cross secti
~hundreds of square centimeters! and pulse lengths between
few and tens of nanoseconds are used in various radia
technologies. These beams are formed in planar diodes
cathodes based on explosive electron emission.1 The use of
direct-action accelerators based on coaxial shaping lines2 as
pulsed voltage sources allows beams to be generated
pulse repetition frequencies of hundreds of hertz.3

One problem encountered in the development of ca
odes for planar diodes is to ensure that the diode impeda
remains constant during the pulse. Unless special meas
are taken, the impedance of a planar explosive-emission
ode may decrease by a factor of 2–3 within approximat
20 ns~Ref. 3!, which causes an increase in current and m
match between the diode and the oscillator. This last fa
reduces the electron energy during the pulse, which is un
sirable for technological applications.

It is well-known4 that if the cathode plasma in a high
current diode expands during the pulse over a distance c
parable with the diode gap, this reduces the impedance o
diode. In the present study, however, we consider the c
where the expansion of the cathode plasma during the p
is negligible compared with the diode gap.

We examine the conditions required to achieve a c
stant impedance for a planar diode with an explosi
emission cathode.

If the diode is planar~Fig. 1!, we assume that the elec
trons propagate along the normal to the electrodes. The e
trostatic potentialw satisfies the Poisson equation

Dw524pr, ~1!

where r is the space charge density in the diode. Sin
r5 j /V, where j is the current density in the diode andV is
the electron velocity, we obtain

d2w/dx2524p j /V. ~2!

Introducing the notationj 052 j and assuming that

g511
ew

mc2 5~12V2/c2!21/2, ~3!

wherem is the electron mass,e is the modulus of the elec
tron charge, andg is a relativistic factor, we have

mc2

e

d2g

dx2 5
4p j 0

c
~12g22!21/2. ~4!
1941063-7850/98/24(3)/3/$15.00
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Multiplying Eq. ~4! by dg/dx and integrating, we obtain

mc2

2e S dg

dxD 2

5
4p j 0

c
Ag2211C1 , ~5!

where C1 is the integration constant. Assuming th
dg/dx52 eE/mc2, we rewrite Eq.~5! in the form

2
E2

8p
1

j 0

e
mcAg2215const. ~6!

At the surfaces of the electrodes, the left-hand side of exp
sion ~6! has the meaning of the total pressure, which is ma
up of the electric field and electron pressures. Thus, the
ues of the total pressure at the cathode and the anode ar
same. The field pressure creates a force at the electr
directed into the diode, while the beam pressure create
force acting in the opposite direction. The force acting on
diode as a whole is zero as a result of the constant mom
tum in a steady-state system~it is assumed that the electro
flux is absorbed at the anode and does not leave the limit
the diode!.

If the electrons leave the cathode at zero~in a known
approximation! velocities, the pressure on the cathode is

pk5Ek
2/8p, ~7!

whereEk is the electric field strength at the cathode. If t
cathode has an unlimited emission capacity, thenEk50 and
the total pressure on the cathode ispk50. The pressure on
the anode is

pA52
EA

2

8p
1

j 0

e
mcAg221, ~8!

where EA is the electric field strength at the anode. Ifpk

50 and thuspA50, the field pressure at the anode is b
anced by the electron pressure.

Let us now assume that the cathode is an inhomo
neous but periodic structure. Neglecting the magnetic fie
we will clearly have periodicity in the electric field and th
particle flux. It is easy to see that in this case, the field- a
particle-related fluxes of thex component of the momentum
across the lateral~parallel to thex axis! surfaces of a prism-
shaped periodic cell isolated in the diode are zero. Thus,
x components of the forces acting on the anode and cath
ends of the cell are of equal magnitude but of opposite s
This holds on average in the diode.
© 1998 American Institute of Physics



u
m
h
T
tu
id
ci

v

od
th
ub
ig
iod

th

n
a
in
rc

i
e
he
a
ir

de

res-
sion

on

hode
ent
eak

e
less,
e.
f the
self-
om-
and
sure
ulse
nce
the
ent

de
ian

ds

is
ap
m-

e
red
if-
e,
n,
her-

195Tech. Phys. Lett. 24 (3), March 1998 Belomyttsev et al.
In a diode with a planar cathode having a continuo
emitting surface, the current is constant with respect to ti
However, it is difficult to ensure that the entire surface of t
cathode is covered with plasma for a few nanoseconds.
cathode is generally constructed as some periodic struc
to ensure that the explosive emission plasma appears rap
Let us assume that the linear dimensions of the periodi
are much smaller than the diode gapD. Neglecting the self-
induced magnetic field, we can assume that the electron
locity ~except for the region near the emitting surface! is
perpendicular to the electrodes.

The number of explosive emission centers at the cath
increases rapidly only in the first few nanoseconds of
pulse. However, the emitting surface continues to grow s
sequently as a result of expansion of the plasma, until ne
boring plasmas merge. In this case, the current in the d
can increase even at constant voltage.

We shall assume that

D@VplT, ~9!

whereVpl is the average plasma expansion velocity andT is
the pulse duration. The variation of the diode gap during
pulse can then be neglected.

It is generally assumed that an increase in current i
diode is caused by an increased emitting surface at the c
ode. The mechanism for this effect should be refined tak
into account the previous reasoning on the balance of fo
in the diode. In this case, the current increases when an
crease of the emitting surface leads to a reduction in thx
component of the field force at the cathode. On the ot
hand, it is known that in a coaxial diode with a longitudin
guiding magnetic field, the current is constant if the ent
edge of a thin annular cathode is exploded~Fig. 2!. In spite
of the plasma expansion, the axial pressure on the catho
zero and this explains the constant current.5,6 Thus, in order

FIG. 1.

FIG. 2.
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to ensure a constant current in a planar diode, the field p
sure on the cathode must remain constant during expan
of the plasma. In principle, this can be achieved.

Let us take a cathode in the form of a plane surface
which thin parallel knife edges are mounted~Fig. 3!. The
distance between the knife edges isp! l andp!D. If their
edges are covered with plasma, the pressure on the cat
in the x direction is close to zero and is almost independ
of the plasma expansion. This can be attributed to the w
electric field at the planar base of the cathode sincep! l .

We now assume thatl /p is such that any change in th
field pressure on the cathode can be neglected. Neverthe
there is still a factor causing the current to vary with tim
This is because the pressure on the anode is the sum o
field and electron pressures and these pressures are
consistent. During expansion of the plasma, the beam ge
etry may vary and as a result, the ratio between the field
particle pressures also varies, even though the total pres
on the anode remains the same. However, when the p
length is short, the plasma leading edge covers a dista
much smaller than the characteristic linear dimensions in
diode, and so we predict that the time variation of the curr
will be negligible.

Numerical calculations made using the SuperSAM co
~Institute of Nuclear Physics, Siberian Branch of the Russ
Academy of Sciences! showed that in a periodic system~Fig.
3! with p51 cm, U5500 kV, D53 cm, andl 51 cm, the
current I 1 per unit length of a single knife edge depen
weakly on the diameterd of a cylindrical emitter positioned
at its edge~curve1 in Fig. 4!. Curve2 plotted for compari-
son corresponds to a diode with a 3 cm gap andemitters in
the form of semicylinders of diameterd located directly on
the cathode plane. In this case, a strong dependenceI 1(d) is
found.

We note in passing that when the conditionsp! l and
p!D are satisfied, the current in the diode shown in Fig. 3
similar to that in a homogeneous planar diode with the g
D. The numerical calculations showed that for the para
eters given above, the difference is less than 5%.

Although the goal to be strived for when fabricating th
cathode is quite clear, some difficulties may be encounte
in attaining this goal. Simple thin metal knife edges are d
ficult to explode rapidly over the entire length of the edg
particularly at high pulse repetition frequencies. In additio
at high average pulse powers the knife edges undergo t

FIG. 3.
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mal deformation. Fabrication of the knife edge in the form
a metal-dielectric contact7 may well improve the uniformity
of the emission along the edge both by reducing the elec
field threshold of the explosive emission~and therefore re-

FIG. 4.
f

ic

ducing the size of the screening zone around each cen8!
and also because of the faster propagation of the pla
along the dielectric surface and the merging of neighbor
plasmas.
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One-dimensional diffuser for a three-dimensional imaging system
E. B. Bru  and V. V. Orlov
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An analysis is made of a method of using a photographic plate to obtain a diffuser whose
scattering indicatrix in one direction is more than two orders of magnitude wider than that in the
perpendicular direction. This method involves recording a particular speckle pattern on a
photographic plate. A description is given of the photochemical treatment of the plate used to
ensure that the diffuser does not possess a zeroth diffraction order. An analysis is made
of the difference between the theoretical and experimentally measured scattering indicatrix of the
diffuser. This difference is attributable to the nonlinearity of the diffuser fabrication
process. ©1998 American Institute of Physics.@S1063-7850~98!01303-2#
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A new method of producing three-dimensional imag
based on forming a matrix of focused aspects of a scene
proposed in Ref. 1. In the experimental section of Ref. 2,
efficiency of the method was checked for the particular c
when a three-dimensional display reproduces only the h
zontal parallax. In this case, a one-dimensional diffuse
used, which only scatters the radiation in the vertical dir
tion and thereby broadens the window of observation in
direction. In order to ensure that the observed image p
sesses uniform brightness, the diffuser should not exhib
zeroth diffraction order. Here we consider a method of o
taining such a diffuser.

The one-dimensional diffuser was a photograph o
speckle pattern formed by a vertical line of light.~Here and
subsequently the horizontal direction was taken as the di
tion in which the parallax should be reproduced, i.e.,
direction of the axis linking the pupils of the observer
eyes!. The line of light was formed by a coherent cylindric
light wave (l5632.8) focused onto mat glass. The intens
distribution of the diffuse beam was recorded using a 1
3102 mm PFG-03C photographic plate positioned 300 m
from the mat glass and oriented so that the longest side o
plate was perpendicular to the luminous line on the m
glass. The continuity of the diffuse beam intensity on t
surface of the photographic plate was characterized by
following quantities: the maximum intensity was at the ce
ter of the plate, and was taken as 100%, the intensity at
upper and lower edges was 73% and at the right and
edges, 53%. The exposure at the center of the plate
0.8 mJ/cm2.

The photochemical treatment of the exposed pho
graphic plate included the following operations:

1! Development in PRG developer
2! Washing in water
3! Intensification in a solution containing AgNO3

4! Washing in water
5! Fixing in F8 fixer
6! Washing in water
7! Bleaching in modified R10 bleaching agent
8! Washing in water
1971063-7850/98/24(3)/2/$15.00
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9! Dehydration in 50% and 100% solutions of isopr
pyl alcohol

10! Drying
High-contrast, nonhardening developing was used to

tain the highest possible image density uniformly over
entire thickness of the layer. The intensification step w
introduced to enhance the relief on the surface of the la
The nonlinear nature of the intensifying treatment apprec
bly increased the optical density in the exposed section
the photolayer, which combined with the hardening blea
ing treatment, enhanced the surface relief.3 During the hard-
ening bleaching treatment, gelatin molecules harde
around developed silver grains. The composition of
bleaching tank was selected to create the optimum bleac
conditions for the layer. During the subsequent dehydrat
treatment in alcohol solutions, an image formed in the la
as a result of modulation of the refractive index of the ha
ened and nonhardened gelatin, similar to the processes ta
place in layers of bichromated gelatin. As a result of th
photochemical treatment, the image of the speckle patter
the photographic layer consisted of three compone
bleached silver grains, hardened gelatin, and surface re
All three components combined to produce sufficient mo
lation of the optical thickness of the diffuser to complete
eliminate the zeroth diffraction order. An extremely we
zeroth diffraction order was observed at the edges of
diffuser where it was caused by the lower intensity of t
diffused beam during exposure of the plate.

We measured the scattering indicatrix of this on
dimensional diffuser in the vertical and horizontal directio
at wavelength 632.8 nm. The vertical scattering indicatrix
shown in Fig. 1. The half-width of the indicatrix, i.e., the fu
width at half-maximum, in the vertical direction is 18°. Fig
ure 2 shows the scattering indicatrix in the horizontal dire
tion, which has a half-width of 6.6 arc min.

We now discuss these results. The scattering indica
of the diffuser is determined by the spectrum of spatial f
quencies of its amplitude transmission. If the diffuser fab
cation process is linear, i.e., the amplitude transmission
the photoplate depends linearly on the exposure, the s
© 1998 American Institute of Physics
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trum of spatial frequencies of the amplitude transmission
proportional to the spectrum of spatial frequencies of
intensity distribution of the diffuse beam in the plane of t
photographic plate. It is easy to show that in this case,
diffuser should scatter the radiation in such a way that
half-width of the scattering indicatrix in the vertical and ho
zontal directions is equal to the corresponding angular
mensions of the line of light on the mat glass when this
observed from the center of the photographic plate. T
width of the scattering indicatrix in the vertical and horizo
tal directions should be twice the angular dimension of
line of light in the given direction.4

FIG. 1.

FIG. 2.
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e
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The diffuser fabrication process used here is nonlin
since the amplitude transmission of the diffuser is a p
phase process. As a result of this nonlinearity, the spect
of spatial frequencies of the diffuser changed substanti
and was enriched in higher spatial frequencies. It can be s
from Fig. 1 that the half-width of the scattering indicatrix
the vertical direction is 18°, which is 2.25 times greater th
the 8° angular dimension of the line of light on the mat gla
in this direction. In order to estimate the influence of t
nonlinearity of the fabrication process on the scattering in
catrix in the horizontal direction, we measured the intens
distribution of the line of light in this direction. This intensit
distribution comprised a high narrow peak 23mm wide, lo-
cated on a plateau 345mm wide. This nonuniform intensity
distribution in the line of light was caused by the aberratio
of the cylindrical lens used to form it. The angular dime
sions of the peak and the plateau of the intensity distribut
relative to the center of the photographic plate were 0.8
and 3.88, respectively. Comparing these values with the ha
width of the scattering indicatrix in the horizontal directio
5.28 and its width 1108 ~Fig. 2!, we find that as a result of the
nonlinearity, the half-width of the scattering indicatri
which depends on the peak width, was increased 21 tim
and the width of the indicatrix, which depends on the plate
width, was increased 14 times.

Bearing in mind that the half-width of the scattering i
dicatrix in the vertical direction was only increased 2.
times, we see that the nonlinearity of the fabrication proc
of the one-dimensional diffuser has a stronger influence
the low spatial frequencies of the amplitude transmission
the diffuser, responsible for scattering in the horizontal
rection, compared with the high spatial frequencies resp
sible for scattering in the vertical direction. This on
dimensional diffuser was used to reconstruct an image wh
only reproduces one horizontal parallax using a system s
lar to that described in Ref. 2. The experiment showed t
the presence of the horizontal component of the scatte
indicatrix reduces the contrast of the image. For the horiz
tal component not to influence the quality of the observ
image, its width should not exceed the 18 angular resolution
of the eye. In order to obtain such a narrow scattering in
catrix, a narrower, diffraction-limited line of light must b
formed on the surface of the mat glass.

The authors would like to thank Yu. N. Denisyuk fo
useful discussions of this work.
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Instability of plane Couette flow of two-phase liquids
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The stability of plane Couette flow of a disperse liquid~gaseous or liquid suspension! is
investigated. It is shown that in contrast to the flow of a pure liquid~gas!, above a certain threshold
particle mass density, this flow begins to become unstable to infinitesimal perturbations.
© 1998 American Institute of Physics.@S1063-7850~98!01403-7#
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It is well known that plane Couette flow of a single
phase liquid is stable relative to infinitely sma
perturbations.1 In our studies2–5 we systematically investi-
gated the stability of flows of disperse liquids. We esta
lished that the presence of solid particles in the stream r
cally alters the evolution of perturbations in bounded a
free flows. In particular, when the particle distribution
nonuniform, a new necessary condition is obtained for ins
bility of the flow of two-phase liquids in the inviscid
approximation:2 (rU8)850, wherer(y) is the mass density
profile of the medium,U(y) is the steady-state profile of th
flow velocity. Here and subsequently the prime indicates
ferentiation with respect toy.

In accordance with this condition, Couette flow with a
nonmonotonic density distributionr(y) should be unstable
This important conclusion is unexpected and requires ve
cation. Here we study the stability of plane Couette flo
relative to small perturbations.

We consider the flow of a disperse medium consisting
a mixture of an incompressible carrier liquid~gas! and solid
spherical particles of radiusa. The bulk density of the dis-
perse phase is assumed to be low so that particle intera
can be neglected. The dynamics of this system is descr
by the equations of two-fluid hydrodynamics.2–5

It was shown in Ref. 2 that the Squire theorem is sa
fied for an arbitrary distribution of the disperse phase, so
the analysis can be confined to studying the evolution
two-dimensional perturbations. In this case, the problem
reduced to solving the equation2,5

~W2c!Dc2W9c1~cJ f8!85
1

ia Re
D2c,

W~y!5U1 f J, J5
U2c

11 iaS Re~U2c!
, D5

d2

dy2 2a2

~1!

for the stream function of small perturbations of the carr
liquid

w~x,y,t !5c~y!exp@ i ~ax2vt !# ~ux5w8, uy52 iaw!

with the wave numbera, frequencyv, and phase velocity
c5v/a. HereU5U(y) is the velocity profile of the unper
turbed flow,f 5 f (y) is the mass density profile of dispers
phase particles in the unperturbed flow, and Re5U0Lrf /m is
1991063-7850/98/24(3)/2/$15.00
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the Reynolds number. The parameter S5rpm/r fKL2 is de-
scribed as the relaxation time of the medium and charac
izes the physical properties of a two-phase liquid, whereL is
the characteristic linear scale of the flow~for plane Couette
flow this is the half-width of the channel!, U0 is the charac-
teristic flow velocity,r f is the density of the carrier liquid
rp is the density of the particle continuum,m is the coeffi-
cient of viscosity of the carrier liquid, andK is the hydrody-
namic drag coefficient of the dispersed particles.

Here we consider plane Couette flow with the dime
sionless velocity profileU5y and boundaries aty561. The
usual conditions of nonslipping and nonpenetrating flow
set at the boundaries for the stream function. Equation~1!
was solved numerically using tridiagonal inversion and tht
method. The distribution profile of the disperse phase w
taken as a Gaussian function with the maximum of the d
sity f 0 on the flow axis and characteristic widths : f (y)
5 f 0 exp(2y2/s2). In the present work this width is alway
s50.3, which corresponds to the condition when almost
the particles are in the inner region of the flow; the relaxat
time of the medium is S51027. The particle densityf 0 was
varied.

In single-phase Couette flow we can identify four pertu
bation modes having the lowest damping rates~curves1–4
in Fig. 1!. Three of these modes~curves1–3! are wall modes
and thus react weakly to the presence of particles in the a
zone so that the damping rate of these perturbation ei
remains the same or even increases slightly with increa
particle density. The fourth mode~curve4! is an axial mode,
and its behavior changes substantially in two-phase fl
~curves5 and6!. The damping rate of this mode decreases
the particle mass density increases and after a certain thr
old densityf 0>0.2275 has ben reached, the perturbations
this mode begin to grow. The Couette flow becomes unsta
with respect to infinitely small perturbations. The phase
locity of the axial perturbations is zero and the frequency
also zero,v r5acr50, so that forv i.0 the unstable pertur
bation is a monotonically growing deformation of the velo
ity profile.

In the ~a, Re! plane we can identify the region of insta
bility of the disperse Couette flow bounded by a neut
curve, as shown in Fig. 2. Curve1 corresponds to flow with
the particle densityf 050.2275, which is close to the thresh
© 1998 American Institute of Physics
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old value. For these particle densities the flow is only u
stable to long-wavelength perturbations (a,0.03) and is
characterized by high Reynolds numbers Re.106. As the
density of the disperse phase increases, the region of in
bility grows rapidly ~curves2, 3, and4 correspond to mas
densitiesf 050.23, 0.3, and 0.4, respectively! and develops a
characteristic profile which clearly reveals three asympto
branches~curvesA, B, andC in Fig. 2!. It can be shown tha
the asymptotic branchA corresponds to the inviscid limi
Re→` and at the same time, to the small particle lim
SRe→0, while branchesB and C correspond to the sma
wave number limit.

To sum up, it can be confirmed that for fairly high pa
ticle mass densities, plane Couette flow becomes unst

FIG. 1.
-

ta-

c

le

against infinitesimal perturbations. As the particle relaxat
time increases, the forces of interphase interaction decre
which reduces the destabilizing influence of the dispe
phase.
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Allowance for the contribution of self-adsorption in estimates of the interphase energy
in a solid-metal–own-melt system

V. M. Yakovlev and A. I. Krestelev

Samara State Technical University
~Submitted July 3, 1997!
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An expression is verified to allow for the contribution of self-adsorption in the Young equation
for the interface between a polycrystalline metal and its own melt using only two properties,
the heat of fusion and the gram–atomic volume. The adequacy of this relation is established for
precious and nontransition polyvalent metals. ©1998 American Institute of Physics.
@S1063-7850~98!01503-1#
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It is known that the equilibrium values of the interpha
free energiesssl at a crystal–liquid interface, calculated u
ing the Young equation neglecting the contributionDssa of
self-adsorption (Ga), are usually much higher than the e
perimental data, even for single-component me
systems.1–3 However, no formula to determineDssa as a
function of the properties of initial simple substances h
been described in the literature.

Here we consider a possible method of obtaining
simple estimate ofDssa using the molar heats of fusionV f

of the metals.
To determine Dssa, we use the familiar

representations4,5 of the interface as an individual phase, a
the Gibbs adsorption equation

Dssa52GaDmsa , ~1!

whereDmsa is the excess chemical potential of the adato
relative to the substrate microparticles.

The suitability of this approach arises from the domina
role of the boundary monolayer in the accumulation of
free enthalpy.6 In the limits of these representations, se
adsorption may be treated as the implementation of
stages: sublimation of an atom to the gas phase accompa
by expenditure of energyms and its subsequent condensati
into the adsorption layer with the release of energymsa. We
then haveDmsa5ms2msa. Assuming that the adlayer i
2011063-7850/98/24(3)/2/$15.00
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semidisordered,5 we takemsa.0.5(ms1m l), wherem l is the
energy of vaporization of a particle from the liquid phase.
this approximation we haveDmsa.0.5(ms2m l) so that Eq.
~1! can be expressed in the final form

Dssa'20.5NA
21/3VA

22/3V f . ~2!

Here it is assumed thatV f is the difference between th
heats of sublimation and vaporization,VA is the gram–
atomic volume,VA5Ars

21 , A is the atomic mass,rs is the
density of the solid metal at the melting point, andNA is
Avogadro’s number.

We used expression~2! to estimateDssa for precious
and nontransition polyvalent metals. Along with the para
etersrs andV f and the equilibrium contact wetting anglesu
of polycrystalline metals by their own melts,3 the values of
s l , ss , andssl are also comparatively well-known for thes
metals~see Table I!. This allows us to use the Young equ
tion to find Dssa

2Dssa5ss2s l cosu2ssl . ~3!

In addition to the values ofDssa, Table I also gives the
deviationsd of the estimates made using formula~2! from
the results of the calculations using expression~3!. It can be
seen from the calculations that for these ten metals the a
age deviationd is approximately 2.5%.
TABLE I. Interphase free energies and contributions of self-adsorption calculated by two methods (mJ/m2).

Metal
s l

~Refs. 7 and 8! ss ssl

2Dssa
d,
%Formula~2! Formula~3!

Cu 1330 1658~Refs. 4 and 9! 217 ~Ref. 12! 203.1 197.4 2.9
Ag 925 1148~Refs. 10–12! 147 ~Ref. 12! 133.7 137.0 2.4
Au 1145 1400~Refs. 4 and 12! 161 ~Refs. 4 and 14! 151.1 146.7 3.0
Al 871 1100~Refs. 10 and 11! 141 ~Ref. 14! 131.8 128.9 2.2
Ga 711 767~Ref. 10! 56 ~Ref. 14! 63.9 58.3 9.6
In 556 631~Refs. 10 and 13! 62 ~Ref. 14! 30.9 30.8 0.3
TI 465 555~Ref. 10! 67 ~Ref. 15! 54.1 55.1 1.8
Sn 562 683~Refs. 9 and 13! 84 ~Ref. 15! 64.0 65.1 1.5
Pb 464 556~Ref. 10! 76 ~Ref. 15! 40.1 39.7 1.0
Bi 382 499~Refs. 10 and 11! 83 ~Refs. 14 and 15! 86.6 87.1 0.6
© 1998 American Institute of Physics
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We know that relation~2! was used earlier for an ap
proximation of the interphase energy~see Refs. 1 and 5!.
However, the data given in Table I indicate that this cor
lation is only satisfied to within 18.7%.

It is therefore clear that expression~2! can be used to
allow for the contribution of self-adsorption in the Youn
equation.
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Calculating the electromagnetic wave generated by the interaction between an
ultrashort laser pulse and matter
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A self-consistent solution is obtained for the problem of electron flux generation by interaction
between an ultrashort laser pulse and a metal target. ©1998 American Institute of
Physics.@S1063-7850~98!01603-6#
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INTRODUCTION

The interaction between high-intensity ultrashort la
pulses and matter results in the generation of fast elect
with effective temperaturesTf'10 keV andTf'100 keV
for laser power densities on the targetql'1016 W/cm2 and
ql'1017–1018 W/cm2, respectively.1–3 The laser radiation is
converted to fast electrons with an efficiencyAf of order tens
of percent.1

On leaving the target, the fast electrons create elec
magnetic fields which act so as to return them back to
generation zone. The motion of the electrons in the s
consistent electromagnetic fields beyond the target may
to the dipole emission of an ultrashort, high-power elect
magnetic wave. Since the emission region is small, the w
may subsequently be focused by the usual means for fu
mental and applied research purposes. It is of interest to
timate the possible efficiency for conversion of the fast el
tron energy into an outgoing electromagnetc wave.

Here we present results of calculations made using
PM2D code to model the motion of the fast electrons a
electromagnetic fields generated by the interaction of a p
second laser pulse and a planar target at intensityql'1016

W/cm2.

FORMULATION OF THE PROBLEM AND METHOD OF
SOLUTION

Laser radiation focused in a beam of radiusr 0 is incident
normally on the surface of a metal plate. The time dep
dence of the supplied laser powerP(t) is described by an
isosceles triangle with a base duration of 10212 s and peak
Pmax51010 W. Near the spot a surface source of fast el
trons is defined with an isotropic angular distribution and
Maxwellian energy spectrum with the temperature

Te~ t !51003S P~ t !

pr 0
2q0

D 1/3

. ~1!

HereTe is in keV, the laser radiation powerP(t) is in watts,
andq051018 W/cm2.

The fast electron flux leaving the plate is given by

F~ t !56.3310293S Pmax

pr 0
2q0

D 3Af3S P~ t !

pr 0
2q0

D 2/3

, ~2!
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whereF(t) is measured in particles/~cm2/s! LB. and Af is
the efficiency of conversion of the laser radiation energy i
fast electron energy.

The motion of the fast electrons is described by

dp

dt
5eFE1

1

c
~v3H!G , dr

dt
5v, v5

cp

Ap21m2c2
,

~3!

wherem is the electron rest mass.
The Maxwell equations in a cylindrical coordinate sy

tem are used to determine the fields. The initial conditio
are taken as zero. The boundaryz50 ~surface of the plate! is
assumed to be conducting (Er50). The other boundaries
z5zmax and r 5r max are also conducting, but they are som
distance away and do not influence the field distribution
side the spot.

The calculation algorithm of our PM2D method is bas
on splitting into physical processes, which implies syste
atic modeling at each time step:

– the injection of fast electrons;
– motion of the electrons in electric and magnetic field
– the electron current distribution in the region;
– the electric and magnetic fields.
Making the time step small compared with the chara

teristic time of variation of the electric and magnetic fiel
ensures that the calculations of the electron motion and
fields are self-consistent.

The particle method is used to model the space–t
distribution of the electrons. An explicit ‘‘cross-shaped’’ di
ference scheme is used to find the numerical solution of
Maxwell equations.

RESULTS AND ANALYSIS

Calculations made for the parametersAf51021–1023

and r 0520–5 mm show that most of the electrons a
trapped by the electric field in a region of characteristic s
;1 mm near their surface of generation. The highest-ene
electrons escape from this region and then move back tow
the surface of the target with a helical motion. Some of th
reach this surface where they are absorbed.

As a result of the nonuniform~mainly alongz) electron
motion, an electromagnetic wave is generated. All the p
requisites of dipole radiation are present in our case, and
© 1998 American Institute of Physics
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parameters of the outgoing electromagnetic wave can be
termined by calculating the time dependence of the sec
derivative of the dipole moment with respect to timed̈. The
dipole radiation power is given by

I 5
2

3c3
d̈2, d̈2S d

dtE j zdVD 2

. ~4!

The fieldsE andH at the observation point at distanceR are
related to the dipole moment by the well-known relations4

H5
1

c2R
d̈3n, E5

1

c2R
@~ d̈3n!3n#. ~5!

Heren is the unit vector directed from the center of the targ
to the observation point.

Figures 1 and 2 display the second derivative of the
pole moment of the fast electrons as a function of time
various values of the parametersr 0 andAf . The calculations
made using the PM2D program show that the efficiency
conversion of the laser radiation into an electromagn
wave may reachKmax5Imax/Pmax'1025 for r 0510mm and
Af50.1, and also forr 055 mm andAf50.01, which corre-

FIG. 1. Time dependence of the second derivative of the dipole momen
various radii of the laser radiation spot forAf50.01.
e-
d

t

i-
r

f
ic

sponds to conversion of fast electron energy into electrom
netic pulse energy with efficienciesh5K/Af'1024–1023.

CONCLUSIONS

Calculations made using the PM2D program have sho
that fast electron energy may be converted into subpico
ond electromagnetic pulses with an efficiency of 1023–1024

when the intensity of the ultrashort laser radiation on
target is 1016–1017 W/cm2.

The authors are grateful to the MNTTs for financing th
work under ISTC Project No. 107-94.
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Excitation of the 6 3P1 atomic level of mercury by pumping a mixture of mercury vapor
and argon with a pulse-periodic nanosecond discharge

L. M. Vasilyak, A. V. Krasnochub, M. E. Kuz’menko, and S. V. Kostyuchenko

Moscow Physicotechnical Institute
~Submitted July 21, 1997!
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An experimental investigation was made of a pulse-periodic nanosecond discharge in a mixture
of mercury vapor and argon. It is shown that the concentration of mercury atoms in the
63P1 state is around 50% of the total concentration. ©1998 American Institute of Physics.
@S1063-7850~98!01703-0#
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A low-pressure arc discharge in mercury–argon m
tures is an efficient source for conversion of energy into
diation on resonant lines of the mercury atom at 185
(61P1– 61S0) and 254 nm (63P1– 61S0). The transition to a
dynamic microsecond-pulse discharge in these mixtures
enhance the output efficiency of the ultraviolet radiation.1–3

We investigated a nanosecond pulse discharge in the for
a high-speed ionization wave in a mixture of mercury vap
and argon.4

The discharge was ignited in a cylindrical quartz tu
with an inner diameter of 13.5 mm and an interelectrode
of 77 cm. The argon pressure under normal conditions wa
Torr. The mercury pressure was equal to the saturated v
pressure at the temperature of a cold point in the discha
tube which was created by a cooling system. The discha
tube was surrounded by a grounded metal screen with
inner diameter of 40 mm. The impedance of the discha
circuit, taking the plasma conductivity to be the same as
of a metal, was 60.5V. The discharge cell was connecte
into a gap in a coaxial line with a wave impedance of 50V.

A pulse-periodic discharge was excited by variab
polarity pulses having amplitude 15.9 kV, rise time 28 n
and half-width 82 ns in positive polarity, and 18.5 kV, 12 n
and 61 ns, respectively, in negative polarity. The measu
ments were made at a pulse repetition frequency of 330
After passing through the discharge cell, the pulses w
absorbed by the 50V load. As a result of the inerradicabl
mismatch between the cell and the line, some of the incid
pulse is reflected back into the line. Because of the des
characteristics, this part of the pulse is reflected from
pulse generator and arrives at the discharge cell 640 ns
the initial pulse. The energy absorbed in the discharge
determined using oscilloscope traces from return-curr
shunts by a method described in Ref. 5, with allowance
the incident and retroreflected pulse. The average disch
electrical power is 3066 W.

An MUM-1 monochromator, a FE´ U-100 photomulti-
plier, and a Tektronix TDS-640A~500 Hz! oscilloscope were
used to study the temporal dynamics of the intensity of
254 nm line with 3 ns time resolution. The linearity of th
FÉU-100 photomultiplier under pulsed loading was check
separately.6
2051063-7850/98/24(3)/2/$15.00
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The average radiation power in the range 210–280
was measured with an F29 photocell. The radiation powe
the 254 nm line was determined with allowance for the m
sured relative intensity of the spectral lines and the spec
sensitivity of the F29 photocell.

The peak radiation power reconstructed from the os
loscope traces was'800 W. Figure 1 shows typical trace
from the return-current shunt and the photomultiplier a
cold-point temperature of 40 °C~mercury vapor pressure
6 mTorr!.

For the instantaneous radiation power we can w
P(t)5Aeff3Na3\v ~Ref. 7!, where Aeff is the effective
probability of emission of radiation from the plasma,Na is
the number of atoms in the 63P1 state, and\v is the photon
energy. The effective probability for emission of radiation
Aeff<Arad, where Arad51/trad58.33106 s21 ~Ref. 8! is the
probability of emission of a photon by an isolated atom. A
result of filling of the 63P1 by electron impact from the
ground state, and also from the 63P0.2 levels, and radiative
transitions from higher levels, we find 1/Aeff<t, wheret is
the decay time for the 254 nm radiation intensity determin
from the oscilloscope traces using the approximat
I 5I 0 exp(2(t2t0)/t). We can then write 1/t rad.Aeff>1/t.

FIG. 1. Oscilloscope traces: a—from return-current shunt; b
photomultiplier signals.1—positive pulses and2—negative pulses.
© 1998 American Institute of Physics
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This gives P(t)/(Arad\vV),na<(P(t)t)/(\vV), where
na is the concentration of atoms in the 63P1 state averaged
over the discharge cross section andV is the volume of the
discharge tube.

It was found in Ref. 6 that in a cw discharge at a m
cury vapor pressure of 7 mTorr, the concentration of ato
in the 63P1 state averaged over the cross section of the
charge tube was 2.131011 cm23, which is approximately
0.1% of the total number of mercury atoms in the dischar
The diameter of the discharge tube was 36 mm, the ar
pressure was 4 Torr, and the discharge current was 0.45 A
our case, at a mercury pressure of 6 mTorr,na is between
331012 and 731012 cm23, which is 2–5% of the total num
ber of mercury atoms in the discharge. As the mercury va
pressure decreases, the peak radiation power on the 25
line increases in a pulse-periodic discharge. At 1.4 mTorrna

is between 531012 and 231013 cm23, i.e., 10–50% of the
total number of mercury atoms in the discharge.

To sum up, by using a pulsed rather than a cw discha
at the same mercury vapor pressure, we succeeded in
creasing the population of the resonant state of the mer
atom by more than a factor of 10. It was shown that pul
-
s

s-

.
n
In

or
nm

e
in-
ry
-

periodic discharge conditions exist for which the fraction
the population of the 63P1 mercury atomic state accounts fo
tens of percent of the total number of mercury atoms in
discharge. In this case, the ultraviolet pulse power is 1
and the average electrical discharge power is 3066 W.
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Direct bonding of silicon wafers with a diffusion layer
V. B. Voronkov, E. G. Guk, V. A. Kozlov, and V. B. Shuman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 10, 1997!
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The possibility of solid-phase direct bonding of silicon wafers havingp1- or n1-type diffusion
layers with a high surface dopant concentration has been demonstrated for the first time.
© 1998 American Institute of Physics.@S1063-7850~98!01803-5#
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Solid-phase direct bonding of semiconductor waf
~known in the English-language literature as direct wa
bonding—DWB! was proposed comparatively recently1,2 but
is already widely used in microelectronics, optoelectron
and power engineering alongside conventional metho3

The most important requirement for this method is that
surface of the wafers should have a low mean-square lev
microroughness so that the bonded wafers can be bro
into ‘‘optical’ contact.3,4 At present, direct bonding is used t
join pure polished silicon wafers with different resistivitie
or different types of conductivity to formp1 –n, n1 –n, and
p1 –p junctions, and also to join ion-implanted wafer
However, although ion implantation conserves the surf
quality of the wafers, it is frequently unacceptable becaus
the complex equipment required and because in many ca
adequate layer thicknesses cannot be achieved with a
degree of doping. The range of application of direct wa
bonding could be extended if it were possible to bond waf
having diffusion layers with a high level of shallow impurit
doping. For instance, direct bonding could be used to fa
cate a solar cell structure with verticalp–n junctions,5 where
separatep* nn* or n* pp* must be joined consecutively. I
this case, a high dopant concentration in required in then1

and p1 layers to ensure Ohmic contact with the low inte
mediate resistance. However, since the surface of the sil
wafers after diffusion is not of sufficiently high quality, th
aspect requires special investigations. In Ref. 6, for insta
the silicon wafers used for bonding had ap1 –n junction
with a doping depth of 100mm after diffusion of Ga~in an
inert atmosphere! or after codiffusion of B and Al~in air!.
After diffusion, these wafers were mechanically polished
cause of the surface erosion. As a result, only the
diffused wafers could be successfully bonded. The surf
polishing ~which has the obvious disadvantage that it
moves the layer with the highest dopant concentration! after
diffusion of boron and aluminum created microroughne
which prevented the wafers from bonding. This microroug
ness was possibly caused by the presence of vacancy
plexes. Thus, this was not the solution to the problem.

The present study aimed to investigate direct bonding
wafers having a diffusionp1- or n1-layer with a high sur-
face dopant concentration, formed in an oxidizing mediu
To improve the quality of the wafer surfaces prior to bon
ing, it was suggested that after diffusion, the wafers sho
be oxidized, followed by removal of the oxide.
2071063-7850/98/24(3)/2/$15.00
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Industrial polished̂ 100&-orientedp–Si wafers of good
surface quality, having a diameter of 600 mm and thickn
350610 mm, were used for bonding. Both sides of the w
fers with the resistivityr51 V•cm were exposed to diffu-
sion in air from a polymer source deposited on the surfa7

having a high boron or phosphorus content, which gav
surface dopant concentration of;1020 cm23. Boron diffu-
sion took place at 1200 °C for 40 min~sample No. 1! or at
1050 °C for 90 min~samples Nos. 2 and 3!. Diffusion of
phosphorus took place at 850 °C for 40 min~samples Nos. 4
and 5!. The depths of the diffusion layers were:x1

;3.7 mm, x2,3;1.4 mm, andx4,5;0.4 mm. Then, after re-
moving the silicate glass in hydrofluoric acid, samples N
1, 2, and 4 were oxidized in water vapor at 900 °C for
min.

The wafers were bonded in pairs: each silicon wa
which had undergone diffusion was bonded with a pu
p-type silicon wafer with resistivityr50.005V•cm. Di-
rectly before bonding, all the wafers were etched in hyd
fluoric acid, and this was followed by a standard ac
peroxide washing cycle. At the final stage, the wafers w
treated in dilute 2% HF, the surface was then hydrophiliz
in a NH4OH:H2O2:H2O ~0.05:1:5! solution, and finally
rinsed in deionized water with a resistivity;18 MV•cm.
The wafers were joined and bonded by a technique descr
in Ref. 8.

The joined wafers were subjected to high-temperat
heat treatment in air at 1200 °C for 2h with no external pr
sure applied.

The continuity of the bond and the presence
‘‘bubbles’’ at the interface was monitored by infrared ph
tometry using a PTU-44 television system. The coordin
resolution over the area was;300 mm and bubbles could be
detected when the optical gap between the wafers
>0.25mm. After the infrared photometry, the bonded w
fers were cut into two halves. On one half, an oblique p
ished section was prepared at a small angle and after alka
etching, the quality of the surface was examined unde
microscope. On the other half, contacts were deposited
chemical nickel-plating and 434 mm squares~assemblies!
were cut and the current-voltage characteristic measu
Monitoring the continuity of the bonding for the wafers ha
ing a diffusion p1-layer revealed almost no bubbles fo
sample No. 1, i.e., total bonding was confirmed, wherea
sample No. 2 bubbles occupied;10% of the area. For the
© 1998 American Institute of Physics



ro

o

us

lie
iti

ts
is
t

fo
ic
tr

e
b
lu
t

r
y
ly

th
of

e
th

e
-

e-

id-

an
ce

an
.

ys.

h.

rits

—

208 Tech. Phys. Lett. 24 (3), March 1998 Voronkov et al.
control sample which had not been oxidized after the bo
diffusion ~sample No. 3!, bubbles accounted for;50% of
the area. A different result was obtained for the bonding
wafers with a diffusionn1-layer—for both sample No. 4
which had been oxidized after the diffusion of phosphor
and the control sample No. 5, bubbles accounted for;5%
of the area.

The current-voltage characteristics of the assemb
were linear. A comparison between the measured resistiv
of the assemblies and the calculated value~allowing for the
bulk resistivity of the wafers; the resistivity of the contac
was assumed to be low! suggested that an extra resistivity
present at the interface. The fraction of assemblies having
calculated resistivity was 91% for sample No. 1, 85%
sample No. 2, and 40% for the control sample No. 3, wh
correlates with the estimate made using infrared photome
For the bonding of wafers with a diffusionn1-layer, we
confined ourselves to infrared photometry, which yield
good results. It should be noted that the correspondence
tween the resistivity of an assembly and the calculated va
does not indicate that no small bubbles are present at
interface since the flow resistance over the diffusion laye
low. However, it should be borne in mind that for man
applications, the quality of the interface between high
doped layers is not so important, as for example, for
bonding of uniformly doped wafers with different types
conductivity, since in the first case thep–n junction is lo-
cated at a distance from the interface equal to the thickn
of the diffusion layer, and thus the interface is outside
space charge region.

We note three factors which have helped to achiev
positive result: 1! the diffusion time in the oxidizing atmo
n

f

,

s
es

he
r
h
y.

d
e-
e

he
is

e

ss
e

a

sphere was much shorter than that in Ref. 6; 2! polishing was
not carried out after diffusion as in Ref 6; 3! after diffusion
the wafers were oxidized in water vapor followed by r
moval of the oxide.

To sum up, we have shown for the first time that sol
phase direct bonding of silicon wafers havingn1- or p1

diffusion layers with a high surface dopant concentration c
be implemented without additional polishing of the surfa
after diffusion.

This work was supported financially by the Russi
Fund for Fundamental Research, Grant No. 96-02-17902
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Identification of self-organizing structures by the numerical simulation of laminar three-
dimensional flow around a crater on a plane by a flow of viscous incompressible
fluid

S. A. Isaev, A. I. Leont’ev, D. P. Frolov, and V. B. Kharchenko

Academy of Civil Aviation, St. Petersburg; N. E´ . Bauman State Technical University, Moscow
~Submitted October 8, 1997!
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Three-dimensional steady-state vortex structures which undergo self-organization during flow
around a deep spherical crater on a plane are analyzed by using a factorized finite-
volume method to solve the Navier–Stokes equations in a simplified approach based on an
analytic definition of metric coefficients. ©1998 American Institute of Physics.
@S1063-7850~98!01903-X#
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The problem of vorticity intensification of heat and ma
exchange processes caused by the generation of
organizing vortex structures when a low-velocity flux flow
around ordered curvilinear reliefs, especially spherical c
ters, mainly originates from ten years of experimental
search~G. I. Kiknadze, M. I. Rabinovich, M. A. Gotovski�,
V. I. Terekhov, A. P. Kozlovet al.!. The spout-like vortices
observed in Refs. 1 and 2 near surfaces covered with sp
cal craters or containing a hemispherical crater on one of
channel walls, were analyzed systematically in Refs. 3 an
by making a detailed analysis the nonsteady-state mecha
of vortex formation in a isolated crater under conditions
advanced turbulent flow. It was emphasized in Ref. 5 that
organization of large-scale vortex structures in the bound
layer of turbulent flow near a surface covered with spher
craters can not only intensify the heat and mass excha
processes, but can also reduce the losses caused by the
motion, especially by reducing the frictional resistan
However, doubts were cast on this statement in Ref. 6
cause of inadequate experimental confirmation. In addit
this method of vorticity intensification of heat and mass e
change processes is also associated with an artificial tra
tion of the boundary-layer flow to turbulent. On the who
the experimental approaches to solving this problem reve
various difficulties in estimating the complex vortex flo
pattern and yielded ambiguous conclusions as to the ef
tiveness of this type of vorticity intensification. This ind
cates that there is a need for a more detailed control
mechanism for the generation of vortices induced by cra
topologies, based on using numerical simulation method
tools for a detailed diagnosis of the flow field, identifying i
most important features.

The last five years have seen the systematic developm
of numerical simulations of large-scale vortex structu
formed in the boundary layer of laminar and turbulent flo
of an incompressible viscous fluid near a spherical crate
a plane.7–12The investigations whose results are published
Refs. 7 and 8 were carried out using a simplified formulat
assuming symmetric detached flow relative to the geome
plane of symmetry passing through the center of a shal
2091063-7850/98/24(3)/3/$15.00
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crater. In Ref. 9 a similar approach was used to analyze
vortex structure of detached flow in a deep crater. Result
computer visualization of vortex flow near a crater, includi
nonsteady-state evolution of the process and also blockin
the flow in a thin layer adjacent to the wall, were analyzed
Refs. 10–12.

The present numerical simulation focuses on a deta
analysis of the controlling mechanism of vortex generat
in the boundary layer of an incompressible viscous fluid n
an isolated spherical concavity on a smooth wall and ide
fying the three-dimensional vortex structures by compu
visualization of the flow based on observing the tracks
labeled fluid particles. The concept of comparing the num
cal results with the experimental data2 is implemented sys-
tematically, with conditions close to those of a physical e
periment reproduced in the calculations. An analysis is m
of deep spherical craters with rounded edges for which sta
laminar flow is achieved with the formation of a develop
detached zone.

Unlike previous approaches7–12 to the numerical simula-
tion of flow around a crater on a plane, which used non
thogonal meshes matched with the curvilinear surface w
mesh points positioned in planes perpendicular and par
to the direction of the incoming flux and accumulations ne
the walls and the shear layer zone, here we use a cylind
mesh matched with the washed surface~Fig. 1a!. This allows
the cell density within the detached zone to be increa
substantially~by a factor of five or more!. In addition, in
order to avoid the problems associated with the interpola
of metric coefficients, we use a simplified approach based
defining an analytic metric. In all other details, the metho
ology used in the present analysis is the same as that
scribed in Ref. 8. A system of Navier–Stokes equations w
ten in natural variables for the Cartesian veloc
components is solved using an implicit finite-volume meth
using the concept of splitting into physical processes. A
locity profile corresponding to a Polhausen profile for
boundary layer of thickness equal to the depth of the crate
set at the entry boundary of the calculation region. S
boundary conditions~conditions for continuation of the so
© 1998 American Institute of Physics
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FIG. 1. a—Portion of mesh used to calculate flow around a crater of d
0.22 and radius of curvature 0.09. The Reynolds number of the incom
flow is 2500; b–liquid flow pattern over the surface of the crater~projected
on thex–z plane! with isobars with a spacing of 0.002 shown by the dash
lines ~range of variation in pressure relative to twice the velocity head
tween20.004 and20.018.
lution from the inner points to the boundary of the regio!
are set at the exit boundaries. Attachment conditions are
isfied at the wall. The velocity of the incoming flux outsid
the boundary layer and the crater diameter are used to
vert to dimensionless parameters. Calculations of the ste
state flow around a crater on a plane are made using a m
containing 42350361 cells. The depth of the crater is take
as 0.22 and the radius of curvature of the sharp edge as
The Reynolds number corresponds to the experimental c
ditions in Ref. 2 and is taken as 2500.

Figures 1 and 2 show some of the numerical results
tained using the TECPLOT program for computer visualiz
tion of three-dimensional fields.

On analyzing the liquid flow pattern~Fig. 1b! in the
layer near the surface of the crater, we can identify a gen
trend ~for the numerical and physical experiments! in the
flow behavior in the detached zone whereby two large-sc
vortex cells are formed within the crater. A characteris
feature of the cells is that there are two foci in the periphe
part of the crater—centers of fluid runoff zones. Howev
the hypothesis put forward in Ref. 2 that all the fluid
trapped in the crater and rolled into a three-dimensio
twisted jet is not completely accurate. Quite clearly, only th
part of the liquid in the small zone near the focus initiates
jet. On the whole, the flow over the surface of the cra
resembles the detached flow around a two-dimensio
trench although the vortex flow in the crater has a we
defined three-dimensional nature.

The trajectory patterns of liquid particles introduced ne
the foci and at the points in the crater space observed in
calculations~x50, y50.1, z560.1!, shown in Fig. 2, re-
vealed the existence of stable structural elements. They
firmed the almost obvious assumption2 that there is a
horseshoe-shaped vortex line connecting the foci ab

th
g

-

ex
d
er-
FIG. 2. Axonometric~a, b! and planar~c, d, e! pro-
jections of the three-dimensional patterns of vort
structures illustrated by the trajectories of liqui
particles ejected near the foci and the points det
mined in the numerical simulation~x50, y50.1,
z560.1!.



in
a
t o

y
tr
n.
n

es
te
w

t
th
th

ex

da

er.

g.

.
n

bu-

he

at

er.

211Tech. Phys. Lett. 24 (3), March 1998 Isaev et al.
which untwisting spiral lines of flow develop. It was noted
Ref. 12 that a twisted jet stream is established in a crater
is responsible for mass transfer from the peripheral par
the crater to the geometric plane of symmetry~relative to the
direction of the incoming flux!. The mass transfer clearl
leads to the existence of a source in the plane of symme
and forms a jet which flows out of the crater in this regio

The most interesting result of the numerical calculatio
is the two vortex toroidal rings observed in the crater. Th
comprise a set of trajectories of only two particles ejec
symmetrically relative to the center of the crater and sho
in the time interval 0...1000~dimensionless units!. These
symmetric stable rings whose axes are oriented along
normal to the surface of the crater are without doubt
unknown elements which in many respects determine
mechanism for vorticity intensification of heat and mass
change.

This work was financed by the Russian Fund for Fun
mental Research, Project No. 96-02-16356.
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Part 1@in Russian#, N. É. Bauman State Technical University, Moscow

6G. A. Dre�tser, inProceedings of the Third Minsk International Forum o
Heat and Mass Exchange, MMF–96, Minsk, 1996, Vol. 10,Intensification
of Heat and Mass Exchange, Part 1,@in Russian#, pp. 26–39.

7V. N. Afanasiev, Ya. P. Chudnovsky, S. A. Isaevet al., in Proceedings of
the Fifth International Symposium on Refined Flow Modelling and Tur
lent Measurement, Paris, 1993. pp. 391–398.

8S. A. Isaev, V. B. Kharchenko, and Ya. P. Chudnovski�, Inzh.-Fiz. Zh.67,
373 ~1994!.

9S. A. Isaev and Ya. P. Chudnovski�, Abstracts of Papers presented at t
First National Conference on Heat Exchange, ME´ I, Moscow, 1994, Vol.
8, Intensification of Heat Exchange@in Russian#, pp. 80–85.

10S. A. Isaev, inProceedings of the International Symposium on He
Transfer Enhancement in Power Machinery, Moscow, 1995, Part 2,
pp. 153–156.

11S. A. Isaev, A. I. Leont’ev, and A. E. Usachev, inProceedings of the
Third Minsk International Forum on Heat and Mass Exchange, MMF–96,
Minsk, 1996, Vol. 1, Convective Heat and Mass Exchange, Part 1,@in
Russian#, pp. 33–36.

12S. A. Isaev, A. I. Leont’ev, and A. E. Usachev, Izv. Ross. Akad. Nauk S
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Investigation of the laws governing the propagation of pyrolysis and combustion waves
along a laser beam in propane
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It was demonstrated experimentally that the preliminary conversion of a fuel mixture may
appreciably accelerate the combustion reaction. ©1998 American Institute of Physics.
@S1063-7850~98!02003-5#
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The tendency toward higher combustion rates coup
with the relatively low reactivity of natural hydrocarbon fu
els ~methane, propane, and so on! generally has the resu
that in modern combustion chambers, the combustion p
cess does not go to completion. In consequence, nume
incomplete combustion products—harmful impurities,
cluding carbon monoxide—are ejected into the atmosphe

A promising solution to this problem involves changin
over to new principles for the ignition of hydrocarbon fue
based on preliminary conversion of the fuel mixture in ord
to enhance its reactivity. As the first stage of the researc
is important to demonstrate that this approach to solving
problem is possible in principle. Thus, the present paper
ports results of preliminary experiments to study the pro
gation velocities of pyrolysis and combustion waves in
laser beam and attempts to show that for the case of prop
preliminary conversion of a fuel mixture may appreciab
accelerate the combustion reactions.

The experiments were carried out using a system ba
on a 5 kW cw gas-discharge CO2 laser with diffusion
cooling.1 A laser beam with a divergence of 331023 rad
was focused by a potassium chloride lens having a fo
length of 110 cm and was passed through a salt entry w
dow into a 51 cm long horizontal quartz reaction tube w
an inner diameter of 7.1 cm, so that the laser beam pro
gated along the axis of the tube. The beam diameter at
entry window was 3.4 cm and the diameter of the focus
spot did not exceed 0.6 cm. The focusing region could
moved along the axis of the tube by using the lens, bu
these experiments the distance between the focus and
window was kept constant at 32.0 cm. The other end of
chamber was closed by a flange which had pumping and
admission apertures.

After the reaction tube had been filled with the mixtu
to a given pressure, the laser shutter was opened by sw
ing on a magnet and the laser beam initiated an optical
flagration flash, followed by propagation of the optical defl
gration wavefront along the beam. The process was reco
by a video camera so that the laws governing the propaga
of the front could be determined for various pressures
compositions of the gas mixture.

The first stage involved studying the initiation of a p
rolysis wave and its propagation in propane. Figure 1 sho
2121063-7850/98/24(3)/2/$15.00
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photographs at various times of a pyrolysis wave propag
ing along the laser beam at a propane pressure of 25 Torr
analysis of the photographs reveals that the process is i
ated at the focus, i.e., a pyrolysis wave forms in which
propane undergoes an endothermic dissociation reaction
ter ‘‘ignition,’’ pyrolysis waves propagate along the beam
both directions from the focus, which indicates that propa
and its pyrolysis products are partially transparent to the 1
mm laser radiation. Of particular interest was the velocity
the wavefront propagating in the direction opposite to
beam. By analyzing the video frames, it was possible to p

FIG. 1. ideo frame photographs of the propagation of an optical deflagra
wavefront along a laser beam in propane at various times:1—0.08,2—0.24,
3—0.64, and4—0.80 s.
© 1998 American Institute of Physics
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graphs showing the position of the front at various tim
The results of these measurements are plotted in Fig. 2 w
indicates that at this propane pressure the velocity of
pyrolysis wavefront depends weakly on the laser radiat
intensity, which decreased almost by a factor of 30 betw
the focus and the entry window although the velocity of t
front was only approximately halved.

When 100 Torr of helium was added to the propane,
velocity of the front decreased appreciably, as can be s
from Fig. 2. This drop in velocity is undoubtedly caused
the fact that helium is a buffer gas and thus substanti
slows the rate of propane heating in the laser beam and
rate of dissociation of the propane molecules. It should a
be noted that in this case, the velocity of the front depe
more strongly on the intensity. Whereas in the focusing
gion where the intensity was 1.83104 W/cm2, the velocity
was 46 cm/s, near the exit window, where the intensity w
only 53102 W/cm2, the velocity did not exceed 10 cm/s.

Conversely, when the propane pressure was increa
from 25 to 100 Torr and above, the propagation velocity
the front increased appreciably to 1.3 m/s near the focus
region. However, the front then exhibited unusual behav
where it propagated more slowly, stopped, and even w
drew slightly back to the focus. After a few frames, the p
cess appeared to recover and the pyrolysis wavefront co
ued to propagate along the beam. This character
behavior of the front propagation~see Fig. 2!, which showed
good reproducibility, may be caused by partial shielding

FIG. 2. Position of the pyrolysis wavefront at various times:1—propane~25
Torr!, 2—propane~25 Torr!1helium ~100 Torr!, 3—propane~100 Torr!,
4—propane~25 Torr!1air ~125 Torr!, and5—propane~25 Torr!1air ~125
Torr! with preliminary pyrolysis of the propane.
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the process by intermediate products of the propane pyr
sis which either formed along the beam path ahead of
wavefront or reached the entry window much earlier than
pyrolysis wave as a result of convective fluxes. A convect
flux generated by heating of the gas in the laser beam co
be clearly seen on the video cameras as a result of the ca
particles. This flux rose from the beam zone, reached
walls of the tube, and then spread in all directions. The c
bon particles contained in the convective flux were depos
on the cold walls of the chamber.

At the second stage of the investigations, 125 Torr of
was added to 25 Torr of propane. In this case, it was ho
to record accelerated propagation of the front along the la
beam caused by an additional release of energy as a res
the propane oxidation reaction in the front. However, t
experiment revealed no appreciable changes in the velo
and laws governing the propagation of the front in this ca
of a thermal-oxidizing pyrolysis wave~see Fig. 2, curve4!.
The accelerating effect of the additional energy release
most likely compensated by the buffering effect of the nitr
gen in the air.

The third stage of the investigations involved combini
the processes. Consistent with this idea, propane in the r
tion tube at a pressure of 25 Torr was preliminarily co
verted to a pyrolysis wave propagating along the laser be
and then as in the previous case, 125 Torr of air was adde
the pyrolysis products. This produced a fantastic result!
can be seen from Fig. 2, curve5, the average velocity of
propagation of the combustion wavefront along the la
beam increased by a factor of 6–8! Video photograp
showed that a deflagration wave was generated in one fr
and in the next frame or the one after, its front reached
entry window. The wavefront then propagated not on
within the beam, as in the previous cases, but also over
entire cross section of the tube.

To conclude, preliminary pyrolysis of the propane app
ciably increases the reactivity of the fuel. This yields t
fundamental conclusion that further intensification of co
bustion processes is best achieved by adopting new p
ciples for the ignition of hydrocarbons based on prelimina
conversion of the fuel. More detailed results and a theoret
interpretation will be presented in later publications.

Finally, the author would like to thank V. A. Lakutin fo
assistance with this work.

1G. I. Kozlov, V. A. Kuznetsov, and A. D. Sokurenko, Pis’ma Zh. Tek
Fiz. 17~11!, 25 ~1991! @Sov. Tech. Phys. Lett.17, 794 ~1991!#.
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Infrared spectroscopy of a silicon surface bombarded by nitrogen ions
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Transmission Fourier-transform infrared spectroscopy was used to study the formation of a ripple
topology on a silicon surface bombarded by nitrogen ions, together with the formation of
silicon nitride, the evolution of its composition and structure. For the first time, an attempt is made
to study the evolution of the formation of a ripple topology on the surface of silicon by
analyzing the main spectral characteristics~amplitude, position, and profile! of the infrared
absorption bands. It is shown that the change in the profile of the characteristic absorption band
and the position of its peak correlate with the characteristics of formation of the ripples on
the silicon surface. It is demonstrated that infrared transmission spectroscopy can be used to study
surface structuring processes for semiconductors bombarded by ions of chemically active
elements. ©1998 American Institute of Physics.@S1063-7850~98!02103-X#
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It is known that when ions are obliquely incident on t
surface of various materials, a periodic ripple topology m
be formed. This process has been observed in the intera
between rare-gas, oxygen, nitrogen, and cesium ions
surfaces of semiconductors, metals, and amorph
materials.1–5 In particular, a periodic structure is formed o
the surface of silicon bombarded by obliquely incident ox
gen and nitrogen ions at an angle from the normal to
surface ofu520– 60°~Refs. 5–7!. Although a ripple micro-
topology has been studied for quite some time, its natur
still unclear and the fundamental physical effects respons
for its formation have not been investigated.

Here transmission Fourier-transform infrared spectr
copy was used to study the modification of the surface,
cluding the formation of a ripple microtopology on a silico
surface bombarded by obliquely incident nitrogen ions.

The samples were prepared in ultrahigh vacu
(1029 Torr) using a Perkin–Elmer PH1 660 scanning ele
tron Auger spectrometer with the angle of inciden
u530°, N2

1 ion energy 8 keV, and current density
31015 ion/cm2. The infrared transmission spectra were me
sured for several series of 15 samples bombarded with d
between 831016 and 531018 ion/cm2. The ripple formation
process was monitored in situ using the silicon and nitro
Auger signal. Figure 1 shows typical dependences of the
Auger electron current (I Si) as a function of the radiation
dose~f! which indicates that steady-state sputtering is es
lished abovef>1.531017 ion/cm2. The Si Auger electron
current remains constant up tof>631017 ion/cm2. In this
case, the silicon and nitrogen concentrations in the sur
layer were 57 and 43 at. %, respectively. When the dos
increased from 631017 to 931017 ion/cm2, the currentI Si

increases by;10% and then remains almost constant with
further increase in dose. The behavior ofI Si(f) is deter-
mined by the formation of the ripple microtopology7 and is
related to the experimental geometry~Fig. 1!. Measurements
made with an atomic force microscope were used to de
mine the linear and angular dimensions of the structure.
2141063-7850/98/24(3)/3/$15.00
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local angles of incidence for the ripples were;50° and 10°
for the slopes facing the energy analyzer and the prim
beam, respectively.

Estimates made using the results of Ref. 7 for the dep
dence of the concentration ratio on the angle of incidence
the ion beam indicate that the surface layer of the first sl
contains 20 at. % nitrogen and 80 at. % silicon. The Si and
content at the surface of the second slope correspond
silicon nitride Si3N4 ~Fig. 1!.

Measurements of the infrared spectra at room temp
ture were made using a Bruker IFS-113v Fourier spectro
eter in the wave number range 4000– 400 cm21 with 4 cm21

resolution.
Figure 2a shows typical infrared transmission spec

obtained for a series of samples. The 1107 cm21 line is at-
tributed to interstitial oxygen in the initial silicon wafers
The infrared transmission spectrum of the silicon substra
was used for comparison to calculate the transmission of
modified surface layer. Sputtering reduced the concentra
of interstitial oxygen in the bombarded samples and cau
‘‘bleaching’’ of the surface layer near 1107 cm21. The maxi-
mum of the fundamental absorption band attributable to
Si–N bonds lies in the range;820– 850 cm21.

An analysis of the infrared transmission spectra reve
that as the radiation dose increases, the profile of the fun
mental absorption band changes. In particular, forf<5
31017 ion/cm2 the fundamental absorption band has a co
plex structure in which at least another two bands with f
quencies near 1000 and 700 cm21 can be identified. In the
dose range corresponding to ripple formation, the intensity
these bands decreases appreciably and
f>1018 ion/cm2, the profile of the fundamental ban
changes negligibly.

The ripple formation process is accompanied by
change in the position of the fundamental absorption b
peak in Fig. 2b. It should be noted that the change in
profile of the spectral absorption band and especially the
sition of the peak correlates with typical changes in the
© 1998 American Institute of Physics
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Auger electron current, i.e., with the formation of the micr
topology ~Fig. 1!.

Structural investigations of crystalline silicon nitrid
(Si3N4) and~SiH3!3N molecules show that the nitrogen ato
is locally bound to three silicon atoms lying in the sam
plane.8 A study of amorphous Si3N4 by Raman spectroscop
suggested that this planar local neighborhood geometr
also found in the amorphous phase. Four different type
local vibrations of the Si3N group9 may be observed in the
infrared transmission and Raman spectra. The stronges
frared absorption line is the result of asymmetric, dou
degenerate stretching vibrations in the plane of this S3N
group with typical frequencies of 800– 950 cm21.

One of the first studies to investigate the infrared abso
tion spectra of different modifications of Si3N4 was reported
in Ref. 10. Assuming the fine structure observed in the
sorption spectra by these authors,10 nineteen absorption
bands can be assigned toa – Si3N4 and nine tob – Si3N4 in
the range 300– 1100 cm21. As a result of amorphization, lo
cal groups of nitrogen and silicon atoms are arbitrarily d
torted and their relative positions are altered, which lead
substantial broadening and suppression of absorption b
corresponding to infrared active vibrations. The spec
shown in Fig. 2a correspond to the amorphous phase of
con nitride formed in the surface layer.10

Weak absorption (;0.5%) near 800 cm21 can be re-
corded at the initial stages of ion bombardment at dose
1015 ion/cm2. This implies that the nitrogen ions implante
in the silicon form Si3N groups. As the dose is increased
levels corresponding to the establishment of steady-s
sputtering, the intensity of the absorption bands characte
tic of silicon nitride increases, providing evidence of an
creased concentration in the surface layer.

The behavior of the absorption band suggests that a
steady-state sputtering has been established, regions con
ing Si3N4 in the amorphous and crystalline phases are es
lished in the surface layer. In this case, the terms ‘‘am
phous’’ and ‘‘crystalline’’ refer to the Si3 groups and

FIG. 1. Auger electron current of silicon versus radiation dose for bomb
ment of the surface by an 8 keV N2

1 ion beam. The insets show the expe
mental geometry at the initial stages of sputtering~a! and after the formation
of a microtopology~b!. Points1–4 correspond to the transmission spect
plotted in Fig. 2.
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indicate alteration or conservation of the short-range ord
respectively. When the local angle of incidence varies, i.e
ripple topology is formed, conditions are established wh
amorphous Si3N4 forms mainly on one slope of the rippl
~angle of incidence close to normal! while the nitrogen con-
centration on the other slope decreases appreciably~from 43
to 20 at. %!. As a result, the contribution of the Si3N4 crys-
talline phase to the total absorption decreases, which lead
a change in the profile and a low-frequency shift of the a
sorption band from 850 to 830 cm21.

To sum up, it has been demonstrated that infrared tra
mission spectroscopy can be used to study the compos
and its interrelation with the stages of surface modificat
by chemically active ion beams. It has been established
when the radiation dose is increased to levels correspon
to the establishment of steady-state sputtering, the inten
of the absorption bands of silicon nitride increases, indic
ing an increased concentration in the surface layer.

The formation of a ripple topology on the surface
silicon nitride bombarded by nitrogen ions at an angle of 3
from the normal is accompanied by changes in the pro
and position of the fundamental absorption line of silic
nitride, which may be caused by an increase in the rela
fraction of its amorphous phase.

This work was supported by the Russian Fund for Fu
damental Research~Grant No. 96-02-18541!.
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FIG. 2. a—Infrared transmission spectra of a modified surface layer o
bombarded by 8 keV nitrogen ions at an angle of 30° relative to the nor
to the surface at doses:1—f51.631017 ion/cm2, 2—f55.4
31017 ion/cm2, 3—f59.431017 ion/cm2, and 4—f55.231018 ion/cm2;
b—spectral position of the fundamental absorption band peak of sili
nitride.
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Energy barriers and trapping centers in silicon metal-insulator-semiconductor
structures with samarium and ytterbium oxide insulators

V. A. Rozhkov, A. Yu. Trusova, and I. G. Berezhno 
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~Submitted September 12, 1997!
Pis’ma Zh. Tekh. Fiz.24, 24–29~March 26, 1998!

The method of internal photoemission of carriers into the insulator has been used to determine
the energy barriers for the electrons at Al–Sm2O3 ~2.89–2.91 eV!, Ni–Sm2O3 ~3.29–3.33
eV!, Si–Sm2O3 ~2.70–2.72 eV!, Al–Yb2O3 ~2.90–2.92 eV!, Ni–Yb2O3 ~3.30–3.32 eV!, and
Si–Yb2O3 ~3.18–3.21 eV! interfaces in silicon metal-insulator-semiconductor~MIS!
structures with samarium and ytterbium oxide insulators. The parameters of deep electron traps
in samarium and ytterbium oxide were investigated. The energy position of the electron
trapping centers, the magnitude and ‘‘centroid’’ of the trapped charge, and the ratio of the charge
trapped in the insulator to that transmitted by the structure were determined. It is shown that
the centroid of the trapped charge is positioned almost at the center of the insulating layer for both
structures studied. It was established that in these MIS structures the rare-earth oxide–Si
interface is abrupt and contains no extended damaged layer. ©1998 American Institute of
Physics.@S1063-7850~98!02203-4#
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Promising insulating materials for discrete devices
semiconductor electronics and integrated-circuit elements
clude oxides of rare-earth elements. These compounds
been used to develop silicon metal-insulator-semicondu
~MIS! varicaps with high capacitance overlap coefficie
and steeply sloping capacitance-voltage characterist1

electrical switching elements with memory,2 and efficient
anti-reflection and passivating coatings for silicon photoel
tric devices.3 As yet however, no information is available o
the energy potential barriers at the interfaces of the ox
film and the parameters of the carrier trapping centers in M
systems with oxides of rare-earth elements as insulat
These parameters can be used to determine the main ch
teristics of MIS devices and to identify the mechanisms
sponsible for the electronic processes taking place there

Thus, we investigated the photoelectrical properties
silicon MIS structures with samarium and ytterbium oxi
insulators and determined the energy barriers at the in
2171063-7850/98/24(3)/3/$15.00
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phase boundaries and the parameters of the electron trap
centers in the insulator.

Metal–insulator–semiconductor structures of the ty
Me–Sm2O3–Si and Me–Yb2O3–Si ~where Me5Al or Ni !
were fabricated by a technique described in Ref. 2. T
thickness of the rare-earth oxide film was in the ran
d50.23– 0.28mm. The energy barriers at the metal–rar
earth-oxide and silicon–rare-earth-oxide interfaces were
termined by the method of internal photoemission of el
trons into the insulator4,5 using the spectral and voltai
dependences of the photocurrent. The photoemission
rents were measured with an E´ D-05M electrometer when the
samples were illuminated by monochromatic light obtain
using a DKsE´ l 1000-5 xenon lamp and a large-apertu
MDR-2 monochromator.

Figure 1 gives typical dependences of the photocurr
I f , normalized to a single photon, on the photon energyhn
of an Al–Sm2O3–Si structure plotted using the coordinat
us

FIG. 1. Reduced photocurrent of Al–Sm2O3–Si
structure versus incident photon energy for vario
positive ~a! and negative~b! voltages.
© 1998 American Institute of Physics
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TABLE I. Energy barriers at interphase boundaries in metal-insulator-semiconductor structures.

Phase adjacent to rare-earth oxide Al Ni n-Si p-Si

Eb0 in Me–Sm2O3–Si structure, eV 2.89–2.91 3.29–3.33 2.69–2.72 2.70–2.
Eb0 in Me–Yb2O3–Si structure, eV 2.90–2.92 3.30–3.32 3.19–3.21 3.18–3.
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I f
1/n versushn for various values of the positive (n53) and

negative (n52) voltage V. The characteristics when th
electrode is positively biased with respect to the rare-e
oxide ~Fig. 1a! correspond to the photoemission of electro
from silicon. In this case, the hole emission from the meta
negligible since for this bias polarity, the threshold phot
energy does not depend on the material of the metallic e
trode relative to the insulator, and the capacitance-volt
characteristics show that when photocurrent flows thro
the insulator, trapping of negative charge is observed at d
traps in the Sm2O3. The threshold photon energy corr
sponds to the energy of the potential barrier at the Si–Sm2O3

interface for a given positive bias.
The characteristics forV,0 ~Fig. 1b! correspond to the

emission of electrons from the metal. In this case, the thre
old photon energy does not depend on the material of
metallic electrode and negative charge builds up in the in
lating layer. The threshold photon energy for these photoc
rent curves is equal to the potential barrier energy at
Me–Sm2O3 interface for the given bias. The investigatio
showed that the potential barrierEb has a straight-line de
pendence onV1/2. Extrapolating the curves forEb versus
V1/2 until they intersect theEb axis can give the energy ba
riers at the interface of the rare-earth oxide in the absenc
a biasEb0 . Similar qualitative behavior was also observ
for the ytterbium oxide structure. The energy barriers at
insulator interfaces in MIS structures are given in Table
The values ofEb0 at the Si interface are the same for M
systems withn- and p-Si. The energy barrier for the Ni–
rare-earth oxide interface is 0.4 eV higher than that for
Al–rare-earth oxide interface, which is equal to the diffe
ence between the electron work functions of the met
Similar values of the energy barriers at the interphase bou

FIG. 2. Spectral dependences of the photodepolarization current:1—after
photopolarization,2—second measurement,3—third measurement, and4—
fourth measurement and initial characteristic.
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aries of the rare-earth oxide film were obtained from volt
dependences of the photoinjection current using a techn
described in Ref. 6.

After the constant-biased structure was exposed
monochromatic light withhn.Eb0 , the capacitance-voltag
characteristic shifts in the positive direction of the volta
axis, which indicates that negative charge is trapped by d
traps in the insulator.

A method of photostimulated depolarization was used
determine the energy depth of the electron traps in the r
earth oxide. The spectral dependences of the depolariza
photocurrent of an Al–Sm2O3–Si structure, measured imme
diately after photopolarization at incident photon energies
5.2 eV for 75 min and after repeated measurements, are
ted in Fig. 2. These curves show that after photopolarizat
a photocurrent peak appears whose amplitude decreas
repeated measurements, which was not observed be
charging the insulator. This photocurrent was caused
trapped electrons being photoexcited from traps into the c
duction band of the insulator and drifting in the insulator.
repeated measurements of these dependences, the deg
filling of the electron traps decreases and the photocur
peak becomes smaller. After complete depletion of the e
tron traps, the peak disappears and the photocurrent~curve 4
in Fig. 2! and the capacitance-voltage characteristic reg
their initial value and position, respectively. This experime
shows extremely good reproducibility. The results plotted
Fig. 2 can be used to estimate the energy depth of the e
tron traps in Sm2O3. It can be seen that the electron trappi
centers are positioned almost at the center of the Sm2O3 band
gap 2.25–2.6 eV from the bottom of the conduction band

The magnitude and centroid of the trapped charge in
insulator were determined from the displacement of the v
taic dependence of the photocurrent after irradiation.7 Table
II gives the values obtained for the centroidXc determined
from the Si surface, the chargeQt trapped in the insulator
and the ratio of the trapped to the transmitted chargeQg . It
can be seen that for both structures the charge centro
positioned almost at the center of the insulator layer. T
result shows that in these structures the rare-earth-oxide
interface is abrupt and contains no extended damaged
sition layer. This is clearly attributable to the comparative

TABLE II. Parameters of electron trapping centers in insulator.

Structure Xc , mm Qt , C/cm2 Qt /Qg

Al–Sm2O3–pSi 0.10 1.2310210 0.13
Al–Sm2O3–nSi 0.11 3.7310210 0.11
Al–Yb2O3–pSi 0.13 1.6310210 0.16
Al–Yb2O3–nSi 0.13 4.5310210 0.21
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low temperatures used to fabricate the insulating film
which do not create any appreciable mechanical stresse
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Characteristics of the excitation of ultrasonic waves by thin wafers of manganese zinc
ferrite single crystals

V. M. Sarnatski 

Scientific-Research Institute of Physics, St. Petersburg State University
~Submitted August 15, 1997!
Pis’ma Zh. Tekh. Fiz.24, 30–34~March 26, 1998!

It is suggested that thin wafers of a magnetostrictive material may be used as emitters of rf
ultrasound. Single crystals of manganese zinc ferrite, which have high magnetostriction constants
and low Foucault current losses, were used to investigate the orientational field dependences
of the efficiency of excitation of acoustic waves having different polarizations. Some distinguishing
features of the excitation of sound by single-crystal wafers compared with polycrystalline
samples were observed, and the direction of propagation and polarization of the sound wave and
its polarization relative to the crystallographic axes of manganese zinc ferrite with the
highest conversion efficiency was identified. ©1998 American Institute of Physics.
@S1063-7850~98!02303-9#
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Ultrasonic transducers using magnetostrictive mater
are widely used in various fields of science and technolo
However, their operating frequency range is limited to hu
dreds of kilohertz because of the appreciable eddy cur
losses at higher frequencies and because of the de
characteristics.1 In Ref. 2 we described a method of excitin
and recording rf ultrasound~between a few and hundreds
megahertz! using ferrite powders placed in superposed va
able and static magnetic fields. It was observed that when
fields were parallel, a longitudinal wave is efficiently e
cited, whereas when the fields are perpendicular, a s
wave is excited whose polarization vector coincides with
direction of the static magnetic field.

Here results are reported of investigations of the e
ciency of excitation of rf ultrasonic waves~5–50 MHz! by
transducers fabricated using manganese zinc ferrite~MZF!
single crystals which possess high dynamic magnetostric
characteristics and very low eddy current losses.3 The trans-
ducer consisted of a cylindrical acoustic line with a th
MZF single-crystal wafer attached to the end by means
acoustic cement. The thickness of the wafer is 50–500mm
which corresponds to the establishment of mechanical r
nance in a specific vibration mode. The variable magn
field pulse was excited along the axis of the acoustic line
the direction of the applied static magnetic field was de
mined by the particular vibration mode. The operating e
ciency of the transducer was estimated from the amplitud
the first acoustic pulse transmitted by the acoustic line wh
was recorded at the opposite end of the line using a suit
cut quartz transducer.

Here particular attention was paid to studying the e
ciency of excitation of shear waves. Thus, the variable
static magnetic fields were perpendicular and by acoustic
menting using uncured epoxy resin, the MZF wafer could
rotated at the end of the line so that its sides formed
angle with the direction of the static magnetic field. T
MZF wafers were square with 939 mm sides oriented in the
2201063-7850/98/24(3)/2/$15.00
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@100# and@110#, and in the@110# and@211# crystallographic
directions, and the planes of the wafers were perpendicula
the @110# and @111# directions, respectively, for samples N
and N2. The magnetoelastic properties of the MZF cryst
which belong to the cubic system, are characterized by
independent magnetostrictive saturation constants L100
L111 ~Ref. 1!. The absolute values of L100 and L111 a
determined by the chemical composition of the MZF, t
impurity content, and the content of divalent iron, and f
Mn0.61Zn0.35Fe2.04O4 they are 214.331026 and 13.5
31026, respectively.

Figure 1 gives the shear-wave excitation efficiencyA as
a function of the magnetizing field in sample N1 for vario
orientations of the MZF wafers relative to the static magne
field. In this case, the excited ultrasonic wave propagate
the @11̄0# direction. It can be seen from Fig. 1 that the ef
ciency of excitation of ultrasound for the case H0i@100# is
almost an order of magnitude higher than that for the ori
tation H0i@110#, which is consistent with the given values o
L100 and L111. In addition, for H0i@100# the dependence o
the ultrasound excitation efficiency on the magnetizing fi
is monotonic, reaching saturation in a field of 540 Oe a
then decreasing slightly as a result of conversion to
single-domain state. For H0i@110# on the other hand, this
dependence is quasisinusoidal, reaching maxima and min
in fields of 140, 230, 260, 370, and 1000 Oe, respective
which indicates that the internal field possesses a com
structure. A distinguishing feature of the excitation of sou
by single-crystal wafers, unlike polycrystalline powders,
that a longitudinal ultrasonic wave can be excited at the sa
time as a shear wave when the variable and static magn
fields are mutually perpendicular, as is illustrated by curv3
in Fig. 1 for the case H0i@100#. The efficiency of the excited
longitudinal sound has a quasiresonant dependence on
magnetizing field which may be attributed to the apprecia
influence of the anisotropy field which for this MZF comp
sition at room temperature is directed along@110# ~Ref. 4!.
© 1998 American Institute of Physics
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As a result, the internal field differs from the external field
both magnitude and direction.

The efficiency of excitation of shear ultrasonic wav
propagating in the@111# direction in sample N2 as a functio
of the magnetic field is illustrated by curves1 and2 in Fig. 2
for two cases: a! wave polarized in the@110# direction and b!
wave polarized in the@211# direction. The difference in the
efficiency of excitation of ultrasound polarized in differe
crystallographic directions is caused by differences in
effective dynamic constants of magnetostriction which, w
allowance for the direction cosines of the angles between
selected direction and the direction of the main crysta
graphic axes, are a combination of L100 and L111, and a
depend to a considerable extent on the internal magn
field. The internal field is determined by the magnitude a
relative position of the external magnetic field and the cr
tallographic axes, by the anisotropy field, the demagnetiz
factor, the shape and size of the wafer, and also by the
fluence of domains of closure.

To sum up, these investigations have revealed an o

FIG. 1. Efficiency of excitation of shear ultrasonic waves versus static m
netic field H0 in MZF sample N1:1—H0i@100#, 2—H0i@110#; 3—refers to
a longitudinal ultrasonic waves; in all cases the direction of wave propa
tion coincides with the@110# crystallographic direction.
e

e
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mum direction for the excitation of a shear ultrasonic wa
of maximum intensity by a MZF wafer~wave vector in the
@11̄0# direction, polarization vector in the wave in the@100#
direction!. They have also shown that longitudinal and tran
verse ultrasound may be excited simultaneously and that
acoustic method may prove useful for studying the magn
characteristics of single-crystal ferromagnetic materials.

The authors are deeply grateful to I. V. Saenko for su
plying samples of MZF single crystals, and also to E.
Charna and S. G. Abarenkova for discussions of the res
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FIG. 2. Efficiency of excitation of a shear ultrasonic wave versus st
magnetic field H0 in MZF sample N2:1—H0i@110#, 2—H0i@211#; in both
cases the wave propagates in the@111# direction.
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Polarization properties of a four-layer dielectric waveguide
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A new integrated-optics polarizer system is analyzed. Calculations are made and experiments
carried out to demonstrate the performance of this system. ©1998 American Institute
of Physics.@S1063-7850~98!02403-3#
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Integrated-optics systems for data distribution and p
cessing incorporate optical radiation polarizers which
used to select one of the orthogonally polarized wavegu
modes, for example, to suppress undesirable depolariza
in order to achieve a high amplitude contrast in interfere
elements. Similar functions are performed by a polarizer
part of an integrated-optics system incorporated in a fib
optic gyroscope.

Existing polarizers utilize the following effects for po
larization selection:

1! The different level of absorption of TE and TM
modes in multilayer waveguides with a metal or semico
ducting upper layer;1–4

2! Anisotropy of the waveguide layers~for example, in
the form of a specially selected crystal clamped to the s
face of the waveguide! to separate the fields of TE and TM
modes because of the significant birefringence of the en
waveguiding structure;5,6

3! A resonant mode coupling effect in directional co
plers, which is established for one of the polarizati
components.7,8

Disadvantages of the first type of polarizer include t
fundamental difficulty of selecting TM modes with low
losses. The second type of polarizer obviously has a cum
some structure, while the selection principle in the third ty
of device requires asymmetric directional couplers w
high-precision fabrication technology. The development o
simple, efficient, universal TE/TM polarizer is thus a topic
problem.

We propose an integrated-optics polarizer based o
four-layer dielectric waveguide which can select either
TE0 or the TM0 mode, depending on the design. The pol
ization selection principle is based on the mode birefringe
of a dielectric waveguide, with specially selected parame
which lead to substantial spatial separation of the fields
orthogonally polarized modes.

We consider a four-layer waveguide with a large diffe
ence between the refractive indices of the internal lay
~Fig. 1a!. In practice, this type of structure may be achiev
by using an ion-exchange waveguide in glass, on which
upper layer of arsenic sulfide (As2S3) of given thickness is
deposited. For a mode analysis, we need to determine
propagation constantsb corresponding to conditions o
transverse phase resonance and then construct the dis
tions of the mode fields in the waveguide cross section. S
2221063-7850/98/24(3)/2/$15.00
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an analysis for this structure indicates that there are
propagation regimes. The guided modes can either propa
in the upper layer, decaying exponentially in the other
gions or they can propagate simultaneously in both lay
decaying in the surrounding half-spaces. From
geometric-optics point of view, this means that in the fi
case, the light wave propagates along a zigzag path in
upper layer, undergoing total internal reflection at its boun
aries. In the second case, total internal reflection takes p
at the external boundaries of the internal layers of the wa
guide.

Figure 1b gives calculated dependences of the effec
refractive indexN on the thickness of the upper layerD2

(N5b/k0 , k052p/l! near the cutoff. Forn3,N,n2 the
graph is the same as that for a three-layer waveguide c
sisting of an As2S3 film on a glass substrate. The conditio
N5n3 indicates the boundary of the two propagation
gimes. For values of the thicknessD2 near the cutoff condi-
tions there is a fairly large difference between the effect
refractive indices of the highest-order TE and TM mode
(;0.002). Having calculated the propagation constantsb,
we can construct the fields of the TE and TM modes~Fig. 2!
for this particular waveguide for optimum values of the fil
thicknessD2 and also forD250.

The entire structure corresponds to a composite wa
guide consisting of a weakly guiding waveguide in gla
with a highly refracting film deposited locally on its surfac
The fields of the TE0 and TM0 modes of the base ion
exchange waveguide are almost identical. For specially
lected values of the film thicknessD2 in the four-layer wave-
guide, the distributions of the different mode fields diff
substantially so that a simple and efficient polarization
vice can be fabricated to select either the TE0 or the TM0

modes. It should be noted that as the film thickness
creases, a similar difference in the field distribution appe
selectively for the higher-order modes. In addition, the le
of localization of the field in the upper layer for modes ne
the cutoff increases negligibly with increasing mode inde
so that polarizers with low insertion losses can be produ
by using different intervals of film thicknesses.

We carried out an experiment which confirmed the e
ciency of the proposed method of polarization selection. T
single-mode channel waveguides were fabricated byK1 ion
exchange in an optical glass substrate. An A2S3 film was
deposited on the surface of the substrate as a wedge a
© 1998 American Institute of Physics
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the waveguides such that only the film thickness vari
other conditions being approximately equal. An experimen
investigation of the polarization characteristics revealed
as the film thickness increases, individual waveguides
hibit TM- and TE-selective properties, these waveguides
ing separated by ones which possess no polarization s
tivity. A series of similar measurements was made w
different wedge slopes and the behavior was repeated. S
waveguides had a coefficient of decoupling between
modes~determined from the intensity ratio of the orthog
nally polarized signals! higher than 30 dB with losses les

FIG. 1. a! Four-layer waveguide structure and its refractive index distri
tion; ni ( i 51, . . . ,4) are the refractive indices of the layers at the wa
lengthl50.63mm, D2 andD3 are the thicknesses of the internal layers.!
Effective refractive indexN versus thickness of upper layerD2 .
,
l

at
x-
e-
si-

me
e

than 1 dB for the selected polarization. By depositing a h
mogeneous film of a particular thickness, we obtained arr
of TE and TM polarizers.

To conclude, we have proposed a method for polari
tion filtering of radiation which uses the mode birefringen
near cutoff in a four-layer dielectric waveguide with a sp
cially selected refractive index profile. Efficient integrate
optics TM and TE polarizers have been fabricated and inv
tigated.
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FIG. 2. Integrated-optics TM-polarizer~a! and TE-polarizer~b!.
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Investigation of nanocrystals in thin layers of paraffin lubricant on the surface of metals
by infrared spectroscopy

V. I. Vettergren’ and A. I. Tupitsyna

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg; Institute of Problems in
Mechanical Engineering, Russian Academy of Sciences, St. Petersburg
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It has been shown that when the thickness of a layer of paraffin lubricant on a metal substrate
decreases, the crystallites become damaged and the alkane solid solutions become partially
separated. ©1998 American Institute of Physics.@S1063-7850~98!02503-8#
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Studies of the interaction between a lubricant and a s
substrate are of topical interest, being of applied and fun
mental importance.

Here infrared spectroscopy is used to study change
the crystal structure in samples of paraffin lubricants o
metal surface as the thickness of the lubricant layer is
duced from;15 to ;1 mm. For the investigations we use
samples of OKB-122–7–5 engineering lubricant based o
ceresine and Vaseline, which consists of mixtures of alk
molecules having different branching ratios, containing s
eral tens of carbon atoms. Layers of different thickness w
applied to Al and Cu plates with a brush. The thickness
the lubricant layer was determined by weighing and from
optical density D~1240! and D~1378! of the 1240 and
1378 cm21 reference bands.

A transmission-reflection technique was used to obt
spectra of the samples on an infrared-opaque metal subs
The angle of incidence of the light beam on the sample w
20°. The spectra were recorded using a Specord-75 IR s
trophotometer.

Measurements were made of the intensities and frequ
cies of the rocking, scissoring, and stretching vibration ba
of the methylene groups in the infrared spectra of sample
different thickness.

The spectra of the lubricant revealed doublets of rock
(720– 730 cm21) and scissoring (1465– 1475 cm21) vibra-
tions caused by frequency splitting as a result of the inte
tion of vibrations in orthorhombic crystal cells.1 Thus, some
of the molecules in these samples form orthorhombic cr
tals.

Figure 1 gives the ratio of the optical densities of t
730 cm21 and 1378 cm21 bands, D~730!/D~1378! as a func-
tion of thickness, expressed in units of the optical density
the 1378 cm21 band, for samples of Vaseline on an alum
num substrate. The value of D~730!/D~1378! is proportional
to the concentration of alkane molecular segments f
monomer units long in the orthorhombic crystal cells.1 It can
be seen that this ratio decreases as the sample thicknes
creases. The same result was obtained for samples of O
122–7–5lubricant.

Figure 2 gives the infrared spectra of Vaseline on
aluminum substrate at frequencies corresponding to the2
scissoring and CH3 bending vibrations.2 A sample;15 mm
2241063-7850/98/24(3)/2/$15.00
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thick reveals overlapping 1472.5, 1476, and 1464 cm21

bands. The first and last band are assigned to CH2 scissoring
vibrations of molecular segments appreciably longer th
four monomer units in the orthorhombic crystal lattice, wh
the ;1467 cm21 band is assigned to bending vibrations
methyl groups.

It can be seen that as the sample thickness decre
from ;15 to;1 mm, the intensity of the 1472.5 cm21 band
decreases while that of the 1474 cm21 band increases. Ulti-
mately, the effect is reduced to an increase in the degre
splitting between the components of the ‘‘crystalline’’ do
blet by ;1.5 cm21. It is known3 that the spacing betwee
the components of a particular doublet increases as the
fective length of the molecules forming the crystallite i
creases.

Thus, in thin layers of the lubricant samples the avera
effective length of the molecules in the crystallites increas

It was also observed that for the 1mm thick sample the
ratios of the peak intensities of the 1474 and 1474 cm21

bands to the intensity of the 1378 cm21 reference band are
approximately twice the intensity ratios of the components
the spectrum of the 15mm thick sample. This effect is at
tributed to an increase in the concentration of ‘‘long’’ m
lecular sections in the crystallites.

It was also observed that as the thickness of the sam
layer decreases, the maxima of the CH stretching vibra
bands are shifted by 1 – 3 cm21 toward lower frequencies

FIG. 1. Graph of D~730!/D~1378! versus D~1378! cm21 for samples of Va-
seline on an aluminum substrate. For explanations see text.
© 1998 American Institute of Physics



n

la

re
a
lu
nt

the
es.
g a
of
ctive

the
in-
not
is

en-
ins

ot
ant
k-
lting
m-
ectra

res-
een

em.

ic

225Tech. Phys. Lett. 24 (3), March 1998 V. I. Vettergren’ and A. I. Tupitsyna
This effect is caused by an increase in the concentratio
trans conformers in the alkane molecules.4,5

The changes observed in the infrared spectra of thin
ers of paraffin lubricant can be explained as follows.

Since these samples are mixtures of alkanes of diffe
length, the crystalline regions are solid solutions. It w
shown in Refs. 6 and 7 that molecules forming solid so
tions contain gauche conformers localized predomina
near the ends of longer molecules. The concentration

FIG. 2. Infrared transmission spectra of Vaseline samples of different th
ness in the range 1480– 1440 cm21: a—layer thickness;15 mm, b—layer
thickness;8 mm, and c—layer thickness;1 mm. Substrate—aluminum.
of

y-

nt
s
-
ly
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gauche conformers increases as the difference between
lengths of the molecular chains forming the crystal increas
When the solid solution separates into components havin
more uniform molecular composition, the concentration
gauche conformers decreases and the average effe
length of the molecules in the crystal increases.

When a larger crystallite separates into smaller ones,
total free surface area of the crystalline phase obviously
creases. The molecules forming the surface layer do
make any contribution to the ‘‘crystal’’ bands and this
why the relative optical density of the 730 cm21 band de-
creases. This effect may be observed if the transverse dim
sions of the crystallites do not exceed a few tens of cha
~nanometers!.

In order to confirm that the observed effects are n
caused by the mechanical action of the brush on the lubric
during preparation of the layers, samples of different thic
ness were heated to a temperature exceeding the me
point of the crystallites and were then cooled to room te
perature. The observed effects are reproduced in the sp
of the cooled samples of different thickness.

In our opinion, these effects are caused by the comp
sive pressure produced by the adhesive interaction betw
the lubricant and the metal.

1R. G. Snyder, J. Chem. Phys.47, 1326~1967!.
2R. G. Snyder, J. Chem. Phys.71, 3229~1979!.
3D. G. Cameron, E. F. Gudgin, and H. H. Mantsch, Biochemistry20, 4496
~1981!.

4H. L. Casal, D. G. Cameron, and H. H. Mantsch, Can. J. Chem.61, 1736
~1981!.

5R. G. Snyder, H. L. Strauss, and C. A. Elliger, J. Phys. Chem.86, 5145
~1982!.

6M. Maroncelli, H. L. Strauss, and R. G. Snyder, J. Phys. Chem.89, 5260
~1985!.

7R. G. Snyder, G. Conti, H. L. Strauss, and D. L. Dorset, J. Phys. Ch
97, 7342~1993!.

Translated by R. M. Durham
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Influence of short-term annealing on the conductivity of porous silicon and the
transition resistivity of an aluminum-porous silicon contact

S. P. Zimin and E. P. Komarov

P. G. Demidov State University, Yaroslavl
~Submitted July 22, 1997!
Pis’ma Zh. Tekh. Fiz.24, 45–51~March 26, 1998!

Measurements were made of the transition resistivities of an aluminum-porous silicon contact
and the resistivity of the surface region of the porous material after short-term annealing
in an inert medium at temperatures between 300 and 550 °C. It was shown that the parameters
of the contacts are determined by the pore morphology, the annealing temperature, and
the plasma-chemical etching process. For porous silicon formed onp-Si, annealing reduces the
transition resistivities by several orders of magnitude. In this case, the resistivity of the
surface region of porous silicon decreases sharply. The results are analyzed from the point of
view of the passivating effect of hydrogen in the porous silicon. ©1998 American
Institute of Physics.@S1063-7850~98!02603-2#
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The fabrication of semiconductor structures with poro
silicon ~PS! active layers involves forming Ohmic and rec
fying contacts with the porous layer. At present, the literat
contains contradictory information on the properties of
metal-porous silicon contact and almost no information
the influence of heat treatment on the electrical paramete
such a contact. In addition, at high annealing temperatu
the properties of the porous material itself may well chan
Here we study the effect of short-term annealing~300–
550 °C! in an inert medium on the conductivity of porou
silicon and the transition resistivity of Al–PS contacts f
various structural characteristics of the porous layer.

The investigations were carried out using test structu
whose geometry was as described in Ref. 1. The initial s
con substrates doped with boron~0.03 V•cm! and phos-
phorus~4.5 V•cm! were oriented in the~111! and ~100! di-
rections, respectively. The porous layer was formed
anodic electrochemical treatment in a hydrofluoric-ac
based electrolyte with an anodizing current density
1 mA/cm2 for 10–60 min. The porous silicon layers we
17–90mm thick and the porosity by weight was 16–40% f
the p-type silicon and 5–10% for the phosphorus-doped s
con. The pore morphology differed for then- and p-type
silicon. The phosphorus-doped silicon had large cylindri
pores, 1–2mm in diameter, oriented parallel to the@100# axis
and separated by 3–10mm ~Ref. 2!. The boron-doped silicon
exhibited a highly branching network of small nanomet
size pores. For the reference samples the surface of the
rous silicon was subjected to additional plasma-chem
treatment to remove the amorphized surface film. Alumin
contact areas having the same area, distributed equidist
in a line, were deposited on the surface of the porous la
by vacuum deposition. The Al–PS contacts were initia
brazed in nitrogen atT05300 °C for 10 min. The electrica
parameters of the contacts were determined using a me
described in Ref. 3. A characteristic feature of these str
tures was the presence of two layers of different resistiv
2261063-7850/98/24(3)/3/$15.00
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where the conductivity of the substrate appreciably exce
that of the porous layer. Thus, in order to eliminate t
shunting effect of the substrate, the measurements using
method described in Ref. 3 were only made for small c
rents not exceeding 15mA. It was assumed that applying low
voltages to the contact areas induces carrier drift only in
surface region of the porous silicon. A current-limited fou
probe method was used to estimate the resistivity in the
face region of the porous material.

Measurements of the current-voltage characteristics
these Al–PS–Al structures showed that at low current d
sities across the contact not exceeding 1 mA/cm2, the depen-
dences are linear. At higher currents, some deviation fr
linearity was observed, possibly caused by the shunting
fect of the substrate and by the non-Ohmic nature of
contact. Since it is fairly difficult to separate these two e
fects experimentally, it should be noted that in general,
observed linear section at low currents cannot be identi
with the Ohmic character of the contact over a wide range
bias. This behavior of the current-voltage characteristic m
be caused by the linearity of the Schottky barrier near
zero point. However, the experimental results suggest tha
least at low current densities across the contact~less than
1 mA/cm2!, the Al–PS contact does not exhibit nonline
properties and thus this nonlinearity can be eliminated w
analyzing carrier transport effects in porous silicon stru
tures.

The linear behavior of the current-voltage characteris
of the Al–PS contact at low currents allowed us to use
method described in Ref. 3 to determine the transition re
tivities of the contactRc which had a wide range of value
depending on the pore morphology and the plasma-chem
etching process. For porous silicon formed onn-type silicon
the transition resistivities were 0.6– 18V•cm2 whereas for
porous silicon formed onp–Si, they varied between 0.6 an
1.3 kV•cm2. Plasma-chemical etching of the porous silic
surface prior to deposition of the metal resulted in change
© 1998 American Institute of Physics
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Rc . In particular, removal of the amorphized film from th
surface of porous silicon onn–Si reduced the transition re
sistivities by a factor of 3–10. Figure 1 shows the transit
resistivity of Al–PS contacts after gradual short-term anne
ing ~5–7 min! in an inert N2 atmosphere at temperature
T05450–550 °C. It can be seen that for porous silicon
p–Si, Rc decreases continuously during annealing
(1 – 3)31023V•cm2. In this case, the difference betwee
the electrical properties of the contacts with and without
amorphized film disappears. For porous silicon formed
n–Si the changes in the transition resistivities of the con
caused by annealing were less well-defined~curve3!.

Since the parameters of metal-silicon contacts are
many respects determined by the carrier concentration~con-
ductivity! in the semiconductor,4 it was interesting to com-
pare these results with measurements of the resistivityr* of
the surface region of the porous silicon. Figure 2 shows
variation of r during gradual annealing. It can be seen th
initially for porous silicon onp–Si the resistivity of the sur-
face region for samples with an amorphized film exceedsr*
for samples with the film removed. Heat treatment cause
sharp drop~by several orders of magnitude! in the resistivity.
For large-pore porous silicon obtained on phosphorus-do
silicon, the resistivity decreased by a factor of 1.5–3 dur
annealing at 450 and 500 °C whereas annealing at 55
caused a slight increase inr* . Thus, there is a correlatio
between the changes in the transition resistivities of the c
tacts and the resistivity of the surface region of porous s
con for bothn–Si andp–Si.

These results may be explained using a model base
the passivating effect of hydrogen atoms. It has been es

FIG. 1. Transition resistivity of Al–PS contact versus annealing tempera
for porous silicon onp–Si ~1, 18, 2, 28! andn–Si ~3!. Anodizing time:1 and
18—20 min, 2 and 28—40 min, 3—60 min. Samples18 and 28 did not
undergo plasma-chemical etching.
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lished that the hydrogen in silicon can electrically neutral
dopant atoms and reduce the carrier concentration.5,6 The
electrical activity of the dopant atoms can be restored
short-term high-temperature annealing.7 Since during anodic
treatment the hydrogen atoms are in contact with the sili
matrix, it is possible for hydrogen atoms to diffuse into t
single-crystal matrix of the porous material.8 Estimates made
using known values of the coefficient of hydrogen diffusi
showed that at room temperature the depth of hydrogen p
etration during anodization may be a few tenths of a m
crometer. Thus, each pore has a depleted region aroun
and for porous silicon with a developed network of sm
pores, the depleted regions may occupy the entire volum
the single-crystal matrix of the porous silicon. For poro
silicon with fairly well-spaced large pores, the depleted
gions will only extend to part of the matrix bulk.2 If anneal-
ing is accompanied by the effusion of hydrogen and resto
tion of the electrical activity of the dopants, this explai
why such a large difference is observed between the pro
ties of porous silicon onp–Si andn–Si. In large-pore porous
silicon, the decrease in the resistivity caused by annealin
less well-defined because the carrier concentration only
creases in part of the bulk of the porous silicon matrix. It
also known that hydrogen has a weaker passivating effec
n–Si compared withp–Si ~Ref. 7!.

To conclude, these results suggest that short-term
nealing in an inert atmosphere can be used to vary the e
trical parameters of a metal-porous silicon contact and
change in the conductivity of the porous material is an i
portant factor. It has been shown that the morphology of

reFIG. 2. Influence of annealing temperature on the resistivity of the surf
region of porous silicon. The notation1, 18, 2, 28 is the same as in Fig. 1
Porous silicon samples3 and 4 were prepared on ann-Si substrate with
anodizing times of 40 min~3! and 60 min~4! and were subjected to plasma
chemical etching.
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porous layer plays a significant role in these processes.
variation in the conductivity of porous silicon when expos
to high temperatures must be taken into account when fa
cating multilayer structures by high-temperature metho
such as epitaxial growth on porous silicon. Laser or radiat
methods of treatment may also be promising for loca
changing the electrical properties of a porous material
creating enriched zones.
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Local polarization reversal of LiNbO 3 by scanning the surface perpendicular to the axis
of spontaneous polarization with a needle-shaped electrode

S. O. Fregatov and A. B. Sherman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 14, 1997!
Pis’ma Zh. Tekh. Fiz.24, 52–57~March 26, 1998!

The principle of local polarization reversal of ferroelectrics using a moving needle-shaped
electrode1 was used to make a comparative study of the characteristics of polarization reversal of
LiNbO3 from theZ(001) andY(010) surfaces. In addition to chemical etching, an optical
polarization method was used to visualize the domain structure. It was noted that the different
dependences of the domain length on the polarizing voltage observed for the different
crystal surfaces may be caused by the conducting and polarization properties of the regions in
which the domain growth occurs. It is shown that the depth of penetration of the created
domains in the sample may be set. ©1998 American Institute of Physics.
@S1063-7850~98!02703-7#
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In Ref. 1 we proposed a new principle for the creation
a domain structure in ferroelectrics using a moving need
shaped electrode~similar to the tip of a scanning tunnelin
microscope!. At comparatively low voltages~more than an
order of magnitude lower than the usual values2!, the electric
field near this electrode is sufficient to reverse the polar
tion even in the hardest ferroelectrics. Polarization reve
takes place in the surface region of the crystal only near
point of contact of the electrode. By moving the needle o
the surface of the sample, it is possible to form domain str
tures with a particular surface configuration.

Experiments using lithium niobate have shown that lo
polarization reversal takes place when the electrode is
contact with the crystal surfaces parallel and perpendicula
the axis of spontaneous polarization.

In Ref. 1 particular attention was paid to studying t
polarization reversal of LiNbO3 on the Y(010) surface. In
this case, the ferroelectric domains only develop over
surface in one direction from the electrode displacement
jectory. The domains are needle-shaped and oriented pa
to the axis of spontaneous polarization. The length of
domains increases as the applied voltage increases an
U52.7 kV reaches 15mm. It was established that the thick
ness of the surface region in which polarization rever
takes place does not exceed'0.15mm.

Here we present information on the local polarizati
reversal of lithium niobate from theZ(001) surface. We
were able to obtain this new data because the usual me
of visualizing ferroelectric domains by chemical etching w
supplemented by an optical method of visualization based
the local variation in the birefringence of the crystal acco
panying polarization reversal. Since domains of oppo
sign cannot be distinguished optically in uniaxial ferroele
trics, this variation in birefringence can only occur near d
main walls as a result of local elastic stresses in the cry
lattice and local electric fields.3,4

The birefringence pattern was studied in transmit
2291063-7850/98/24(3)/2/$15.00
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light using a microscope with a polarizing stage. The obs
vations were made on the side of the working surface
contact with the moving needle-shaped electrode~‘‘direct’’
observation! and across the side surface of the sam
~‘‘side’’ observation!. The microscope analyzer and the p
larizer were almost crossed and the samples were orie
such that their intrinsic birefringence did not impede the o
servations.

Figure 1a shows a photograph obtained by direction
servation after parallel lines had been drawn on theZ surface
of the lithium niobate sample by the contacting needle
different applied voltages~U52.1 and 2.5 kV!. Polarization
reversal took place at a tip velocity of'1 mm/s. The optical
contrast on the photograph indicates some local variatio
the birefringence near these lines. As the voltage decrea
the contrast becomes lower and can no longer be ident
for U,500 V.

Etching reveals that the local variation in the birefri
gence is caused by the formation of ferroelectric doma
along the trajectories of the needle-shaped electrode. An
amination of this surface in reflected light reveals pairs
parallel dark grooves along the sides of each line alo
which polarization reversal occurred~Fig. 1b!. The grooves
were formed as a result of the enhanced rate of etching of
ferroelectric which is usually observed at the location of d
main walls.

Figure 1c shows the local variations in birefringence
vealed by the observations from the side. These observat
can yield information on the shape and depth of the dom
penetration. Longitudinal polarization reversal was carr
out on theZ surface atU52.5 kV. The photograph reveals
structure of alternate light and dark bands, having an aver
period of '2 mm and extending from the surface into th
sample to a depth of'55 mm. The photograph shows tha
this polarization reversal is not accompanied by the form
tion of a continuous domain but by a quasiregular struct
© 1998 American Institute of Physics
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of needle-shaped domains oriented parallel to the axis
spontaneous polarization.

The photograph shown in Fig. 1d was obtained by o
servations from the side after a slightly different polarizati
reversal procedure had been carried out from theZ surface.
The voltageU52.5 kV was applied over a timet to a fixed
electrode in contact with this surface. The electrode was t
moved to a new position and voltage was again applied. A
result of repeating this operation several times, polariza
reversal was achieved at isolated points between 10 an
mm apart, distributed along a line segment. The timet was
varied between 0.2 and 10 s. Separate regions of polariza
reversal in the form of needle-shaped domains can easil

FIG. 1. Domain structure produced by local polarization reversal from thZ
surface. Direct observation of the crystal surface: a—using polarized l
polarization reversal atU52.1 kV ~upper! andU52.5 kV ~lower!; b—the
same part of the surface in reflected light after chemical etching. Obse
tion from the side of part of the crystal near theZ surface in polarized light,
polarization reversal atU52.5 kV; c—along a continuous line~the arrows
indicate the beginning and end of the electrode motion!; d—at isolated
points ~indicated by the arrows!.
of
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n
a
n
40

on
be

identified on the photograph. In this case, the contrast of
image is appreciably higher than that observed for polar
tion reversal along a continuous line, when the local var
tions of the electric and elastic fields are reduced becaus
the close proximity of the domain walls ('1 mm). As in
Fig. 1c, the depth of penetration of the domains in the sam
is '55 mm and remains constant for the pulse duratio
used. Our estimates indicate that the domain width does
exceed 2mm.

Figure 2 gives the domain lengthH versus voltage for
polarization reversal at isolated points on theZ surface. Also
plotted is the dependenceS(U) which gives the width of the
etched region formed on theY surface after polarization re
versal along a continuous line. The curveS(U) is plotted
using data from Ref. 1. In Ref. 1 we related this width to t
length of the domains. These dependences differ and also
the same voltage the domain length for theZ surface is al-
ways greater.

The differences observed in the local polarization rev
sal characteristics may be attributed in particular to diff
ences in the conducting and polarization properties of
regions of domain growth.

These results show that a needle-shaped electrode ca
used to create domain structures in a ferroelectric which
only have a specific surface configuration but also a giv
depth of penetration in the sample.

1S. O. Fregatov and A. B. Sherman, Pis’ma Zh. Tekh. Phys.23~11!, 54
~1997! @Tech. Phys. Lett.23, 758 ~1997!#.

2S. Zhu, Y. Zhu, and Z. Zhang, J. Appl. Phys.77, 5481~1995!.
3Yu. S. Kuz’minov,Electrooptic and Nonlinear-Optical Lithium Niobate
Crystals@in Russian#, Nauka, Moscow~1987!, 264 pp.

4V. V. Antipov, A. A. Blistanov, and N. G. Sorokin, Kristallografiya30,
734 ~1985! @Sov. Phys. Crystallogr.30, 428 ~1985!#.
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FIG. 2. Domain lengthH for polarization reversal fromZ surface and width
of etched regionS for polarization reversal onY surface versus applied
voltageU.
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Properties of GaInAsSb solid solutions obtained from antimony fluxes by liquid-phase
epitaxy in the spinodal decay region

V. I. Vasil’ev, A. G. Deryagin, V. I. Kuchinski , V. M. Smirnov, G. S. Sokolovski ,
D. N. Tret’yakov, and N. N. Faleev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 22, 1997!
Pis’ma Zh. Tekh. Fiz.24, 58–62~March 26, 1998!

The growth of epitaxial layers of GaSb lattice-matched Ga12xInxAsySb12y solid solutions by
liquid-phase epitaxy from Sb-enriched liquid phases within the spinodal decay region is
reported. The highest value of the composition (x50.4) was achieved for growth on a GaSb~111!B
substrate. Results of investigations of the luminescence and structural properties of these
solid solutions are presented. ©1998 American Institute of Physics.@S1063-7850~98!02803-1#
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The existence of an extensive miscibility gap in the qu
ternary system of Ga12xInxAsySb12y solid solutions has
been predicted in various theoretical studies, for example
Refs. 1 and 2. Of practical interest are those solid soluti
lattice-matched with GaSb. Theoretical models describ
the miscibility gap and the region of spinodal decay with
this gap have shown that GaSb lattice-match
Ga12xInxAsySb12y solid solutions cannot be obtained fo
x>0.29 under practical conditions of liquid-phase epita
Experimental studies of the liquid-phase growth of the
solid solutions on GaSb substrates have also reported se
problems involved in producing compositions withx.0.18
~Refs. 3 and 4!. The highest compositions of GaSb lattic
matched epitaxial layers were obtained in Refs. 2 and
where x50.23, y50.2 was obtained for growth on
GaSb~100! and x50.26, y50.23 for growth on
GaSb~111!B.

Here we report the growth of GaSb lattice-match
Ga12xInxAsySb12y solid solutions in the spinodal decay r
gion by liquid-phase epitaxy from antimony fluxes~where
values of x50.4 were achieved!. The luminescence an
structural properties of these epitaxial layers were inve
gated.

Undoped layers of GaInAsSb solid solutions were gro
by liquid-phase epitaxy from Sb-enriched fluxes on undop
~100! and ~111!B-orientedp-type GaSb substrates. The u
of antimony liquid phases to obtain these solid solutions w
first proposed by us and was described in our ear
studies.5–7 The composition of the layers was determin
using a Camebax x-ray microanalyzer and for layer thi
nesses less than 1mm we used secondary ion mass spectr
copy data. The mismatch between the lattice parameter
the epitaxial layer and the substratef' was measured by
double-crystal x-ray diffraction. The photoluminescen
spectra were recorded with an MDR-23 monochromator.
LG-106-M1 gas laser was used for excitation and a coo
PbS photoresistor was used as the detector. The thickne
of the epitaxial layers were measured with a DECTAK p
filometer.

The samples were grown from supercooled liquid pha
at constant temperature. The supercoolingDT5TL2Tg
2311063-7850/98/24(3)/2/$15.00
-

in
s
g

d

.
e
us

4,

i-

n
d

s
r

-
-
of

n
d
ses
-

s

~whereTL andTg are the liquidus temperature of the liqu
phase and the growth temperature, respectively! was varied
between 8 and 12 °C. The values ofTg were selected in the
range 575–600 °C. The ranges of compositions of the
grown Ga12xInxAsySb12y epitaxial layers having lattice pa
rameters similar to GaSb were 0.2<x<0.32 for the~100!
orientation and 0.25<x<0.4 for the ~111!B orientation.
These layers had a mirror-smooth surface. The growth
was varied between 3 and 0.05mm/min asx increased.

Figure 1 shows the photoluminescence spectra of v
ous samples at 77 K. We observed photoluminescence s
tra having bands with a half-width of 20–25 meV~Figs. 1a
and 1c! typical of GaInAsSb solid solutions of uniform com
position and also broad bands (Dhn540– 50 meV)~Fig. 1b!
with well-defined asymmetry. In the first case, the x-ray d
fraction data showed that the absolute values of the lat
mismatch were close to zero~allowance for the difference
between the coefficients of thermal expansion of the la
and substrate materials indicates a negative lattice mism
at the epitaxial growth temperature!. The half-widths of the
diffraction reflection peaks for the layer and the substr
were similar, between 119 and 209. Samples for which the
photoluminescence spectra were similar to that plotted
Fig. 1b had a positive lattice mismatchf'5(1 – 3)31023.
From these results it may be preliminarily supposed that
situation when the growing epitaxial layer extends along
heteroboundary is more favorable to obtain homogene
layers in the spinodal decay region. In cases where the gr
ing layer is compressed along the heteroboundary, the x
diffraction spectra differ from those normally observed, ha
ing additional peaks~Fig. 2! whose appearance may be a
tributed to spinodal decay processes. A distinguishing f
ture of the liquid-phase growth of GaInAsSb solid solutio
whose compositions are within the spinodal decay region
that the growth rate of the epitaxial layers decreases sha
~by almost two orders of magnitude!.

We showed earlier5–7 that when epitaxial layers o
GaInAsSb crystallize from Sb-enriched fluxes, the stabi
of the substrate relative to the liquid phase increases abru
as a result of the reduced influence of processes assoc
with nonequilibrium at the GaSb~solid!-@Ga-In-As-
© 1998 American Institute of Physics
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FIG. 1. Photoluminescence spectra (T577 K)
of Ga12xInxAsySb12y epitaxial layers. a—
x50.25, y50.21, lmax52.14mm, Tg

5600 °C, ~100!-oriented substrate,f'527
31024, and thickness of epitaxial laye
d52 mm; b—x50.32, y50.27, lmax

52.29mm, Tg5582 °C, ~111!B, f'53.2
31023, and d54470 A; c—x50.4, y50.36,
lmax52.46mm, Tg5576 °C, ~111!B, f';0,
andd5890 A.
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Sb#~liquid! interphase boundary and differences in the latt
parameters. Under conditions of coherent growth we
tained GaInAsSb layers whose crystal quality was at leas
good as that of epitaxial GaSb layers on GaSb substrates
postulate that for liquid-phase compositions even furth
from equilibrium with GaSb, these characteristics of cryst
lization from Sb-enriched fluxes combined with the tenden
to minimization of energy as a result of the coherent grow
~where the lattice mismatch is completely compensated
elastic deformation! will have the result that homogeneou
layers crystallize in the range of solid-phase compositio

FIG. 2. Diffraction reflection curves for Ga0.7In0.3As0.26Sb0.74/GaSb~100!
heterostructure.
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where the calculations indicate spinodal decay. This hypo
esis is confirmed by the x-ray diffraction data, secondary
mass spectroscopy, and photoluminescence measureme

These results, can now be used to study the reason
the formation of GaInAsSb epitaxial layers whose compo
tions lie within the spinodal decay region when the cryst
lization conditions do not differ appreciably from equilib
rium.
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porting this work, and also S. Yu. Belova and B. Ya. Be
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Low-pressure inductive rf discharge in a rare gas-halogen mixture for economical
mercury-free luminescence light sources

A. P. Golovitski 

St. Petersburg State Technical University
~Submitted November 26, 1997!
Pis’ma Zh. Tekh. Fiz.24, 63–67~March 26, 1998!

It is demonstrated that an inductive rf discharge in an Xe1Cl2 mixture may be used as the active
medium of an efficient, mercury-free luminescence light source. ©1998 American
Institute of Physics.@S1063-7850~98!02903-6#
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Recent studies of a dc glow discharge in rare g
halogen mixtures as sources of ultraviolet radiation h
shown that these sources~excilamps! have energy character
istics ~ultraviolet output powers of hundreds of watts a
efficiencies of 25–30%! quite competitive with those of mer
cury lamps.1–5 The main advantage of excilamps is that th
are environmentally friendly because they contain no to
mercury and the halogen content is negligible. However,
main source of environmental contamination does not co
from these mercury-containing sources of ultraviolet rad
tion, produced in small batches for industrial and scient
applications but from the luminescence lamps produced
their millions. It is thus interesting to determine the ef
ciency of rare gas-halogen mixtures compared to the u
mercury-argon mixtures used in compact luminescence l
sources.

The main problems involved in the development of
excilamps remain their short life4 caused by chemical bond
ing between the halogen and the electrode materials, par
larly the cathode,3 and the high voltage~2–7 kV! needed to
sustain the discharge. This problem could be solved by u
an electrodeless rf discharge where the discharge pla
preferably should not come in contact with the walls, b
cause in an electrodeless discharge in chlorine-contai
mixtures, the life is determined by the diffusion of chlorin
in the glass, which increases as the glass tempera
increases.6,7

A suitable method in this respect is the inductive exci
tion of an rf discharge which incidentally has already be
suggested for excimer ultraviolet sources10 and for mercury
luminescence lamps.8,9

The experimental system used here was a double-wa
S52-2 glass container, open at one end, which was in fa
glass Dewar vessel. Both the outer and inner walls of
container were cylindrical while the bottom was hemisphe
cal. The distance between the outer and inner walls was
erywhere'10 mm. The diameter of the vessel was 50 m
and the height 80 mm. The entire inner surface was coa
with a thin layer of the phosphor used in LDS luminescen
lamps. The vessel was filled with mixtures of commercia
pure xenon and chlorine. A cylindrical single-layer inducti
coil was placed in the inner cavity of the container, as in R
9. The discharge was excited by a transistor rf gener
2331063-7850/98/24(3)/2/$15.00
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using a voltage resonance system at a frequency of 1
MHz. The use of high-voltage transistors allowed the sup
to be taken directly from the 220 V mains. The overall d
mensions of the device corresponded to those of a nor
incandescent lamp. The device was fitted into a normal E
lampholder. In all discharge regimes, the energy consu
tion from the mains was around 9 W. In order to monitor t
discharge profile and the ultraviolet radiation intensity, a s
ond vessel was made of uviol glass, having dimensions s
lar to the first and filled with the same mixture. The gene
tor could be tuned to excite either device. The radiat
spectra were recorded using an SDMS diffraction sp
trograph fitted with an FE´ U-106 photomultiplier and cali-
brated in absolute units using tungsten~SI10-300! and deu-
terium ~DDS-30! calibration lamps. The signal from th
photomultiplier was recorded by a computer. The radiat
intensity of the lamp was then converted to normal units
light—lumen.

When the vessel was filled with pure xenon~up to 15
Torr!, an H-type discharge was observed.9,11 The discharge
burned as a ring parallel to the turns of the coil in the cen
part of the vessel. The addition of chlorine caused this ring
spread. If the Xe pressure was less than 3 Torr, the disch
almost uniformly filled the entire inner region of the vess
including the bottom, clearly forming anE-type discharge.
The plasma was approximately 1 mm from the walls and
radiation of the rf field was almost shielded by the plas
outside it. This is an advantage over excitation of the d
charge by an external inductor,10 especially as the coil wind-
ings do not block off the luminescence.

Preliminary studies carried out using vessels of differ
shape showed that the vessel described above gives a b
luminous efficiency for an Xe1Cl2 discharge compared with
the pear-shaped device proposed earlier for mercury lam9

The luminous efficiency for pure xenon did not exceed
few lumen per watt. Figure 1 gives the luminous flux of t
luminescence lamp as a function of the partial pressure
xenon and chlorine. Of the various mixtures studied, the
timum was a mixture of 0.9 Torr Xe and 0.01 Torr Cl2, for
which the total luminous flux was 360 lm~which approxi-
mately corresponds to the luminous flux from a 30 W inca
descent lamp! for a mains power consumption of 9 W. Th
luminous efficiency of the lamp was around 40 lm/W. A
© 1998 American Institute of Physics
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though this value is lower than that of modern comp
‘‘economical’’ luminescence lamps~60–80 lm/W!, it is ap-
preciably higher than that of incandescent lamps, so that
lamp may also be considered to be economical. Figur
shows that at chlorine partial pressures below 0.01 Torr,
luminous efficiency could be even higher but unfortunate
the system used here could not accurately measure pres
below 0.01 Torr.

Further optimization of this lamp should involve car
fully selecting the gas mixture as well as optimizing the

FIG. 1. Luminous flux versus partial xenon pressure. The chlorine pa
pressure in Torr is indicated by the numbers on the curves.
t

is
1
e
,
res

f

generator and using professional phosphor deposition t
nology. It would be advisable to study Xe1Br2, Xe1I2, and
Kr1Cl2 mixtures in these lamps since their ultraviolet rad
tion spectra with maxima at 282, 253, and 222 nm, resp
tively, are a better match to the absorption spectrum of
phosphor~optimum for mercury radiation! compared with
the spectrum of this Xe1Cl2 mixture, which has a maximum
around 308 nm~Ref. 1!.

To sum up, it has been demonstrated that econom
compact, mercury-free luminescence light sources can
produced using an inductive rf discharge in rare gas-halo
mixtures.
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Deformation defects in polyethylene. Angular dilatons
A. I. Mel’ker and D. V. Solov’ev

St. Petersburg State Technical University
~Submitted November 6, 1997!
Pis’ma Zh. Tekh. Fiz.24, 68–71~March 26, 1998!

Results of calculations of the behavior of a model of a polyethylene molecule under uniaxial
compression are illustrated. It is observed that as the deformation increases, the fraction
of valence angles between the carbon atoms increases. This molecular configuration possesses
stability and has been described by the authors as an ‘‘angular dilation.’’ ©1998
American Institute of Physics.@S1063-7850~98!03003-1#
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The concept of defects is widely used in macromolecu
physics to explain the properties of polymers but ideas on
microscopic structure of these defects are still at the spe
lative stage.1,2 Some progress in this field has been achiev
by using dynamic computer modeling using fairly simp
two-dimensional polymer models.3–6 The question remains
as to how the defects observed in two-dimensional comp
models relate to those found in real three-dimensional p
mers.

Here we investigate the three-dimensional atomic str
ture of a polyethylene macromolecule during compress
The initial globular macromolecule consisted of 500 C2
units. The method of obtaining an equilibrium polymer glo
ule, the interatomic interaction potential, and also the co
puter modeling technique were analyzed in detail in Refs
and 8. This globule was inserted between two hard para
plates which moved at toward each other at constant ve
ity.

In order to understand the nature of the deformation
the polymer globule, we considered the evolution of the p
correlation functions for different groups of atoms~see Fig.
1!. We shall denote these functions by the following sy
bols:
2351063-7850/98/24(3)/2/$15.00
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C~–C–!C, H~–C–!C, H~–C–!H, C~–C–C–!C. ~1!

Here the outermost symbols correspond to the atoms
which the pair correlation function is calculated while th
symbols in parentheses indicate the spatial path of the c
lent bonds joining the atomic pairs.

Figure 1 shows that the C~–C–!C pair correlation func-
tion undergoes the largest variation. This function initia
consists of two peaks where the center of gravity of the fi
~broadened! peak at 0.251 nm corresponds to an equilibriu
state between its second carbon neighbors in an ideal zig
rectilinear chain. The second~sharp! peak at;0.3 corre-
sponds to an approximately 20% increase in the vale
angle between the C–C bonds. As the deformation increa
the fraction of bonds with an increased valence angle
tween them increases and by the end of the process, al
all the valence angles are extended.

Measurements of the C–~–C–C–!–C pair correlation
function also indicate that the zigzag chain becomes parti
straightened and the extended zigzags tend to lie in the s
plane.

These results may be explained as follows. It has alre
been shown that in extended anharmonic chains of at
r
n

ss
e

FIG. 1. Variation of the pair correlation functions fo
different types of pairs of atoms during deformatio
of a polymer globule~for explanation see text!.
Curvesa correspond to the beginning of the proce
while curvesb andc correspond to the intermediat
and final stages of deformation, respectively.
© 1998 American Institute of Physics
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there is a metastable~static9 and dynamic10! atomic configu-
ration in which one of the interatomic spacings is consid
ably greater than the others by a specific amount. Th
anomalously extended bonds, which have been ca
dilatons,11 play the role of static and dynamic defects in d
formed one-dimensional, quasi-one-dimensional, and e
two-dimensional discrete models of solids.3,4,12–14

In the case of polyethylene we are dealing with extend
valence angles. Mathematically, this is equivalent to the
mation of anomalously extended bonds between carbon
oms not positioned at the vertex of the valence angle so
the deformation defects observed by us may be called a
lar dilatons.
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Influence of an auxiliary planar short-circuited p -n junction positioned near a main
junction

V. P. Astakhov, D. A. Gindin, and V. V. Karpov

‘‘Sapfir’’ Factory, Moscow
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A possible method of reducing the reverse currents and increasing the forward currents in small-
scale planar diodes is discussed and demonstrated experimentally. This method involves
using an auxiliary short-circuited planarp–n junction positioned within the diffusion length of
minority carriers from the planar boundaries of the diodes. ©1998 American Institute
of Physics.@S1063-7850~98!03103-6#
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In some types of planar semiconductor devices such
small-scale diodes,pin diodes, transistors, and their corr
sponding optical radiation detectors, it is advisable to fo
regions, which have an infinitely high minority carrier r
combination velocity and do not actually generate carrie
near p–n junctions which perform different functions~in-
cluding rectification, detection, photocarrier collection, se
ration of carriers in the collector of a transistor, and so o!.
These regions may be auxiliary, planar, short-circuitedp–n
junctions whose topology depends on the particular appl
tions of the mainp–n junctions and their topology. Accord
ing to Ref. 1, an auxiliary ribbon short-circuitedp–n junc-
tion encircling an array of small-scale indium antimoni
photodiodes fulfills two functions: it confines the region
photocarrier collection and ‘‘extinguishes’’ explosive bac
ground noise.2

An auxiliary p–n junction positioned within the diffu-
sion length of the main junction may ‘‘draw off’ some of th
equilibrium minority carriers which are generated near or
the edge of the mainp–n junction and contribute to its ex
cess current. Thus, especially when the mainp–n junction
has a low area-to-perimeter ratio, an auxiliaryp–n junction
can substantially reduce the dark current of the main junc
when reverse biased, which is always desirable for any t
of device and especially for low-background photodetect
and low-noise detectors. A positive effect may be predic
in the absence of surface channels, which can be achie
for silicon by using initialn-type crystals.

The possibility of reducing the excess currents by us
an auxiliary short-circuitedp–n junction was confirmed by
the following experiment. We fabricated arrays of planar
odes usingn-type epitaxial silicon films 20mm thick with a
resistivity of 8V•cm by boron ion implantations across a
SiO2 film. The topology of the experimental array~Fig. 1a!
comprises a series of mainp–n junctions having dimension
of 300 mm ~along the array! and 700mm ~perpendicular to
the array!, bordered by an auxiliary short-circuitedp–n
junction 200mm wide, located at a distance of 300mm from
the longitudinal edges of the areas. This distance is gre
than the width of the space charge region of thep–n junc-
tion at 100 V and is between three and four times sma
2371063-7850/98/24(3)/2/$15.00
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than the hole diffusion length in then-base. An auxiliary
p–n junction 10 mm wide also passes between the are
which are 30mm apart. The control arrays~Fig. 1b! had no
auxiliary p–n junction.

The reverse branches of the current-voltage characte
tics of the individual diodes and of the experimental arra
typically showed a high degree of similarity, whereas for t
control arrays, the spread of currents was around an orde
magnitude.

Figure 2a gives the reverse branches of the curre
voltage characteristic for the worst area of the experime
arrays and the best of the control arrays. This shows tha
the selected area-to-perimeter ratio of the mainp–n junction
(1022 V) and relative position of the main and auxiliar
p–n junctions, the auxiliaryp–n junction reduces the re
verse currents of the main junction by a factor of three

FIG. 1. Topology of experimental~a! and control~b! diode arrays:1—initial
crystal, 2—areas of mainp–n junctions ~p1 regions!, 3—auxiliary p–n
junction ~p1 region!, and4—metallized sections short-circuiting auxiliar
p–n junction.
© 1998 American Institute of Physics
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FIG. 2. Reverse~a! and forward~b! branches of the current-voltage characteristic of mainp–n junction in experimental~1! and control~2! arrays.
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voltages above 30 mV. In both cases, the current-volt
characteristics show a fairly high degree of corresponde
with the Shockley–Noyce–Sah theory3 since at voltages
above 20 mV they are approximated by the express
I 5kUa with similar exponents, close to 0.5 (a50.545). All
these factors indicate that the auxiliaryp–n junction has the
same confining effect on the minority carrier collection ar
at all bias voltages. Breakdown of the areas in the exp
mental and control arrays is reversible, has an avalan
character, and takes place at the same~60 V! voltage.

The auxiliaryp–n junction also influences the forwar
branch of the current-voltage characteristic of the small-sc
area of the mainp–n junction ~Fig. 2b!, reducing the satu-
ration current (j 0) almost tenfold and reducing the ideali
factorb in the expressionj 5 j 0•exp(eU/(bkT)) from 1.55 for
the control arrays to 1.0. This effect is caused by an
creased diffusion flux of holes injected into the base tow
e
ce

n

a
i-
he

le

-
d

the auxiliary p–n junction as the forward bias~injection
level! is increased. The forward current in the experimen
arrays exceeds that in the control arrays up to biases abo
V.

To sum up, an auxiliary short-circuitedp–n junction
reduces the reverse currents and increases the forward
rents in small-scale diodes. This influence of the auxilia
p–n junction will obviously increase when the area-t
perimeter ratio of the diode area is further reduced.

1V. P. Astakhov, S. V. Varganov, L. V. Demidova, V. F. Dudkin, V. P
Ezhovet al., Russian Patent No. RF 1589963.

2V. P. Astakhov, V. F. Dudkin, B. S. Kerner, V. V. Osikov, O. V. Smolin
and I. I. Taubkin, Mikroelektronika18, 455 ~1989!.

3W. Shockley, R. Noyce, and C. Sah, Proc. IRE45, 1228~1957!.

Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 3 MARCH 1998
Influence of pumping uniformity on current tuning of the emission wavelength
of InAsSb/InAsSbP diode lasers

T. N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M. Kolchanova, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted October 30, 1997!
Pis’ma Zh. Tekh. Fiz.24, 77–84~March 26, 1998!

An investigation was made of continuous tuning of the emission wavelength in two types of
InAsSb/InAsSbP diode heterolasers: three-layer structures with combined electrical and optical
confinement and five-layer structures with separate confinement. In three-layer structures the
emission wavelength initially decreases by 2–4 Å with increasing current and then increases by
10–15 Å. In five-layer structures the emission wavelength mainly decreases. This difference
is attributed to the better flow of carriers in the bulk of the active region in five-layer structures as
compared with three-layer ones. ©1998 American Institute of Physics.
@S1063-7850~98!03203-0#
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1. Diode laser structures made of narrow-gap mater
have emission lines in that part of the spectrum which c
tains closely spaced absorption lines of many natural
industrial gases. Thus, continuously tunable instantane
response diode lasers may have applications in h
resolution laser spectroscopy. They may also be used in
tical communications since they can frequency modulate
optical signal.

The desired continuous tuning of the emission wa
length has been observed in lasers with a narrow-gap InA
layer and InAsSbP confining layers, using both three-la
structures with combined electrical and optic
confinement1–4 and five-layer structures with separa
confinement.5

Tuning was observed both during the current puls1,2

and also when varying the pump current.3,4 In Ref. 4, tuning
was observed at a rate exceeding the thermal relaxation
For excesses above the threshold less than 5–40%, the e
sion wavelength decreases with current whereas at hi
excesses, it increases. The reduction in the wavelengt
caused by an increase in the concentration of nonequilibr
carriers, while the increase in wavelength is caused by s
focusing of the radiation.

The aim of the present study is to determine the infl
ence of changes in the carrier concentration and the sp
distribution of the radiation in a diode laser. For this purpo
we compared the characteristics in three- and five-la
structures where the uniformity of the pumping differs su
stantially and thus the uniformity of the carrier distributio
also differs.

2. The method of fabrication and the main electric
characteristics were described in Refs. 1 and 5. Figur
shows the layer configuration in the laser structure~1! and
the layer-by-layer distribution of the band gap~2! in three-
layer ~a! and five-layer~b! structures. It should be stresse
that the equilibrium carrier concentration in the narrow-g
region and its band gapEg were the same in both types o
structure. The parameters of the wide-gap confining lay
2391063-7850/98/24(3)/3/$15.00
ls
-
d
s-

h-
p-
n

-
b
r

l

te.
is-
er
is

m
lf-

-
ial
e
r

-

l
1

p

rs

were also the same. The five-layer structures differed fr
the three-layer ones only in that they had layers 0.5–0.7mm
thick with an intermediate value of the band gap on bo
sides of the narrow-gap region. These lasers had a ca
length of 300–400mm and a stripe width of 18–20mm.

Structures of this type were used to study the spec
composition of the radiation and the angular distribution
the laser radiation in the plane of thep–n junction, and were
used for current tuning of the lasing wavelength within
single mode in the red and the blue.4,5 The frequency tuning
was measured by passing the radiation through an exte
cavity with a variable optical length. The laser was suppl
by a direct current on which was superposed a sawto
increasing current pulse. The direct current was set equa
the threshold currentI th . The amplitude of the sawtooth cur
rent was calculated so that for all values of this currentI the
laser operated in a single preferred mode. Both structu
were investigated in the temperature range 77–90 K.

3. The results are as follows. The laser wavelength a
K was in the range 3.2–3.4mm. In both types of structure
where the lasers were supplied by sawtooth current pu
~Fig. 2a!, the radiation transmitted by the external cavity w
also sawtoothed and sinusoidally modulated~Figs. 2b and
2c!. The shape of the radiation pulses did not depend on
repetition frequency of the sawtooth pulse up to frequenc
of hundreds of kilohertz. The modulation is caused by
variation of the laser frequency as it runs through the natu
frequencies of the external cavity. For both structures an
crease in the optical length of the external cavity causes
waves to disperse from a certain point~the point of zero
shift! on the radiation pulse~Fig. 2!. This indicates that the
lasing wavelength decreases with increasing current at le
below those corresponding to this point~blue shift! and in-
creases at higher currents~red shift!. For three-layer struc-
tures ~Fig. 3a, curve1!, the point of zero wavelength shif
corresponds to a 5–40% excess current above the thres
As the currentI increases further, the blue shift is replac
by a red shift. In five-layer structures~Fig. 3a, curve2! a
© 1998 American Institute of Physics
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blue shift predominates up to high currents (I>1.8I th) and is
only replaced by a red shift at currents around 2I th . In prac-
tice, only the blue shift can be clearly observed in five-lay
structures since an increase in current beyond twice
threshold switches the laser to a different mode. In thr
layer structures~Fig. 3a, curve1! the emission wavelength
initially decreases by 2–4 Å and then increases by 10–15
In five-layer structures~Fig. 3a, curve2! a decrease in the
wavelength by 4–5 Å predominates.

As the current increases above the threshold in five-la
structures, the half-width of the angular distribution~Fig. 3b,
curve2! remains almost constant for 2I th.I .I th and is 10–
12°. In three-layer structures~Fig. 3b, curve1!, the half-
width also varies negligibly and remains the same up to 4
excess of the current over the threshold and then increa
reaching 20° atI 52I th . A clear correlation is observed be
tween the variation of the angular distribution and the va
tion of the lasing wavelength. While the angular distributi
does not change with current, the lasing line shows a sh
wavelength shift with increasing current but as the angu
distribution becomes broader, the emission line is shifted
the long-wavelength direction.

This behavior is observed at temperatures between
and 90 K. However, as the temperature increases, the r
of variation of the emission wavelength with current d
creases because the laser operating interval in the sin
mode regime decreases.

An investigation of the laser radiation in two types
structures whose only difference is that they have or do
have layers between the active region and the optical con
ing layers having a wider gap than the active region an
narrower gap than the optical confining layers, yields th
conclusions:

— A characteristic feature of the variation of the las

FIG. 1. Schematic of layer configuration in laser structure~1! and layer-by-
layer distribution of band gap~2! in three-layer~a! and five-layer~b! struc-
tures.
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wavelength with increasing current is that it initially de
creases and then increases.

— In three-layer structures the decrease is replaced
an increase at currents 5–40% above the threshold whe
in five-layer structures it is 80–100%.

— The rate of response to changes in current exceeds
thermal relaxation rate.

4. We shall analyze the experimental results. An alm
instantaneous-response decrease in the laser wavelength
current was attributed in Ref. 4 to an increase in the car
concentration, while its subsequent increase was attribute
self-focusing of the radiation with corresponding changes
the refractive index. The existence of self-focusing is co
firmed by the broadening of the angular distribution.

In fact, the increase in the number of layers, with a c
responding decrease in the height of the heterobarriers
tween them in five-layer structures as compared with thr
layer ones, should increase the flow of carriers in the bulk
the active region and equalize their concentration. In t
case, the pumping rate increases slightly at those po
where more radiation is generated. The variation of the
fractive index over the stripe width caused by variation

FIG. 2. Oscilloscope trace of supply current~a! for three-layer structure~1!
and five-layer structure~2!. Laser radiation intensity transmitted by extern
Fabry–Perot cavity for three-layer structure~a! and five-layer structure~b!.
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the radiation density and its dependence on the current
strongly suppressed. In three-layer structures however,
pumping rate is more independent of the radiation dens
Since at fixed pump density an increase in the radiation
tensity leads to a decrease in the carrier concentration,
coordinate dependence of the refractive index and its va
tion with current, which are directly related to the carri
concentration, should have a maximum in structures wh
the pump density does not depend on the laser radiation
tensity. This condition is probably satisfied more easily
three-layer structures. As a result, a decrease in the w

FIG. 3. Variation of the laser wavelengthDl ~a! and the half-width of the
angular distributionDQ ~b! as a function of the ratio of the current to th
thresholdI /I th at liquid-nitrogen temperature for three-layer~1! and five-
layer ~2! structures.
re
he
y.
-

he
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length is observed with current which is then replaced by
increase at relatively small excesses over the threshold,
lowed by a further substantial increase in the wavelength

In principle, the improved flow of nonequilibrium carri
ers in the bulk of the active region should not significan
influence the range of variation of the wavelength, eith
decreasing or increasing the wavelength, but should red
its dependence on the current. This circumstance can p
ably explain why the variations of the wavelength in t
short-wavelength direction are the same in five-layer a
three-layer structures and why the current at which the
crease is replaced by an increase is higher in five-layer st
tures than in three-layer ones~Fig. 3a!.

To sum up, studies of laser wavelength tuning in tw
types of structures, whose only difference is that they hav
do not have intermediate layers between the narrow-gap
tive region and the wide-gap confining regions, have sho
that nonlinear optical effects caused by the coupling betw
the refractive index and the laser radiation intensity a
pump uniformity play an important role in the nature of th
tuning.

This work was partly supported by a grant from the Mi
istry of Science of the Russian Federation under the prog
‘‘Optics and Laser Physics’’ and partly by INCO
Copernicus, Contract No. PL965093.
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Preparation of thin films of new ZnGa 2S4 wide-gap semiconductors

N. I. Popovich, N. I. Dovgoshe , and I. É. Kacher

Uzhgorod State University, Ukraine
~Submitted September 30, 1997!
Pis’ma Zh. Tekh. Fiz.24, 85–87~March 26, 1998!

An investigation was made of a possible method of obtaining thin films of new ZnGa2S4

semiconductors by pulsed laser deposition and quasi-equilibrium deposition from a Knudsen cell.
It was established that these films are transparent in the range 0.3–26mm, their band gap is
3.79 eV, and the refractive index in the region of transparency is 2.19. ©1998 American Institute
of Physics.@S1063-7850~98!03303-5#
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A possible method of obtaining films of new comple
ZnGa2S4 semiconductors by pulsed laser deposition a
quasi-equilibrium deposition from a Knudsen cell has be
studied.

Compounds of ZnGa2S4 have wide regions of transpa
ency, high optical strength, high photosensitivity, and hig
intensity ultraviolet luminescence.1,2 The widespread appli
cation of these materials is impeded by the difficult
involved in obtaining pure, perfect single crystals of the
quired dimensions so that it is promising to use these c
pounds as films. In addition, by studying the main physi
properties of the films, it will be possible to predict data
the parameters of the single crystals not available in the
erature.

Here we aim to develop the technological conditions
quired to produce ZnGa2S4 films and to study their influence
on the optical properties of these films.

Thin films of ZnGa2S4 were prepared by pulsed las
deposition and also by quasi-equilibrium deposition from
Knudsen cell. Pulsed laser deposition was carried out u
the free-running and giant-pulse modes of a LTIPCh-7 la
on quartz and NaCl substrates. Results of calculations of
formation of a monolayer ZnGa2S4 film on a substrate sur
face using semiempirical MO LCAO methods were tak
into account.3 A polycrystalline zinc thiogallate charge wa
synthesized by fusing stoichiometric quantities of element
Zn, Ga, and S components in vacuum quartz ampoules.4 The
film condensates were studied by local x-ray spectral an
sis using MS-46 and ISM-35SF microanalyzers and a IE
LINK spectrometer at the L. Ya. Karpov Institute~Moscow!.
The optical properties of the ZnGa2S4 films were investi-
gated in the fundamental absorption region using an SF
spectrophotometer and in the infrared, using an IKS-29 sp
trophotometer.

Films of ZnGa2S4 0.5–0.7mm thick were obtained on
2421063-7850/98/24(3)/1/$15.00
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NaCl and quartz substrates by quasi-equilibrium deposi
from a Knudsen cell.

Investigations of the composition of the zinc thiogalla
laser condensates reveal that near-stoichiometric films
obtained at low substrate temperatures in the giant p
mode at 73 K. As the substrate temperature increases
films become depleted in zinc.

The optical parameters of ZnGa2S4 were studied in the
spectral range 0.3–30mm. It was established that these film
are transparent in the range 0.3–26mm. The refractive index
for ZnGa2S4 in the region of transparency is 2.19 and t
band gap 3.79 eV. The fundamental absorption edge is
proximated by a dependence typical of direct allowed tr
sitions.

The preparation of ZnGa2S4 by discrete thermal evapo
ration encountered various technological difficulties such
severe spurious heating of the substrate and sputterin
powdery zinc thiogallate.

To sum up, thin films of a new wide-gap semiconduc
ZnGa2S4, transparent in the range 0.3–26mm with a band
gap of 3.79 eV and a refractive index of 2.19 in the tran
parent range, have been obtained for the first time. It
been established that pulsed laser evaporation is the m
promising method of obtaining high-quality ZnGa2S4 films.
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luprovodn.19, 192 ~1985! @Sov. Phys. Semicond.19, 121 ~1985!#.

2N. A. Goryunova,Complex Diamond-Like Semiconductors@in Russian#,
Sovet-skoe Radio, Moscow~1968!, 268 pp.

3N. Popovich, N. Dovgoshey, V. Zhikharev, and I. Kacher, Abstracts
Papers Presented at the 10th International Conference on Thin Films
European Vacuum Conference, Madrid, 1996, p. 84.

4M. Yu. Rigan and N. P. Stasyuk,Preparation and Properties of Comple
Semiconductors@in Russian#, UMK VO, Kiev ~1991!, pp. 62–69
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Long-wavelength uncooled sources of l55 – 6 mm radiation using graded-index
InAsSb „P… layers grown by liquid-phase epitaxy

M. A daraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remenny ,
N. M. Stus’, and G. N. Talalakin

A. F. Ioffe Physicotechnical Institute, St. Petersburg

Pis’ma Zh. Tekh. Fiz.24, 88–94~March 26, 1998!

Graded-indexp–n InAsSb/InAsSbP/InAs structures capable of emitting at the maximum of the
spectral curve up to 5.4mm with a half-width of;26 meV (;0.6 mm) without cooling
have been fabricated and studied. This is the longest-wavelength radiation obtained at room
temperature in III–V structures grown by liquid-phase epitaxy and the band is the
narrowest obtained for semiconductor spontaneous radiation sources. ©1998 American
Institute of Physics.@S1063-7850~98!03403-X#
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Materials and heterostructures capable of emitting
wavelengthsl.5 mm at room temperature are currently b
ing intensively studied. Light-emitting diodes in this ran
have applications in spectroscopy, gas analysis, and com
nications.

Many researchers have been concentrating their eff
on studying the capabilities of III–V materials since the
possess high thermal conductivity and metallurgical stab
compared with II–VI and IV–VI systems. The authors
Ref. 1 reported the development of an InSb/In12xAl xSb
light-emitting diode with a half-width of .1 mm (l
55.5 mm), which is not optimum for many applications i
spectroscopy, using molecular-beam epitaxy. Recen
molecular-beam epitaxy was also used to produce quan
cascade light-emitting diodes in the range 5–8mm ~Ref. 2!,
but these cannot operate in the cw mode.

An alternative is offered by heterostructures contain
an InAsSb solid solution having a band gap between 350
;100 meV~300 K!. However, because of the lack of a b
nary substrate lattice-matched with InAsSb of the requi
composition, intermediate~transition! layers of the required
composition must be grown between the substrate and
working layer,3 or strained superlattices must be produce4

In the first case, the wavelengths at the band maximum
not exceedl54.4 mm whereas in the second case, the lig
emitting diodes had a half-width.1 mm ~300 K!.

Earlier,5 we proposed a method of obtaining InAsS
solid solutions with a low dislocation density (N
,104 cm22) and an Sb content which increases toward
surface. The method involves growing a graded-index
AsSbP layer by liquid-phase epitaxy under conditions wh
the InAs substrate exhibits high plasticity so that the m
match stresses relax by preferential formation of dislocati
in the substrate, accompanied by bending. This method
used to fabricate light-emitting diodes having maxima of
electroluminescence spectra at 4.3 and 4.7mm and half-
widths not exceeding 0.5mm ~300 K! ~Ref. 6!, which were
used in sensors for carbon dioxide and carbon monox
respectively.7 This method was also used to produce narro
gap InAs0.46Sb0.54 layers with an abrupt optical absorptio
2431063-7850/98/24(3)/3/$15.00
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edge at 90 meV~300 K!. So far, however, this method ha
not been used to fabricatep–n structures emitting at
l.4.8 mm ~300 K!.

The aim of the present study is to investigate the mec
nisms responsible for radiative recombination in InAsS
InAsSbP/InAs heterostructures fabricated by liquid-pha
epitaxy under conditions of high substrate plasticity and
develop uncooled radiation sources emitting at 5–6mm.

First, InAs12xSbx~Zn!/InAsSbP/InAs heterostructure
~inset to Fig. 1! were grown by liquid-phase epitaxy at tem
peratures of 630–680 °C onn-InAs~111! substrates with an
electron concentration of;231016 cm23. The p–n junc-
tion was created during growth of the Zn-doped InAs
layer in a purified hydrogen atmosphere. The density of
clined dislocations in the surface layer did not exceed
3104 cm22. Most of the dislocations caused by mismat
between the lattice parameters of the substrate and the
solution were located in the substrate and at the In
InAsSbP interface, far from thep–n junction and the emit-
ting region.

The photo- and electroluminescence was recorded wi
cooled InSb photodiode using a synchronous detection
tem. The photoluminescence was excited using an LPI
GaAs diode laser~l50.8 mm, Ppuls;10 W ~t55 ms,
f 5500 Hz!! whose radiation was directed onto the narro
gap InAsSb layer in a reflection geometry. For the electro
minescence measurements we pricked out 0.530.5
30.2 mm samples which were mounted with the narrow-g
InAsSb layer at the base of the holder. Current leads w
soldered to the crystal with indium and the radiation w
coupled out via the InAsSbP layer and the InAs substrat

Figure 1 shows photoluminescence spectra~77 K! for
structures whose narrow-gap surfacep-layer has the compo
sition x150.1 ~No. 1-218~5!! and x2;0.2 ~No. 2-232~2!!,
which will subsequently be called samples Nos. 1 and
respectively. The photoluminescence intensity in t
narrower-gap solid solution (x2;0.2) is five times lower
than that for thex150.1 composition, which is consisten
© 1998 American Institute of Physics
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with the data given in Ref. 8. The characteristic energy of
short-wavelength trailing edge«0;10 meV is close to the
thermal energykT at 77 K, which indicates that these laye
possess good structural quality. Thus, the large half-wid
(;26 meV) is probably attributable to the involvement
two mechanisms in the radiative recombination: band-b
and band-acceptor.

Figure 2a gives the current-voltage characteristics a
and 300 K. It can be seen that as the antimony content
creases, the cutoff voltage decreases fromUcut50.306 V
(x150.1) to Ucut50.226 V (x2;0.2) ~77 K!, following the
decrease in the band gap of the solid solution.

Figure 2b gives the electroluminescence spectra~t
55 mm, f 5500 Hz, I 53 A! at 77 and 300 K, corrected t
allow for the deterioration in the sensitivity of the photod
tector atl.5 mm. Similar spectra were obtained in the c

FIG. 1. Photoluminescence spectra~77 K! of structures No. 1~a! and No. 2
~b!.

FIG. 2. a—Current-voltage characteristics~77, 300 K!; b—
electroluminescence spectra of structures No. 1: 77 K~1!, 300 K ~1a! and
No. 2: 77 K ~2!, 300 K ~2a!.
e

d
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n-

mode. As the temperature increases from 77 to 300 K,
electroluminescence spectra shift toward lower energies
the radiation intensity decreases, as reported in Ref. 8, b
factor of ;300 for sample No. 1 and by a factor of 16 fo
sample No. 2. Attention is drawn to the small change in
half-width which at 300 K is of the order of;kT. Figure 3
gives temperature dependences of the maximum en
~curve 1! and intensity~curve 4! of the electroluminescenc
for the structure with a narrow-gap InAs0.8Sb0.2 solid solu-
tion ~No. 2!. At T5175 K the curvehn(T) has a kink and
the rate of temperature drift of the electroluminescence m
mum increases to;0.26 meV/K (T5175– 300 K). Note
that because of the high electron mobility, thep–n junction
of the emitting region contains ap-region.

We postulate that two mechanisms, band-acceptor
band-band, are involved in the radiative recombinati
Their superposition produces a fairly broad spectrum at
temperature~Dhn1/2;25 meV, 77 K!. The energy of the ac-
ceptor level caused by the incorporation of Zn is;15 meV
so that we predict that the acceptor level with saturate w
increasing temperature, and atT.170 K band-band recom
bination will predominate. To analyze the temperature
pendence, we shall assume that the profile of the lumin
cence spectrum for the approximation of parabolic ba
without carrier degeneracy is given by:I (hn);Ahn2Eg

3exp@2(hn2Eg)/kT#, wherehn is the photon energy andEg

is the band gap. The band gap will then bekT/2 smaller than
the energy of the luminescence peak~this condition is readily
satisfied for binary InAs and InSb compounds and indica
that the law of conservation of momentum is satisfied!. The
thin dotted line in Fig. 3~curve 2! gives the temperature
dependence of the band gap for an InAs/InAs0.8Sb0.2 ternary
solution in the range where band-band recombination p
dominates, obtained from the experimental depende
hnmax5f(T), Eg(T)5hnmax(T)2kT/2. This curve has the
same slope as the temperature dependence of the band g
InAs: Eg(T)5Eg(0)22.85310243T @meV# ~curve 3, Fig.
3!. This observation suggests that the epitaxial layer p
sesses good crystal quality and contains no disorder w
could impair the law of conservation of the wave vector.8

FIG. 3. Temperature dependences of the maximum energy~curve 1! and
intensity ~curve 4! of the electroluminescence for structure No. 2,Eg(T)
5hnmax(T)2kT/2 ~curve 2!, Eg(T)5Eg(0)22.85310243T meV
(Eg(0)—fitting parameter! ~curve3!.
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To sum up, we have prepared and investigated grad
index p–n structures of InAsSb/InAsSbP/InAs capable
emitting at the maximum of the spectral curve up to 5.4mm
with a half-width of;26 meV (;0.6 mm) without cooling.
At present, this is the longest-wavelength radiation obtai
at room temperature in III–V structures grown by liqui
phase epitaxy and the band is the narrowest obtained
semiconductor spontaneous radiation sources. These s
tures may provide the basis for efficient light-emitting diod
operating at room temperature and suitable for use in
spectroscopy of various gases, such as nitric oxide~NO!.

In conclusion, the authors are grateful to Yu. P. Yako
lev for attention and interest in this work, and to T.
Voronina, M. E. Vinogradova, A. V. Lunev, and N. D
Il’inski �for technical assistance with this work.
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