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A high-resolution mass reflectron has been used to analyze an extract of a fullerene mixture
containing the metallofullerene Gd@LC It is shown that various metallofullerenes can be
analyzed by means of thermal desorption followed by electron impact ionization. gghe C

Cgy, and Gd@G;, ion currents are obtained as functions of the evaporation temperature. Doubly
charged (Gd@g)?" metallofullerene ions are identified in the mass spectra.1998

American Institute of Physic§S1063-785(18)00103-7

Mass spectrometry is one of the fundamental methods ofig. 3, which shows part of the mass spectrum betwegn C
analyzing fullerenes and metallofullereries. The  and Gg, including the Gd@g, metallofullerene lines with
gadolinium-containing fullerene &, conventionally de- masses between 1138 and 1148 u. Doubly charged Gd@C
noted as Gd@§;, is considered here. The samples wereions were recorded along with the singly charged ions, and
analyzed by a technique which involves thermal desorptiorthe ratio of the singly charged to the doubly charged ion
by electrical heating followed by electron-impact ionization current was similar to the ratiodgCs, for empty fullerenes.
of the vapor and separation of the product positive ions in dt is interesting to note that the Gd@{Cg, current ratio
“mass reflectron” time-of-flight mass spectromefewhen  which characterizes the efficiency of the yield of filled
this technique is applied to fulleren&s, sample in the form  fullerenes to empty fullerenes was0.5.
of soot particles, an extract, or a solution of fullerenes in  On the basis of these results, it may be concluded that
organic solvents weighing-0.1 mg, is placed in a5 mnt  some metallofullerenes possess extremely good thermal sta-
quartz crucible and inserted in an electrically heated tantability and that prolonged thermal action does not impair their
lum furnace fitted with a thermocouple. The maximum heatintegrity, as had been supposed previodsly.should be
ing temperature is-900 °C. The rate of heating can be var- noted that the thermal desorption method gives fairly repro-
ied between 10 and 100 °C/min. The energy of the ionizingdUCible results and in particular, does not depend on the ho-
electrons can be varied between 5 and 100 eV. mogeneity of the sample microstructure. The dependence of

The composition of the fullerene ions in the mass specth® mass spectrum of metallofullerenes on the method of
trum depends on the evaporation temperature of the samplg2nversion of the molecules to the gas pﬁéae a major
and as the temperature increases, a gradual yield of heaviff{Sadvantage of mass spectrometric analysis. In this respect,
clusters is observed for both fullerenes and metallofullerened® thermal desorption method is potentially useful for ana-
Figure 1 gives the &, Cq, and GA@G, ion current as a !y_2|_ng metallofqllerenes, since it has a minimal affect on the
function of the sample evaporation temperature. It can bén't'al composition of the sample. .
seen that fullerenes of different mass exhibit different ther- Thus., the ”.‘e”.‘Od. of thermal degorptlon follqwed -by

. o . electron impact ionization of the vapor in a conventional ion
mal desorption kinetics. Desorption ofgand Gd@G, . : .

) source can be used in the mass spectrometric analysis of
takes place at almost the same temperature but with an @arious metallofullerenes. Another commonly used method
preciable shift toward higher temperature for the metallof- ' y
ullerene. The evaporation curves have a similar profile. The

minimum desorption temperature for Gd@C was 3, arb. units

~400 °C. It should be noted that in the thermal desorptior = .
technique the quantitative result of the analysis is an avet B Ceo s4aps,

. . e o fﬁ‘.‘. - “ GJ@C,,_
aged value obtained for total evaporation of the sample, s 804 & % A s ,./'
that it is more accurate to measure the total ion currents of a 60- e °o. £4 4 %
types of fullerenes over the entire evaporation time, for e “’:‘ Cu/az:“
which the maximum evaporation temperature should ensur 4, o 3 5 4
evaporation of the heaviest clusters. The composition of th: ° 24 %, 69
sample vapor is frequently given at a particular evaporatior 201 o A °%0 24
temperature, which provides sufficient information. .°.°° uﬁ‘:‘“‘ *®00,000

Figure 2 gives the complete mass spectrum of the O 100 200 300 4oo 500 6oo 760 goo
fullerenes in this extract sample &t 600 °C. An increased T°C
content of heavy fullerenes is observed, extending as far &. ’
Ci20- The mass reflectron can resolve all combinations of GG 1. g, ¢y, and Gd@G, ion current versus evaporation temperature
isotopes with G, isotope lines, as can be seen clearly from of sample.
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! FIG. 2. Complete mass spectrum of fullerene ex-
| tract containing Gd@§ metallofullerene at

' T, =600 °C.
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involves laser desorption of the sample followed by ioniza-lar qualitative results for the same sample but differ
tion of the vapor using another laser which delivers a photogquantitatively as a result of the very different conditions used
electron flux. It should be noted that both methods give simito convert the molecules to the gas phase, i.e., the tempera-
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ture and duration of the action on the sample material.

To conclude, the author is deeply grateful to Yu. S.
Grushko(St. Petersburg Institute of Nuclear Physics, Rus-
sian Academy of Sciencg$or kindly supplying samples of
Gd@G, metallofullerene.

This work was carried out under Project No. 94006 as
part of the Russian Scientific-Technical Program
“Fullerenes and Atomic Clusters.”
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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 HCI 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.
[S1063-785(18)00203-]

It has been shown in various studigbthat the mono- ecule is achieved for single crystdis both cases we shall
tonic heating of the copolymer of trifluorochloroethylene andcall these contacts “interchain contacjs’These contacts
vinylidene fluoride is accompanied by the two-stage releasenly participate in the formation of hydrogen halides by
of hydrogen halidesHF and HC). In an earlier studywe  cross linking, not by the formation of double bonds. Note
noted that the high-temperature stage is observed in the sartigat the increased number of interchain contacts formed in
temperature range as the yield of chain destruction productfiims obtained from dilute solutions is clearly conserved
Since the solubility of the copolymer decreases at the lowwhen these films are then heated above the melting point, as
temperature stage of hydrogen halide formafichwe a result of the well-known “genetic memory” effe¢f
attributed this release of hydrogen halides to the formationThus, if the release of hydrogen halides at the low-
of intermolecular cross links. At the same time, some cros¢emperature stage is caused by cross-linking reactions, an
links may also be formed between independent sections dfcrease in the number of contacts should lead to an in-
the same chairfintramolecular cross links In addition to  creased probability of intermolecular contacts between halo-
this mechanism of hydrogen halide formation at the low-gen atoms and hydrogen atoms, and thereby increase the
temperature stage, there is also an alternative mechanisguantity of released hydrogen halides. However, if the
caused by intramolecular HF and HCI detachment reactiongiechanism of hydrogen halide formation is the result of in-
accompanied by the formation of a system of conjugatdrachain recombination between neighboring halogen and
bonds. This mechanism is confirmed by a change in the coldtydrogen atoms, this dependence should not be found.
of the samples and by the detection of double bonds through To vary the number of interchain contacts, we prepared
infrared spectroscopy.®> Thus, there are two possible copolymer films from dilute ethyl acetate solutiofisitial
mechanisms for the release of hydrogen halides at the lowsoncentration less than 0.05%4 he temperature dependence
temperature stage. In view of this, we used thermal desorp-
tion spectroscopy to carry out experiments which confirmed
one of these mechanisms, i.e., cross linking. Information on
the materials and experimental method can be found in
Ref. 4.

The concept of the experiments is as follows. It is known
that when polymers crystallize, the degree of ordeftrys-
tallinity) depends very strongly on the crystallization
conditions® In particular, it has been established that the
crystallization conditions strongly influence the structure of
the copolymef. During crystallization from melts or concen-
trated solutions, steric hindrances always increase the frac-
tion of noncrystallizing sections of the chains, which form an
amorphous phaséig. 13. However, highly dilute solutions,
from which the solvent evaporates very slowlgre used to a b
obtain pplymer single crystal$ig. 10). It is qUIt? Clear that FIG. 1. Diagram showing supermolecular organization of a polymer formed
the maximum number of contacts between different macroby crystallization from a concentrated solution or n{gjtand from a dilute
molecules or independent sections of the same macromodelution (b).
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mq ) the formation of volatile products. The first involves a sub-
0.8 a o stantial increase in the intensity of the low-temperature hy-
064 %% ot drogen halide formation peak compared with the high-
04 . " 02 temperature peak for films obtained from the dilute solution.
02 -] 00° % The second effect involves a reduction in the specific quan-
0.0-] tity of chain destruction products which is evidenced by a
—— T T T T decrease in the specific quantity of hydrogen compounds
104 100 200 300 400 500 o other than halides and of one of the comonomers—
0.8 CF,CFCl—at the high-temperature staget shown in the
0.6 Figure; see Ref. 4 for the release kinetics of the comonpmer
0.4- From this it follows that the formation of hydrogen halides at
0.2 the low-temperature stage is undoubtedly caused by the cre-
0.0 ation of interchain contacts. Quantitative estimates show that
for films obtained from dilute solutions, the cross-linking

. density increases by approximately an order of magnitude,
T{C) i.e., is 10-20 links per two macromolecules as compared
with 1-2 for films obtained from concentrated solutions.

FIG. 2. Temperature dependences of the formation of (dCAnd HF(b) by
heating films prepared on the surface of a steel substrate using a dilute . . .
g prep 9 This work was carried out as part of the Russian

solution(around 0.05 wt. %shown by the filled circle¢l) and films formed
from a concentrated solution shown by the empty cir¢®sRate of heating
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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
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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 PhysidsS1063-78518)00303-4

The strong response of the electrical conductivityo  served in the oxide—titanium particles. Samples of other
adsorption of molecular hydrogen exhibited by nanostruccompositions do not exhibit this nanoheterogeneity: 5ST
tured films formed of mixed tin and titanium oxidésubse- films are single-phase solid solutions of tin and titanium ox-
guently called 10ST, where the coefficient indicates the conides while 15ST films are two-phase solid solutions of the
tent of the titanium component in mol)%uggests that these same oxides with particle sizes between two and three times
materials may be potentially useful gas-sensitive elementgreater.
for use in gas sensot$. The increase in the electrical con- In order to study effects associated with proton transport,
ductivity of ST films accompanying the adsorption of id  oxidation and reduction process@edox processg¢sn ST
similar to that resulting from strong metal—carrier interactionfilms of different composition were investigated by cyclic
in oxides, particularly Ti@ with deposited particles of measurement of the current—voltage characteristics in acidic
platinum-group metals, in whictr also increases in the pres- electrolyte solutions. Cycling was carried out in a range of
ence of hydrogen. It is postulated that this effect is caused bgotentials which eliminates other electrochemical processes
reduction of the carrier as a result of hydrogen spillover fromassociated with charge exchange between the electrode and
the metal to the oxide, with the hydrogen diffusing to thethe electrolyte. Typical current—voltage characteristics are
carrier in the form of protond.However, unlike a metal— plotted in Fig. 2, which clearly shows that the 10ST films
carrier system, the particles dispersed in a 10ST film ardave the highest electrical capacitance. This observation is
nanometer-scale interacting oxide—titanium particles comeuite consistent with previous results which suggest that the
bined to form ensembles, rather than metal partitfes.is 10ST sample is an extremely sensitive adsorbent for molecu-
thus predicted that the adsorption response of the electrictr hydrogen:? Redox processes also take place at,Tadd
conductivity of these systems may have a certain specificitySnO, electrodes, but are considerably weaker.

This is the main focus of the present study. Similar processes for 5ST and 15ST films are compa-

As in Refs. 1 and 2, the films were prepared by copretable with those for 10ST, which is unexpected since the
cipitation of solutions of tin and titanium chlorides on quartz electrical conductivity of these films has a response to ad-
substrates coated with a conducting ITO layer, followed bysorption of molecular hydrogen similar to that of Ti@nd
thermolysis at 450°. The samples obtained were (bfrthe  SnG; films. From this it can be concluded that like 10ST, the
order of 100 nm transparent films. The electromechanical 5ST and 15ST films are good proton acceptors, but unlike
characteristics were determined by a conventional techniqueOST, they are not very sensitive to the adsorption of mo-
using a 1N HSO, solution. lecular hydrogen. Thus, the 10ST film must contain adsorp-

Figure 1 shows an image of part of the surface of artion centers not present in samples of different composition,
10ST film obtained by scanning tunneling microscopy,at which hydrogen is activated and then migrates asower
which shows that the samples are inhomogeneous at the ntéee film. In the absence of any activator center the filmis
nometer scale. The maximum particle sizes do not exceed 2Ahaffected by the adsorption of molecular hydrogen.
nm. Precision x-ray phase analysis and x-ray photoelectron The nature of these centers, which are unique to 10ST,
spectroscopy revealed that away from the surface these pamay be identified by analyzing its real structural characteris-
ticles consist of a partially crystallized, hydrated formation,tics. As was noted in Refs. 1 and 2, only in 10ST films are all
enriched in the titanium oxide component, no larger than 1@he electrons localized in oxide—titanium particles dispersed
nm (i.e., the oxide—titanium particles are in fact hydratedin the matrix with no conduction electrons being present. As
solid solution$ and an outer shell formed predominantly of a result, the usual screening is impossible and the nanopar-
disordered tin oxides. No distinct boundary exists betweetticles combine to form extended ensembles in which all the
the core and the shell with continuations of the shell in theoxide—titanium particles are intercoupled by electrostatic
form of extended inclusions of amorphous Sniiging ob-  forces of attraction or repulsion. The corresponding electric
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field strength between these particles may reachviém. It by the electrostatic fields between the interacting particles.
is known that the rate constant of chemical reactions in &onequilibrium holes, migrating along random fields, reach
strong electric field is an exponentially increasing function ofoxide—titanium particles and recombine with localized elec-
its strength, so that the most probable centers for dissociativiéons. As a result, without any change in its composition, the
chemisorption of hydrogen are local sections of the matrixl0ST system also becomes equilibrium in terms of charge,
between interacting oxide—titanium particles. These fieldd.€., is converted to a stable state, which is observed as an
are responsible for separation of the protons and electrorigeversible Change in the electrical conductivity under
and their subsequent migration to different oxide— titaniumillumination
particles. To conclude, controlled thermohydrolysis conditions can
As a result of this charge redistribution, the functionalbe used to prepare thin films whose structure and composi-
properties of various sections of the film undergo localtion are stabilized before thermodynamic charge equilibrium
changes. Electrons are localized near some oxide—titaniufg established. In the absence of external influences, the ini-
particles and are involved in the reduction of their nearestial state is stabléslow sample aging processes are not con-
neighbors. According to Ref. 3, this reduction not only sup-Sidered herg Dissociative adsorption of hydrogen takes
presses the acidity of the surface but also increases the coplace in the surface layer of nanoparticles and is initiated by
centration of proton acceptors, thereby promoting furtheithe strong fields which bind these particles into ensembles
dissociative chemisorption of hydrogen. Protons are injectewhile desorption takes place via hydrated oxide—titanium
into the hydrated oxide—titanium particles along extendeddarticles. During adsorption, the composition of the film
inclusions of amorphous SpQcreating local fluctuations in  changes and the system is converted from the initial meta-
the density of proton-containing particles. This results in dis-Stable state to another charge-equilibrium state which is only
proportionation of Tilll) ions, for example to give TiV)
and a T{ll) ion, which is unstable in a proton medium and is
oxidized rapidly and irreversibly in the presence of water by I A
a reaction of the form

20
=Ti(ll)...OH,—=Ti(IV)=0+H,. ©
This reaction is thermodynamically favorable, since the re- 0

dox potential is Ti*/Ti**=—0.5V, which makes this pro-

cess irreversiblé Thus, dissociative chemisorption of hydro-
gen at ensembles of interacting oxide—titanium particles -0
creates effective adsorption centers which are probably re-
sponsible for the rapid relaxation ofto its initial value for

the 10ST film after the removal of hydrogen from the gas

phase.

The reversibility of the adsorption response of the elec-
trical conductivity suggests that the initial structure and com-
position of the 10ST films are stable. The electron distribu- >
tion is thermodynamically nonequilibrium. This conclusion 0 o4 s gv

is supported by the results of an |nvest|gat|on of the phOtOFIG 2. Cyclic current—voltage characteristics of ST films of different com-

conductivity in the absence of hydrogéithe photogener- position in 1N HSO, solution: 1—SnG, 25 ST, 3—10 ST,4—15 ST.
ated electron—hole pairs in the tin oxide matrix are separatethe potentials are given relative to a silver chloride electrode.

-20

-30
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Distortion of the spatial distribution of a laser beam reflected by a VO , mirror
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St. Petersburg
(Submitted July 8, 1997

Pis’'ma Zh. Tekh. Fiz24, 17-22(March 12, 1998

The switching of controllable VOmirrors withdR/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 V@mirror, it undergoes appreciable spatial distortion during switching.19©8
American Institute of Physic§S1063-785(18)00403-F

The change in the reflection coefficient of a vanadiumof radiation is concentrated mainly in the Y@Im. How-
dioxide (VOp) film —accompanying a reversible ever, fort>1 us the temperature becomes equalized all the
semiconductor—metal phase transititias been used to fab- way through the interference system because of its small
ricate controllable mirrors for the visibi@nd for the middle  thickness. This means that in the thermophysical sense, the
infrareq?s It was shown in Ref. 3 that multilayer VAOmir-  system can be considered to be a homogeneous body with
rors with dR/dT>0 or dR/dT<0 may be fabricated fox  averaged thermophysical parameters. For typical film mate-
=3-11um, where the reflection coefficient varies betweenrials used in the interference system of a )M@irror de-
Rmin=5-10% andR,=95-98% as the temperature of the signed for \=10.6 um—ZnSe, ZnS, Ge, and BaFthe
VO, film varies. When these mirrors are used to control |aseaverage thermophysica| parameters ate=5.1 g/crﬁ‘,
radiation (including intracavity contrdt®, the heat from a ¢=0.45 JIgK, anck=0.2 W/cmK. Thus, the thermal mir-
high-intensity laser beam may be an additional factor, ofror model may be reduced to the approximation of an un-
even the main factor, responsible for switching the mifror. bounded homogeneous plate in thermal contact with a semi-
When a VQ mirror is exposed to a spatially inhomogeneoushounded homogeneous body. In cases of high radiation
laser beam, the reflection coefficient of the M@irror will  intensity and short heating times, the influence of heat con-
be spatially modulated, which will distort the spatial distri- duction along the surface of the mirror can be neglected.
bution of the reflected beam. Here the deformation of a laseThen the heat source formed on the ¥Rirror by the ra-
beam with a Gaussian profile reflected by M@irrors with  diation may be represented by means of point sources. Ac-
dR/dT>0 anddR/dT<0 is modeled for the case where the cording to Ref. 7, the temperature at the surface of the mirror
laser beam is the main factor responsible for switching théor each source is then given by
VO, mirror.

The VO, mirror is a multilayer thin-film interference B 43* \t i MOXierf 2n+1 3
system incorporating a VO film (of thickness h )= 71(1+K) =0 xlerfc 2\Fo/’ )

=0.2-0.3um) deposited on a thick substrate. The reflection _ S
coefficient of the mirror as the temperature of the Mm ~ Where »=(kcd)'? k is the thermal conductivityc is the

changes may be approximated by the linear functions specific heatd is the specific weightyy =k/dc is the thermal
diffusivity, K= 7,/#n,, the subscripts 1 and 2 refer to the
Riin( Rmax) T<60 °C, film and the substrate, respectively]=(1—K)/(1+K),

R(T)=1 Rmin(Rma)+(—)a[T—60], 60<T<70°C, andJ* is the specific power of the heat source, and Fo
Rou(Roir) T=70 °C = 9t/h? is the Fourier criterion. In accordance with expres-
max T tmin» - ’ ) sion (2), J* may be given by

_ _ 2101 —

where the symbols in parentheses refer to mirrors with J*(t,r)=Joexf — (r/ro) (1 -R(t,r)), 4
dR/dT<0, anda=0.1 (Rmax—Rmin)- The following expres-  wherer,, is the radius of a Gaussian source at the léWel,
sion is valid for VG mirrors with a thin f~0.1 um) metal  andJ, is the radiation intensity at its center. The intensity of
film inserted between the interference system and thﬂ}e radiation reflected by the \éCDnirror is given by

substraté,
Jrer (1,1)=Jg exp — (r/rg)2IR(t,r). (5)

The modeling was performed for a \@nirrors and laser
whereJ,, is the power density of the radiation absorbed bybeam with the parameterfk,;;=5%, Ry—=98%, «
the VO, film and J;. is the intensity of the incident radiation =0.093,J,=2 kW/cn?, r,=3.2 mm, and the substrate ma-
on the mirror. The absorption coefficient of Y& between terial was SiQ.
three and four orders of magnitude higher than that of the Figure 1 shows the temporal variation in the reflection
other materials contained in the interference system of theoefficient of a VQ mirror with dR/dT>0 under the action
mirror. Thus, the heat release accompanying the absorptioof a laser beanta) and the change in the profile of the re-

Jaf T)=Jind 1=R(T)], )
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FIG. 1. Changes in the profile of the reflection coeffici@atand profile of ~ FIG. 2. Changes in the profile of the reflection coefficiggtand profile of
the reflected beartb) during switching of a V@ mirror with dR/dt>0: the reflected beanb) during switching of a V@ mirror with dR/dt>0:
1—t=0pus, 2—3, 3—10, 4—20, and5—J;(r). 1—t=0 us, 2-10,3—15, 4—25, and5—J(r).

flected beantb). At t=0 the mirror is homogeneous and the It can be seen from these examples that when WD-
profile of the reflected beam corresponds to that of the initiators are used as switches for high-intensity laser radiation,
beam. Fort<1 us J. (r) narrows to approximately 0.7 of the spatial distribution of the reflected beam undergoes ap-
the width of J;,(r) (at the 1& level). As R increases in the preciable distortions at the switching stage. When, -
central part of the mirror, the region of maximum absorptionrors are used inside cavities, these effects may lead to defor-
of radiation by the mirror shifts to the wings of the distribu- mation of the laser cavity modes.

tion, causing a reduced rate of increaseRoin the central

S)art of tf\‘l/shmlrrohr anc:c' brqadenln?f_o_f the proEI§$r) aEd 1A. A. Bugaev, B. P. Zakharchenya, and F. A. ChudnoysMetal—
ref (I). en the reflection coefficient reac Bsax, the Semiconductor Phase Transition and its ApplicatifinsRussiar, Nauka,
part of the beam reflected from the region with,,, repro- Leningrad(1979, 183 pp.

duces the initial profile of the beam, while at the wings of the *J. S. Chivian, M. W. Scott, W. E. Cas# al, IEEE J. Quantum Electron.

S . . . QE-21, 383(1985.
distribution, distortion is observed up te-40 us. 30. B. Danilov, O. P. Konovalova, A. L. Sidorov, and I. I. Shaganov,

It can be seen from Figs. 2a and 2b that when & VO  rtechnical Digest of Papers Presented at the Eighth Laser Optics Confer-
mirror with dR/dT<0 is switched by radiation, the profile ence, St. Petersburg, 1995, Val. 2, p. 55.
of the reflected beam shows stronger distortion in compari-“a-ggéﬁngvaloTv, /?]- I-I GSZierlozll,gfgr;g I. 1. Shaganov, Opt. Zh. No. 1, 43

. - . . Opt. Technol62, .

son with that_descrlbed above. &Asdecreases in the central 5A. A Bugaev, B. P. Zakharchenya, V. V. Shkunet al, Pis'ma Zh.
part_ of the mirror, the ce_n_tr_al pgrt _of the reflected beam pro- tekh. Fiz.1, 593(1975 [Sov. Tech. Phys. Lettl, 267 (1975].
file is “cut out” with the initial distribution conserved at the °A. I. Sidorov, Opt. Zh.64(1), 25 (1997 [J. Opt. Technol64, 19 (1997)].
wings. After the central part of the mirror has reactieg,, "B. A. Grigor'ev, Pulsed Heating by Radiatioivol. 2 [in Russian Nauka,
the part of the beam reflected from this region reproduces the°ScOW (1974, 727 pp.

initial profile. Translated by R. M. Durham
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Kinetics of adsorption and recombination of hydrogen atoms at a solid surface

V. F. Kharlamov, K. M. Anufriev, E. P. Krutovskil, Yu. V. Mosin, E. A. Zlotkin,
and I. V. Emel'yanov

Orlovo State Technical University
(Submitted June 4, 1997
Pis’'ma Zh. Tekh. Fiz24, 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 reactiorl998 American Institute of
Physics[S1063-785(18)00503-5

It is known that observations of the rate of adsorption ofat 50 Pa pressure was pumped continuously through the
gas molecules at the surface of solids can be used to studsacuum chamber containing the sample. A ZnS—Cu powder
short-lived pre-adsorption states of moleculgsecursor phosphor with a specific surface area of 4gn* and highly
state$ and their role in adsorption. Similar data are not avail-disperse nickel powder consisting of spherical particles with
able for the time dependence of the rate of heterogeneowmn average diameter of 10 nm were used. The adsorption of
chemical reactions accompanied by abrupt changes in thgas at the surface of the sample was monitored using quartz
concentration of reactants at moderate and high gas pressurgiezoresonance weights with a sensitivity of #amonolay-
because the necessary technical facilities and methods of iers. A piezoelectric transducer with the material being stud-
vestigation are lacking. Consequently, chemical processdsd deposited on both surfaces was placed alongside the
involving molecules trapped by a surface from the gas phaseeighing cup containing the same substance. The experi-
in short-lived states have been very little studied. ments were carried out with different quantities of material

We developed an experimental apparatus to make relaxdeposited on the piezoelectric transducer, which were deter-
ation measurements in heterogeneous catalysis by simultasined from the decrease in the natural frequenty
neously determining the kinetic adsorption curves of the re{f=12 MHz) of the piezoresonance weightsAf(
actants and the rate of the heterogeneous chemical reaction.10—120 kHz). “Idle” experiments At;=0) were also
In order to make real-time measurements of the rate of @arried out. The frequencl was measured with a Chz-33
chemical reaction taking place at the interface between &equency meter.
solid and a gas, we recorded the dynamic effégt) The samples were preliminarily outgassed in gaseous
=P,(t)— P=GJ(t) of this reaction, wher¢ is the time,P, ~ atomic hydrogen whose concentration was *x0n 3
is the gas pressure at the surface of the cataiyst, the gas near the sample. The temperature of the glass walls of the
pressure at the walls of the vess@l,is a coefficient which vacuum chamber containing the sample was hetdbftr at
depends on the momenta of reactant molecules and reactidn=350 K and the removal of adsorbed contaminants was
products, and is the rate of this reactioh:®> A glass cup  monitored from the piezoweight readings. The kinetics of the
containing the sample was suspended by a quartz coil in dynamic effect of the reaction and the atomic adsorption ki-
continuous-flow reactor. The vertical displacements of thenetics were recorded after a pause in the excitation of the
cup were recorded automatically by using a capacitativesample by the atomic gas, during which recombination de-
pickup with a sensitivity of 70 V/mm(using capacitance— sorption of chemisorbed atoms takes place from the surface.
frequency—voltage conversipnThis pickup consisted of a The profile of the adsorption and desorption curf/g3
horizontal metal plate suspended from the cup by longloes not depend on the quantity of material deposited on the
threads and two fixed horizontal capacitor plategy. 1). piezoelectric transducer, and the decreask as a result of
The detector signal was recorded with an N307 recordinghe adsorption of gas is proportional to the quantity of de-
millivoltmeter. The sensitivity of this automatic weighing posited material. The rate of adsorption of H atoms from the
system, calibrated wita 1 mgload, was 4 10 8 N with a  atomic—molecular hydrogen mixture is more than two orders
time constant of 1 s. of magnitude higher than the rate of adsorption gfrhbl-

The time variation of the dynamic effect of the ecules under the same conditions. The rate of establishment
H+H—H, or O+0—0, reaction was observed experimen- of adsorption equilibrium after switching on or off the source
tally after switching on the atom source, an rf electric dis-of H atoms increases with temperature. Hydrogen atoms ex-
charge in molecular gas. Spectrally pure hydrogen was sugpel adsorbed KHimolecules from the surface of the ZnS and
plied by diffusion across heated nickel; the oxygen wasNi crystals after prolongedhundreds of minutgsexposure
supplied by thermal dissociation of KMn@n vacuum. Gas of the samples to molecular hydrogen, which leads to a slow
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FIG. 2. Time dependence of the dynamic effect of the reacfipB) and of
the frequency of the piezoresonance weigts4) after switching on(7)
and switching off(]) the hydrogen atom source for the adsorption and

heterogeneous recombination of H atoms at the surface of nickel before
(1, 2) and after (3, 4) its treatment with atomic oxygenT =350 K;
n=10%cm™3,

FIG. 1. Schematic of apparatug—continuous-flow reactor2z—vacuum
chamber lid with manipulator and electrical lea@s:-quartz coil,4—cup
containing samples—capacitative detectof—oscillator, 7—piezoelectric
transducer8—nichrome coil, andd—shield.

combination of H atoms at the surface of solids, where HZ is
 pre-adsorbed atom, Z is an adsorption center kans the

decrease in the quantity of adsorbed hydrogen under the ad i . .
tion of the H atoms. The dynamic effect of the reaction in.rate constant of the reaction. The estimated concentration of

creases monotonically as the surface of the samples is puffré-adsorbed atoms Ny s ~10° C_m72 and lies outside the
fied from adsorbed molecules by the action of H atoms ofimits of sensitivity of the adsorption measurements. Accord-
heating. For the recombination of hydrogen atoms at the sufDd to numerical analyses using the moti¢he theoretical
face of ZnS the dynamic effect satisfiés:0 which, accord- ~ curves J(t) and N(t), where N is the concentration of
ing to theory?® corresponds to the desorption of produgt H chemisorbed atoms, have the same profile as the experimen-
molecules at thermal rates. For nickel, on the other hand, wil curves provided that the following conditions are satis-
find F>0, i.e., the H molecules leaving the surface have anfied: k;>ks, ks>k,>10°ks, wherek,, k4, andks are the
excess kinetic energy of translational motion. rate constants of the reactionsHA*1—HZ, HZ+(HZ)

For Ni and ZnS crystals whose surface has been purified-H,+2Z, and H+Z"—(HZ), where(HZ) is a chemisorbed
of molecules after switching on and off the source of hydro-atom.
gen atoms, the dynamic effect of thetHHl—H, reaction To conclude, we have developed an experimental appa-
changes abruptly and the kinetic curves of the dynamic effedtatus to study fast processes at the interface between solids
F(t) are close to rectangular. In this case, the adsorption anghd gases, which has no counterpart elsewhere. As a result of
desorption of hydrogen atoms takes place slowly and thejirect measurements for the recombination of hydrogen at-
curvesF(t) and f(t) have different profiles. Treatment of oms we have determined for the first time the kinetic ad-
nickel with atomic oxygen sharply reduces its adsorption casorption curves of the reactants and the heterogeneous
pacity for H atoms and changes the sign of the dynamiGnemical reaction rates. From the dependence of the reaction
effect of the H-H—H, reaction(Fig. 2) which is caused by rate on the concentration of chemisorbed particles we estab-

a decrease in the _veloc_lty_ of des_orbeg HO.IeCUI.eS as & jished that pre-adsorbed particles are involved in the reac-
result of a change in their interaction potential with the sur-

. tion.
face. A comparison of the curvdgt) andF(t) shows that
the reaction rate does not increase as the concentration of
chemisorbed atoms increadésdoes not depend on this con-
centration or decreases slightly
When atomic oxygen interacts with ZnS and Ni, the | _ _ o
. . V. F. Kharlamov, V. N. Lisetski and G. G. Savel'ev, Khim. Fi®, 603
samples reversibly adsorb large quantitiésf£1 kHz) of (1990
oxygen atoms; the dynamic effect of therO—O, reaction 2y g kharlamov, Poverkhnost' No. 11, 122993.
is low. 3V. F. Kharlamov,Recombination of Atoms at the Surface of Solids and
The experimental results for thetHH—H, process may Accompanying Effecfsn Russiar, Tomsk State University Press, Tomsk
be explained using a reaction moti&in which under these (1994, 207 pp. ,
. .. . V. F. Kharlamov, Ukr. Zh. Khim71, 678(1997.
experimental conditions, the reaction channel
HZ+HZ—H,+2Z predominates in the heterogeneous re-Translated by R. M. Durham
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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
Pis'ma Zh. Tekh. Fiz24, 28—32(March 12, 1998

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 displacementl9¥8 American Institute of Physics.
[S1063-785(108)00603-X]

When modeling friction and wear processes and als@f contact was taken to be the area of the cross section
when solving problems of heat and electrical conduction informed by the geometric intersection of the microirregularity
volving contact between rough surfaces, there is a need tprofiles as they approach one another.
determine the real area of contact, the stress distribution, and The microgeometry of the surface was taken into ac-
the structural changes in the surface layers. In addition, focount as follows:
materials which may undergo phase transformations, allow- Each surface element of the contacting layer was made
ance must be made for changes in the phase composition td correspond to an irregularity in the form of a spherical
the surface layers. It is extremely difficult to realistically segmen{the radius of the segment was assumed to be equal
estimate contact interaction with allowance for these physito the radius of curvature of the tips of the irregularities for a
comechanical and chemical properties of rough surfaces ugiven roughnegs
ing numerical methods of the mechanics of continuous me-  The spacing of the microirregularities was defined by the
dia. One approach to solve these problems may involveize of the elements;
using physical concepts developed using the particle method. The undulation was defined by varying the coordinates

In the particle methddf the system being modeled is of the elements of the surface layér was assumed to be
represented by a set of elements having given properties arsihusoidal and characterized by period and hegjght
interacting according to specific laws. The real structure in-  The roughness was defined by varying the heights of the
side the element is not generally taken into account explicirregularities(the coordinates of the corresponding elements
itly, and is incorporated in the model via the laws of inter- in the surface laygmelative to the wavéit was assumed that
action and the properties of the elements. Thus, the behavithe heights obey a normal distribution in a certain rade
of a condensed medium is determined by the properties of itand the center of the distribution coincides with the average
constituent elements, the nature of the interaction, and alsleight of the microirregularities for a given roughness
by the initial and boundary conditions. The proposed model offers the following possibilities:

In the present study the process of contact formation 1) The surface microrelief can be defined explicitly.
between two normally converging rough surfaces was mod- 2) Any law of deformation of irregularity under loading
eled using the particle method in a two-dimensional formu-can be defined.
lation. An investigation was made of the process of contact 3) The number of contacting irregularities, the deforma-
formation between two surfaces with different degrees ofion, and the area of each contact can be determined.
roughness. 4) The variation in the height distribution of the irregu-

In the proposed model, the material was represented by larity tips caused by deformation of the entire surface can be
set of elements of the same species and size. The Lennardaken into account.

Jones potential was used to describe the interaction between In addition, in the particle method the properties of in-
the elements inside the bulk of the material during compresdividual elements can be varied during the modeling process
sion. Under tension it was assumed that the material undeand the influence of possible phase transformations can be
goes elastic—plastic deformation after reaching the yieldnvestigated.

stress. The interaction between the elements of different sur- The system being modeled consisted of a sample and an
faces was assumed to be elastic before the yield stress wabradant. The sample was attached to a rigid base and the
reached and elastic—plastic beyond the yield stress. The are@per layer of the abradant moved at a constant velocity of
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FIG. 1.

average contact pressure are observed for a small number of

10 cm/s. The sides of the sample and the abradant wedgteracting irregularities. As the number of contacts in-
assumed to be free. The sample contained 100 elements @eases, these pulsations are smoothed and the average pres-
the surface layer and the abradant contained 72, their siz&/re at the microcontact remains approximately constant.
being 40 and 5%um, respectively. The selected parametersThe real area of contact of the interacting surfafgs in-

of the microgeometry corresponded to polished surfades. creases linearly with increasing loadFig. 2, curve 1),

The parameters of the sample material and the abradatthereas the average area of contact of a single irregularity
were broadly consistent with the characteristics of averageSconm '€mains almost constaffig. 2, curve2). Thus, the
strength structural steel: density 7800 kd/mmodulus of real area of contact increases mainly as a result of an in-
elasticity 200 GPa, modulus of elasticity under elastic—crease in the number of interacting irregularities.
plastic deformation 7 GPa, and maximum elastic deforma-  All these results are quite consistent with current ideas
tion 0.5%. on the mechanics of contact between rough surfaces-

As the surfaces converged, the number of contacts wak§iough they were obtained using a fairly simple realization
determined and calculations were made of the strain anéif the particle method which only takes into account the
pressure at the contact points, the actual contact area, and tg@ntral interaction of the elements. In future work we pro-
nominal pressure, which was taken as the ratio of the force dpose to extend the model to obtain a more adequate descrip-
resistance to approach to the total area of the safmoimi-  tion of the plastic deformation process and interaction be-
nal area’® tween surfaces, which can be used to model sliding friction

Figure 1 gives the average pressure at the contact pointith allowance for adhesion and surface roughness.

P.on (curve 1) and the number of contacting irregularities

N¢on (curve 2) as a function of the nominal pressupe At !R. W Hockney and J. W. Eastwoo@pmputer Simulation Using Particles
the initial stage of convergence when only one contact spot, (McGraw-—Hill, New York, 1981; Mir, Moscow, 1987

has formed, the transition from elastic to elastic—plastic de- ,\D/l'irp‘,\’/ltgesrégv?,mfg%t'°”a' PhysicéWiley Interscience, New York, 1973;
formation can be clearly seen. The pressure at the single, . Kraigel”skii, M. N. Dobychin, and V. S. Kombalowrinciples of
contact increases rapidly and after the transition to elastic— Friction and Wear Calculationgin Russiai, Mashinostroenie, Moscow
plastic deformation, the pressure increases more slowly. FurZ(1977)-

ther convergence leads to an increased number of microcon—u'oféoafggg' gg';t‘;;t Between Rough Surfacgs Russiaj Nauka,
tacts and also causes an increasing number of contactinge. p. Braun, N. A. Bushe, I. Ya. Buyanovaki Principles of Tribology

irregularities to undergo a transition from elastic to elastic— (Friction, Wear, and Lubrication)in Textbook for Technical Universities
plastic deformation. edited by A. V. Chichinadzgin Russian, published by “Nauka i Tekh-

As each new irregularity comes into contact, the actual "<& Center. Moscow(1995, 778 pp.
area of contact increases and consequently, pulsations of thenslated 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. Fiz24, 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 paramg@trsma potential, electron
temperature, electron and ion densitias functions of the external parameters of the
dischargelmagnetic field strength, anode voltage, and working gas presisuregions with

strong, nonuniform electric and magnetic fields. 1®98 American Institute of Physics.
[S1063-785(108)00703-4

Earlier studie$? of an ion-beam plasma with magnetized calculated from the saturation electron current dd and
electrons in the conducting cathode channel of an ion accethe ion beam density; was determined by measuring the ion
erator with an anode layer revealed fundamental differencesurrent density and the ion energy spectrum.
between its properties and those of other active, nonisother- Data on the evolution of, from the ion-beam plasma
mal plasmas—an ion-beam plasma in the absence of electrto the anode layer, and also the dependencg,pindT, on
(E) and magneti¢H) fields? a positive glow-discharge col- the probe—anode distangg for typical operating conditions
umn at low pressurésand an ion-beam plasma with mag- of the ion source (p=4x10"* Torr, H=1.5kOe,
netized electrons in an accelerator with a dielectric exitU,=1.5 kV, and ion beam density=1 mA/cn?) are pre-
channef The main differences are as follows: sented in Ref. 2. Measurements of the local plasma param-

1. A nonuniform electric fieldE=(1-200) V/cm exists eters as a function df,, H, andp, the results of which are
in the direction of the ion flux as a result of the strong mag-presented here, were made under the same discharge condi-
netization of the electrons. tions. The working gas was nitrogen.

2. A locally equilibrium, near-Maxwellian electron en- The experimental measurements required for this prob-
ergy distribution functionf, and large electron temperature lem are complicated by the relative nature of the boundaries
gradientsdT./dz~10 eV/cm are established, where the of the transition region, which is essentially an ion-beam
axis is in the direction of the ion beam. plasma with magnetized electrons. Another factor is the mo-

3. ForH>H_~1 Oe there is a steady-state electron cur-bility of the boundaries both in the direction of the ion beam
rent to the cathodes, which is not compensated by the iontsansport space and in the direction of the anode layer with
and is comparable with the discharge currgnt varyingU,, H, andp. For example, Fig. 1 gives the elec-

However, because of a lack of experimental data on théron and ion densities as a function of the magnetic field for
spatial distribution and dynamics of the local plasma parama fixed position of the probe,=7 mm. Also plotted for
eters(Te, the plasma potentiap,, the electron density, comparison are the electron density=1/4mmc?v;/voH?
and the ion density;) as functions of the discharge condi- in the anode layer and the layer thickness
tions (H, I,, anode voltagdJ,, and working gas pressure |y= V2mc&/evy/v; U, X 1H calculated using the Zharinov—
p), it was impossible to estimate the role of two-dimensionalKervalishvili model® wherev, is the frequency of ionization
effects and diffusion processes associated with the stngng by electrons andy is the frequency of elastic electron—atom
and T, gradients in the electron current transport to the an<ollisions. It can be seen from these curves that for siall
ode. Thus, the aim of the present study is to measure theske thickness of the anode layer is of the order of the probe—
dependences and use them as the basis to determine the chemede distance, while the electron densityis of the same
acteristic states of an ion-beam plasma with magnetized eleorder asn, and two or three times higher than. As H
trons. These data are important for establishing the relatiorincreases, the thickness of the anode layer decreases, the dif-
ship between the parameters of the ion-beam plasma in thference betweem, and n; decreases, and fdi=1.5 kOe
beam transport space and the processes of ion generationthre electron and ion densities are comparable. Note that ac-
the anode layer and also for developing a self-consistertording to earlier measurementat the boundary of the an-
model of Hall-type ion plasma systems as a whole. ode layerf, has a Maxwellian core, the electron temperature

The experimental investigations were carried out usings T,~10-12 eV, and the plasma potential, may reach
the “Radikal” Hall ion source*® As in Ref. 2, the diagnostic 60—100 V.
equipment includes a single cylindrical probe, a directional ~ Using these data, the results of measurements pf
probe, and a multigrid electrostatic analyzer. The parametef.=f(H,U,,p,z) were generalized on a diagram showing
Te and ¢, were determined by double differentiation of the the equilibrium states of an anisotropic plasma with intensive
probe current with respect to the probe poteritial, was ionization(Fig. 2). The diagram is based on the dependence
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15 y T T 77,5 suming that the wall layer is thin compared with the thick-
: nessd of the cathode channel, in the absence of ionization
bk o s —O0—n, | ] 6.0 amplification of the electron current in the direction of the
O 1 electric field dj,/dz=0) and neglecting ionization by the
- '," """" Pac beam @;=0), we readily obtain the relatioreg,=I
'€ 9t e S B Lel 445 +aT,, where e~ —In[0.420d(l +2T,)] for nitrogen. The
m; T Z, | 1 & dependencer=f(p) for T,=1, 10, and 25 eV is plotted in
= ol ,"' .................. _'3 0 § Fig. 2a(curvesl, 2, and3, respectively while Fig. 2b gives
8 S T e ’ @p="f(Te) for p=4x10"* Torr (curvel). Also plotted are
Lo the experimental data,=f(T,) for the same pressugefor
3t ° 41,5 various dependences: cur2e—for the spatial distributions
1 ®pi» Te=f(2) for H=1.5 kOe, U,=1.5 kV; curve 3—for
0 I Q,--O"‘?"'0"?"'?"?""’;“ > '00 @pi» Te=Tf(H) for z=7 mm, U,=1.5 kV; region4—for
0,6 038 1,0 1.2 1,4 1,6 > epis Te=F(Uy) for z,=7 mm andH=1.5 kOe. The right-
H, kOe hand axis in Fig. 2b gives the nonlinear scales which display

the correspondence between the experimental points
FIG. l Experimental val'uesf of the electron densifyand ion densityn; as ©pi= f(T)e and the parameteid andz.
functions of the magnetic fielé for z,=7 mm, U,=1.5 kV, andp=4 As a result of analyzing this diagram, we can identify the
X 10 * Torr, along with the electron density{, in the anode layer and . BT e .
thicknessl,, of the anode layer as given by the Zharinov—Kervalishvili following characteristic ionization equilibrium states in an
model® ion-beam plasma with magnetized electrons:
l. Te<leV—the experimental pointg,=f(Te) lie
substantially ¢50%) lower than the equilibrium line, which
¢p=f(Te), calculated from the continuity equation corresponds to the beam ions contributing appreciably to the
dj,/dx+ dj,/dz=v;n.+ v;jn;, wherew;; is the frequency ionization.
of ionization by the ion beanj,, andj, are the densities of Il. Te=1-10 eV—the experimental points coincide with
the currents to the anode and the cathode, respectivelyre equilibrium statedj,/dz=0) to within 10%, when the
(XIIH, ZIE). It assumes a Maxwellian functidip and a linear  product electrons mainly drift to the cathode.
approximation of the ionization cross section, lll. Te>10 eV—the experimental points lie above the
when j,=en.T/2mm, exp{—epy/Te} and v =4C; equilibrium line, which corresponds to the onset of ioniza-
X(TS2mmg)n, (I +2T)exp{— I/T.}, wherel is the ioniza-  tion amplification of the electron flux to the anodej{/dz
tion potential,n, is the atomic density, an@, is a constant >0).
which depends on the type of working gas and has dimen- It can be seen from the state diagram that regions |, I,
sions of electron volts per square centimef@ef. 9. As-  and lll systematically alternate with decreasidgandz. A
decrease inJ, and p causes a negligible~10—-20%) in-
crease inp, and T, for constantH andz.
To conclude, the experimental data and a theoretical

P,V H, kOe|z, mm analysis_ of the ior_1izatior1 amplification of the electron cur-
120 rent indicate that in the ion-beam plasma—anode layer tran-
sition region in Hall systems at low pressures and strong
100- 1 /ﬂ 0.8 magnetic fields, conditions are established where the electron
e -4.5 pressure gradient impedes the evolution of electron ava-
20 ] / 10 ¢, lanches and causes the newly formed electrons to drift to the
/ 124 cathodes. The determining factor for the existence of this
~3 13¢5 region is the formation of a locally equilibrium functidn,
60 15 where the high-voltage boundary is defined by the condition
Y T,<(2-3)l and the boundary value of the potentig)=1
40+ I 177 +aT,~100 V increases with decreasing pressure, i.e., a
1 15 considerable fraction of the applied potential difference falls
20175 E' s within the transition region.
2 In addition, estimates have shown that at presspres
0 . ,_; ‘*;' * ';“‘;‘ o ‘1'2‘ 4 >10"° Torr at the high-voltage boundary of an ion-beam
T,eV plasma with magnetized electrons, the frequency of Max-
e

wellizing electron—electron collisions i$..<v;, i.e., a
FIG. 2. a—Coefficient of proportionality between the plasma potentig, Langmuir paradox is found as in the positive column of a
and the electron temperatufg as a function of the pressupefor various Iow-pressure glOW discharde.The evolution of small-
Te: 1TT:=1 ?V' 2_T<te= 10feV' 2;15‘:42? ev; f_p'f"‘smf‘hp"?e”_“a't?’er‘ amplitude diocotron oscillations in the anode layer observed
Sus electron temperature 1= orr; 1—using e lonization . . .
equilibrium model; curve2—for the spatial distributionsp,,,Te=f(2) in SyStemS \_N_ItfH >1kOe, _may well be a ffi.Ctor res_pon_5|ble
at H=15 kOe, U, =15 kV; curve3—for ¢y, T=f(H) at z,=7 mm, fqr thg significant expansion of the transition region in the
U,=1.5 kV; regiond—for ¢, Te=f(U,) atz,=7 mm andH=1.5 kOe. direction of largeg, and Te.
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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. ChernyshevskEtate University, Saratov
(Submitted September 4, 1997
Pis'ma Zh. Tekh. Fiz24, 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 agueous medium. 1@98 American Institute of Physics.
[S1063-785(108)00803-9

Methods based on estimates of the physiological paramaser®* The method was implemented using the apparatus
eters of biological test specimens are widely used to assesbiown schematically in Fig. 1. Radiation from a semicon-
the degree of environmental contamination. Daphnia fresheuctor laser7 (ILPN-206), stabilized by a current sour@;
water crayfish(Daphnia magna Stragsare used as test was focused by a len8 into the heart region of Daphnia
specimens to monitor the state of water. It was shown irwhich was inserted in a channgbn a transparent stage A
Refs. 1 and 2 that the heartbeat rate of Daphnia dependsght viewing devicel was used to observe the infrared
strongly on the concentration of hydroquinone in the watersemiconductor laser radiation and its focusing into the heart
and that the phenol concentration influences the respiratioregion. Some of the radiation reflected by the Daphnia heart
rate. However, since the photoelectric methods used in theseas returned to the semiconductor laser cavity, where the
studies possessed low sensitivity and could not be used thange in its output power was recorded by a photodetector
record the radiation transmitted by a biological specimen, i9. The photodetector signal was passed via an amplifier
was impossible to make elaborate investigations of thend an analog-to-digital convertgd to a computel2. The
changes in the physiological parameters of the specimens.Daphnia heart rate was determined after calculating the spec-

In order to increase the number of informative param-trum of the detected signal using a fast Fourier transforma-
eters characterizing the behavior of Daphnia in a toxic metion.
dium, we developed a method using an autodyne detection Daphnia freshwater crayfisfDaphnia magna Strags
effect in a semiconductor laser. were bred under standard laboratory conditions. For the ex-

The method of recording the dynamic state of the speci-
mens is based on the principle of forming an external auto-

detection signal by returning some of the radiation reflected g,
by the monitored object to the cavity of a semiconductor sh./min
1 2
400 |- 2
3
4
00
3 4 5
i J
200 + 5
6
8 7
100 L
9 10 11 12 2 4 6 8 t,min
FIG. 2. Daphnia heart rateé versus time of exposure to water containing
various concentrations of phendk—control batch2—1.2 mg/liter,3—2.5
FIG. 1. Schematic of apparatus to measure Daphnia heart rate. mgl/liter, 4—5 mg/liter, and5—10 mg/liter.
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u
, a
a. u.
-
0.0 1000.0 . ms

Sn b FIG. 3. Results of measurements and analysis of the
detected signal: a—instantaneous values of the nor-
malized detected sign&l versus timet for a phenol
concentration of 5 mg/liter in the water; b—spectrum
of detected signal normalized to the amplitugigof
the largest harmonic. The heart rate is 375 beats/min;
c—instantaneous values of the displacement of the
Daphnia hearA 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 dagsted signal as a function of time when phenol is present in
old, measuring 0.7—1.5 mm. An aqueous solution of phenathe water. Figure 3b gives the results of calculations of the
with concentrations between 0.3 and 10 mg/liter was used adetected signal spectrum. The Daphnia heart rate was deter-
the toxic factor. The water in which the Daphnia were raisedmined from the harmonic having the largest amplitude in a
was used for control measurements. A single crayfish frongiven range of variation of the vibration frequency of the
the aquarium was placed in a chamber which contained thkiological specimen and the amplitude of the oscillations
toxic solution and restricted the movement of the crayfishwas determined from the set of spectral harmonftBigure
The chamber was attached to a microscope stage. The opticat gives the time dependence of the instantaneous values of
system was directed toward the heart and the apparatus tunéte displacement of the Daphnia heart, calculated using the
to the maximum signal. results of the measurements. It can be seen that when phenol
The results of measurements of the Daphnia heart rateas present in the water, the amplitude of the Daphnia heart
for various concentrations of phenol dissolved in the watebeats was 0.2um, which is substantially smaller than that in
are plotted in Fig. 2. The results show that the Daphnia heathe absence of phen@.4 um).
rate varies negligibly in the control measurements and stabi- To sum up, we have shown that a method based on an
lizes after adaptation for 5 min. A decrease in the Daphniautodyne detection effect in a semiconductor laser is prom-
heart rate was recorded for phenol concentrations exceediriging for analyses of the dynamic state of biological speci-
1.2 mg/liter. The largest reduction in the heart rate was obmens.
served for phenol concentrations ef10 mg/liter. In this
case, the heart rate was 200 beats per minute at the end of the
exposure period. 'G. s. Kiknadze, B. P. Esakov, S. B. Kuz'minykh, and V. M. Komarov,
Other parameters which can be recorded using this laser26mert o Eamate e Degee o Conamnasn o on Aeous Ve
autodyne system are the amplitude and profile of the deteCte(ﬂy Scientific Center of Biological Research, Academy of Sciences of the
signal. Figure 3a gives the instantaneous values of the de-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. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 22, 1997
Pis’'ma Zh. Tekh. Fiz24, 44—-50(March 12, 1998

An analysis is made of charge transport in the neutral basepdf-a structure as a result of its
diffusion to the boundary of thp-n junction under conditions where nonequilibrium

carriers are generated by singleparticles. It is assumed that nonuniformity of the carrier

lifetime (7), 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 nonuniformityis obtained. Since the tracks of the diffusiagparticles occupy an
extremely small volume, recording them is equivalent to local probing of the material for

It is suggested that the calculated function should be used as a calibration function to determine the
spread ofr 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.

[S1063-785(1®8)00903-3

It is known that semiconductor detectors use an “ioniza-its width depend on the charge losses accompanying diffu-
tion” principle to record hard radiation. By analogy with a sion transport when the main loss channel is recombination
gas-filled ionization chamber, the working zone of the detecof minority carriers. In our opinion, the results appear to be a
tor is a region of electric field in which nonequilibrium useful method of analyzing the inhomogeneity of a material.
electron—hole pairs separate and drift to the electrodes of &hus, irradiation by 8.78 MeV monochromatieparticles
capacitor equivalent in the detector configuration. In pracWhich is standard for detector practice is considefiedSi
tice, this is achieved in the structure of a reverse-biase#€ range is 56.um and in GaAs it is 3m). The radiation
p*-n junction. intensity is low so that single particles are recorded.

Here we show that by using diffusive carrier transport, 1. The amplitude spectrum of the transported charge
which is uncharacteristic of a detector, it is possible to defonstructed by the following steps. FirstN/dq is formed,
termine the nonuniformity of parameters such as the carriefneredN is the number of casepulses in the amplitude
lifetime over the area of thp*-n structure. This nonunifor- INtervaldg. Itis assumed that the nature of the spectrtime

mity is determined from the width of the spectrum of signal SPréad ofd values is caused by fluctuations of the nonequi-

amplitudes obtained using a standard spectroscopic apparjépr'”m carrier lifetime 7. The a-particle tracks are dense

tus bunches of electron—hole pairs whose diameters are only of

It has already been establistiédhat the widths of the the order of tens of micron. Thus, when each particle is re-
. . . . corded, the transport conditions show up in the microscopic
amplitude spectrungat half-maximum is extremely sensi-

. . o . volume. As a result of the random incidence of particles on
tive to the trapping of nonequilibrium charge. In this cage, - I

. : . . . the detector, the statistics of the lifetimeover the area of

is a linear function of the charge loss at the signal formatio

stage. The coefficient of proportionality of this dependence %Btraafa?gtlsctasppeﬁ:z: S tvr\llg pi;?]m?,f,?irtg ﬁ/s(; ;i?ﬂ%g ;;) stiue

determined by the nonuniformity of the carrier transport 'nx(dr/dq) and the question arises as to the form of the

the detector strl_Jcture. __distribution and the function=f(7) under carrier diffusion
In Ref. 1 this was demonstrated for the case of carrier

. R o . conditions.
trapping. The implication is that a carrier is confined by Let us take the distribution afto be Gaussian. A Gauss-

some trapping center for a time exceeding that required by, gistribution is most likely when the deviations of the

the electronics to form the signalisually of the order of |5 ue from the mean are smaller than the medN/dq
microseconds Ultimately, as the carrier drifts, it only passes = (dN/d7)(d7/dq). Thus, we take

through part of the gap of the equivalent capacitor, which

leads to an amplitude deficit. In Ref. 2 an analysis was made exf — (17— 79)%/20°]
of another type of trapping, direct recombination of carriers ~ dN/d7= 2mo : @

generated in a dense ion track after the comparatively short

stage in which the field responsible for the drift is screened.  The correlation betweeq and r for charge generation

In this case, the electron—hole pair is completely excludedvith the profile typical ofa-particles(the Bragg curveand

from the formation of the signal amplitude. subsequent diffusion to the boundary of th&-n junction
The task is to determine how the spectral line profile andvas examined in Ref. 3. It was assumed that the end point
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100 FIG. 2. Amplitude spectra for various nonuniformities of the carrier lifetime
FIG. 1. Losses caused by recombination of electron—hole pairsparticle A7/ 7y (calculated. Diffusion conditions:L,=100 um, a=56 um. Values
track versus diffusive displacement length. A & particle track protrudes  of A7/7,, %: 1—100, 2—50, 3—25. Inset—spectral line width versus av-
into the region of diffusive transport by the length um; 1—56, 2—36, erage carrier losses. Width taken at Q11 and 0.5(2) of maximum.
3—26,4—16, and5—10.

calculated values, which include three valued 45, 100,
and 200um), with the parametea varied in each casgval-
ues of 10, 20, 30, and 4Bm were takeh The inset shows
that if the nonuniformity ofr is fixed, both values for the
spectral widthd and &y, are uniquely determined by the
charge losses. In other words, the specific valuds,ainda
responsible for the losses, are unimportant for the spectral
profile.
AN=Ag+A;/L+A,/L? 2 An extremely important factor is that the functions
6(Ng) for various A7/7y are linear, with the slopeK
=AG6/AN, which depends on the nonuniformity factor.
These observations can be used to obtain the fundfion
f(A7/7p) which is the calibration function to determine
the uniformity of the carrier lifetime in the materiéfig. 3).
dN/dg=(L/Ly)? Note that for largeA 7/ 7y the functionK is less gently slop-
’ ) ) ing than that obtained in Ref. 2, also for carrier recombina-
><exp{—[(L/LO) —11%/0.362 A 7/ 1)}

(AL /L+2A,/L?) - ©

of a particle track of lengttR can only be situated in the
region of diffusion transport. The charge defigi=1—q as

a function ofa’ was calculated for various values of the
diffusive displacement length=(D7)'?, whereD is the
diffusion coefficient. These data are plotted in Fig. 1 on the
required scale.=f(L) for various values o&. The depen-
dencei (L) was conveniently approximated in the form

where A, is cubic andA; and A, are quadratic parabolas
relative to a. Then, for the required spectrurdN/dq

=f(q), neglecting the numerical factors, we obtain a system_
of two equations:

q=1—(Ag+A/L+A,/L?).

Here, by analogy withs, the width of the spectrum of
values is introduced a& 7=2.35%. The system(3) can be
used to construct the spectra of signal amplitudes for variou
average values df ;= (D 7o)Y? A7/, and the parameter 03
a.

0.4 K=48/A).o

Figure 2 shows the amplitude spectra for the case wherg ;|
a corresponds to the particle range, i@ R=56 um. De-
spite the valuel ;=100 um (almost twicea), an average
charge deficit of the order of 25% is observed. As the life-0.1
time becomes more variable, the profiles of the spectra ac
quire a characteristic asymmetry. An extended section witt
small amplitudes appears on the left wing. If the relative0-® A S S e ey T
nonuniformity reaches 100%\(/ 7o=1), up to 50% losses %0 60 S0 120 > ’750 o 0
of charge may occur. T/, %

The width of the spectrum at half-maximum and also atriG. 3. Calculated function to determine the carrier lifetime nonuniformity.
one-tenth maximumd,, ;) where the asymmetry is strongest, The growth rate of the line width as a function of the relative carrier losses

is taken as a quantlta'uve measure. The behavidrasfd So is plotted on the ordinatésee inset to Fig. 2 Inset—dependence of line
: width on carrier losses observed experimentally for Si surface-barrier struc-

asa funCti_Cm of the average charge lossgés S.hown. inthe  yre. Single 8.78 Me\a-particles are detected; the losses are created by a
inset to Fig. 2 for the casA 7/7,=1. The points give the difference in the energy released in the diffusive transport region.
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tion. This difference can be attributed to the different depensurface barrier is quite sufficient, i.e., the material does not
denceq(7), which is determined by diffusion rather than by require heat treatment. It is also possible to use particles of
drift transport of carriers, as in Ref. 2. different energy, when the charge losses will vary as a result
2. An experiment was carried out using the surface-of differences in the ranges. In this modification, a single
barrier structure of an Si detector. The apparatus was staiiand also low bias voltage may be used.
dard for recording amplitude spectra, and incorporated a pre- The resistivity range for this variation in the losses as a
amplifier, an amplifier with a pass band formed BC  result of a reverse bias applied to Si is three orders of mag-
differentiation—integration circuits, and an amplitude ana-nitude (between a fewf)-cm and a few KR-m). In the vari-
lyzer. A reverse bias was initially applied to the structure soant with particles of different energy, the resistivity has no
that the space charge regiirong electric fielicompletely  lower limit.
covered the track. Under conditions of “fast” carrier drift In Ref. 3 it was shown that the carrier lifetime can be
the signal was taken to be unity. The voltage was then redetermined from the signal deficit. Note that the integrated
duced and values at which some of the track extended outiature of the methodthe charge is measuretheans that
side the field region were used. In this case, the averagghort, nanosecond, timescan also be determined. In this
amplitude of the signal decreased as a result of carrier rezonnection, the results obtained above combined with the
combination accompanying the relatively slow diffusive data from Ref. 3 give a complete picture of the recombina-
transport. At the same time, the profile of the amplitudetion properties of a material: the values nfind also their
spectrum became asymmetric in agreement with the calcistatistics over the sample area. Another important factor is
lated data plotted in Fig. 2. that the values of for densew-particle tracks correspond to
The inset to Fig. 3 shows the behavior of the spectrah high level of injection, i.e., are related to the concentration
line width § as a function of the losses,. As was to be of recombination centers by a simglaversely proportional
expected, the dependence is linear with the slgme, the dependence.
value of the functiorK) A 6/AN,=0.36. In accordance with
Fig. 3, this value corresponds to substantial nonuniformityl'g- 'ébzf'allg%vswv N. B. Strokan, and N. I. Tisnek, IEEE Trans. Nucl. Sci.
A7l 79=120%. _ ) 2E. M. \(/erbi?skaya, V. K. Eremin, A. M. Malyarenko, N. B. Strokan, and
3. In conclusion we note some practical aspects. We em-y,_ | sukhanov, Fiz. Tekh. Poluprovodal, 1883 (1987 [Sov. Phys.
phasize that this method does not requirpan structure Semicond21, 1140(1987)].
with a high-quality return branch, since the line width is ] N. II’yash(_enko and N. B. Strokan, Fiz. Tekh. Poluprovo@®, 302
usually appreciable and the return current noise makes a't9%9 [Semiconductor§0, 167(1996].
small contribution against this background. For example, aranslated by R. M. Durham
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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
Pis’'ma Zh. Tekh. Fiz24, 51-57(March 12, 1998

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. €998 American Institute of Physid$1063-785(18)01003-9

As a result of the development of efficient sources ofstatic model was used to show that an electron beam with a
high-current relativistic electron beartREBS with currents  virtual cathode in a Pierce diode may demonstrate different
exceeding 10—100 kA and acceleration energies of 0.1-1fpes of behavior, including dynamic chaos. In the present
MeV, the power of almost all classical microwave devicesstudy, the investigations were carried out using a vircator
has increased sharply. However, the success achieved in anodel which allows for nonpotential effects which limit the
celeration technology cannot be fully utilized in these de-propagation velocity of the electromagnetic waves in the
vices because the beam current is limited. As the currergystent
approaches a certain level, the efficiency of the interaction Figures la—1c give the power spectra, attractor projec-
between the electrons and the electromagnetic fields deteritions, and time series of the beam current from the region of
rates. Supercritical-current generators, or vircatods, not  formation of the virtual cathode for various valuesiofNote
have this shortcoming. They use the oscillations of a sothat the time series was taken after the transition process had
called virtual cathode, a region in the interaction spacelamped away.
whose potential is close to that of the cathode, for phase For low supercriticalitye (a<2) periodic relaxation os-
selection of the electrons. At present, the use of vircators taillations are established in the systéfig. 1a,a=1.5). The
generate superpower microwave radiation pulses must bhgower spectrum contains narrow peaks which are multiple
considered its most important application. However, it hasharmonics of the fundamental frequen@y~2w,, where
been shown that virtual-cathode devices may be controlledy=2#/T, (T, is the characteristic scale of the oscillations
by an external microwave signal, allowing them to be usedvhich corresponds to the total transit time of the electrons
as modules of phased-array antennas. reflected by the virtual cathof@nd w, is the plasma fre-

Here, results are reported of investigations of the nonlinquency of the electron beam. The attractor projection corre-
ear dynamics of an electron beam with a virtual cathode in &ponds to a single-stage limit cycle. As the parametér-
drift REB vircator system with and without external feed- creases (Z «<5), the periodic oscillations disappe@ig.
back delay. 1b, «=3.7). The spectrum contains a noise pedestal on

The system studied is a section of a cylindrical wave-which are superposed a well-defined fundamental-frequency
guide closed on both sides by conducting walls. A singlepeak and peaks of its harmonics which merge into the noise
velocity electron beam is injected into the system. A characpedestal ag increases. It can be seen from the phase portrait
teristic feature of the system is the external feedback, whiclthat a chaotic attractor appears at the base of a single un-
was achieved by kinematic modulation of the electrons enstable limit cycle which corresponds to an attractive limit set
tering the drift space by an electromagnetic signal derivedor the periodic motion. In addition to the chaotic behavior of
from the interaction space and influencing the flux with athe amplitude, the time series reveals random phase shifts of
delay 7. the oscillations. This behavior suggests that in this range of

A description of the nonlinear and nonsteady-state provariation of «, a rotational fporm of chaos is present in the
cesses in this system was constructed using a self-consistesytstem whose image in phase space is an inhomogeneous
system of Maxwell equations and the Vlasov transport equaattractor. Fora>5 (Fig. 10, the spectrum is extremely
tion, which was solved numerically using a conservative dif-noisy. No clearly defined peaks can be identified, and the
ference schem@® The main parameters on which the behav-structure of the attractor is fairly complex, consisting of a set
ior of this system depends are the ratio of the beam current tof unstable periodic orbits.
the critical vacuum current, denoted by and the feedback All these observations suggest that the system formed by
parameters: the delay timeand the coordinate of the point an electron beam with a virtual cathode and an electromag-
from which the feedback signal is taken. netic field exhibits complex nonlinear dynamics. To refine

It is well known from both numerical simulations and the characteristics of the complex behavior of the system, the
experiments that an electron beam with a virtual cathoddractal dimension of the reconstructed attractor is now deter-
exhibits complex irregular dynamics. In Ref. 4 an electro-mined. Figures 2a—2c give the slope of the correlation
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integraf’ as a function ofe in a log—log plot for various behavior ofD, leaves the problem of determining the chaotic
values of the embedding space dimension regime fora>5 unresolved.

For «<2 (Fig. 2a,a=1.5), the dimension of the limit The problem of controlling the behavior characteristics
set is an integer, which corresponds to a regular manifold. Agf a vircator system has recently become important. Thus, an
the supercriticality increases, the dimension becomes a fraReB generator with supercritical current and controlled feed-
tion. For 2<a<5 (Fig. 2b, «=3.7) the dimension of the L,k called a virtode, is of particular interést. was dem-

Ifimit Sit satura:teg Wgh an gmbefd(rj]ing space dimension Ofngirated experimentally that the feedback has a strong in-
our. The correlation dimension of the attrac®g increases g o "o e poo i e

monotonically with increasinge. The saturation of the at- L .
tractor dimension fom<5 suggests that the system formed An analysis is made of the case when the feedback sig-
99 y nal is taken from the virtual cathode region. Figures 1d—1f

by a virtual-cathode electron beam and an electromagnetic d 2d—2f show th lati h reristics i ;
field possesses 1.5-2 degrees of freedom. The nature of tRE —<l show the oscillation charactenstics in a system

spectrum, and the fact that the fractal dimension is finite and'ith fixed a for various values of: 20(d), 40(e), and 60(f).
fractional confirm that when the beam current exceeds the ~1he investigations reveal that the dynamics of the sys-
critical vacuum current in the rangex<5, dynamic chaos €M is determined by the relation between the characteristic
is established in the vircator. For the supercriticality:5 ~ scaleTo of the oscillations in the system and the feedback
(Fig. 2c,a=12), it can be seen that the attractor dimensiondelay time . Incorporation of feedback with a short delay
does not saturate for values of the embedding space dimetime (7<Ty/2 complicates the system dynamics: a noise ped-
sion m<9. The duration of the time series does not allowestal appears in the spectrum and the embedding space di-
accurate estimates of the attractor dimensiomior9. This  mension ism>10 (Figs. 1d and 2d This is caused by the



Tech. Phys. Lett. 24 (3), March 1998 A. E. Khramov 191

d d
a b
4.00 4.00
3.00 3.00
2.00 2.00
1.00 1.00
0.00 0.00
-60.22 -30.96 In(e> -g¢0.22 -30.96 InCe?
a9 a
c d
4.00 | 4.00
3.00 3.00 o
FIG. 2. Slope of the correlation integral of the re-
constructed attractor for various embedding space
2.00 2.00 | dimensionam in various behavior regimes.
1.00 1.00
0.00 0.00
-60.22 -30.96 In<a> -60.22 -30.96 InCe>
o d
e f
4.00 4.00
3.00 3.00
2.00 2.00
1.00 1.00
0.00 R . 0.00
-60.22 -30.96 In(e) -g0.22 ~30.96 InCe)

excitation of a many degrees of freedom in the system. Fotrum is noiselike, and the attractor has a comparatively uni-
7>T,/2 ordering of the oscillations is observed until regularform structure.
motion is established in the system. The form of the phase
port,rfilt’ the dlmens_,lo_n of the limit set, and the spectral_ Com_lL. E. Thode, inHigh Power Microwave Sourceedited by V. L. Granat-
position of the radiation all vary as a function efIn this stein and I. Alexeff(Artech House, Boston, 1987Chap. 14, p. 507.
case, the characteristic oscillation frequency varies in the?C. K. Birdsall and A. B. LangdorRlasma Physics via Computer Simula-
range (0'7_1_5)0 where wo is the free oscillation fre- tion, McGraw—Hill, New York(1985; Energoatomizdat, Moscowl989,
7 . 452 pp.

quer?cy of the virtual cathqde. Note that variation of the de-35 ¢ sveshnikov and S. A. Yakunin, Mat. Moddi4), 1 (1989.
lay time of the feedback signal can also be used to controfv. G. Anfinogentov, inProceedings of the Third International Specialist
the amplitude of the virtual cathode oscillations and thus the Workshop on Nonlinear Dynamics of Electronic Systems. University Col-
| | of th d in th Th . lege Dublin, 28-29 July, 1995pp. 79-82.
?Ve of the ggnerate pqwer In the SySt?m' gre IS an Opsy;"v. kuzelov and A. A. Rukhadzeilectrodynamics of Dense Electron
timum delay timer for which the electron interaction power Beams in Plasmain Russiaf, Nauka, Moscow(1990, 336 pp.
Pe in the System has a maximum. The ratBeImax/(Pe)mm 5p. Grassberg and J. Procaccia, Phys. Rev. bet346 (1983.
~0.5 is obtained and the ratio oP to the fr illa- "A. A. Kipchatov, L. V. Krasichkov, and A. V. Andrushkevich, iro-
e S Obtaine a_ e ralio o _Qmax 0 he free oscilla ceedings of the International Seminar on Nonlinear Circuits and Systems
tion power of the virtual cathode is of the order of 0.65. Moscow, 1992, Vol. Jin Russiaf, pp. 308—317.

Figure 1g shows the oscillation characteristics of the sys-°N. N. Gadetski I. . Magda, S. I. Nésteteret al, Fizika Plazmy19, 530
tem for the case where feedback is introduced in the collector 1993 [Plasma Phys. Ref9, 273 (1993

region. The oscillations are highly irregular, the power specTranslated by R. M. Durham
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Stable current oscillations accompanying magnetron sputtering of oxide targets
A. Kh. Abduev and A. M. Magomedov

Institute of Physics, Dagestan Scientific Center
(Submitted November 27, 1997
Pis'ma Zh. Tekh. Fiz24, 58—62(March 12, 1998

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 oscillationswere observed at low pressuréd3=£4x10"* Torr).

© 1998 American Institute of Physids$1063-785(18)01103-3

Instabilities of discharges in electronegative gases are The results of the measurements with a capacitaice
well-known and have been widely studitd.In particular, incorporated in the circuit at different pressures are plotted in
regular current oscillations between planar electrodes, simiFigs. 2b—2d. AtP>6x10"* Torr the voltage and current
lar to Trichel oscillations, are predicted in Ref. 4 at gas prestraces reveal damped oscillations at the instant of breakdown
sures of 1-4 Torr. of the discharge gafFig. 2b. The current—voltage charac-

Here we report the observation of stable current oscillateristic at this stage indicates that the current pulses lag be-
tions caused by the continuous generation of atomic oxygen
at the surface of zinc oxide ceramic targets during dc mag-
netron sputtering of the targets at pressures less than 5

X104 Torr. !
A block diagram of the apparatus is shown in Fig. 1. The
magnetron sputtering system was supplied by a pulsed recti- .
fied voltage at twice the line frequency. The targets were a
pressed and annealed zinc oxide ceramic plates with a resis- .
tivity of around 1Q2- cm and overall dimensions of 110
X 375X5 mm.

The discharge gap was 10 cm and the working gas was
argon or an Ar—Q@ mixture. Oscilloscope traces of the cur-
rent and voltage, and also the discharge current—voltage
characteristics, were studied as a function of the power sup-
ply system, and the gas composition and pressure.

Figure 2 gives the results of measurements made in an
Ar:0,=3:1 atmosphere. All the measurements were made at
an applied voltageU=550V and discharge current
=6 A. When the circuit contains no capacitanCecon-
nected in parallel to the discharge gap, the oscilloscope
traces of the voltage and current, and the current—voltage
characteristics @ =4x10"* Torr corresponds to those of a
normal glow dischargéFig. 2al and 2all.

u |

N
7N ‘[
~ R
2, 100kQ
[ RN
{ ) VL.
\T

C, 1pF
< |

1N

R3, 1MQ

RY, 3Q FIG. 2. Oscilloscope traces of voltagapper tracesand current(lower
1 traces (1), and current—voltage characteristit) of the discharge under
various conditions: a—with capacitan€in supply circuit; b, ¢, d—with
FIG. 1. Power supply to system for magnetron sputtering and measuremenapacitanceC at pressures of 810 4 Torr, 5x10 * Torr, and 4
of the discharge characteristics. V.C. is the vacuum chamber. X 10™* Torr, respectively.
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hind the voltage. The characteristic then corresponds to th®xygen atoms are ionized and confined by the field near the
static characteristic of a normal glow discharge. surface of the target.

A reduction in pressureR~5x 10"“ Torr) leads to the — Sublimation of zinc and its oxidation near the target.
generation of current oscillations near the maximum voltag& he oxygen deficit in the heated surface layer is made up by
(Fig. 20. At pressures of 10 4<P<5x10 % Torr the  oxygen supplied to the chamber as part of the working gas.
discharge becomes completely oscillatory and the constarithus, in magnetron sputtering the molecular oxygen con-
component of the discharge current is negligible. In this caseained in the bulk is continuously converted into atomic oxy-
the current—voltage characteristic contains no elements gjen at the surface of the target.
the static characteristic. An increase or decrease in the The presence of a capacitan€ein the supply circuit
anode—cathode gap or the capacitaficeauses a constant changes the external current—voltage characteristic of the
current component to appear until the oscillations disappeasource and, combined with the fluctuations caused by the
A reduction in the pressure belo~3x10 * Torr leads to  attachment instability, leads to a delay of the feedback with
guenching of the discharge. We did not observe any appreespect to voltage and to the formation of current
ciable variation of the oscillation frequency as a function ofoscillations® A model was proposed in Ref. 4 to describe the
the distance between the electrodes or the ratio of the partiglynamics of the distribution of the positive and negative re-
gas pressures calculated in Ref. 4. gions of the space charge and potential in a discharge gap at

We studied the discharge characteristics in a pure AP~1-10 Torr. However, further investigations are required
atmosphere in order to determine the role of oxygen in théefore the oscillation mechanism can be reliably determined.
formation of oscillations. Oscillations were also observed in  This pulsed magnetron sputtering regime in a dc system
this case but after a few minutes of sputtering they wergevealed various advantages for applications. These include a
completely damped and the discharge was then uninfluenceadultiplication of the maximum sputtering rate and increased
by the capacitance. A discharge in an argon atmosphergcope for controlling processes in the gas phase in reactive
blackened the target as a result of oxygen depletion of thenagnetron sputtering. We propose to report the results of
surface layer. The oscillating regime was only restored aftefurther studies in our next publication.
the target had been sputtered for a few minutes in an Ar—O
atmosphere, which oxidized the surface layer. This behavior
suggests that the discharge current oscillations are caused Byu. P. Razer,Gas Discharge PhysiaSpringer, New York, 1991; Nauka,
desorption of atomic oxygen from the surface of the target Moscow, 1992 _
and by the formation of negative Oions as a result of 3\F,eV'|\|;|' Nighan and W. J. Wiegand, Phys. Rev.18, 922 (1974.

oL . Morrow, Phys. Rev. /32, 1799(1985.

electron attachment. The undamped nature of the oscillations, peres and L. C. Pitchford, J. Appl. PhyEs, 774 (1995.
is caused by the processes taking place at the surface of tHes. R. Morrison,The Chemical Physics of SurfacB®enum Press, New
target. It is known that ion bombardment of zinc oxide IeadsGZOrX (i?sgihzmo'\"?Siowdgiighsgs;npg-A A Glebovekizy. Akad
to desorption of atomic oxyget?f It is glso known that the Nauk SSSR, Ser. Fizi6, 2274(198. s : '
temperature of the target surface during magnetron sputter‘a kn. Abduev, A. M. Magomedov, and Sh. O. Shakhshaev, Neorg.
ing is close to the melting poiridecomposition of the tar- Mater. 33(1), 1 (1999.
get. Our previous investigatio-hshowed that the processes 8V. N. Melekhin and N. Yu. Naumov, Zh. Tekh. Fia4, 1521(1984 [Sov.
at the surface of a zinc oxide target take place as follows: ' YS: Tech- Phys29, 888 (1984).

— Desorption of atomic oxygen under ion bombardmentTranslated by R. M. Durham
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Condition for a time-constant current in a high-current planar diode
S. Ya. Belomyttsev, S. D. Korovin, and I. V. Pegel’

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted January 5, 1997
Pis'ma Zh. Tekh. Fiz24, 63—-69(March 12, 1998

The conditions required to achieve a constant current from an explosive cathode during the pulse
in a high-current planar diode are calculated. 1@98 American Institute of Physics.
[S1063-785(08)01203-9

High-current electron beams with large cross sectiondultiplying Eq. (4) by dy/dx and integrating, we obtain
(hundreds of square centimeteasid pulse lengths between a M (dv\2 A
few and tens of nanoseconds are used in various radiation - (_7) Mo g, C., 5)
technologies. These beams are formed in planar diodes with ~ 2€ | dx c
cathodes based on explosive electron er_nlstFﬁhe_ use of \where C, is the integration constant. Assuming that
direct-action accelerators based on coaxial shaping“liags dy/dx=— eE/mc, we rewrite Eq(5) in the form
pulsed voltage sources allows beams to be generated with
pulse repetition frequencies of hundreds of hértz. _ E_2+ j—omc\/Tl— const
One problem encountered in the development of cath- 87 e Y B ’

odes for planar diodes is to ensure that the diode impedance

remains constant during the pulse. Unless special measur@g the surfaces of the.electrodes, the leit-hand S'd.e Of. expres-
are taken, the impedance of a planar explosive-emission dgron (6) has the meaning of the total pressure, which is made

ode may decrease by a factor of 2—3 within approximatelyljp of the electric field and electron pressures. Thus, the val-
20 ns(Ref. 3, which causes an increase in current and misJ€S of the total pressure at the cathode and the anode are the

match between the diode and the oscillator. This last facto]s‘."‘me' The field pressure creates a force at the electrodes

reduces the electron energy during the pulse, which is und lirected '|nto. the diode, .Wh”.e thg beam pressure creates a
sirable for technological applications. orce acting in the opposite direction. The force acting on the

It is well-knowrf that if the cathode plasma in a high- diode as a whole is zero as a result of the constant momen-

current diode expands during the pulse over a distance co:?gm in a steady-state systefinis assumed that the electron

parable with the diode gap, this reduces the impedance of t gux is absorbed at the anode and does not leave the limits of
diode. In the present study, however, we consider the cadt® diods. :
If the electrons leave the cathode at zéi a known

where the expansion of the cathode plasma during the pulse imati locities. th th thode |
is negligible compared with the diode gap. approximation velocities, the pressure on the cathode is
We examine the conditions required to achieve a con- p,= Eﬁ/87r, (7)

stant impedance for a planar diode with an explosive- . o
emission cathode. whereE, is the electric field strength at the cathode. If the

If the diode is planafFig. 1), we assume that the elec- cathode has an unlimited emission.capacity, ther 0 and
trons propagate along the normal to the electrodes. The elef1€ total pressure on the cathodepis=0. The pressure on

(6)

trostatic potentialp satisfies the Poisson equation the anode is
- Ex |
Ap=—4mp, @ pa=— g+ ome 71, ®

where p is the space charge density in the diode. Since
p=]jlV, wherej is the current density in the diode aNdis  where E, is the electric field strength at the anode.pif

the electron velocity, we obtain =0 and thusp,=0, the field pressure at the anode is bal-
2 o . anced by the electron pressure.
d gldx’=—4mj/V. @ Let us now assume that the cathode is an inhomoge-
Introducing the notatiofy= —j and assuming that neous but periodic structure. Neglecting the magnetic field,
R we will clearly have periodicity in the electric field and the
y=1+ £P (1—V2/c?)~ 12, (3)  particle flux. It is easy to see that in this case, the field- and
mc’ particle-related fluxes of the component of the momentum
wherem is the electron mase is the modulus of the elec- across the laterdparallel to thex axis) surfaces of a prism-
tron charge, and is a relativistic factor, we have shaped periodic cell isolated in the diode are zero. Thus, the
x components of the forces acting on the anode and cathode
mc® d?y _Amjo 1— -2)-102 4 ends of the cell are of equal magnitude but of opposite sign.
e ol ¢ v @ This holds on average in the diode.

1063-7850/98/24(3)/3/$15.00 194 © 1998 American Institute of Physics
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In a diode with a planar cathode having a continuous
emitting surface, the current is constant with respect to time.
However, it is difficult to ensure that the entire surface of the,; ensure a constant current in a planar diode, the field pres-
cathode is covered with plasma for a few nanoseconds. Thgre on the cathode must remain constant during expansion
cathode is generally constructed as some periodic structuig the plasma. In principle, this can be achieved.
to ensure that the explosive emission plasma appears rapidly. | ot ys take a cathode in the form of a plane surface on
Let us assume that the linear dimensions of the periodicity,nich thin parallel knife edges are mountéig. 3. The
are much smaller than the diode gap Neglecting the self-  gistance between the knife edgegis!| andp<D. If their
induced magnetic field, we can assume that the electron Vesggges are covered with plasma, the pressure on the cathode
locity (except for the region near the emitting surfa@® i, the x direction is close to zero and is almost independent
perpendicular to the electrodes. of the plasma expansion. This can be attributed to the weak
The number of explosive emission centers at the cathodgiectric field at the planar base of the cathode sined.
increases rapidly only in the first few nanoseconds of the  \ye now assume thatp is such that any change in the
pulse. However, the emitting surface continues to grow Subfie|y pressure on the cathode can be neglected. Nevertheless,
sequently as a result of expansion of the plasma, until neighpere s sill a factor causing the current to vary with time.
boring plasmas merge. In this case, the current in the diodepjs js pecause the pressure on the anode is the sum of the

X

can increase even at constant voltage. field and electron pressures and these pressures are self-
We shall assume that consistent. During expansion of the plasma, the beam geom-
D>V,T, 9) etry may vary and as a result, the ratio between the field and

hereV.. is th | . locity rid particle pressures also varies, even though the total pressure
V;'] erel pl 'jt € ave_rrarl]ge plasma e?pz;nstljc_)ndve OC'“(; M h on the anode remains the same. However, when the pulse
the pulse duration. The variation of the diode gap during t ‘?ength is short, the plasma leading edge covers a distance

pulsle can then Il?e neglect((ajd.h . . . much smaller than the characteristic linear dimensions in the
. t IS generally assume that an Increase in current in Jiode, and so we predict that the time variation of the current

diode is caused by an increased emitting surface at the catl)s, o negligible

ode. The mechanism for this effect should be refined taking  \; \merical célculations made using the SuperSAM code

into account the previous reasoning on the balance of forc_e(?nstitute of Nuclear Physics, Siberian Branch of the Russian

in the diode. In this case, the current increases when an "]&cademy of Scienceshowed that in a periodic syste(Fig
crease of the emitting surface leads to a reduction inxthe 3) with p=1cm, U=500 kV, D=3 cm, andl=1cm thé

component of the field force at the cathode. On the OtheEurrentll per unit length of a single knife edge depends

hand, it is known that in a coaxial diode with a longitudinal ;..o\ on the diameted of a cylindrical emitter positioned
guiding magnetic field, the current is constant if the entire,; o edge(curve 1 in Fig. 4). Curve? plotted for compari-
edge of a thin annular cathode is explodéd. 2). In spite son corresponds to a diode tvia 3 cm gap an@mitters in
of the plasma expansion, the axial pressure on the cathode js

d thi lains th &SThus. in ord e form of semicylinders of diameter located directly on
zero and this explains the constant currenthus, in order the cathode plane. In this case, a strong dependeiidg is

found.
, We note in passing that when the conditigns!| and
bl bzl Ui p<<D are satisfied, the current in the diode shown in Fig. 3 is
A L”A similar to that in a homogeneous planar diode with the gap
D. The numerical calculations showed that for the param-
K ’ eters given above, the difference is less than 5%.
- - - - - Although the goal to be strived for when fabricating the
cathode is quite clear, some difficulties may be encountered

in attaining this goal. Simple thin metal knife edges are dif-
ficult to explode rapidly over the entire length of the edge,

7 particularly at high pulse repetition frequencies. In addition,

FIG. 2. at high average pulse powers the knife edges undergo ther-
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|1’ A ducing the size of the screening zone around each &nter
100 and also because of the faster propagation of the plasma
11— along the dielectric surface and the merging of neighboring
plasmas.
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One-dimensional diffuser for a three-dimensional imaging system
E. B. Brui and V. V. Orlov

“S. . Vavilov State Optical Institute” All-Russian Scientific Center, St. Petersburg
(Submitted November 25, 1997
Pis'ma Zh. Tekh. Fiz24, 70-75(March 12, 1998

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 Physids$1063-785(018)01303-3

A new method of producing three-dimensional images 9) Dehydration in 50% and 100% solutions of isopro-
based on forming a matrix of focused aspects of a scene wasy! alcohol
proposed in Ref. 1. In the experimental section of Ref. 2,the  10) Drying
efficiency of the method was checked for the particular case  High-contrast, nonhardening developing was used to ob-
when a three-dimensional display reproduces only the horitain the highest possible image density uniformly over the
zontal parallax. In this case, a one-dimensional diffuser igntire thickness of the layer. The intensification step was
used, which only scatters the radiation in the vertical direcintroduced to enhance the relief on the surface of the layer.
tion and thereby broadens the window of observation in thisThe nonlinear nature of the intensifying treatment apprecia-
direction. In order to ensure that the observed image poshly increased the optical density in the exposed sections of
sesses uniform brightness, the diffuser should not exhibit ¢he photolayer, which combined with the hardening bleach-
zeroth diffraction order. Here we consider a method of ob-ng treatment, enhanced the surface reliBfuring the hard-
taining such a diffuser. ening bleaching treatment, gelatin molecules hardened

The one-dimensional diffuser was a photograph of aaround developed silver grains. The composition of the
speckle pattern formed by a vertical line of ligkitere and  bleaching tank was selected to create the optimum bleaching
subsequently the horizontal direction was taken as the direconditions for the layer. During the subsequent dehydration
tion in which the parallax should be reproduced, i.e., thetreatment in alcohol solutions, an image formed in the layer
direction of the axis linking the pupils of the observer's as a result of modulation of the refractive index of the hard-
eyes. The line of light was formed by a coherent cylindrical ened and nonhardened gelatin, similar to the processes taking
light wave (\ =632.8) focused onto mat glass. The intensityplace in layers of bichromated gelatin. As a result of this
distribution of the diffuse beam was recorded using a 123hotochemical treatment, the image of the speckle pattern in
X102 mm PFG-03C photographic plate positioned 300 mnthe photographic layer consisted of three components:
from the mat glass and oriented so that the longest side of tHaeached silver grains, hardened gelatin, and surface relief.
plate was perpendicular to the luminous line on the mafll three components combined to produce sufficient modu-
glass. The continuity of the diffuse beam intensity on thelation of the optical thickness of the diffuser to completely
surface of the photographic plate was characterized by theliminate the zeroth diffraction order. An extremely weak
following quantities: the maximum intensity was at the cen-zeroth diffraction order was observed at the edges of the
ter of the plate, and was taken as 100%, the intensity at thdiffuser where it was caused by the lower intensity of the
upper and lower edges was 73% and at the right and lefliffused beam during exposure of the plate.
edges, 53%. The exposure at the center of the plate was We measured the scattering indicatrix of this one-

0.8 mJ/cr. dimensional diffuser in the vertical and horizontal directions
The photochemical treatment of the exposed photoat wavelength 632.8 nm. The vertical scattering indicatrix is

graphic plate included the following operations: shown in Fig. 1. The half-width of the indicatrix, i.e., the full
1) Development in PRG developer width at half-maximum, in the vertical direction is 18°. Fig-
2) Washing in water ure 2 shows the scattering indicatrix in the horizontal direc-
3) Intensification in a solution containing AgNO tion, which has a half-width of 6.6 arc min.
4) Washing in water We now discuss these results. The scattering indicatrix
5) Fixing in F8 fixer of the diffuser is determined by the spectrum of spatial fre-
6) Washing in water quencies of its amplitude transmission. If the diffuser fabri-
7) Bleaching in modified R10 bleaching agent cation process is linear, i.e., the amplitude transmission of
8) Washing in water the photoplate depends linearly on the exposure, the spec-
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1,00 —yporoooerems The diffuser fabrication process used here is nonlinear
T ] since the amplitude transmission of the diffuser is a pure
4 phase process. As a result of this nonlinearity, the spectrum
. of spatial frequencies of the diffuser changed substantially
0.78 / \ and was enriched in higher spatial frequencies. It can be seen
from Fig. 1 that the half-width of the scattering indicatrix in
the vertical direction is 18°, which is 2.25 times greater than
the 8° angular dimension of the line of light on the mat glass
in this direction. In order to estimate the influence of the
nonlinearity of the fabrication process on the scattering indi-
catrix in the horizontal direction, we measured the intensity

I S |
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0.25 / distribution of the line of light in this direction. This intensity

. distribution comprised a high narrow peak g& wide, lo-

1 cated on a plateau 346m wide. This nonuniform intensity

i : distribution in the line of light was caused by the aberrations
0.00 ....,....i......... SRR ENREEAREEEREERELL L of the cylindrical lens used to form it. The angular dimen-

T80 200 ~150 <100 50 00 8000 150200 2 sions of the peak and the plateau of the intensity distribution

relative to the center of the photographic plate were 0.25
FIG. 1. and 3.8, respectively. Comparing these values with the half-
width of the scattering indicatrix in the horizontal direction
5.2 and its width 110 (Fig. 2), we find that as a result of the
nonlinearity, the half-width of the scattering indicatrix,
which depends on the peak width, was increased 21 times

trum of spatial frequencies of the amplitude transmission is;q the width of the indicatrix, which depends on the plateau
proportional to the spectrum of spatial frequencies of thgyigih was increased 14 times.

intensity distribution of the diffuse beam in the plane of the Bearing in mind that the half-width of the scattering in-
photographic plate. It is easy to show that in this case, thjicarrix in the vertical direction was only increased 2.25
diffuser should scatter the radiation in such a way that thgimes, we see that the nonlinearity of the fabrication process
half-width of the scattering indicatrix in the vertical and hori- of the one-dimensional diffuser has a stronger influence on
zontal directions is equal to the corresponding angular diyhe jow spatial frequencies of the amplitude transmission of
mensions of the line of light on the mat glass when this ispe giffuser, responsible for scattering in the horizontal di-
observed from the center of the photographic plate. Thection, compared with the high spatial frequencies respon-
width of the scattering indicatrix in the vertical and horizon- sible for scattering in the vertical direction. This one-

tal directions should be twice the angular dimension of thejimensional diffuser was used to reconstruct an image which
line of light in the given directio}. only reproduces one horizontal parallax using a system simi-
lar to that described in Ref. 2. The experiment showed that
the presence of the horizontal component of the scattering
indicatrix reduces the contrast of the image. For the horizon-
tal component not to influence the quality of the observed
image, its width should not exceed thé dngular resolution

of the eye. In order to obtain such a narrow scattering indi-
catrix, a narrower, diffraction-limited line of light must be
formed on the surface of the mat glass.
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Instability of plane Couette flow of two-phase liquids
V. Ya. Rudyak, E. B. Isakov, and E. G. Bord

Novosibirsk State Academy of Civil Engineering
(Submitted June 12, 1997
Pis'ma Zh. Tekh. Fiz24, 76—80(March 12, 1998

The stability of plane Couette flow of a disperse liquighseous or liquid suspensjois
investigated. It is shown that in contrast to the flow of a pure liqgah, above a certain threshold
particle mass density, this flow begins to become unstable to infinitesimal perturbations.

© 1998 American Institute of PhysidsS1063-785(108)01403-7

It is well known that plane Couette flow of a single- the Reynolds number. The parametes @M/prLZ is de-
phase liquid is stable relative to infinitely small scribed as the relaxation time of the medium and character-
perturbations. In our studie$™ we systematically investi- izes the physical properties of a two-phase liquid, wheie
gated the stability of flows of disperse liquids. We estab-+the characteristic linear scale of the fldfor plane Couette
lished that the presence of solid particles in the stream radkjoy this is the half-width of the channelU o is the charac-
cally alters the evolution of perturbations in bounded anderistic flow velocity, py is the density of the carrier liquid,
free flows. In particular, when the particle distribution is p, is the density of the particle continuum, is the coeffi-
nonuniform, a new necessary condition is obtained for instagjant of viscosity of the carrier liquid, ari is the hydrody-
bility of the flow of two-phase liquids in the inviscid ,mic drag coefficient of the dispersed particles.
approximatiorf: (pU’)" =0, wherep(y) is the mass density Here we consider plane Couette flow with the dimen-
profile of t_he mediumb(y) is the steady-sta_te pTOf"_e of the_ sionless velocity profilé) =y and boundaries at=* 1. The
flow v_elqcny. I_-|ere and subsequently the prime indicates dIf'usual conditions of nonslipping and nonpenetrating flow are
ferentiation with respect tg. set at the boundaries for the stream function. Equation

non:wz]oancgt(())rndign dC:n\giltth (tjri]slfri%%rt]idoltlfn)' gﬁ;’jgebzouwng;gzny was solved numerically using tridiagonal inversion andthe
y pLy "...method. The distribution profile of the disperse phase was

This important conclusion is unexpected and requires verifi- : i . .
; . taken as a Gaussian function with the maximum of the den-
cation. Here we study the stability of plane Couette flow

relative to small perturbations. sity f, on the flow axis and characteristic width: f(y)

We consider the flow of a disperse medium consisting of_]co exp(—y“/o?). In the present work this width is always

a mixture of an incompressible carrier liquigas and solid ‘;: 0'3’.V\|/h'0h cqrreﬁpgnds to the Cofnﬂltl?ln W_hf]n alrl’nost.all
spherical particles of radius. The bulk density of the dis- the particles are in the inner region of the flow; the relaxation

. . . _7 . -
perse phase is assumed to be low so that particle interactidne Of the medium is $10°". The particle density, was

can be neglected. The dynamics of this system is describeffred- o
by the equations of two-fluid hydrodynamie. In single-phase Couette flow we can identify four pertur-

It was shown in Ref. 2 that the Squire theorem is satisPation modes having the lowest damping ratesrves1-4
fied for an arbitrary distribution of the disperse phase, so thaf! Fig. 1). Three of these modesurves1-3) are wall modes
the analysis can be confined to studying the evolution oftind thus react weakly to the presence of particles in the axial
two-dimensional perturbations. In this case, the problem igone so that the damping rate of these perturbation either

reduced to solving the equatioh remains the same or even increases slightly with increasing
particle density. The fourth modeurve4) is an axial mode,
(W=C)Ay— W' g+ (I f') = A2y and its behavior changes substantially in two-phase flow

i Re (curvesb and6). The damping rate of this mode decreases as
U—c 42 the particle mass density increases and after a certain thresh-
- . A=———a? old densityf,=0.2275 has ben reached, the perturbations of
1+iaS ReU—c) dy this mode begin to grow. The Couette flow becomes unstable
@) with respect to infinitely small perturbations. The phase ve-
for the stream function of small perturbations of the carrierlocity of the axial perturbations is zero and the frequency is
liquid also zerow, = ac, =0, so that forw;>0 the unstable pertur-
ey = py)exilax—o)] (=g, U=—iag) ilz?tlloorr;f:lseé monotonically growing deformation of the veloc
with the wave number, frequencyw, and phase velocity In the («, Re) plane we can identify the region of insta-
c=wl/a. HereU=U(y) is the velocity profile of the unper- bility of the disperse Couette flow bounded by a neutral
turbed flow,f=f(y) is the mass density profile of disperse- curve, as shown in Fig. 2. Cundecorresponds to flow with
phase particles in the unperturbed flow, and=RgLps/u is  the particle density,=0.2275, which is close to the thresh-

W(y)=U+fJ, J
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FIG. 1. FIG. 2.

against infinitesimal perturbations. As the particle relaxation
time increases, the forces of interphase interaction decrease,
which reduces the destabilizing influence of the disperse
phase.

old value. For these particle densities the flow is only un
stable to long-wavelength perturbationa<(0.03) and is
characterized by high Reynolds numbers>R€°. As the
density of the disperse phase increases, the region of insta-

blllty grows rap|dly (curvesZ, 3, and4 CorreSpond to mass IA. S. Monin and A. M. YaglomStatistical Fluid Mechanigsvol. 1 (MIT

denSitiesr_O:. 0.23, _0-3, a_nd 0.4, respectivglgnd develops a _ Press, Cambridge MasfRuss. original, Part 1, Nauka, Moscd967,
characteristic profile which clearly reveals three asymptotic 639 pp).
branchegcurvesA, B, andC in Fig. 2). It can be shown that 2E. B. Isakov and V. Ya. Rudyak, lzv. Ross. Akad. Nauk Ser. Mekh.
- PSR TR Zhidk. Gaza No. 5, 791995.

the asymptotic branci cor_responds to the mwsqd I|n.1|t. 3. Ya. Rudyak and E. B. Isakov, Prikl. Mekh. Tekh. F&7(1), 95(1996.
Re—c and at the same time, to the small particle limit 4y, ya. Rudyak, E. B. Isakov and E. G. Bord, Thermophys. Aeromech.
SRe-0, while branchesB and C correspond to the small  3(1), 51(1996
wave number limit. 5V. Ya. Rudyak, E. B. Isakov, and E. G. Bord, J. Aerosol S(1), 53

To sum up, it can be confirmed that for fairly high par- (1999.

ticle mass densities, plane Couette flow becomes unstableanslated by R. M. Durham
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Allowance for the contribution of self-adsorption in estimates of the interphase energy
in a solid-metal—own-melt system
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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. 1898 American Institute of Physics.
[S1063-785(108)01503-1

MARCH 1998

It is known that the equilibrium values of the interphasesemidisorderedwe takeu~0.5(us+ ), Wherep, is the
free energiesrg at a crystal-liquid interface, calculated us- energy of vaporization of a particle from the liquid phase. In
this approximation we havA u¢~0.5(us— u,) so that Eq.
self-adsorption (), are usually much higher than the ex- (1) can be expressed in the final form

ing the Young equation neglecting the contributiderg, of

perimental data,

even

single-component
systems:3 However, no formula to determinAo, as a
function of the properties of initial simple substances has

been described in the literature.

Here we consider a possible method of obtaining a
simple estimate ofA o, using the molar heats of fusidin¢

of the metals.

To determine Aog,,
representatiods of the interface as an individual phase, and
the Gibbs adsorption equation

Aog=—TAus,,

whereA ug, is the excess chemical potential of the adatomg”!» 7s:

we use the

relative to the substrate microparticles.

The suitability of this approach arises from the dominan
role of the boundary monolayer in the accumulation of the
free enthalpy’. In the limits of these representations, self-
adsorption may be treated as the implementation of two

familiar

metal

atomic volumeV,=Ap

Aogr~—0.5N, BV, 2530,

@

Here it is assumed th&}; is the difference between the
heats of sublimation and vaporizatiol,, is the gram-—
;1. Ais the atomic masgy is the

density of the solid metal at the melting point, aNg is

Avogadro’s number.
We used expressiofR) to estimateA o, for precious
and nontransition polyvalent metals. Along with the param-

etersps and(); and the equilibrium contact wetting angl@s
of polycrystalline metals by their own meftghe values of

andog are also comparatively well-known for these

metals(see Table)l This allows us to use the Young equa-

fion to find Ao,

—Aog=0s— 0 COSO—0y.

()

In addition to the values akog,, Table | also gives the

stages: sublimation of an atom to the gas phase accompaniddviations$ of the estimates made using formyf@ from
by expenditure of energy and its subsequent condensationthe results of the calculations using expressi®n It can be
seen from the calculations that for these ten metals the aver-
then haveAug=us— msa- Assuming that the adlayer is age deviations is approximately 2.5%.

into the adsorption layer with the release of energy. We

TABLE . Interphase free energies and contributions of self-adsorption calculated by two method$)(mJ/m

o Ao, 5
Metal (Refs. 7 and 8 o X Formuld?2) Formula(3) %
Cu 1330 1658 Refs. 4 and ® 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 1P 161 (Refs. 4 and 14 151.1 146.7 3.0
Al 871 1100(Refs. 10 and 11 141 (Ref. 19 131.8 128.9 2.2
Ga 711 767(Ref. 10 56 (Ref. 19 63.9 58.3 9.6
In 556 631(Refs. 10 and 18 62 (Ref. 19 30.9 30.8 0.3
Tl 465 555(Ref. 10 67 (Ref. 195 54.1 55.1 1.8
Sn 562 683(Refs. 9 and 18 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 111 83 (Refs. 14 and 16 86.6 87.1 0.6
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Calculating the electromagnetic wave generated by the interaction between an
ultrashort laser pulse and matter

I. A. Litvinenko and V. A. Lykov
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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 target1988 American Institute of
Physics[S1063-785(18)01603-9

INTRODUCTION where F(t) is measured in particlggh?/s) LB. and A; is

The interaction between high-intensity ultrashort Iaser}hzteef:‘lecclfrr;%yeorl:ecronversmn of the laser radiation energy into
pulses and matter results in the generation of fast electron§ The motion fgtyH fast electrons is described b
with effective temperature$;~10 keV andT;~100 keV € motion ot the tast electrons 1s described by

for laser power densities on the targgt=10'® W/cn? and dp

1 r cp
q,~ 10""-10'® Wicn?, respectively. The laser radiation is G- Et X =V VE e
converted to fast electrons with an efficienkyof order tens pe+mee 3)
of percentt

On leaving the target, the fast electrons create electrowherem is the electron rest mass.
magnetic fields which act so as to return them back to the =~ The Maxwell equations in a cylindrical coordinate sys-
generation zone. The motion of the electrons in the selftem are used to determine the fields. The initial conditions
consistent electromagnetic fields beyond the target may lea@re taken as zero. The boundary0 (surface of the plates
to the dipole emission of an ultrashort, high-power electro-assumed to be conductind=(=0). The other boundaries
magnetic wave. Since the emission region is small, the wavé= Zmax andr =1, are also conducting, but they are some
may subsequently be focused by the usual means for fundaistance away and do not influence the field distribution in-
mental and applied research purposes. It is of interest to eside the spot.
timate the possible efficiency for conversion of the fast elec-  The calculation algorithm of our PM2D method is based

tron energy into an outgoing electromagnetc wave. on splitting into physical processes, which implies system-

Here we present results of calculations made using thétic modeling at each time step:
PM2D code to model the motion of the fast electrons and  — the injection of fast electrons;
electromagnetic fields generated by the interaction of a pico- — motion of the electrons in electric and magnetic fields;
second laser pulse and a planar target at interugity10'® — the electron current distribution in the region;
W/cn?. — the electric and magnetic fields.

Making the time step small compared with the charac-
FORMULATION OF THE PROBLEM AND METHOD OF teristic time of variation Qf the electric and magn_etic fields
SOLUTION ensures that the calculations of the electron motion and the
fields are self-consistent.
Laser radiation focused in a beam of radigss incident The particle method is used to model the space—time

normally on the surface of a metal plate. The time depenyjstribution of the electrons. An explicit “cross-shaped” dif-

dence of the supplied laser powE(t) is described by an  ference scheme is used to find the numerical solution of the
isosceles triangle with a base duration of 9s and peak paxwell equations.
Pmax=10"" W. Near the spot a surface source of fast elec-
trons is defined with an isotropic angular distribution and ageg; Ts AND ANALYSIS
Maxwellian energy spectrum with the temperature
s Calculations made for the parameteks=10 1-103
P(t) and r,=20-5 um show that most of the electrons are

' trapped by the electric field in a region of characteristic size
o o o ~1 um near their surface of generation. The highest-energy
HereT, is in keV, the laser radiation pow@(t) is in watts,  gjectrons escape from this region and then move back toward

D

2

To(t)= 1oo><(
oo

and o= 10" W/cn?. the surface of the target with a helical motion. Some of them
The fast electron flux leaving the plate is given by reach this surface where they are absorbed.
= P(t) 213 As a result of the nonunifornfmainly alongz) electron
F(t)=6.3% 1029><($) ><Af><( 5 ) (2 motion, an electromagnetic wave is generated. All the pre-
7T o0o 7000 requisites of dipole radiation are present in our case, and the

1063-7850/98/24(3)/2/$15.00 203 © 1998 American Institute of Physics
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FIG. 1. Time dependence of the second derivative of the dipole moment foFIG. 2. Second derivative of the dipole moment assuming various laser
various radii of the laser radiation spot f8¢=0.01. energy conversion efficiencies fog=10 um.

sponds to conversion of fast electron energy into electromag-
parameters of the outgoing electromagnetic wave can be deretic pulse energy with efficiencieg= K/Af~10*4—1(T3.
termined by calculating the time dependence of the second

derivative of the dipole moment with respect to titheThe =~ CONCLUSIONS

dipole radiation power is given by Calculations made using the PM2D program have shown
5 q 2 that fast electron energy may be converted into subpicosec-
1= & f szv) (4  ond electromagnetic pulses with an efficiency of 3010 *
3c? dt when the intensity of the ultrashort laser radiation on the

target is 18°-107 wicn?.
The authors are grateful to the MNTTS for financing this
work under ISTC Project No. 107-94.

The fieldsE andH at the observation point at distanReare
related to the dipole moment by the well-known relatfbns

1 1 .
H=—dxn, E=—[(dxn)xn]. (5) 'A. Rousse, J. P. Geindre, P. Audebettal, Phys. Rev. E50, 2200
2R 2
c°R (1994)
. Dunn, B. K. F. Young, A. K. Hanklat al,, Laser Interaction and
Heren is the unit vector directed from the center of the target Re|ated Plasma Phenomereaited by Sadao Nakai and George H. Miley,

to the observation point. in AIP Conference Proceeding¥ol. 369 (AIP Press, New York, 1996
Figures 1 and 2 display the second derivative of the di- Pp. 652-659. i ) . Book of Ab .
pole moment of the fast electrons as a function of time for A L- Zapysov, V. G. Borodin, V. A. Lykowt al, Book of Abstracts o
. . 13th International Conference on Laser Interaction and Related Plasma
various values of the parametegsandA; . The calculations Phenomena, Monterey, CA, 1997.
made using the PM2D program show that the efficiency of“L. D. Landau and E. M. LifshitzThe Classical Theory of Fielggnd. ed.
conversion of the laser radiation into an electromagnetic (Pergamon Press, Oxford, 197[Russ. original, Fizmatgiz, Moscow
wave may reach . =| . /Pr.~1075 for re=10um and (1969213 ppk
A;=0.1, and also fory=5 um andA;=0.01, which corre- Translated by R. M. Durham
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and argon with a pulse-periodic nanosecond discharge
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An experimental investigation was made of a pulse-periodic hanosecond discharge in a mixture
of mercury vapor and argon. It is shown that the concentration of mercury atoms in the

6°P, state is around 50% of the total concentration. 1@98 American Institute of Physics.
[S1063-785(108)01703-7

A low-pressure arc discharge in mercury—argon mix-  The average radiation power in the range 210-280 nm
tures is an efficient source for conversion of energy into rawas measured with an F29 photocell. The radiation power on
diation on resonant lines of the mercury atom at 185 nnthe 254 nm line was determined with allowance for the mea-
(6*P,—6'S,) and 254 nm (8P,—6'S,). The transition to a  sured relative intensity of the spectral lines and the spectral
dynamic microsecond-pulse discharge in these mixtures cagensitivity of the F29 photocell.
enhance the output efficiency of the ultraviolet radiafioh. The peak radiation power reconstructed from the oscil-
We investigated a nanosecond pulse discharge in the form d@scope traces was 800 W. Figure 1 shows typical traces
a high-speed ionization wave in a mixture of mercury vaporffom the return-current shunt and the photomultiplier at a
and argorf. cold-point temperature of 40 °@mercury vapor pressure

The discharge was ignited in a cylindrical quartz tube® mTory.
with an inner diameter of 13.5 mm and an interelectrode gap  FOr the instantaneous radiation power we can write
of 77 cm. The argon pressure under normal conditions was B () =AciXNaxX%w (Ref. 7), where A is the effective

Torr. The mercury pressure was equal to the saturated vap8foPability of emission of radiation from the plasnid, is

pressure at the temperature of a cold point in the dischargd'® number of atoms in the’®, state, andi is the photon

tube which was created by a cooling system. The discharg&n€r9y- The effective probability for em_ifsion of ra_diation is
tube was surrounded by a grounded metal screen with aeff~"vad: where Arg=1/75=8.3x10° s * (Ref. § is the
inner diameter of 40 mm. The impedance of the dischargé’mbab'“ty of emission of a photon by an isolated atom. As a

circuit, taking the plasma conductivity to be the same as thal esult of filling of the 6P, by electron impact from Fhe
of a metal, was 60.%). The discharge cell was connected ground state, and also from théR levels, and radiative

into a gap in a coaxial line with a wave impedance of(50 ELanzltlonst;‘rr:mf hr'gt::erzlszenlrsﬁ ;Nediﬂ;df‘i!gtg;’ \i,t\/hﬁriTrlriin q
A pulse-periodic discharge was excited by variable- € decay time for the adiatio ensity dete €

. : . o from the oscilloscope traces using the approximation
polarity pulses having amplitude 15.9 kV, rise time 28 ns, ~ e .
and half-width 82 ns in positive polarity, and 18.5 kV, 12 ns,,I =lo &xp(-(t=to)/n). We can then write o> Aey=1/7.

and 61 ns, respectively, in negative polarity. The measure-
ments were made at a pulse repetition frequency of 330 Hz.

After passing through the discharge cell, the pulses were®°Ta ' ' ' ' ' N Ta
absorbed by the 50 load. As a result of the inerradicable ot
mismatch between the cell and the line, some of the inciden 2%] .

characteristics, this part of the pulse is reflected from the2%0]
pulse generator and arrives at the discharge cell 640 ns afte400] o ns
the initial pulse. The energy absorbed in the discharge is600~7 500 1000 1800 2000 2500 3000 3500
determined using oscilloscope traces from return-current 45— . . « T ™

shunts by a method described in Ref. 5, with allowance for  Monm:au b
the incident and retroreflected pulse. The average discharg 4¢- —2

electrical power is 366 W. \

An MUM-1 monochromator, a FE-100 photomulti- osd [ 1 f\\
plier, and a Tektronix TDS-640£600 H2 oscilloscope were :

pulse is reflected back into the line. Because of the desigr ° ‘/ | Vad
~—2

used to study the temporal dynamics of the intensity of the : . . , , - ML

254 nm line with 3 ns time resolution. The linearity of the 0 500 1000 1500 2000 2500 3000 3500
FEU-100 photomultiplier under pulsed loading was checked:ig. 1. oscilloscope traces: a—from return-current shunt; b—
separatel)? photomultiplier signalsl—positive pulses an@—negative pulses.
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This gives P(t)/(AdfioV)<n,<(P(t)7)/(hwV), where periodic discharge conditions exist for which the fraction of
na is the concentration of atoms in théf, state averaged the population of the &; mercury atomic state accounts for
over the discharge cross section ands the volume of the tens of percent of the total number of mercury atoms in the
discharge tube. discharge. In this case, the ultraviolet pulse power is 1 kW

It was found in Ref. 6 that in a cw discharge at a mer-and the average electrical discharge power i 8QV.
cury vapor pressure of 7 mTorr, the concentration of atoms
in the 6°P, state averaged over the cross section of the dis-
charge tube was 2x110'* cm 3, which is approximately V.M. Milenin and N. A. Timofeev, Zh. Tekh. Fiz8, 2060(1978 [Sov.

0 ; ; Phys. Tech. Phy3, 1175(1978].
0.1% Qf the total numb_er of mercury atoms in the dlscharge.zvl M. Milenin and N. A. Timofeev, Svetotekhnika, 6 (1981,
The diameter of the d'SCharg? tube was 36 mm, the argony, M. Milenin, G. Yu. Panasyuk, and N. A. Timofeev, Fiz. Plazhg,
pressure was 4 Torr, and the discharge current was 0.45 A. In447 (1986 [Sov. J. Plasma Phy42, 258 (1986)].
our case, at a mercury pressure of 6 mTouy,is between “L-l M. Vasilyak, S. V. k*fostyuci}enk(;; N. N. Kudryavtsev, and I. V.

2 2 -3 inh e 90, _ Filyugin, Usp. Fiz. NaukL64, 263 (1994.

3x10"*and 7 10° Cm ' WhI.Ch is 2—5% of the total num SE. I. Asinovski, L. M. Vasilyak, and A. V. Kirillin, Teplofiz. Vys. Temp.
ber of mercury atoms in the discharge. As the mercury vapor 131), 40 (1975.
pressure decreases, the peak radiation power on the 254 nfw. V. Balabanov, L. M. Vasilyak, and A. V. Krasnochub, Prib. Tekh.

line increases in a pulse-periodic discharge. At 1.4 mTgyr, _Eksp.3, 127(1997.

is between X 102 and 2x 1023 cm™2 i.e.. 10-50% of the "F. A. Uvarov and V. A. Fabrikant, Opt. Spektrosk8, 562 (1965 [Opt.
v Spectroscl8, 323(1965].

total number of mercury atoms in the discharge. 8V. S. Egorov, V. A. Tolmachev, and A. N. Klyucharev, ltandbook of
To sum up, by using a pulsed rather than a cw discharge Constants of Elementary Processes Involving Atoms, lons, Electrons, and

at the same mercury vapor pressure, we succeeded in inPhot‘ons edited by G. A. Zhiglinskov[in Russian, St. Petersburg Uni-
creasing the population of the resonant state of the mercury"®'SY Press. St. Petersbutg94, 336 pp.
atom by more than a factor of 10. It was shown that pulseTranslated by R. M. Durham
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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. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 10, 1997
Pis'ma Zh. Tekh. Fiz24, 1-5(March 26, 1998

The possibility of solid-phase direct bonding of silicon wafers hayig or n*-type diffusion
layers with a high surface dopant concentration has been demonstrated for the first time.
© 1998 American Institute of PhysidsS1063-785(108)01803-3

Solid-phase direct bonding of semiconductor wafers  Industrial polished100)-orientedp—Si wafers of good
(known in the English-language literature as direct wafersurface quality, having a diameter of 600 mm and thickness
bonding—DWB was proposed comparatively recehthout 350+ 10 wm, were used for bonding. Both sides of the wa-
is already widely used in microelectronics, optoelectronicsfers with the resistivityp=1 - cm were exposed to diffu-
and power engineering alongside conventional metfiodssion in air from a polymer source deposited on the sufface
The most important requirement for this method is that thehaving a high boron or phosphorus content, which gave a
surface of the wafers should have a low mean-square level ;lurface dopant concentration ef10?°° cm™3. Boron diffu-
microroughness so that the bonded wafers can be brougbkton took place at 1200 °C for 40 miisample No. 1 or at
into “optical’ contact®* At present, direct bonding is used to 1050 °C for 90 min(samples Nos. 2 and).3Diffusion of
join pure polished silicon wafers with different resistivities phosphorus took place at 850 °C for 40 n@amples Nos. 4
or different types of conductivity to form*—n, n*—n, and and 5. The depths of the diffusion layers weres;
p“—p junctions, and also to join ion-implanted wafers. ~3.7 um, X, 5~1.4 um, andx,s~0.4 um. Then, after re-
However, although ion implantation conserves the surfacenoving the silicate glass in hydrofluoric acid, samples Nos.
quality of the wafers, it is frequently unacceptable because of, 2, and 4 were oxidized in water vapor at 900 °C for 40
the complex equipment required and because in many casasijn.
adequate layer thicknesses cannot be achieved with a high The wafers were bonded in pairs: each silicon wafer
degree of doping. The range of application of direct waferwhich had undergone diffusion was bonded with a pure
bonding could be extended if it were possible to bond waferp-type silicon wafer with resistivityp=0.005(-cm. Di-
having diffusion layers with a high level of shallow impurity rectly before bonding, all the wafers were etched in hydro-
doping. For instance, direct bonding could be used to fabrifluoric acid, and this was followed by a standard acid-
cate a solar cell structure with vertiga-n junctions® where  peroxide washing cycle. At the final stage, the wafers were
separatg* nn* or n* pp* must be joined consecutively. In treated in dilute 2% HF, the surface was then hydrophilized
this case, a high dopant concentration in required innthe in a NH,OH:H,0,:H,O (0.05:1:5 solution, and finally
andp* layers to ensure Ohmic contact with the low inter- rinsed in deionized water with a resistivity 18 MQ-cm.
mediate resistance. However, since the surface of the siliconhe wafers were joined and bonded by a technique described
wafers after diffusion is not of sufficiently high quality, this in Ref. 8.
aspect requires special investigations. In Ref. 6, for instance, The joined wafers were subjected to high-temperature
the silicon wafers used for bonding hadpd —n junction  heat treatment in air at 1200 °C for 2h with no external pres-
with a doping depth of 10@m after diffusion of Gain an  sure applied.
inert atmospheneor after codiffusion of B and Alin air). The continuity of the bond and the presence of
After diffusion, these wafers were mechanically polished be-‘bubbles” at the interface was monitored by infrared pho-
cause of the surface erosion. As a result, only the Gatometry using a PTU-44 television system. The coordinate
diffused wafers could be successfully bonded. The surfaceesolution over the area was300 xwm and bubbles could be
polishing (which has the obvious disadvantage that it re-detected when the optical gap between the wafers was
moves the layer with the highest dopant concentratadter  =0.25 um. After the infrared photometry, the bonded wa-
diffusion of boron and aluminum created microroughnesders were cut into two halves. On one half, an oblique pol-
which prevented the wafers from bonding. This microrough-ished section was prepared at a small angle and after alkaline
ness was possibly caused by the presence of vacancy comtching, the quality of the surface was examined under a
plexes. Thus, this was not the solution to the problem. microscope. On the other half, contacts were deposited by

The present study aimed to investigate direct bonding othemical nickel-plating and X4 mm squaregassemblies
wafers having a diffusiomp™- or n*-layer with a high sur- were cut and the current-voltage characteristic measured.
face dopant concentration, formed in an oxidizing mediumMonitoring the continuity of the bonding for the wafers hav-
To improve the quality of the wafer surfaces prior to bond-ing a diffusion p*-layer revealed almost no bubbles for
ing, it was suggested that after diffusion, the wafers shouldample No. 1, i.e., total bonding was confirmed, whereas in
be oxidized, followed by removal of the oxide. sample No. 2 bubbles occupied10% of the area. For the
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control sample which had not been oxidized after the bororsphere was much shorter than that in Ref.)§@ishing was
diffusion (sample No. 3 bubbles accounted for50% of  not carried out after diffusion as in Ref 6) after diffusion
the area. A different result was obtained for the bonding othe wafers were oxidized in water vapor followed by re-
wafers with a diffusionn*-layer—for both sample No. 4 moval of the oxide.
which had been oxidized after the diffusion of phosphorus, = To sum up, we have shown for the first time that solid-
and the control sample No. 5, bubbles accounted~61%  phase direct bonding of silicon wafers having- or p*
of the area. diffusion layers with a high surface dopant concentration can

The current-voltage characteristics of the assembliebe implemented without additional polishing of the surface
were linear. A comparison between the measured resistivitiegfter diffusion.
of the assemblies and the calculated valakkowing for the ) ) . )
bulk resistivity of the wafers; the resistivity of the contacts _ 11iS work was supported financially by the Russian
was assumed to be I9wuggested that an extra resistivity is Fund for Fundamental Research, Grant No. 96-02-17902.
present at the interface. The fraction of assemblies having the
calculated resistivity was 91% for sample No. 1, 85% for
sample No. 2, and 40% for the control sample No. 3, which,

. . . . J. B. Lasky, Appl. Phys. Let#48, 78 (1986.

correlates W|th the estimate mgde using |r_1frared photometryzy, Shimbo, K. Furukawa, K. Fukuda, and K. Tanzava, J. Appl. PBgs.
For the bonding of wafers with a diffusion™-layer, we 2987(1986.
confined ourselves to infrared photometry, which yielded *S. Bengtsson, J. Electron. Matéx, 841 (1992.

. Elec .
good results. It should be noted that the correspondence beJ: Abe. E. F. Steigmeier, W. Hagleiter, and A. J. Allan, Jpn. J. Appl. Phys.

S 31, 721(1992.

tween the resistivity of an assembly and the calculated valueg ‘g gk, N. s. zimogorova, M. Z. Shvarts, and V. B. Shuman, Zh.
does not indicate that no small bubbles are present at theTekh. Fiz.67(2), 129 (1997 [Tech. Phys42, 238 (1977].

interface since the flow resistance over the diffusion layer is®V- A. Kozlov, V. K. Eremin, I. L. Shulpina, V. B. Voronkov, A. M.

; ; ; Ivanov, V. V. Eliseyev, and V. V. Chibirkin, irHigh Purity Silicon IV
low. However, it should be borne in mind that for marny edited by C. L. Claeys, P. Rai-Choudhury, P. Stallhofer, and J. M. Maurits

applications, the quality of the interface between highly (giectrochemical Society Ser., Pennington, 1998 96—13, pp. 369—
doped layers is not so important, as for example, for the 37s.

bonding of uniformly doped wafers with different types of 7g;ﬁG- Guk,'A-SV- E_l’tSO(;/, V. B.TShrl]Jm?n&;r;{d T._A'.}Y’::rrek Pf:_otO_resiSth—
- f f - f . f ts In Semiconductor Technolo ussian, Nauka, Leningra

conductivity, since in the first case the-n junction is lo- rusan

cated at a distance from the interface equal to the thickness; . Grekhov, V. A. Kozlov, V. A. Volle, and V. B. VoronkovBest of

of the diffusion layer, and thus the interface is outside the Soviet Semiconductor Physics and Technology +289Q edited by

space charge region. M. Levinstein and M. Shur(World Scientific, Singapore 1995 pp.
We note three factors which have helped to achieve a 297759

positive result: 1 the diffusion time in the oxidizing atmo- Translated by R. M. Durham
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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. |. Leont’ev, D. P. Frolov, and V. B. Kharchenko

Academy of Civil Aviation, St. Petersburg; N. Bauman State Technical University, Moscow
(Submitted October 8, 1997
Pis’'ma Zh. Tekh. Fiz24, 6-12(March 26, 1998

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. @998 American Institute of Physics.
[S1063-785(18)01903-X]

The problem of vorticity intensification of heat and masscrater. In Ref9 a similar approach was used to analyze the
exchange processes caused by the generation of seifertex structure of detached flow in a deep crater. Results of
organizing vortex structures when a low-velocity flux flows computer visualization of vortex flow near a crater, including
around ordered curvilinear reliefs, especially spherical cranonsteady-state evolution of the process and also blocking of
ters, mainly originates from ten years of experimental rethe flow in a thin layer adjacent to the wall, were analyzed in
search(G. I. Kiknadze, M. I. Rabinovich, M. A. Gotovski Refs. 10-12.

V. I. Terekhov, A. P. Kozlowt al). The spout-like vortices The present numerical simulation focuses on a detailed
observed in Refs. 1 and 2 near surfaces covered with sphemnalysis of the controlling mechanism of vortex generation
cal craters or containing a hemispherical crater on one of tha the boundary layer of an incompressible viscous fluid near
channel walls, were analyzed systematically in Refs. 3 and 4n isolated spherical concavity on a smooth wall and identi-
by making a detailed analysis the nonsteady-state mechanisfying the three-dimensional vortex structures by computer
of vortex formation in a isolated crater under conditions ofvisualization of the flow based on observing the tracks of
advanced turbulent flow. It was emphasized in Ref. 5 that théabeled fluid particles. The concept of comparing the numeri-
organization of large-scale vortex structures in the boundargal results with the experimental data implemented sys-
layer of turbulent flow near a surface covered with sphericatematically, with conditions close to those of a physical ex-
craters can not only intensify the heat and mass exchangeeriment reproduced in the calculations. An analysis is made
processes, but can also reduce the losses caused by the flofddeep spherical craters with rounded edges for which stable
motion, especially by reducing the frictional resistance.laminar flow is achieved with the formation of a developed
However, doubts were cast on this statement in Ref. 6 bedetached zone.

cause of inadequate experimental confirmation. In addition, ~Unlike previous approach&s?to the numerical simula-
this method of vorticity intensification of heat and mass ex-tion of flow around a crater on a plane, which used nonor-
change processes is also associated with an artificial tranghogonal meshes matched with the curvilinear surface with
tion of the boundary-layer flow to turbulent. On the whole, mesh points positioned in planes perpendicular and parallel
the experimental approaches to solving this problem revealei the direction of the incoming flux and accumulations near
various difficulties in estimating the complex vortex flow the walls and the shear layer zone, here we use a cylindrical
pattern and yielded ambiguous conclusions as to the effeanesh matched with the washed surfdéigy. 13. This allows
tiveness of this type of vorticity intensification. This indi- the cell density within the detached zone to be increased
cates that there is a need for a more detailed controllingubstantially(by a factor of five or more In addition, in
mechanism for the generation of vortices induced by crateorder to avoid the problems associated with the interpolation
topologies, based on using numerical simulation methods asf metric coefficients, we use a simplified approach based on
tools for a detailed diagnosis of the flow field, identifying its defining an analytic metric. In all other details, the method-
most important features. ology used in the present analysis is the same as that de-

The last five years have seen the systematic developmeastribed in Ref. 8. A system of Navier—Stokes equations writ-
of numerical simulations of large-scale vortex structuregen in natural variables for the Cartesian velocity
formed in the boundary layer of laminar and turbulent flowscomponents is solved using an implicit finite-volume method
of an incompressible viscous fluid near a spherical crater onsing the concept of splitting into physical processes. A ve-
a plane’~*?The investigations whose results are published inlocity profile corresponding to a Polhausen profile for a
Refs. 7 and 8 were carried out using a simplified formulationboundary layer of thickness equal to the depth of the crater is
assuming symmetric detached flow relative to the geometriset at the entry boundary of the calculation region. Soft
plane of symmetry passing through the center of a shallovboundary conditiongconditions for continuation of the so-
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lution from the inner points to the boundary of the region
are set at the exit boundaries. Attachment conditions are sat-
isfied at the wall. The velocity of the incoming flux outside
the boundary layer and the crater diameter are used to con-
vert to dimensionless parameters. Calculations of the steady-
state flow around a crater on a plane are made using a mesh
containing 44 50x 61 cells. The depth of the crater is taken
as 0.22 and the radius of curvature of the sharp edge as 0.9.
The Reynolds number corresponds to the experimental con-
ditions in Ref. 2 and is taken as 2500.

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

On analyzing the liquid flow patter@Fig. 1b in the
layer near the surface of the crater, we can identify a general
trend (for the numerical and physical experiménts the
flow behavior in the detached zone whereby two large-scale
vortex cells are formed within the crater. A characteristic
feature of the cells is that there are two foci in the peripheral
part of the crater—centers of fluid runoff zones. However,
the hypothesis put forward in Ref. 2 that all the fluid is
trapped in the crater and rolled into a three-dimensional
twisted jet is not completely accurate. Quite clearly, only that
part of the liquid in the small zone near the focus initiates the
jet. On the whole, the flow over the surface of the crater
resembles the detached flow around a two-dimensional
trench although the vortex flow in the crater has a well-
defined three-dimensional nature.

The trajectory patterns of liquid particles introduced near
FIG. 1. a—Portion of mesh used to calculate flow around a crater of deptiine foci and at the points in the crater space observed in the
0.22 and radius of curvature 0.09. The Reynolds number of the incomingalculations(x=0, y=0.1, z=*+0.1), shown in Fig. 2, re-
flow is 2500; b—liquid flow pattern over the surface of the cratgojected  y,a5led the existence of stable structural elements. They con-

on thex—z plane with isobars with a spacing of 0.002 shown by the dashed,. . .
lines (range of variation in pressure relative to twice the velocity head be-flrmed the almost obvious assumpﬁonhat there is a

tween—0.004 and—0.018. horseshoe-shaped vortex line connecting the foci about

FIG. 2. Axonometrida, b and planarc, d, e pro-
jections of the three-dimensional patterns of vortex
structures illustrated by the trajectories of liquid
particles ejected near the foci and the points deter-
mined in the numerical simulatiotx=0, y=0.1,
z=+0.1).
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which untwisting spiral lines of flow develop. It was noted in  Fiz. 12, 1323(1986 [Sov. Phys. Tech. Phy&2, 547(1986].
Ref. 12 that a twisted jet stream is established in a crater andV- S- Kesarev and A. P. Kozlov, Vestn. Mosk. Gos. Tekh. Univ. Ser.

. . . Mashinostr. No. 1, 1061993.
IS responS|bIe for mass transfer from the perlpheral part Of“V. I. Terekhov, S. V. Kalinina, and Yu. M. Mshvidobadze, Russ. J. Eng.

the crater to the geomgtric plane of symmetelative to the Thermophys5, 11 (1995.
direction of the incoming flux The mass transfer clearly 5v.N. Afanas’ev, V. Yu, Veselkin, A. I. Leonteet al, Preprint No. 2—91
leads to the existence of a source in the p|ane of Symmetryépal’t 1[in Russian, N. E. Bauman State Technical University, Moscow.

: . . . : G. A. Dreitser, inProceedings of the Third Minsk International Forum on
and forms a Jet which flows out of the crater in this region. Heat and Mass Exchange, MMB6, Minsk, 1996, VVol. 10]ntensification

_ The most interest_ing r_esult of the numerical calculations of Heat and Mass ExchangPart 1,[in Russiail, pp. 26—39.
is the two vortex toroidal rings observed in the crater. These’Vv. N. Afanasiev, Ya. P. Chudnovsky, S. A. Isaetval, in Proceedings of
Comprise a set of trajectories of On|y two partides ejected the Fifth International Symposium on Refined Flow Modelling and Turbu-

symmetrically relative to the center of the crater and showng'Sen/ihfsessyrf/mg“';ﬁgféhleiii' g?wf\?al_:gghu dnoyskish..Fiz. Zh67

in the time interval 0...100Qdimensionless unijs These 373(1994.
symmetric stable rings whose axes are oriented along thés. A. Isaev and Ya. P. Chudnovikibstracts of Papers presented at the
normal to the surface of the crater are without doubt the First National Conference on Heat Exchange, IM#oscow, 1994, Vol.

: . . 8, Intensification of Heat Exchandé Russiar, pp. 80—-85.
unknown elements which in many respects determine th%s. A. Isaev, inProceedings of the International Symposium on Heat

mechanism for vorticity intensification of heat and mass eX- Transfer Enhancement in Power Machinetyloscow, 1995, Part 2,
change. pp. 153-156.
115, A Isaev, A. |. Leont'ev, and A. E. Usachev, Rroceedings of the
This work was financed by the Russian Fund for Funda- Third Minsk International Forum on Heat and Mass Exchange, Mi96;
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Investigation of the laws governing the propagation of pyrolysis and combustion waves
along a laser beam in propane

G. I. Kozlov

Institute of Problems in Mechanics, Russian Academy of Sciences, Moscow
(Submitted October 21, 1997
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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.
[S1063-785(18)02003-5

The tendency toward higher combustion rates coupleghhotographs at various times of a pyrolysis wave propagat-
with the relatively low reactivity of natural hydrocarbon fu- ing along the laser beam at a propane pressure of 25 Torr. An
els (methane, propane, and so)agenerally has the result analysis of the photographs reveals that the process is initi-
that in modern combustion chambers, the combustion proated at the focus, i.e., a pyrolysis wave forms in which the
cess does not go to completion. In consequence, numerogopane undergoes an endothermic dissociation reaction. Af-
incomplete combustion products—harmful impurities, in-ter “ignition,” pyrolysis waves propagate along the beam in
cluding carbon monoxide—are ejected into the atmosphereboth directions from the focus, which indicates that propane

A promising solution to this problem involves changing and its pyrolysis products are partially transparent to the 10.6
over to new principles for the ignition of hydrocarbon fuels, «um laser radiation. Of particular interest was the velocity of
based on preliminary conversion of the fuel mixture in orderthe wavefront propagating in the direction opposite to the
to enhance its reactivity. As the first stage of the research, fR€am. By analyzing the video frames, it was possible to plot
is important to demonstrate that this approach to solving the
problem is possible in principle. Thus, the present paper re-
ports results of preliminary experiments to study the propa-
gation velocities of pyrolysis and combustion waves in a
laser beam and attempts to show that for the case of propane,
preliminary conversion of a fuel mixture may appreciably
accelerate the combustion reactions.

The experiments were carried out using a system based
on a 5 kW cw gas-discharge CPQlaser with diffusion
cooling! A laser beam with a divergence ofx3L0 ° rad
was focused by a potassium chloride lens having a focal
length of 110 cm and was passed through a salt entry win-
dow into a 51 cm long horizontal quartz reaction tube with
an inner diameter of 7.1 cm, so that the laser beam propa-
gated along the axis of the tube. The beam diameter at the
entry window was 3.4 cm and the diameter of the focusing
spot did not exceed 0.6 cm. The focusing region could be
moved along the axis of the tube by using the lens, but in
these experiments the distance between the focus and the
window was kept constant at 32.0 cm. The other end of the
chamber was closed by a flange which had pumping and gas
admission apertures.

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

composm_ons of the_ gas mixture. . L FIG. 1. ideo frame photographs of the propagation of an optical deflagration
The first stage involved studying the initiation of & py- yavefront along a laser beam in propane at various tihe.08,2—0.24,

rolysis wave and its propagation in propane. Figure 1 shows—0.64, and4—0.80 s.
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x,em the process by intermediate products of the propane pyroly-
sis which either formed along the beam path ahead of the
wavefront or reached the entry window much earlier than the
pyrolysis wave as a result of convective fluxes. A convective
flux generated by heating of the gas in the laser beam could
be clearly seen on the video cameras as a result of the carbon
particles. This flux rose from the beam zone, reached the
walls of the tube, and then spread in all directions. The car-
bon particles contained in the convective flux were deposited
on the cold walls of the chamber.

At the second stage of the investigations, 125 Torr of air
was added to 25 Torr of propane. In this case, it was hoped
to record accelerated propagation of the front along the laser
beam caused by an additional release of energy as a result of
the propane oxidation reaction in the front. However, the
0 a5 10 5 4s experiment revealed no appreciable changes in the velocity

. , o and laws governing the propagation of the front in this case
FIG. 2. Position of the pyrolysis wavefront at various times:propang25 L . .
Torr), 2—propane(25 Torn+helium (100 Torp, 3—propane(100 Tor, ofa thermaI-QX|d|Z|ng pyrolysis Wg\_/ésee Fig. 2, curvel).
4—propane(25 Torj+air (125 Tory, and5—propane(25 Torp+air (125  1he accelerating effect of the additional energy release was
Torr) with preliminary pyrolysis of the propane. most likely compensated by the buffering effect of the nitro-

gen in the air.
The third stage of the investigations involved combining

graphs showing the position of the front at various timesthe processes. Consistent with this idea, propane in the reac-
The results of these measurements are plotted in Fig. 2 whidfon tube at a pressure of 25 Torr was preliminarily con-
indicates that at this propane pressure the velocity of th¥erted to a pyrolysis wave propagating along the laser beam,
pyrolysis wavefront depends weakly on the laser radiatior®nd then as in the previous case, 125 Torr of air was added to
intensity, which decreased almost by a factor of 30 betweeihe pyrolysis products. This produced a fantastic result! As
the focus and the entry window although the velocity of thecan be seen from Fig. 2, cun& the average velocity of
front was only approximately halved. propagation of the combustion wavefront along the laser
When 100 Torr of helium was added to the propane, thdo€éam increased by a factor of 6-8! Video photography
velocity of the front decreased appreciably, as can be seeghowed that a deflagration wave was generated in one frame
from F|g 2. This drop in Ve|0city is undoubted|y caused byand in the next frame or the one after, its front reached the
the fact that helium is a buffer gas and thus substantiallgntry window. The wavefront then propagated not only
slows the rate of propane heating in the laser beam and th@lthln the beam, as in the previous cases, but also over the
rate of dissociation of the propane molecules. It should als@ntire cross section of the tube.
be noted that in this case, the velocity of the front depends To conclude, preliminary pyrolysis of the propane appre-
more strongly on the intensity. Whereas in the focusing reciably increases the reactivity of the fuel. This yields the
gion where the intensity was 8L0* W/cn?, the velocity ~fundamental conclusion that further intensification of com-
was 46 cm/s, near the exit window, where the intensity wa®ustion processes is best achieved by adopting new prin-
only 5x 10 W/cn?, the velocity did not exceed 10 cm/s. ~ Ciples for the ignition of hydrocarbons based on preliminary
Con\/erse|y, when the propane pressure was increasé‘d)nverSiOn of the fuel. More detailed results and a theoretical
from 25 to 100 Torr and above, the propaga’[ion Ve|0city ofinterpretation will be presented in later publications.
the_front increased appreciably to 1.'3. m/s near the focus_mg Finally, the author would like to thank V. A. Lakutin for
region. However, the front then exhibited unusual behavior, . . :
. . assistance with this work.
where it propagated more slowly, stopped, and even with-
drew slightly back to the focus. After a few frames, the pro-
cess appeared to recover and the pyrolysis wavefront contin-
ued to propagate along the beam. This characteristich_- I. Kozlov, V. A. Kuznetsov, and A. D. Sokurenko, Pis’'ma Zh. Tekh.
behavior of the front propagatiaisee Fig. 2 which showed 2 1711, 25(1993 [Sov. Tech. Phys. Letl7, 764 (199D,
good reproducibility, may be caused by partial shielding ofTranslated by R. M. Durham
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Infrared spectroscopy of a silicon surface bombarded by nitrogen ions
V. |. Bachurin, P. A. Lepshin, V. K. Smirnov, and A. B. Churilov

Institute of Microelectronics, Russian Academy of Sciences, Yaroslavl
(Submitted September 23, 1997
Pis'ma Zh. Tekh. Fiz24, 18—23(March 26, 1998

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 characteristiasplitude, position, and profileof 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 PhysidsS1063-785(108)02103-X

It is known that when ions are obliquely incident on the local angles of incidence for the ripples weré0° and 10°
surface of various materials, a periodic ripple topology mayfor the slopes facing the energy analyzer and the primary
be formed. This process has been observed in the interactidieam, respectively.
between rare-gas, oxygen, nitrogen, and cesium ions with Estimates made using the results of Ref. 7 for the depen-
surfaces of semiconductors, metals, and amorphoudence of the concentration ratio on the angle of incidence of
materials'~ In particular, a periodic structure is formed on the ion beam indicate that the surface layer of the first slope
the surface of silicon bombarded by obliquely incident oxy-contains 20 at. % nitrogen and 80 at. % silicon. The Siand N
gen and nitrogen ions at an angle from the normal to theontent at the surface of the second slope corresponds to
surface ofd=20-60°(Refs. 5—7. Although a ripple micro- silicon nitride SiN, (Fig. 1.
topology has been studied for quite some time, its nature is Measurements of the infrared spectra at room tempera-
still unclear and the fundamental physical effects responsibleure were made using a Bruker IFS-113v Fourier spectrom-
for its formation have not been investigated. eter in the wave number range 4000—400 ¢with 4 cm ™!

Here transmission Fourier-transform infrared spectrosresolution.
copy was used to study the modification of the surface, in-  Figure 2a shows typical infrared transmission spectra
cluding the formation of a ripple microtopology on a silicon obtained for a series of samples. The 1107 tiine is at-
surface bombarded by obliquely incident nitrogen ions. tributed to interstitial oxygen in the initial silicon wafers.

The samples were prepared in ultrahigh vacuumThe infrared transmission spectrum of the silicon substrates
(107° Torr) using a Perkin—Elmer PH1 660 scanning elec-was used for comparison to calculate the transmission of the
tron Auger spectrometer with the angle of incidencemodified surface layer. Sputtering reduced the concentration
6=30°, Ny ion energy 8 keV, and current density 3 of interstitial oxygen in the bombarded samples and caused
X 10 ion/cn?. The infrared transmission spectra were mea-‘bleaching” of the surface layer near 1107 ¢t The maxi-
sured for several series of 15 samples bombarded with dosasum of the fundamental absorption band attributable to the
between 8 10'® and 5x 10 ion/cn?. The ripple formation  Si—N bonds lies in the range 820—850 cm™.
process was monitored in situ using the silicon and nitrogen  An analysis of the infrared transmission spectra reveals
Auger signal. Figure 1 shows typical dependences of the Shat as the radiation dose increases, the profile of the funda-
Auger electron currentlg) as a function of the radiation mental absorption band changes. In particular, §o€5
dose(¢) which indicates that steady-state sputtering is estabx 10 ion/cn? the fundamental absorption band has a com-
lished abovep=1.5x 10' ion/cn?. The Si Auger electron plex structure in which at least another two bands with fre-
current remains constant up #=6x 10" ion/cn?. In this  quencies near 1000 and 700 thcan be identified. In the
case, the silicon and nitrogen concentrations in the surfacdose range corresponding to ripple formation, the intensity of
layer were 57 and 43 at. %, respectively. When the dose ithese bands  decreases  appreciably and  for
increased from & 10 to 9x 10" ion/cn?, the currentls;  ¢=10%ion/cn?, the profile of the fundamental band
increases by-10% and then remains almost constant with achanges negligibly.
further increase in dose. The behavior Igf(¢) is deter- The ripple formation process is accompanied by a
mined by the formation of the ripple microtopoldggnd is  change in the position of the fundamental absorption band
related to the experimental geomethig. 1). Measurements peak in Fig. 2b. It should be noted that the change in the
made with an atomic force microscope were used to detemprofile of the spectral absorption band and especially the po-
mine the linear and angular dimensions of the structure. Theition of the peak correlates with typical changes in the Si
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FIG. 1. Auger electron current of silicon versus radiation dose for bombard- £ ¢
ment of the surface by an 8 keViNon beam. The insets show the experi- ¢ 830 é $
mental geometry at the initial stages of sputtefiagand after the formation %‘-‘ 3
of a microtopology(b). Points1-4 correspond to the transmission spectra 820

plotted in Fig. 2. 10 20 30 40 50

Dose, 10" ion/em’

Auger electron current, i.e., with the formation of the micro- FIG. 2. a—Infrared transmission spectra of a modified surface layer of Si
topology (Fig. 1). bombarded by 8 keV nitrogen ions at an angle of 30° relative to the normal

: P . . ... to the surface at doses:1—¢=1.6x10" ion/cn?, 2—¢=5.4
Structural investigations of crystalline silicon nitride X107 fon/c?, 3 e 9.4x 107 ton/cr?, and 4—a=5.2x 10 ion/cr?:

.(Si3N4) and(SiHz)3N m0|eCU|_e.S show that the nij[mgen atom p,_gpectral position of the fundamental absorption band peak of silicon
is locally bound to three silicon atoms lying in the samenitride.

plane® A study of amorphous §, by Raman spectroscopy

suggested that this planar local neighborhood geometry is

also found in the amorphous phase. Four different types dhdicate alteration or conservation of the short-range order,
local vibrations of the SN group’ may be observed in the respectively. When the local angle of incidence varies, i.e., a
infrared transmission and Raman spectra. The strongest imipple topology is formed, conditions are established where
frared absorption line is the result of asymmetric, doublyamorphous SN, forms mainly on one slope of the ripple
degenerate stretching vibrations in the plane of thigNSi (angle of incidence close to normathile the nitrogen con-
group with typical frequencies of 800—950 cfn centration on the other slope decreases appreci&ioiyn 43

One of the first studies to investigate the infrared absorpto 20 at. %. As a result, the contribution of the §8i, crys-
tion spectra of different modifications of i, was reported talline phase to the total absorption decreases, which leads to
in Ref. 10. Assuming the fine structure observed in the aba change in the profile and a low-frequency shift of the ab-
sorption spectra by these authd?snineteen absorption sorption band from 850 to 830 crh
bands can be assigned &- SN, and nine toB—SiN, in To sum up, it has been demonstrated that infrared trans-
the range 300-1100 cih. As a result of amorphization, lo- mission spectroscopy can be used to study the composition
cal groups of nitrogen and silicon atoms are arbitrarily dis-and its interrelation with the stages of surface modification
torted and their relative positions are altered, which leads tdy chemically active ion beams. It has been established that
substantial broadening and suppression of absorption banggen the radiation dose is increased to levels corresponding
corresponding to infrared active vibrations. The spectrao the establishment of steady-state sputtering, the intensity
shown in Fig. 2a correspond to the amorphous phase of silisf the absorption bands of silicon nitride increases, indicat-
con nitride formed in the surface layY. ing an increased concentration in the surface layer.

Weak absorption £0.5%) near 800 cm' can be re- The formation of a ripple topology on the surface of
corded at the initial stages of ion bombardment at doses dfilicon nitride bombarded by nitrogen ions at an angle of 30°
10" ion/cn?. This implies that the nitrogen ions implanted from the normal is accompanied by changes in the profile
in the silicon form SjN groups. As the dose is increased to and position of the fundamental absorption line of silicon
levels corresponding to the establishment of steady-stateitride, which may be caused by an increase in the relative
sputtering, the intensity of the absorption bands characterigraction of its amorphous phase.
tic of silicon nitride increases, providing evidence of an in- ) )
creased concentration in the surface layer. This work was supported by the Russian Fund for Fun-

The behavior of the absorption band suggests that afté§amental ResearaiGrant No. 96-02-18541
steady-state sputtering has been established, regions contain-
ing SN, in the amorphous and crystalline phases are eStabiK. Elst and W. Vandervorst, J. Vac. Sci. Technol12, 3205(1994.
lished in the surface layer. In this case, the terms “amor-2a garen, Y. Nakagawa, M. Hatadet al, Surf. Interface Anal23, 506
phous” and “crystalline” refer to the Si groups and (1995.



216 Tech. Phys. Lett. 24 (3), March 1998 Bachurin et al.

3J. J. Vajo, R. E. Doty, and E.-H. Cirlin, J. Vac. Sci. Technoll4 2709 8F. A. Cotton and G. WilkinsonAdvanced Inorganic Chemistrgnd ed.

(1996. [Wiley, New York (1966); Mir, Moscow (1969, 592 pp].
4D. W. Moon and K. J. Kim, J. Vac. Sci. Technol. 14, 2744(1996. 9G. Luckovsky, J. Yang, S. S. Cham al, Phys. Rev. B8, 3234(1983.
°K. Wittmaak, J. Vac. Sci. Technol. 8, 2246(1990. 10yy. N. Volgin and Yu. I. Ukhanov, Opt. Spektrosk8, 727 (1975 [Opt.

V. K. Smirnov, D. A. Kurbatov, E. V. Potapov, and A. V. Zhokhov, Spectrosc38, 412 (1975].
Poverkhnost’ No. 10, 651993.

V. K. Smirnov, S. A. Krivelevich, P. A. Lepshin, and D. S. Kibalov,

Neorg. Mater(1998), in press. Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 3 MARCH 1998

Energy barriers and trapping centers in silicon metal-insulator-semiconductor
structures with samarium and ytterbium oxide insulators

V. A. Rozhkov, A. Yu. Trusova, and |. G. Berezhnol

Samara State University
(Submitted September 12, 1997
Pis’'ma Zh. Tekh. Fiz24, 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—-8m(2.89-2.91 eV, Ni-SmyO3 (3.29-3.33

eV), Si—-Sm0O; (2.70-2.72 eV, Al-Yb,05 (2.90-2.92 eV, Ni-Yb,0; (3.30-3.32 eV, and
Si—-Yb,0; (3.18-3.21 eV interfaces in silicon metal-insulator-semicondudfeilS)

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 layell9%8 American Institute of
Physics[S1063-785(18)02203-4

Promising insulating materials for discrete devices inphase boundaries and the parameters of the electron trapping
semiconductor electronics and integrated-circuit elements incenters in the insulator.
clude oxides of rare-earth elements. These compounds have Metal—insulator—semiconductor structures of the type
been used to develop silicon metal-insulator-semiconductovle—SmO;—Si and Me—YbO5;—Si (where Me=Al or Ni)
(MIS) varicaps with high capacitance overlap coefficientswere fabricated by a technique described in Ref. 2. The
and steeply sloping capacitance-voltage characterfsticsthickness of the rare-earth oxide film was in the range
electrical switching elements with memdhyand efficient d=0.23—-0.28um. The energy barriers at the metal—rare-
anti-reflection and passivating coatings for silicon photoelecearth-oxide and silicon—rare-earth-oxide interfaces were de-
tric devices® As yet however, no information is available on termined by the method of internal photoemission of elec-
the energy potential barriers at the interfaces of the oxidérons into the insulat8r using the spectral and voltaic
film and the parameters of the carrier trapping centers in MISlependences of the photocurrent. The photoemission cur-
systems with oxides of rare-earth elements as insulatorsents were measured with aE)5M electrometer when the
These parameters can be used to determine the main charaamples were illuminated by monochromatic light obtained
teristics of MIS devices and to identify the mechanisms re-using a DKsE 1000-5 xenon lamp and a large-aperture
sponsible for the electronic processes taking place therein.MDR-2 monochromator.

Thus, we investigated the photoelectrical properties of  Figure 1 gives typical dependences of the photocurrent
silicon MIS structures with samarium and ytterbium oxidel;, normalized to a single photon, on the photon endrgy
insulators and determined the energy barriers at the intef an Al-SmO;—Si structure plotted using the coordinates
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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
Epo in Me—Sm0O;—Si structure, eV 2.89-2.91 3.29-3.33 2.69-2.72 2.70-2.72
Epo in Me-Yb,03—Si structure, eV 2.90-2.92 3.30-3.32 3.19-3.21 3.18-3.21

I%’” versushv for various values of the positivenE3) and  aries of the rare-earth oxide film were obtained from voltaic

negative (1=2) voltageV. The characteristics when the dependences of the photoinjection current using a technique
electrode is positively biased with respect to the rare-eartldescribed in Ref. 6.
oxide (Fig. 18 correspond to the photoemission of electrons  After the constant-biased structure was exposed to
from silicon. In this case, the hole emission from the metal ismonochromatic light witthv>E,,, the capacitance-voltage
negligible since for this bias polarity, the threshold photoncharacteristic shifts in the positive direction of the voltage
energy does not depend on the material of the metallic eleaxis, which indicates that negative charge is trapped by deep
trode relative to the insulator, and the capacitance-voltag&aps in the insulator.
characteristics show that when photocurrent flows through A method of photostimulated depolarization was used to
the insulator, trapping of negative charge is observed at deegetermine the energy depth of the electron traps in the rare-
traps in the Sp0D;. The threshold photon energy corre- earth oxide. The spectral dependences of the depolarization
sponds to the energy of the potential barrier at the Si;édm photocurrent of an Al-SpD;—Si structure, measured imme-
interface for a given positive bias. diately after photopolarization at incident photon energies of
The characteristics fov<<0 (Fig. 1b correspond to the 5.2 eV for 75 min and after repeated measurements, are plot-
emission of electrons from the metal. In this case, the threshed in Fig. 2. These curves show that after photopolarization,
old photon energy does not depend on the material of tha photocurrent peak appears whose amplitude decreases in
metallic electrode and negative charge builds up in the insurepeated measurements, which was not observed before
lating layer. The threshold photon energy for these photocureharging the insulator. This photocurrent was caused by
rent curves is equal to the potential barrier energy at thérapped electrons being photoexcited from traps into the con-
Me—-SmO; interface for the given bias. The investigations duction band of the insulator and drifting in the insulator. In
showed that the potential barri&;, has a straight-line de- repeated measurements of these dependences, the degree of
pendence orvY2 Extrapolating the curves foE,, versus filling of the electron traps decreases and the photocurrent
VY2 until they intersect th&, axis can give the energy bar- peak becomes smaller. After complete depletion of the elec-
riers at the interface of the rare-earth oxide in the absence afon traps, the peak disappears and the photocufcente 4
a biasE,y. Similar qualitative behavior was also observedin Fig. 2) and the capacitance-voltage characteristic regain
for the ytterbium oxide structure. The energy barriers at thaheir initial value and position, respectively. This experiment
insulator interfaces in MIS structures are given in Table I.shows extremely good reproducibility. The results plotted in
The values of, at the Si interface are the same for MIS Fig. 2 can be used to estimate the energy depth of the elec-
systems withn- and p-Si. The energy barrier for the Ni— tron traps in Si0s. It can be seen that the electron trapping
rare-earth oxide interface is 0.4 eV higher than that for thecenters are positioned almost at the center of theCgrband
Al-rare-earth oxide interface, which is equal to the differ-gap 2.25-2.6 eV from the bottom of the conduction band.
ence between the electron work functions of the metals. The magnitude and centroid of the trapped charge in the
Similar values of the energy barriers at the interphase boundnsulator were determined from the displacement of the vol-
taic dependence of the photocurrent after irradiafidiable
Il gives the values obtained for the centroid determined
I-10% A from the Si surface, the chardg@; trapped in the insulator,
3| and the ratio of the trapped to the transmitted cha&ge It
can be seen that for both structures the charge centroid is
positioned almost at the center of the insulator layer. This
result shows that in these structures the rare-earth-oxide—Si
interface is abrupt and contains no extended damaged tran-
sition layer. This is clearly attributable to the comparatively

1
TABLE Il. Parameters of electron trapping centers in insulator.
XXxxu x X KxXx X% Kxxx xXXx% 4 Structure Xc, pm Q.. Clen? Q/Qq
0 I 1 1 1 L 1 1 1 1 1
2 22 24 26 28 hvev Al-Sm,05—pSi 0.10 12107 0.13
Al-Sm,0;—nSi 0.11 3.x10°1° 0.11
FIG. 2. Spectral dependences of the photodepolarization cutterafter Al-Yb,O3—pSi 0.13 1.6¢10° %0 0.16
photopolarization—second measuremet—third measurement, an— Al-Yb,03—nSi 0.13 4.5¢10° 10 0.21

fourth measurement and initial characteristic.
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low temperatures used to fabricate the insulating films,3yu. A. Anoshin, A. I. Petrov, V. A. Rozhkoet al, Zh. Tekh. Fiz.64(10),
which do not create any appreciable mechanical stresses. 1181994 [sic].
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Characteristics of the excitation of ultrasonic waves by thin wafers of manganese zinc
ferrite single crystals
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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. 1®98 American Institute of Physics.
[S1063-785(108)02303-9

Ultrasonic transducers using magnetostrictive material§100] and[110], and in the[110] and[211] crystallographic
are widely used in various fields of science and technologydirections, and the planes of the wafers were perpendicular to
However, their operating frequency range is limited to hun-the[110] and[111] directions, respectively, for samples N1
dreds of kilohertz because of the appreciable eddy currerdand N2. The magnetoelastic properties of the MZF crystals,
losses at higher frequencies and because of the desigvhich belong to the cubic system, are characterized by two
characteristics.In Ref. 2 we described a method of exciting independent magnetostrictive saturation constants L100 and
and recording rf ultrasountbetween a few and hundreds of L111 (Ref. 1). The absolute values of L100 and L111 are
megahertz using ferrite powders placed in superposed vari-determined by the chemical composition of the MZF, the
able and static magnetic fields. It was observed that when thienpurity content, and the content of divalent iron, and for
fields were parallel, a longitudinal wave is efficiently ex- Mng g;Zng 396 000, they are —14.3x10°® and +3.5
cited, whereas when the fields are perpendicular, a sheat10 8, respectively.
wave is excited whose polarization vector coincides with the  Figure 1 gives the shear-wave excitation efficiedcgs
direction of the static magnetic field. a function of the magnetizing field in sample N1 for various

Here results are reported of investigations of the effi-orientations of the MZF wafers relative to the static magnetic
ciency of excitation of rf ultrasonic waveg$—50 MH2 by field. In this case, the excited ultrasonic wave propagates in
transducers fabricated using manganese zinc fefMzF) the [110] direction. It can be seen from Fig. 1 that the effi-
single crystals which possess high dynamic magnetostrictiveiency of excitation of ultrasound for the casgHO0Q] is
characteristics and very low eddy current loss&$e trans-  almost an order of magnitude higher than that for the orien-
ducer consisted of a cylindrical acoustic line with a thintation Hyl[ 110], which is consistent with the given values of
MZF single-crystal wafer attached to the end by means 0f. 100 and L111. In addition, for i 100] the dependence of
acoustic cement. The thickness of the wafer is 50—aA0 the ultrasound excitation efficiency on the magnetizing field
which corresponds to the establishment of mechanical resés monotonic, reaching saturation in a field of 540 Oe and
nance in a specific vibration mode. The variable magnetithen decreasing slightly as a result of conversion to the
field pulse was excited along the axis of the acoustic line andingle-domain state. For 3 110] on the other hand, this
the direction of the applied static magnetic field was deterdependence is quasisinusoidal, reaching maxima and minima
mined by the particular vibration mode. The operating effi-in fields of 140, 230, 260, 370, and 1000 Oe, respectively,
ciency of the transducer was estimated from the amplitude ofvhich indicates that the internal field possesses a complex
the first acoustic pulse transmitted by the acoustic line whiclstructure. A distinguishing feature of the excitation of sound
was recorded at the opposite end of the line using a suitabl@y single-crystal wafers, unlike polycrystalline powders, is
cut quartz transducer. that a longitudinal ultrasonic wave can be excited at the same

Here particular attention was paid to studying the effi-time as a shear wave when the variable and static magnetic
ciency of excitation of shear waves. Thus, the variable andields are mutually perpendicular, as is illustrated by ci8ve
static magnetic fields were perpendicular and by acoustic can Fig. 1 for the case K[ 100]. The efficiency of the excited
menting using uncured epoxy resin, the MZF wafer could bdongitudinal sound has a quasiresonant dependence on the
rotated at the end of the line so that its sides formed anynagnetizing field which may be attributed to the appreciable
angle with the direction of the static magnetic field. Theinfluence of the anisotropy field which for this MZF compo-
MZF wafers were square withX@9 mm sides oriented in the sition at room temperature is directed aldid.0] (Ref. 4).
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FIG. 1. Efficiency of excitation of shear ultrasonic waves versus static magg g 2. Efficiency of excitation of a shear ultrasonic wave versus static

netic field Hy in MZF sample N11—HlI[100], 2—HlI[110]; 3—refers to magnetic field K in MZF sample N2:1—H,I[110], 2—H,I[211]; in both
a longitudinal ultrasonic waves; in all cases the direction of wave propagaggses the wave propagates in fa&1] direction.

tion coincides with thg¢110] crystallographic direction.

mum direction for the excitation of a shear ultrasonic wave

As a result, the internal field differs from the external field in Of maximum intensity by a MZF wafefwave vector in the
both magnitude and direction. [110] direction, polarization vector in the wave in th€00]

The efficiency of excitation of shear ultrasonic wavesdirection. They have also shown that longitudinal and trans-
propagating in th¢111] direction in sample N2 as a function Verse ultrasound may be excited simultaneously and that the
of the magnetic field is illustrated by curvésnd2 in Fig. 2  acoustic method may prove useful for studying the magnetic
for two cases: awave polarized in thg110] direction and b characteristics of single-crystal ferromagnetic materials.
wave polarized in th¢211] direction. The difference in the
efficiency of excitation of ultrasound polarized in different
crystallographic directions is caused by differences in th
effective dynamic constants of magnetostriction which, with
allowance for the direction cosines of the angles between the
selected direction and the direction of the main crystallo-1i p. geiov,Magnetostrictive Effects and Their Technical Applicatifins
graphic axes, are a combination of L100 and L111, and also Russiad, Nauka, Moscow(1987, 155 pp.
depend to a considerable extent on the internal magnetiéV- M. Sarnatski, A. A. Kuleshov and A. A. Shono, Pis'ma Zh. Tekh. Fiz.
ﬁeld', The in,t_emal field is determined bY th,e magpnitude and%?((?;).y igz;rlegngk?)\giol\./-NF.)}strzi(\:/r;, ::ziés ,i.zgéle?/gcﬁink@,rbceedings
relative position of the external magnetic field and the crys- of scientific-Technical Conference on Oxide Magnetic ProperSesPe-
tallographic axes, by the anisotropy field, the demagnetizing tersburg, 1992in Russiar, pp. 26-27.
factor, the shape and size of the wafer, and also by the inf,V- M. Sarnatski, L. N. Kotov, and V. A. 'Shutilov, Fiz. Tverd. Teld.en-
fluence of domains of closure. ingrad 28, 1783(1986 [Sov. Phys. Solid Stat28, 988(1986].

To sum up, these investigations have revealed an optifranslated by R. M. Durham

The authors are deeply grateful to I. V. Saenko for sup-
%Iying samples of MZF single crystals, and also to E. V
harna and S. G. Abarenkova for discussions of the results.
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Polarization properties of a four-layer dielectric waveguide
M. M. Vekshin, V. A. Nikitin, and N. A. Yakovlenko

Kuban State University
(Submitted September 11, 1997
Pis'ma Zh. Tekh. Fiz24, 35—-39(March 26, 1998

A new integrated-optics polarizer system is analyzed. Calculations are made and experiments
carried out to demonstrate the performance of this system19@8 American Institute
of Physics[S1063-785(18)02403-3

Integrated-optics systems for data distribution and proan analysis for this structure indicates that there are two
cessing incorporate optical radiation polarizers which argropagation regimes. The guided modes can either propagate
used to select one of the orthogonally polarized waveguidén the upper layer, decaying exponentially in the other re-
modes, for example, to suppress undesirable depolarizatiagions or they can propagate simultaneously in both layers,
in order to achieve a high amplitude contrast in interferencalecaying in the surrounding half-spaces. From the
elements. Similar functions are performed by a polarizer ageometric-optics point of view, this means that in the first
part of an integrated-optics system incorporated in a fiberease, the light wave propagates along a zigzag path in the

optic gyroscope. upper layer, undergoing total internal reflection at its bound-
Existing polarizers utilize the following effects for po- aries. In the second case, total internal reflection takes place
larization selection: at the external boundaries of the internal layers of the wave-

1) The different level of absorption of TE and TM guide.
modes in multilayer waveguides with a metal or semicon-  Figure 1b gives calculated dependences of the effective
ducting upper layet:* refractive indexN on the thickness of the upper layEx,

2) Anisotropy of the waveguide layeffor example, in  (N=B/kq, kg=27/\) near the cutoff. Fonzg<N<n, the
the form of a specially selected crystal clamped to the surgraph is the same as that for a three-layer waveguide con-
face of the waveguideto separate the fields of TE and TM sisting of an AsS; film on a glass substrate. The condition
modes because of the significant birefringence of the entir®l=n5 indicates the boundary of the two propagation re-
waveguiding structuré? gimes. For values of the thickneBs, near the cutoff condi-

3) A resonant mode coupling effect in directional cou- tions there is a fairly large difference between the effective
plers, which is established for one of the polarizationrefractive indices of the highest-order TE and TM modes
componentg:® (~0.002). Having calculated the propagation constagsts

Disadvantages of the first type of polarizer include thewe can construct the fields of the TE and TM modesg. 2)
fundamental difficulty of selecting TM modes with low for this particular waveguide for optimum values of the film
losses. The second type of polarizer obviously has a cumbethicknessD, and also forD,=0.
some structure, while the selection principle in the third type  The entire structure corresponds to a composite wave-
of device requires asymmetric directional couplers withguide consisting of a weakly guiding waveguide in glass
high-precision fabrication technology. The development of avith a highly refracting film deposited locally on its surface.
simple, efficient, universal TE/TM polarizer is thus a topical The fields of the Tk and TMy, modes of the base ion-
problem. exchange waveguide are almost identical. For specially se-

We propose an integrated-optics polarizer based on bBected values of the film thickness, in the four-layer wave-
four-layer dielectric waveguide which can select either theguide, the distributions of the different mode fields differ
TE, or the TMy mode, depending on the design. The polar-substantially so that a simple and efficient polarization de-
ization selection principle is based on the mode birefringenceice can be fabricated to select either the, T the TM,
of a dielectric waveguide, with specially selected parametersmodes. It should be noted that as the film thickness in-
which lead to substantial spatial separation of the fields otreases, a similar difference in the field distribution appears
orthogonally polarized modes. selectively for the higher-order modes. In addition, the level

We consider a four-layer waveguide with a large differ- of localization of the field in the upper layer for modes near
ence between the refractive indices of the internal layershe cutoff increases negligibly with increasing mode index,
(Fig. 13. In practice, this type of structure may be achievedso that polarizers with low insertion losses can be produced
by using an ion-exchange waveguide in glass, on which aby using different intervals of film thicknesses.
upper layer of arsenic sulfide (4%) of given thickness is We carried out an experiment which confirmed the effi-
deposited. For a mode analysis, we need to determine thaency of the proposed method of polarization selection. Ten
propagation constantg corresponding to conditions of single-mode channel waveguides were fabricated byion
transverse phase resonance and then construct the distritekchange in an optical glass substrate. A;SAfilm was
tions of the mode fields in the waveguide cross section. Suctieposited on the surface of the substrate as a wedge across
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D, um than 1 dB for the selected polarization. By depositing a ho-
b mogeneous film of a particular thickness, we obtained arrays

FIG. 1. g Four-layer waveguide structure and its refractive index distribu—Of TEand T™M pOIanzerS' .
tion; n, (i=1,...,4) are the refractive indices of the layers at the wave- 10 conclude, we have proposed a method for polariza-

lengthA=0.63m, D, andD5 are the thicknesses of the internal layess. b tion filtering of radiation which uses the mode birefringence
Effective refractive indeXN versus thickness of upper layBr, . near cutoff in a four-layer dielectric waveguide with a spe-
cially selected refractive index profile. Efficient integrated-

) ) ] . optics TM and TE polarizers have been fabricated and inves-
the waveguides such that only the film thickness varied;,ataq.

other conditions being approximately equal. An experimental
investigation of the polarization characteristics revealed thati p. kaminow, W. L. Mammel, and H. P. Weber, Appl. OgB, 396
as the film thickness increases, individual waveguides ex- (1974.

hibit TM- and TE-selective properties, these waveguides be-i'%"- ?- g'enen aﬂg TR- ES BSBSEadfi, J-AAPIprEEVS%g;? 1(91380-
: : P :R. F. Carson and T. E. Batchman, Appl. .
ing separated by ones which possess no polarization SeNSIY \/eacey and D. Larson, J. Lightwave Techri, 2244 (1995,

tivity. A series of similar measurements was made With st Findakiy, B. U. Chen, and D. Booher, Opt. Lef. 641 (1983.
different wedge slopes and the behavior was repeated. SonfeJ). Hempelmanret al, J. Lightwave Technoll3, 1750(1995.
waveguides had a coefficient of decoupling between the K- Thyagarajaret al., J. Lightwave Technol9, 315 (1993.
modes(determined from the intensity ratio of the orthogo- - Valee and G. He, J. Lightwave Technal, 1196(1993.
nally polarized signajshigher than 30 dB with losses less Translated by R. M. Durham
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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. |. Tupitsyna

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg; Institute of Problems in
Mechanical Engineering, Russian Academy of Sciences, St. Petersburg
(Submitted March 14, 1998

Pis'ma Zh. Tekh. Fiz24, 40—44(March 26, 1998

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 Physids$$1063-785(08)02503-§

Studies of the interaction between a lubricant and a solidhick reveals overlapping 1472.5, 1476, and 1464tm
substrate are of topical interest, being of applied and fundapands. The first and last band are assigned tg €fi$soring
mental importance. vibrations of molecular segments appreciably longer than

Here infrared spectroscopy is used to study changes ifour monomer units in the orthorhombic crystal lattice, while
the crystal structure in samples of paraffin lubricants on ahe ~1467 cmi* band is assigned to bending vibrations of
metal surface as the thickness of the lubricant layer is remethyl groups.
duced from~15 to ~1 um. For the investigations we used It can be seen that as the sample thickness decreases
samples of OKB-12-7-5 engineering lubricant based on from ~15 to~1 um, the intensity of the 1472.5 cr band
ceresine and Vaseline, which consists of mixtures of alkanéecreases while that of the 1474 cthband increases. Ulti-
molecules having different branching ratios, containing sevmately, the effect is reduced to an increase in the degree of
eral tens of carbon atoms. Layers of different thickness wereplitting between the components of the “crystalline” dou-
applied to Al and Cu plates with a brush. The thickness oblet by ~1.5 cm ™. It is knowr? that the spacing between
the lubricant layer was determined by weighing and from thehe components of a particular doublet increases as the ef-
optical density 01240 and D(1378 of the 1240 and fective length of the molecules forming the crystallite in-
1378 cm! reference bands. creases.

A transmission-reflection technique was used to obtain  Thus, in thin layers of the lubricant samples the average
spectra of the samples on an infrared-opagque metal substratffective length of the molecules in the crystallites increases.
The angle of incidence of the light beam on the sample was It was also observed that for theum thick sample the
20°. The spectra were recorded using a Specord-75 IR spefatios of the peak intensities of the 1474 and 1474tm
trophotometer. bands to the intensity of the 1378 cinreference band are

Measurements were made of the intensities and frequerapproximately twice the intensity ratios of the components in
cies of the rocking, scissoring, and stretching vibration band¢he spectrum of the 1am thick sample. This effect is at-
of the methylene groups in the infrared spectra of samples afibuted to an increase in the concentration of “long” mo-
different thickness. lecular sections in the crystallites.

The spectra of the lubricant revealed doublets of rocking It was also observed that as the thickness of the sample
(720-730 cm?) and scissoring (1465—1475cH) vibra-  layer decreases, the maxima of the CH stretching vibration
tions caused by frequency splitting as a result of the interacbands are shifted by 1—3 crhtoward lower frequencies.
tion of vibrations in orthorhombic crystal ceftsThus, some
of the molecules in these samples form orthorhombic crys-
tals. Drsolysrs

Figure 1 gives the ratio of the optical densities of the @§|
730 cm* and 1378 cm* bands, B730/D(1378 as a func-
tion of thickness, expressed in units of the optical density of
the 1378 cm? band, for samples of Vaseline on an alumi- 23
num substrate. The value of(EZB0)/D(1378 is proportional
to the concentration of alkane molecular segments four
monomer units long in the orthorhombic crystal céllscan
be seen that this ratio decreases as the sample thickness de-

creases. The same result was obtained for samples of OKB- 1 1 L I ]
122-7-5lubricant. esy 2 o az
Figure 2 gives the infrared spectra of Vaseline on an 1378

aluminum substrate at frequencies corresponding to the CHg. 1. Graph of B730/D(1378 versus 1378 cm ™ for samples of Va-
scissoring and Cibending vibrationg.A sample~15 um  seline on an aluminum substrate. For explanations see text.
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gauche conformers increases as the difference between the
lengths of the molecular chains forming the crystal increases.
When the solid solution separates into components having a
more uniform molecular composition, the concentration of
gauche conformers decreases and the average effective
length of the molecules in the crystal increases.

When a larger crystallite separates into smaller ones, the
total free surface area of the crystalline phase obviously in-
creases. The molecules forming the surface layer do not
make any contribution to the “crystal” bands and this is
why the relative optical density of the 730 chband de-
creases. This effect may be observed if the transverse dimen-
sions of the crystallites do not exceed a few tens of chains
(nanometers

In order to confirm that the observed effects are not
caused by the mechanical action of the brush on the lubricant
during preparation of the layers, samples of different thick-
ness were heated to a temperature exceeding the melting
point of the crystallites and were then cooled to room tem-
perature. The observed effects are reproduced in the spectra
of the cooled samples of different thickness.

In our opinion, these effects are caused by the compres-
sive pressure produced by the adhesive interaction between
the lubricant and the metal.

FIG. 2. Infrared transmission spectra of Vaseline samples of different thick-
ness in the range 1480— 1440 tiha—layer thickness-15 um, b—layer
thickness~8 um, and c—layer thickness 1 um. Substrate—aluminum.
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ers of paraffin lubricant can be explained as follows.
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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. Fiz24, 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 formqu ®in 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. 1898 American

Institute of Physicg.S1063-785(18)02603-3

The fabrication of semiconductor structures with porouswhere the conductivity of the substrate appreciably exceeds
silicon (P9 active layers involves forming Ohmic and recti- that of the porous layer. Thus, in order to eliminate the
fying contacts with the porous layer. At present, the literatureshunting effect of the substrate, the measurements using the
contains contradictory information on the properties of amethod described in Ref. 3 were only made for small cur-
metal-porous silicon contact and almost no information orrents not exceeding 1bA. It was assumed that applying low
the influence of heat treatment on the electrical parameters obltages to the contact areas induces carrier drift only in the
such a contact. In addition, at high annealing temperaturesurface region of the porous silicon. A current-limited four-
the properties of the porous material itself may well changeprobe method was used to estimate the resistivity in the sur-
Here we study the effect of short-term anneali(8)0—  face region of the porous material.

550 °Q in an inert medium on the conductivity of porous Measurements of the current-voltage characteristics of
silicon and the transition resistivity of AI-PS contacts for these Al-PS—Al structures showed that at low current den-
various structural characteristics of the porous layer. sities across the contact not exceeding 1 mA/dime depen-

The investigations were carried out using test structureglences are linear. At higher currents, some deviation from
whose geometry was as described in Ref. 1. The initial silidinearity was observed, possibly caused by the shunting ef-
con substrates doped with bor@d.03 (2-cm) and phos- fect of the substrate and by the non-Ohmic nature of the
phorus(4.5 Q2-cm) were oriented in th€111) and (100 di- contact. Since it is fairly difficult to separate these two ef-
rections, respectively. The porous layer was formed byfects experimentally, it should be noted that in general, the
anodic electrochemical treatment in a hydrofluoric-acid-observed linear section at low currents cannot be identified
based electrolyte with an anodizing current density ofwith the Ohmic character of the contact over a wide range of
1 mA/cn? for 10—60 min. The porous silicon layers were bias. This behavior of the current-voltage characteristic may
17-90um thick and the porosity by weight was 16—40% for be caused by the linearity of the Schottky barrier near the
the p-type silicon and 5-10% for the phosphorus-doped sili-zero point. However, the experimental results suggest that, at
con. The pore morphology differed for the and p-type least at low current densities across the contégs than
silicon. The phosphorus-doped silicon had large cylindricall mA/cn?), the Al-PS contact does not exhibit nonlinear
pores, 1-2um in diameter, oriented parallel to the00] axis  properties and thus this nonlinearity can be eliminated when
and separated by 3—30m (Ref. 2. The boron-doped silicon analyzing carrier transport effects in porous silicon struc-
exhibited a highly branching network of small nanometer-tures.
size pores. For the reference samples the surface of the po- The linear behavior of the current-voltage characteristics
rous silicon was subjected to additional plasma-chemicabf the Al-PS contact at low currents allowed us to use the
treatment to remove the amorphized surface film. Aluminummethod described in Ref. 3 to determine the transition resis-
contact areas having the same area, distributed equidistantlivities of the contacR, which had a wide range of values
in a line, were deposited on the surface of the porous layedepending on the pore morphology and the plasma-chemical
by vacuum deposition. The Al-PS contacts were initiallyetching process. For porous silicon formedretype silicon
brazed in nitrogen af ;=300 °C for 10 min. The electrical the transition resistivities were 0.6— %8 cn? whereas for
parameters of the contacts were determined using a methgmbrous silicon formed op-Si, they varied between 0.6 and
described in Ref. 3. A characteristic feature of these struci.3 kQ-cn?. Plasma-chemical etching of the porous silicon
tures was the presence of two layers of different resistivity surface prior to deposition of the metal resulted in changes in
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FIG. 1. Transition resistivity of Al-PS contact versus annealing temperaturer|G, 2. Influence of annealing temperature on the resistivity of the surface

for porous silicon orp-Si (1, 1', 2, 2') andn-Si(3). Anodizing time:1and  region of porous silicon. The notatidh 1’, 2, 2’ is the same as in Fig. 1.

1'—20 min, 2 and 2'—40 min, 3—60 min. Samplesl” and 2’ did not  porous silicon sample3 and 4 were prepared on an-Si substrate with

undergo plasma-chemical etching. anodizing times of 40 miKi3) and 60 min(4) and were subjected to plasma-
chemical etching.

R.. In particular, removal of the amorphized film from the
surface of porous silicon on—Si reduced the transition re- lished that the hydrogen in silicon can electrically neutralize
sistivities by a factor of 3—10. Figure 1 shows the transitiondopant atoms and reduce the carrier concentratiomhe
resistivity of AI-PS contacts after gradual short-term annealelectrical activity of the dopant atoms can be restored by
ing (5—7 min in an inert N, atmosphere at temperatures short-term high-temperature annealihgince during anodic
To=450-550 °C. It can be seen that for porous silicon ontreatment the hydrogen atoms are in contact with the silicon
p-Si, R;, decreases continuously during annealing tomatrix, it is possible for hydrogen atoms to diffuse into the
(1-3)x1073Q-cn?. In this case, the difference between single-crystal matrix of the porous materfdEstimates made
the electrical properties of the contacts with and without theusing known values of the coefficient of hydrogen diffusion
amorphized film disappears. For porous silicon formed orshowed that at room temperature the depth of hydrogen pen-
n—Si the changes in the transition resistivities of the contacetration during anodization may be a few tenths of a mi-
caused by annealing were less well-defiriegrve 3). crometer. Thus, each pore has a depleted region around it
Since the parameters of metal-silicon contacts are irand for porous silicon with a developed network of small
many respects determined by the carrier concentrdtion-  pores, the depleted regions may occupy the entire volume of
ductivity) in the semiconductdt,it was interesting to com- the single-crystal matrix of the porous silicon. For porous
pare these results with measurements of the resispvitpf ~ silicon with fairly well-spaced large pores, the depleted re-
the surface region of the porous silicon. Figure 2 shows thegjions will only extend to part of the matrix bufkif anneal-
variation of p during gradual annealing. It can be seen thating is accompanied by the effusion of hydrogen and restora-
initially for porous silicon onp—Si the resistivity of the sur- tion of the electrical activity of the dopants, this explains
face region for samples with an amorphized film excggtdls why such a large difference is observed between the proper-
for samples with the film removed. Heat treatment causes #es of porous silicon op—Si andn—Si. In large-pore porous
sharp drogby several orders of magnitudia the resistivity.  silicon, the decrease in the resistivity caused by annealing is
For large-pore porous silicon obtained on phosphorus-dopeléss well-defined because the carrier concentration only in-
silicon, the resistivity decreased by a factor of 1.5—3 duringcreases in part of the bulk of the porous silicon matrix. It is
annealing at 450 and 500 °C whereas annealing at 550 °@lso known that hydrogen has a weaker passivating effect in
caused a slight increase . Thus, there is a correlation n—Si compared wittp—Si (Ref. 7).
between the changes in the transition resistivities of the con- To conclude, these results suggest that short-term an-
tacts and the resistivity of the surface region of porous sili-nealing in an inert atmosphere can be used to vary the elec-
con for bothn—Si andp-Si. trical parameters of a metal-porous silicon contact and the
These results may be explained using a model based arhange in the conductivity of the porous material is an im-
the passivating effect of hydrogen atoms. It has been estalportant factor. It has been shown that the morphology of the
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Local polarization reversal of LINDO 5 by scanning the surface perpendicular to the axis
of spontaneous polarization with a needle-shaped electrode

S. O. Fregatov and A. B. Sherman
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The principle of local polarization reversal of ferroelectrics using a moving needle-shaped
electrodé 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. 1®98 American Institute of Physics.
[S1063-785(108)02703-1

In Ref. 1 we proposed a new principle for the creation oflight using a microscope with a polarizing stage. The obser-
a domain structure in ferroelectrics using a moving needlevations were made on the side of the working surface in
shaped electrodésimilar to the tip of a scanning tunneling contact with the moving needle-shaped electr@tbrect”
microscop& At comparatively low voltagesmore than an  observatioh and across the side surface of the sample
order of magnitude lower than the usual vaflethe electric (“side” observation. The microscope analyzer and the po-
field near this electrode is sufficient to reverse the polarizatarizer were almost crossed and the samples were oriented
tion even in the hardest ferroelectrics. Polarization reversalych that their intrinsic birefringence did not impede the ob-
takes place in the surface region of the crystal only near thgeryations.
point of contact of the electrode. By moving the needle over  Figyre 1a shows a photograph obtained by direction ob-
the surface of the sample, it is possible to form domain strucgeryation after parallel lines had been drawn onZfsirface
tures with a particular surface configuration. of the lithium niobate sample by the contacting needle at

Experiments using lithium niobate have shown that localyitarent applied voltagedU=2.1 and 2.5 kY. Polarization
polarization reversal takes place when the electrode is i'?eversal took place at a tip velocity 6f1 mm/s. The optical
contact with the crystal surfaces parallel and perpendicular 1,2t on the photograph indicates some local variation in
the axis of spontaneous polarization. the birefringence near these lines. As the voltage decreases,

Ir'1 Rgf. 1 particular at.tentlon was paid to studying thethe contrast becomes lower and can no longer be identified
polarization reversal of LiNb@on the Y(010) surface. In for U<500 V

this case, the ferroelectric domains only develop over the Etching reveals that the local variation in the birefrin-
surface in one direction from the electrode displacement tra- . . . .
jectory. The domains are needle-shaped and oriented parall%?ance IS caL_Jsed .by the formation of ferroelectric domains
to the axis of spontaneous polarization. The length of thé o9 the trajecltorles of th? needle-shaped electrode. An ex
domains increases as the applied voltage increases and ination of this surface in reflected light reveals pairs of

U=2.7 kV reaches 1um. It was established that the thick- par.allel darlk g.rooves along the sidgs of each line along
ness of the surface region in which polarization reversa\’vhICh polarization reversal occurréfig. 1b). The grooves

takes place does not exceed.15 um were formed as a result of the enhanced rate of etching of the
Here we present information on the local polarizationfe”oeleCtric which is usually observed at the location of do-

reversal of lithium niobate from th&(001) surface. We ™Main walls.
were able to obtain this new data because the usual method Figure 1c shows the local variations in birefringence re-
of visualizing ferroelectric domains by chemical etching wasvealed by the observations from the side. These observations
supplemented by an optical method of visualization based of@n yield information on the shape and depth of the domain
the local variation in the birefringence of the crystal accom-Penetration. Longitudinal polarization reversal was carried
panying polarization reversal. Since domains of oppositéut on theZ surface at)=2.5 kV. The photograph reveals a
sign cannot be distinguished optically in uniaxial ferroelec-structure of alternate light and dark bands, having an average
trics, this variation in birefringence can only occur near do-period of ~2 um and extending from the surface into the
main walls as a result of local elastic stresses in the crystafample to a depth o£55 um. The photograph shows that
lattice and local electric fields? this polarization reversal is not accompanied by the forma-
The birefringence pattern was studied in transmittedion of a continuous domain but by a quasiregular structure
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FIG. 2. Domain lengtiH for polarization reversal fror@ surface and width
of etched regiorS for polarization reversal orY surface versus applied
voltageU.

identified on the photograph. In this case, the contrast of the
image is appreciably higher than that observed for polariza-
tion reversal along a continuous line, when the local varia-
tions of the electric and elastic fields are reduced because of
= the close proximity of the domain walls<(1 um). As in

Fig. 1c, the depth of penetration of the domains in the sample
u 1“ “ “ m m is ~55 um and remgin; constant for the _puls_e durations

) used. Our estimates indicate that the domain width does not

exceed 2um.

Figure 2 gives the domain length versus voltage for
polarization reversal at isolated points on #hsurface. Also
plotted is the dependen&U) which gives the width of the
etched region formed on thé surface after polarization re-
FIG. 1. Domain structure produced by local polarization reversal fronZ the Versal along a continuous line. The CUI’SQU)_ IS P'°tted
surface. Direct observation of the crystal surface: a—using polarized lightUsing data from Ref. 1. In Ref. 1 we related this width to the
polarization reversal at = 2.1 kV (uppe) andU=2.5 kV (lowen); b—the  length of the domains. These dependences differ and also for

same part of the surface in reflected light after chemical etching. Observghe sgame voltage the domain length for thesurface is al-
tion from the side of part of the crystal near thesurface in polarized light, ways greater

polarization reversal dt) =2.5 kV; c—along a continuous linghe arrows : . .
indicate the beginning and end of the electrode mofiah—at isolated The differences observed in the local polarization rever-

points (indicated by the arrows sal characteristics may be attributed in particular to differ-
ences in the conducting and polarization properties of the
regions of domain growth.
. . . These results show that a needle-shaped electrode can be
of needle-shaped domains oriented parallel to the axis of . X ) )
o used to create domain structures in a ferroelectric which not
spontaneous polarization.

The photograph shown in Fig. 1d was obtained by Ob_only have a specific surface configuration but also a given

servations from the side after a slightly different polarizationdeth of penetration in the sample.

reversal procedure had been carried out fromZrsurface.

The voltageU =2.5 kV was applied over a timeto a fixed

electrode in contact with this surface. The electrode was theriS: O- Fregatov and A. B. Sherman, Pisma Zh. Tekh. PBgL1), 54
moved to a new position and voltage was again applied. As agggl?uF?C;hih;’rfa Lze.ttzzlférz;_’? J(.lii?)]l.' PhYR, 5481(1999,

result of repeating this operation several times, polarizatiorsyy. s. kuz'minov, Electrooptic and Nonlinear-Optical Lithium Niobate
reversal was achieved at isolated points between 10 and 4(QCrystals[in Russiai, Nauka, Moscow(1987), 264 pp.

wm apart, distributed along a line segment. The timeas 4V. V. Antipov, A. A. Blistanov, and N. G. Sorokin, Kristallografiy20,
varied between 0.2 and 10 s. Separate regions of polarization’>* (1989 [Sov. Phys. Crystallogi0, 428 (1985

reversal in the form of needle-shaped domains can easily beanslated by R. M. Durham

55 pmm

o |

55 um
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Properties of GalnAsSb solid solutions obtained from antimony fluxes by liquid-phase
epitaxy in the spinodal decay region

V. l. Vasil'ev, A. G. Deryagin, V. |. Kuchinskil, V. M. Smirnov, G. S. SokolovskiT,
D. N. Tret'yakov, and N. N. Faleev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 22, 1997
Pis’'ma Zh. Tekh. Fiz24, 58—62(March 26, 1998

The growth of epitaxial layers of GaSb lattice-matched Gén,As,Sh;, _ solid solutions by
liquid-phase epitaxy from Sb-enriched liquid phases within the spinodal decay region is
reported. The highest value of the compositiar=(0.4) was achieved for growth on a G4$b1)B
substrate. Results of investigations of the luminescence and structural properties of these
solid solutions are presented. €998 American Institute of Physids$§1063-785(18)02803-]

The existence of an extensive miscibility gap in the qua{whereT_ and T are the liquidus temperature of the liquid
ternary system of Ga,In,As,Sh,_, solid solutions has phase and the growth temperature, respectivelys varied
been predicted in various theoretical studies, for example, ibetween 8 and 12 °C. The valuesTf were selected in the
Refs. 1 and 2. Of practical interest are those solid solutionsange 575-600 °C. The ranges of compositions of the as-
lattice-matched with GaSh. Theoretical models describinggrown Ga_,In,As,Sb, _, epitaxial layers having lattice pa-
the miscibility gap and the region of spinodal decay withinrameters similar to GaSb were 6&2<0.32 for the(100
this gap have shown that GaSb lattice-matchedbrientation and 0.28x<0.4 for the (111)B orientation.

Ga, _,In,As,Sh, _, solid solutions cannot be obtained for These layers had a mirror-smooth surface. The growth rate
x=0.29 under practical conditions of liquid-phase epitaxy.was varied between 3 and 0.@8n/min asx increased.
Experimental studies of the liquid-phase growth of these Figure 1 shows the photoluminescence spectra of vari-
solid solutions on GaSb substrates have also reported serioass samples at 77 K. We observed photoluminescence spec-
problems involved in producing compositions witk-0.18  tra having bands with a half-width of 20-25 méWigs. la
(Refs. 3 and % The highest compositions of GaSh lattice- and 1g typical of GalnAsSb solid solutions of uniform com-
matched epitaxial layers were obtained in Refs. 2 and 4position and also broad band&lfr=40-50 meV)(Fig. 1b
where x=0.23, y=0.2 was obtained for growth on with well-defined asymmetry. In the first case, the x-ray dif-
GaSk100 and x=0.26, y=0.23 for growth on fraction data showed that the absolute values of the lattice
GaSk{111)B. mismatch were close to zefallowance for the difference

Here we report the growth of GaSb lattice-matchedbetween the coefficients of thermal expansion of the layer
Ga, _,In,As,Sh, , solid solutions in the spinodal decay re- and substrate materials indicates a negative lattice mismatch
gion by liquid-phase epitaxy from antimony fluxéshere at the epitaxial growth temperaturérhe half-widths of the
values of x=0.4 were achieved The luminescence and diffraction reflection peaks for the layer and the substrate
structural properties of these epitaxial layers were investiwere similar, between 1land 20. Samples for which the
gated. photoluminescence spectra were similar to that plotted in

Undoped layers of GalnAsSb solid solutions were grownFig. 1b had a positive lattice mismatdh=(1-3)x 103
by liquid-phase epitaxy from Sh-enriched fluxes on undopedr-rom these results it may be preliminarily supposed that the
(100 and (111)B-orientedp-type GaSb substrates. The use situation when the growing epitaxial layer extends along the
of antimony liquid phases to obtain these solid solutions waseteroboundary is more favorable to obtain homogeneous
first proposed by us and was described in our earliefayers in the spinodal decay region. In cases where the grow-
studiess™’ The composition of the layers was determineding layer is compressed along the heteroboundary, the x-ray
using a Camebax x-ray microanalyzer and for layer thick-diffraction spectra differ from those normally observed, hav-
nesses less thangdm we used secondary ion mass spectrosing additional peak$Fig. 2 whose appearance may be at-
copy data. The mismatch between the lattice parameters ¢fibuted to spinodal decay processes. A distinguishing fea-
the epitaxial layer and the substratte was measured by ture of the liquid-phase growth of GalnAsSb solid solutions
double-crystal x-ray diffraction. The photoluminescencewhose compositions are within the spinodal decay region, is
spectra were recorded with an MDR-23 monochromator. Arthat the growth rate of the epitaxial layers decreases sharply
LG-106-M1 gas laser was used for excitation and a cooledby almost two orders of magnitude
PbS photoresistor was used as the detector. The thicknesses We showed earliéf’ that when epitaxial layers of
of the epitaxial layers were measured with a DECTAK pro-GalnAsSb crystallize from Sb-enriched fluxes, the stability
filometer. of the substrate relative to the liquid phase increases abruptly

The samples were grown from supercooled liquid phaseas a result of the reduced influence of processes associated
at constant temperature. The supercooliaG=T, —T,  with nonequilibrium at the GaS$solid)-{Ga-In-As-
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L ) , . where the calculations indicate spinodal decay. This hypoth-
Sbj(liquid) interphase boundary and differences in the lattice,gjs js confirmed by the x-ray diffraction data, secondary ion
parameters. Under conditions of coherent growth we Obpaqq spectroscopy, and photoluminescence measurements.
tained GalnAsSh I_aye_rs whose crystal quality was at least as  Thege results, can now be used to study the reasons for
good as that of epitaxial GaSb layers on GaSb substrates. Wge formation of GalnAsSb epitaxial layers whose composi-

postulate that for liquid-phase compositions even furthejong jie within the spinodal decay region when the crystal-
from equilibrium with GaSb, these characteristics of crystalyi;4tion conditions do not differ appreciably from equilib-

lization from Sb-enriched fluxes combined with the tendency;; ;m.
to minimization of energy as a result of the coherent growth
(where the lattice mismatch is completely compensated by The authors would like to thank V. M. Andreev for sup-
elastic deformationwill have the result that homogeneous porting this work, and also S. Yu. Belova and B. Ya. Bera
layers crystallize in the range of solid-phase compositiongor making the measurements.
This work was supported by the Russian Fund for Fun-
damental Research, Project No. 96-02-17864a.
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Low-pressure inductive rf discharge in a rare gas-halogen mixture for economical
mercury-free luminescence light sources

A. P. Golovitskil

St. Petersburg State Technical University
(Submitted November 26, 1997
Pis’'ma Zh. Tekh. Fiz24, 63—67(March 26, 1998

It is demonstrated that an inductive rf discharge in an-X#, mixture may be used as the active
medium of an efficient, mercury-free luminescence light source.1998 American
Institute of Physicg.S1063-785(018)02903-4

Recent studies of a dc glow discharge in rare gasusing a voltage resonance system at a frequency of 13.56
halogen mixtures as sources of ultraviolet radiation haveMHz. The use of high-voltage transistors allowed the supply
shown that these sourcésxcilamp$ have energy character- to be taken directly from the 220 V mains. The overall di-
istics (ultraviolet output powers of hundreds of watts and mensions of the device corresponded to those of a normal
efficiencies of 25—30%xquite competitive with those of mer- incandescent lamp. The device was fitted into a normal E27
cury lampst=® The main advantage of excilamps is that theylampholder. In all discharge regimes, the energy consump-
are environmentally friendly because they contain no toxidion from the mains was around 9 W. In order to monitor the
mercury and the halogen content is negligible. However, thaischarge profile and the ultraviolet radiation intensity, a sec-
main source of environmental contamination does not comend vessel was made of uviol glass, having dimensions simi-
from these mercury-containing sources of ultraviolet radiadar to the first and filled with the same mixture. The genera-
tion, produced in small batches for industrial and scientifictor could be tuned to excite either device. The radiation
applications but from the luminescence lamps produced ispectra were recorded using an SDMS diffraction spec-
their millions. It is thus interesting to determine the effi- trograph fitted with an FH-106 photomultiplier and cali-
ciency of rare gas-halogen mixtures compared to the usuddrated in absolute units using tungst&i10-300 and deu-
mercury-argon mixtures used in compact luminescence lighterium (DDS-30 calibration lamps. The signal from the
sources. photomultiplier was recorded by a computer. The radiation

The main problems involved in the development of dcintensity of the lamp was then converted to normal units of
excilamps remain their short liteaused by chemical bond- light—lumen.
ing between the halogen and the electrode materials, particu- When the vessel was filled with pure xentup to 15
larly the cathodé,and the high voltagé2—7 kV) needed to  Torr), an H-type discharge was obsenved.The discharge
sustain the discharge. This problem could be solved by usingurned as a ring parallel to the turns of the coil in the central
an electrodeless rf discharge where the discharge plasnpart of the vessel. The addition of chlorine caused this ring to
preferably should not come in contact with the walls, be-spread. If the Xe pressure was less than 3 Torr, the discharge
cause in an electrodeless discharge in chlorine-containingimost uniformly filled the entire inner region of the vessel,
mixtures, the life is determined by the diffusion of chlorine including the bottom, clearly forming aB-type discharge.
in the glass, which increases as the glass temperatufehe plasma was approximately 1 mm from the walls and the
increase$:’ radiation of the rf field was almost shielded by the plasma

A suitable method in this respect is the inductive excita-outside it. This is an advantage over excitation of the dis-
tion of an rf discharge which incidentally has already beercharge by an external inducttespecially as the coil wind-
suggested for excimer ultraviolet sourteand for mercury  ings do not block off the luminescence.
luminescence lamgs’ Preliminary studies carried out using vessels of different

The experimental system used here was a double-walleshape showed that the vessel described above gives a better
S52-2 glass container, open at one end, which was in fact laminous efficiency for an X¢ Cl, discharge compared with
glass Dewar vessel. Both the outer and inner walls of théhe pear-shaped device proposed earlier for mercury Idmps.
container were cylindrical while the bottom was hemispheri-  The luminous efficiency for pure xenon did not exceed a
cal. The distance between the outer and inner walls was e¥ew lumen per watt. Figure 1 gives the luminous flux of the
erywhere~10 mm. The diameter of the vessel was 50 mmluminescence lamp as a function of the partial pressures of
and the height 80 mm. The entire inner surface was coatexenon and chlorine. Of the various mixtures studied, the op-
with a thin layer of the phosphor used in LDS luminescencdimum was a mixture of 0.9 Torr Xe and 0.01 Torr,Cfor
lamps. The vessel was filled with mixtures of commerciallywhich the total luminous flux was 360 Iitwhich approxi-
pure xenon and chlorine. A cylindrical single-layer induction mately corresponds to the luminous flux from a 30 W incan-
coil was placed in the inner cavity of the container, as in Refdescent lampfor a mains power consumption of 9 W. The
9. The discharge was excited by a transistor rf generatduminous efficiency of the lamp was around 40 Im/W. Al-
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3 generator and using professional phosphor deposition tech-
nology. It would be advisable to study Xdr,, Xe+l,, and
Kr+Cl, mixtures in these lamps since their ultraviolet radia-
tion spectra with maxima at 282, 253, and 222 nm, respec-
tively, are a better match to the absorption spectrum of the
phosphor(optimum for mercury radiationcompared with

the spectrum of this XeCl, mixture, which has a maximum
around 308 nmRef. 1).

To sum up, it has been demonstrated that economical,
compact, mercury-free luminescence light sources can be
250 F - -~ : Temoes produced using an inductive rf discharge in rare gas-halogen
mixtures.
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Further optimization of this lamp should involve care-
fully selecting the gas mixture as well as optimizing the rf Translated by R. M. Durham
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Deformation defects in polyethylene. Angular dilatons
A. |. Mel'’ker and D. V. Solov'ev

St. Petersburg State Technical University
(Submitted November 6, 1997
Pis'ma Zh. Tekh. Fiz24, 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.19€3

American Institute of Physic§S1063-785(18)03003-]

The concept of defects is widely used in macromoleculaic(—-CcHC, H(-C-HC, H(-C9H, C(-C-CAC. (1)
physics to explain the properties of polymers but ideas on the
microscopic structure of these defects are still at the specudere the outermost symbols correspond to the atoms for
lative stage-? Some progress in this field has been achievedvhich the pair correlation function is calculated while the
by using dynamic computer modeling using fairly simple symbols in parentheses indicate the spatial path of the cova-
two-dimensional polymer modefs® The question remains lent bonds joining the atomic pairs.
as to how the defects observed in two-dimensional computer Figure 1 shows that the(©C-)C pair correlation func-
models relate to those found in real three-dimensional polytion undergoes the largest variation. This function initially
mers. consists of two peaks where the center of gravity of the first

Here we investigate the three-dimensional atomic struc(broadenefipeak at 0.251 nm corresponds to an equilibrium
ture of a polyethylene macromolecule during compressionstate between its second carbon neighbors in an ideal zigzag
The initial globular macromolecule consisted of 500 LCH rectilinear chain. The secongharp peak at~0.3 corre-
units. The method of obtaining an equilibrium polymer glob-sponds to an approximately 20% increase in the valence
ule, the interatomic interaction potential, and also the comangle between the C—C bonds. As the deformation increases,
puter modeling technique were analyzed in detail in Refs. The fraction of bonds with an increased valence angle be-
and 8. This globule was inserted between two hard paralldween them increases and by the end of the process, almost
plates which moved at toward each other at constant veloall the valence angles are extended.
ity. Measurements of the G—C—-C-9—-C pair correlation

In order to understand the nature of the deformation ofunction also indicate that the zigzag chain becomes partially
the polymer globule, we considered the evolution of the paistraightened and the extended zigzags tend to lie in the same
correlation functions for different groups of atorfgee Fig. plane.
1). We shall denote these functions by the following sym-  These results may be explained as follows. It has already

bols: been shown that in extended anharmonic chains of atoms
C(C)C HC)C

[V V]

b b

a a FIG. 1. Variation of the pair correlation functions for

different types of pairs of atoms during deformation
of a polymer globule(for explanation see text
H(C)H C(-C-C)HC Curvesa correspond to the beginning of the process
while curvesb andc correspond to the intermediate
and final stages of deformation, respectively.
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there is a metastablstatic and dynami?:% atomic configu- Tverd. Tela(St. Petersbung38, 2558(1996 [Phys. Solid Stat&8, 1403
ration in which one of the interatomic spacings is consider-6(1996]- '
ably greater than the others by a specific amount. TheseA' I. Melker, A. V. Ivanov, and S. N. RomanoGomputer Modelling of

. Electronic and Atomic Processes in Solidslited by R. C. Tennyson and
anomalously extended bonds, which have been called, g ki, NATO ASI. Series 3, High Technology, Vol. 2&Kiuwer
dilatons}! play the role of static and dynamic defects in de- academic Publishers, Boston, 197p. 97.

formed one-dimensional, quasi-one-dimensional, and evenD. V. Solov'ev, Application of the Molecular Dynamics Method to Study
two-dimensional discrete models of solittgl?—14 the evolution of Macromolecular Structurddaster’s Thesigin Russiar,

In the case of polyethylene we are dealing with extended, >t Petersburg State Technical University, St. Peterstdgy.
. L . D. V. Solov'ev, in Nondestructive Testing and Computer Simulations in
valence angles. Mathematlca”y' this is equwalent to the for- Materials Science and Engineeringbstracts of Papers Presented at In-

mation of anomalously extended bonds between carbon at-ternational Workshop on New Approaches to Hi-Tech Materials, St. Pe-
oms not positioned at the vertex of the valence angle so thattersburg, 1997. o _
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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
(Submitted October 13, 1997
Pis’'ma Zh. Tekh. Fiz24, 72—76(March 26, 1998

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 planprn junction positioned within the diffusion length of
minority carriers from the planar boundaries of the diodes. 1998 American Institute

of Physics[S1063-785(18)03103-4

In some types of planar semiconductor devices such athan the hole diffusion length in the-base. An auxiliary
small-scale diodespin diodes, transistors, and their corre- p—n junction 10 um wide also passes between the areas,
sponding optical radiation detectors, it is advisable to formwhich are 30um apart. The control array§ig. 1 had no
regions, which have an infinitely high minority carrier re- auxiliary p—n junction.
combination velocity and do not actually generate carriers, The reverse branches of the current-voltage characteris-
near p—n junctions which perform different function@n- tics of the individual diodes and of the experimental arrays
cluding rectification, detection, photocarrier collection, sepatypically showed a high degree of similarity, whereas for the
ration of carriers in the collector of a transistor, and sg. on control arrays, the spread of currents was around an order of
These regions may be auxiliary, planar, short-circujted magnitude.
junctions whose topology depends on the particular applica- Figure 2a gives the reverse branches of the current-
tions of the mairp—n junctions and their topology. Accord- voltage characteristic for the worst area of the experimental
ing to Ref. 1, an auxiliary ribbon short-circuitgg-n junc- ~ &Tays and the best of the control_arrays. This_ shows_that for
tion encircling an array of small-scale indium antimonidethe_szeIeCteOI area-to-perimeter ratio of the npaim junction
photodiodes fulfills two functions: it confines the region of (10~ {2) and relative position of the main and auxiliary
photocarrier collection and “extinguishes” explosive back- P~ junctions, the auxiliaryp—n junction reduces the re-
ground noisé. verse currents of the main junction by a factor of three at

An auxiliary p—n junction positioned within the diffu-
sion length of the main junction may “draw off’ some of the
equilibrium minority carriers which are generated near or at | { .3
the edge of the maip—n junction and contribute to its ex- 7_7/7’7//// A7z 777 7
cess current. Thus, especially when the maim junction
has a low area-to-perimeter ratio, an auxiligryn junction
can substantially reduce the dark current of the main junction
when reverse biased, which is always desirable for any type \’
of device and especially for low-background photodetectors \

SANNNNNNN
=1

and low-noise detectors. A positive effect may be predicted
in the absence of surface channels, which can be achievec
for silicon by using initialn-type crystals.

The possibility of reducing the excess currents by using

an auxiliary short-circuitegh—n junction was confrmed by  } [T 1101y -""~""-
the following experiment. We fabricated arrays of planar di- I] D I:I D
odes usingh-type epitaxial silicon films 2Qum thick with a l

\

\

\

|

2

resistivity of 8()-cm by boron ion implantations across an

SiO, film. The topology of the experimental arrdlfig. 19
comprises a series of ma-n junctions having dimensions
of 300 um (along the arrayand 700um (perpendicular to
the array, bordered by an auxiliary short-circuitegl—n

junction 200um wide, located at a distance of 3pdn from | f ) J o) diod itial
the longitudinal edges of the areas. This distance is greatdfe: 1+ T0Plogy of experimentah) and controlb) diode arrays1—initia
Crystal, 2—areas of maimp—n junctions(p™ regiong, 3—auxiliary p—n

t_han the width of the space charge region of m junc- - junction (p* region, and4—metallized sections short-circuiting auxiliary
tion at 100 V and is between three and four times smallep—n junction.

1063-7850/98/24(3)/2/$15.00 237 © 1998 American Institute of Physics
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FIG. 2. Reversda) and forward(b) branches of the current-voltage characteristic of npaim junction in experimentall) and control(2) arrays.

voltages above 30 mV. In both cases, the current-voltagéhe auxiliary p—n junction as the forward biaginjection
characteristics show a fairly high degree of correspondenclevel) is increased. The forward current in the experimental
with the Shockley—Noyce—Sah thedrgince at voltages arrays exceeds that in the control arrays up to biases above 1
above 20 mV they are approximated by the expressioiv.
I =kU® with similar exponents, close to 0.x & 0.545). All To sum up, an auxiliary short-circuitep—n junction
these factors indicate that the auxiligsyn junction has the reduces the reverse currents and increases the forward cur-
same confining effect on the minority carrier collection arearents in small-scale diodes. This influence of the auxiliary
at all bias voltages. Breakdown of the areas in the experip—n junction will obviously increase when the area-to-
mental and control arrays is reversible, has an avalancheerimeter ratio of the diode area is further reduced.
character, and takes place at the saf®V) voltage.

The auxiliaryp—n junction also influences the forward
branch of the CL.Jrrent-.voIta.ge ch'aracteristic of the small-scalavl P. Astakhov, S. V. Varganov, L. V. Demidova, V. F. Dudkin, V. P.
area of the mairp—n junction (Fig. 2b), reducing the satu-  gzhovet al, Russian Patent No. RF 1589963.
ration current {,) almost tenfold and reducing the ideality 2V. P. Astakhov, V. F. Dudkin, B. S. Kerner, V. V. Osikov, O. V. Smolin,
factor B in the expressiof= j - expeU/(BkT)) from 1.55 for 3and I. 1. Taubkin, Mikroelektronikd 8, 455 (1989.
the control arrays to 1.0. This effect is caused by an in- - Shockley, R. Noyce, and C. Sah, Proc. IRE; 1228(1957).
creased diffusion flux of holes injected into the base towardranslated by R. M. Durham
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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. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 30, 1997
Pis’'ma Zh. Tekh. Fiz24, 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 A with increasing current and then increases by
10-15 A. 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. €98 American Institute of Physics.

[S1063-785(108)03203-0

1. Diode laser structures made of narrow-gap materialsvere also the same. The five-layer structures differed from
have emission lines in that part of the spectrum which conthe three-layer ones only in that they had layers 0.54007
tains closely spaced absorption lines of many natural anthick with an intermediate value of the band gap on both
industrial gases. Thus, continuously tunable instantaneousides of the narrow-gap region. These lasers had a cavity
response diode lasers may have applications in highlength of 300—40Qum and a stripe width of 18—2am.
resolution laser spectroscopy. They may also be used in op- Structures of this type were used to study the spectral
tical communications since they can frequency modulate anomposition of the radiation and the angular distribution of
optical signal. the laser radiation in the plane of the-n junction, and were

The desired continuous tuning of the emission wave-used for current tuning of the lasing wavelength within a
length has been observed in lasers with a narrow-gap InAsSkingle mode in the red and the bifi2The frequency tuning
layer and InAsSbP confining layers, using both three-layewas measured by passing the radiation through an external
structures  with combined electrical and optical cavity with a variable optical length. The laser was supplied
confinement® and five-layer structures with separate by a direct current on which was superposed a sawtooth-
confinement. increasing current pulse. The direct current was set equal to

Tuning was observed both during the current ptfse the threshold currert,. The amplitude of the sawtooth cur-
and also when varying the pump curréfitin Ref. 4, tuning  rent was calculated so that for all values of this curiletite
was observed at a rate exceeding the thermal relaxation ratlaser operated in a single preferred mode. Both structures
For excesses above the threshold less than 5-40%, the emigere investigated in the temperature range 77—90 K.
sion wavelength decreases with current whereas at higher 3. The results are as follows. The laser wavelength at 77
excesses, it increases. The reduction in the wavelength Is was in the range 3.2—-3.4m. In both types of structure
caused by an increase in the concentration of nonequilibriunwhere the lasers were supplied by sawtooth current pulses
carriers, while the increase in wavelength is caused by selfig. 23, the radiation transmitted by the external cavity was
focusing of the radiation. also sawtoothed and sinusoidally modulat&dys. 2b and

The aim of the present study is to determine the influ-2c). The shape of the radiation pulses did not depend on the
ence of changes in the carrier concentration and the spatiaépetition frequency of the sawtooth pulse up to frequencies
distribution of the radiation in a diode laser. For this purposeof hundreds of kilohertz. The modulation is caused by the
we compared the characteristics in three- and five-layevariation of the laser frequency as it runs through the natural
structures where the uniformity of the pumping differs sub-frequencies of the external cavity. For both structures an in-
stantially and thus the uniformity of the carrier distribution crease in the optical length of the external cavity causes the
also differs. waves to disperse from a certain poighe point of zero

2. The method of fabrication and the main electricalshift) on the radiation pulséFig. 2). This indicates that the
characteristics were described in Refs. 1 and 5. Figure fasing wavelength decreases with increasing current at levels
shows the layer configuration in the laser struct(teand  below those corresponding to this poiue shify and in-
the layer-by-layer distribution of the band gé& in three- creases at higher currented shify. For three-layer struc-
layer (a) and five-layer(b) structures. It should be stressed tures(Fig. 3a, curvel), the point of zero wavelength shift
that the equilibrium carrier concentration in the narrow-gapcorresponds to a 5—40% excess current above the threshold.
region and its band gaRy were the same in both types of As the current increases further, the blue shift is replaced
structure. The parameters of the wide-gap confining layerby a red shift. In five-layer structurgig. 3a, curve2) a

1063-7850/98/24(3)/3/$15.00 239 © 1998 American Institute of Physics
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FIG. 1. Schematic of layer configuration in laser structdpeand layer-by-
layer distribution of band gaf?) in three-layer(a@) and five-layer(b) struc-
tures.
¥o5¢t c
blue shift predominates up to high currents=(1.8l,) and is "‘
only replaced by a red shift at currents arourig, 2In prac- R
tice, only the blue shift can be clearly observed in five-layer
structures since an increase in current beyond twice the
threshold switches the laser to a different mode. In three- . .
layer structuregFig. 3a, curvel) the emission wavelength 0 w o, s 200
.. . L4
initially decreases by 2—4 A and then increases by 10-15 A.
In five-layer structuregFig. 3a, curve?) a decrease in the FIG. 2. Oscilloscope trace of supply currea} for three-layer structurél)
Wavelength by 4-5 A predominates. and five-layer structur€). Laser radiation intensity transmitted by external

As the current increases above the threshold in ﬁve_layelFabry—Perot cavity for three-layer structugg and five-layer structuréb).

structures, the half-width of the angular distributidtig. 3b,

curve2) remains almost constant fot 2>1>1, and is 10—

12°. In three-layer structure§-ig. 3b, curvel), the half- wavelength with increasing current is that it initially de-

width also varies negligibly and remains the same up to 40%reases and then increases.

excess of the current over the threshold and then increases, — In three-layer structures the decrease is replaced by

reaching 20° at=2l,,. A clear correlation is observed be- an increase at currents 5—40% above the threshold whereas

tween the variation of the angular distribution and the varia-in five-layer structures it is 80—100%.

tion of the lasing wavelength. While the angular distribution =~ — The rate of response to changes in current exceeds the

does not change with current, the lasing line shows a shorthermal relaxation rate.

wavelength shift with increasing current but as the angular 4. We shall analyze the experimental results. An almost

distribution becomes broader, the emission line is shifted innstantaneous-response decrease in the laser wavelength with

the long-wavelength direction. current was attributed in Ref. 4 to an increase in the carrier
This behavior is observed at temperatures between 7@oncentration, while its subsequent increase was attributed to

and 90 K. However, as the temperature increases, the rangelf-focusing of the radiation with corresponding changes in

of variation of the emission wavelength with current de-the refractive index. The existence of self-focusing is con-

creases because the laser operating interval in the singlérmed by the broadening of the angular distribution.

mode regime decreases. In fact, the increase in the number of layers, with a cor-
An investigation of the laser radiation in two types of responding decrease in the height of the heterobarriers be-

structures whose only difference is that they have or do notween them in five-layer structures as compared with three-

have layers between the active region and the optical confidayer ones, should increase the flow of carriers in the bulk of

ing layers having a wider gap than the active region and #he active region and equalize their concentration. In this

narrower gap than the optical confining layers, yields threease, the pumping rate increases slightly at those points

conclusions: where more radiation is generated. The variation of the re-
— A characteristic feature of the variation of the laserfractive index over the stripe width caused by variation of
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wr length is observed with current which is then replaced by an
increase at relatively small excesses over the threshold, fol-
lowed by a further substantial increase in the wavelength.
0t In principle, the improved flow of nonequilibrium carri-
ers in the bulk of the active region should not significantly
a influence the range of variation of the wavelength, either
2’ i decreasing or increasing the wavelength, but should reduce
its dependence on the current. This circumstance can prob-
ably explain why the variations of the wavelength in the
] — : short-wavelength direction are the same in five-layer and
three-layer structures and why the current at which the de-
2 crease is replaced by an increase is higher in five-layer struc-
-5l tures than in three-layer on€sig. 33.
To sum up, studies of laser wavelength tuning in two
b types of structures, whose only difference is that they have or
4 do not have intermediate layers between the narrow-gap ac-
Y tive region and the wide-gap confining regions, have shown
< 2 that nonlinear optical effects caused by the coupling between
0 the refractive index and the laser radiation intensity and
pump uniformity play an important role in the nature of this
' tuning.

]
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Preparation of thin films of new ZnGa ,S, wide-gap semiconductors
N. I. Popovich, N. I. Dovgosherl, and I. E. Kacher

Uzhgorod State University, Ukraine
(Submitted September 30, 1997
Pis’'ma Zh. Tekh. Fiz24, 85—-87(March 26, 1998

An investigation was made of a possible method of obtaining thin films of new SGa
semiconductors by pulsed laser deposition and quasi-equilibrium deposition from a Knudsen cell.
It was established that these films are transparent in the range O@@n2their band gap is

3.79 eV, and the refractive index in the region of transparency is 2.1919@8 American Institute

of Physics[S1063-785(18)03303-5

A possible method of obtaining films of new complex NaCl and quartz substrates by quasi-equilibrium deposition
ZnGgS, semiconductors by pulsed laser deposition androm a Knudsen cell.
guasi-equilibrium deposition from a Knudsen cell has been Investigations of the composition of the zinc thiogallate
studied. laser condensates reveal that near-stoichiometric films are

Compounds of ZnG&, have wide regions of transpar- obtained at low substrate temperatures in the giant pulse
ency, high optical strength, high photosensitivity, and high-mode at 73 K. As the substrate temperature increases, the
intensity ultraviolet luminescence. The widespread appli- films become depleted in zinc.
cation of these materials is impeded by the difficulties  The optical parameters of Zng& were studied in the
involved in obtaining pure, perfect single crystals of the re-spectral range 0.3—30m. It was established that these films
quired dimensions so that it is promising to use these comare transparent in the range 0.3—2®. The refractive index
pounds as films. In addition, by studying the main physicafor ZnGgS, in the region of transparency is 2.19 and the
properties of the films, it will be possible to predict data onband gap 3.79 eV. The fundamental absorption edge is ap-
the parameters of the single crystals not available in the litproximated by a dependence typical of direct allowed tran-
erature. sitions.

Here we aim to develop the technological conditions re-  The preparation of ZnG&, by discrete thermal evapo-
quired to produce ZnG8§, films and to study their influence ration encountered various technological difficulties such as
on the optical properties of these films. severe spurious heating of the substrate and sputtering of

Thin films of ZnGagS, were prepared by pulsed laser powdery zinc thiogallate.
deposition and also by quasi-equilibrium deposition from a  To sum up, thin films of a new wide-gap semiconductor
Knudsen cell. Pulsed laser deposition was carried out usingnGaS,, transparent in the range 0.3—2#n with a band
the free-running and giant-pulse modes of a LTIPCh-7 lasegap of 3.79 eV and a refractive index of 2.19 in the trans-
on quartz and NaCl substrates. Results of calculations of thparent range, have been obtained for the first time. It has
formation of a monolayer ZnG§, film on a substrate sur- been established that pulsed laser evaporation is the most
face using semiempirical MO LCAO methods were takenpromising method of obtaining high-quality Zngsa films.
into account A polycrystalline zinc thiogallate charge was
synthesized by fusing stoichiometric quantities of elementary
Zn, Ga, and S components in vacuum quartz ampduléw IA. N. Georgobiani, S. I. Radautsan, and I. M. Tiginyanu, Fiz. Tekh. Po-
film condensates were studied by local x-ray spectral analy- luprovodn.19, 192 (1985 [Sov. Phys. Semicond.9, 121(1985].
sis using MS-46 and ISM-35SF microanalyzers and a IEOL?N. A. Goryunova,Complex Diamond-Like Semiconductgins Russiar,

. Sovet-skoe Radio, Mosco{l 968, 268 pp.
LINK spectrometer at the L. Ya. Karpov Institutiloscow. 3N. Popovich, N. Dovgoshey, V. Zhikharev, and I. Kacher, Abstracts of

The optical properties of the Zng&, films were investi- Papers Presented at the 10th International Conference on Thin Films; 5th
gated in the fundamental absorption region using an SF-26 European Vacuum Conference, Madrid, 1996, p. 84.
spectrophotometer and in the infrared, using an IKS-29 spech- Yu. Rigan and N. P. StasyuRreparation and Properties of Complex

i in Russi MK VO, Ki 1 . 62—
trophotometer. Semiconductorfin Russian, U 0, Kiev (199)), pp. 62—-69

Films of ZnGaS, 0.5-0.7 um thick were obtained on Translated by R. M. Durham
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Long-wavelength uncooled sources of A=5-6 um radiation using graded-index
InAsSb (P) layers grown by liquid-phase epitaxy

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

A. F. loffe Physicotechnical Institute, St. Petersburg

Pis’'ma Zh. Tekh. Fiz24, 88—94(March 26, 1998

Graded-indexp—n InAsSb/InAsSbP/InAs structures capable of emitting at the maximum of the
spectral curve up to 5.4m with a half-width of~26 meV (~0.6 um) without cooling

have been fabricated and studied. This is the longest-wavelength radiation obtained at room
temperature in 1lI-V structures grown by liquid-phase epitaxy and the band is the

narrowest obtained for semiconductor spontaneous radiation sourceE99®American

Institute of Physicg.S1063-785(108)03403-X

Materials and heterostructures capable of emitting aedge at 90 me\W300 K). So far, however, this method has
wavelengths\>5 um at room temperature are currently be- not been used to fabricatp—n structures emitting at
ing intensively studied. Light-emitting diodes in this range \ >4.8 um (300 K).
have applications in spectroscopy, gas analysis, and commu- The aim of the present study is to investigate the mecha-
nications. nisms responsible for radiative recombination in InAsSb/

Many researchers have been concentrating their effortg,AsSphp/inAs heterostructures fabricated by liquid-phase
on studying the capabilities of Ill-V materials since thesegpitaxy under conditions of high substrate plasticity and to
possess hlgh thermal conductivity and metallurgical Stab'“tydevelop uncooled radiation sources emitting at 5.
compared with 11-VI and IV-VI systems. The authors of First, InAs_,Sh(Zn)/INAsSbP/INAs heterostructures
Ref. 1 reported the development of an InSbilgAl,Sh (inset to Fig. 1 were grown by liquid-phase epitaxy at tem-

light-emitting diode with a half-width of >1um (A o .
295_5Mm) 3vhich i not optimum for many appIIiL(L:atio(ns in peratures of 630—680 °C amInAs(111) substrates with an
’ lectron concentration of-2x 10'® cm™3. The p—n junc-

spectroscopy, using molecular-beam epitaxy. Recently‘,3

molecular-beam epitaxy was also used to produce quantuni® Was created during growth of the Zn-doped InAsSbh
cascade light-emitting diodes in the range 58 (Ref. 2, layer in a purified hydrogen atmosphere. The density of in-
but these cannot operate in the cw mode. clined dislocations in the surface layer did not exceed 5
An alternative is offered by heterostructures containingX 10° cm™2. Most of the dislocations caused by mismatch
an InAsSb solid solution having a band gap between 350 anbietween the lattice parameters of the substrate and the solid
~100 meV (300 K). However, because of the lack of a bi- solution were located in the substrate and at the InAs/
nary substrate lattice-matched with InAsSb of the requirednAsSbP interface, far from thp—n junction and the emit-
composition, intermediatéransition layers of the required ting region.
composition must be grown between the substrate and the The photo- and electroluminescence was recorded with a
working layer; or strained superlattices must be produted. cooled InSb photodiode using a synchronous detection sys-
In the first case, the wavelengths at the band maximum digem, The photoluminescence was excited using an LPI-14
not_e_xcee(_i\=4.4 M©m wherea_s in the second case, the light-gaAs  diode laser(\=0.8 um, Pous~10W (r=5 us,
emitting diodes had a half-width 1 um (300 K). - f=500 H2) whose radiation was directed onto the narrow-
_Earlier” we proposed a method of obtaining INASSb oo |nAsSh layer in a reflection geometry. For the electrolu-
solid soltzjt|ons with a low dlglocgtlon density N( minescence measurements we pricked out X0.5
<10* cm ?) and an Sb content which increases toward the ) )
surface. The method involves growing a graded-index In-% 0.2 mm samples which were mounted with the narrow-gap
AsSDbP layer by liquid-phase epitaxy under conditions WherénASSb layer at the base.of Fhe. holder. Current .Iegds were
the InAs substrate exhibits high plasticity so that the mis_soldered to the crystal with indium and the radiation was
match stresses relax by preferential formation of dislocation§PUP!ed out via the InAsSbP layer and the InAs substrate.
in the substrate, accompanied by bending. This method was Figure 1 shows photoluminescence spe¢#a K) for
used to fabricate light-emitting diodes having maxima of theStructures whose narrow-gap surfgeéayer has the compo-
electroluminescence spectra at 4.3 and A and half-  sition x;=0.1 (No. 1-2185)) and x,~0.2 (No. 2-2322)),
widths not exceeding 0.&zm (300 K) (Ref. 6, which were ~ which will subsequently be called samples Nos. 1 and 2,
used in sensors for carbon dioxide and carbon monoxidgespectively. The photoluminescence intensity in the
respectively. This method was also used to produce narrow-harrower-gap solid solutionxg~0.2) is five times lower
gap InAg 4eShy 54 layers with an abrupt optical absorption than that for thex;=0.1 composition, which is consistent

1063-7850/98/24(3)/3/$15.00 243 © 1998 American Institute of Physics
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5
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0.0 : . . T.K
250 300 350 400 FIG. 3. Temperature dependences of the maximum en@ngye 1) and
hv, meV intensity (curve 4 of the electroluminescence for structure No.E(T)

=hvn{T)—KT/2  (curve 23, Ey(T)=E4(0)—2.85% 104X T meV

FIG. 1. Photoluminescence spectv@ K) of structures No. 1a) and No. 2 (E,(0)—fitting parameter(curve 3).

(b).

with the data given in Ref. 8. The characteristic energy of th
short-wavelength trailing edgey,~10 meV is close to the
thermal energKT at 77 K, which indicates that these layers

possess good structural quality. Thus, the large half-widthfactor of ~300 for sample No. 1 and by a factor of 16 for

(—26 meV) is probably attributable to the involvement of ample No. 2. Attention is drawn to the small change in the
two mechanisms in the radiative recombination: band'banialf-width which at 300 K is of the order of kT. Figure 3

andean;jéazcgept(;r; the current-voltae characteristics at 7 ives temperature dependences of the maximum energy
'gu g u voltag ISt curve 1 and intensity(curve 9 of the electroluminescence

and 300 K. It can be seen that as the antimony content ing) “w - i cture with a narrow-gap InjShy » solid solu-

creases, the cutoff voltage decreases frog= 0_.306 V' oton (No. 2. At T=175 K the curvehu(T) has a kink and
(x,=0.1) FOUCU‘: 0.226 V (x,~0.2) (.77 K), followmg the the rate of temperature drift of the electroluminescence maxi-
decrgase |n2t2e pand gﬁp oflthe S|0“d. solution. mum increases to~0.26 meV/K (T=175-300 K). Note

_ F|gur;a_ g|_||veT,_t i\ € ec7t;o urgmescince spec(ga that because of the high electron mobility, ffren junction
=5pum, 1=500 Hz,1=3 A) at 77 and 300 K, corrected t0 ¢y, emitting region contains @-region.

allow for}\theSdeterlg_rat_llon in the senS|t|V|tk))/ of thde_ph(;tode- We postulate that two mechanisms, band-acceptor and
tector ath>5 um. Similar spectra were obtained in the cw band-band, are involved in the radiative recombination.
Their superposition produces a fairly broad spectrum at low
0.2 , — temperatur€Ahv,,~25 meV, 77 K. The energy of the ac-
ceptor level caused by the incorporation of Zn~45 meV
so that we predict that the acceptor level with saturate with
increasing temperature, and Bt-170 K band-band recom-
bination will predominate. To analyze the temperature de-
....... pendence, we shall assume that the profile of the lumines-
. . 0.1 ' 1 cence spectrum for the approximation of parabolic bands
-10 05 00 05 -1.0 05 00 05 without carrier degeneracy is given bythv)~Jhv—Eg4
u,v u,v x exf] —(hv—Eg)/kT], wherehv is the photon energy arfg,
A,um is the band gap. The band gap will thenkE?2 smaller than
6 55 5 45 4 35 the energy of the luminescence pétikis condition is readily
N satisfied for binary InAs and InSb compounds and indicates
that the law of conservation of momentum is satisfiéithe
thin dotted line in Fig. 3(curve 2 gives the temperature
dependence of the band gap for an InAs/Ipggh, » ternary
solution in the range where band-band recombination pre-
dominates, obtained from the experimental dependence
¢ ——f T hvma=f(T), Eg(T)=hvgoT)—KT/2. This curve has the
200 250 300 350 same slope as the temperature dependence of the band gap of
hv, meV InAs: E4(T)=E4(0)—2.85x 10~ *x T [meV] (curve 3, Fig.
FIG. 2. a_Currentvoltage characteristics77, 300 K: b— 3). This observation suggests that the epitaxial layer pos-

electroluminescence spectra of structures No. 1: 7@)K300 K (13 and ~ S€SSes good crystal quality and contains no disorder which
No. 2: 77 K(2), 300 K (2a). could impair the law of conservation of the wave veé&or.

&node. As the temperature increases from 77 to 300 K, the
electroluminescence spectra shift toward lower energies and
the radiation intensity decreases, as reported in Ref. 8, by a

a 02

N1
¢+ TIK
* 300K

*or
Ty
—

“=tose,,

01F « 77K
< « 300K

-

~ 00

< 01}

e
Mm.
"

.,
fasl YN

0.0frer

T




Tech. Phys. Lett. 24 (3), March 1998 Aldaraliev et al. 245

To sum up, we have prepared and investigated graded!T. Ashley, C. T. Eliott, N. T. Gordon, R. S. Hall, A. D. Johnson, and G. J.

index p—n structures of INAsSb/INAsSbP/InAs capable of ,Pryce, Appl. Phys. Let64, 2433(1994). _ _
Rui Q. Yang, Chih-Hsiang Lin, S. J. Murry, S. S. Pei, H. C. Liu,

emitting at the maximum of the spectral curve up to A M. Buchanan, and E. Dupont, Appl. Phys. Lét6, 2013(1997.
with a half-width of~26 meV (~0.6 wm) without cooling. 3X. Y. Gong, T. Yamaguchi, H. Kan, T. Makino, N. L. Rowell, Y. Lacroix,

At present, this is the longest-wavelength radiation obtained (Al'g'\g%r‘gyou' M. Aoyama, and M. Kumagawa, Jpn. J. Appl. PI3f55.738

at room temperature in IlI-V structures grown by liquid- 4p, j. Tang, M. J. Pullin, C. C. Philips, R. A. Stradling, A. G. Norman,

phase epitaxy and the band is the narrowest obtained forY- B. Li, and L. Hart, Semicond. Sci. Teld;nlf(ﬂoy 1177(”1995)%
: - B.A. M N. M. Stus’ _N. Talalakin, Kri 82, 21
semiconductor spontaneous radiation sources. These Strucyggy gz]eev, Stus’, and G. N. Talalakin, Kristallografiyz2, 216

tures may provide the basis for efficient light-emitting diodes ém. Aidaraliev, N. V. Zotova, S. A. Karandashev, B. A. Matveev, N. M.

operating at room temperature and suitable for use in the Stus’, and G. N. Talalakin, Pis'ma Zh. Tekh. Fi(23), 75 (1999 [Sov.
t f . h itric OKMIB) Tech. Phys. Lettl7, 852(199))].
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