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High-temperature diode formed by epitaxial GaP layers
M. M. Sobolev and V. G. Nikitin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 22, 1997
Pis'ma Zh. Tekh. Fiz24, 1-7 (May 12, 1998

The preparation of pure, undoped, high-temperature GaP grown by liquid-phase epitaxy is
reported. Results are presented of studies of @aR structures grown at various crystallization
initiation temperatures, using the capacitance—volt&ge\() method and deep-level

transient spectroscogPLTS). The characteristics of GaP are determined by the low concentration
of background impurities and deep-level defects. Measurements of the temperature
dependence of the forward branch of the current—voltage characteristic showed that the
thermometric characteristic of the diode is linear betweet®l and~+600 °C. © 1998
American Institute of Physic§S1063-785(18)00105-F

Gallium phosphide is now widely used to fabricate light- um. Dopedn™-type epitaxial layers imp™—n°-n* struc-
emitting diodes in the visible range. Wide-gap GaP may alsaures andp*-type layers inn*-n%p™ structures were ob-
be regarded as a promising material to develop hightained by incorporating Si and Mg in the fluxes, respectively.
temperature electronics devices and photodetettblsw-  The Hall effect was measured by the four-probe method us-
ever, its application is impeded by the difficulties involved ining layers grown on semi-insulating GaP substrates. The
producing comparatively pure GaP with a background impuC-V and DLTS measurements were made using a Bio-Rad
rity level lower than 16° cm™2 and a concentration of deep- DLTS 4600 spectrometer. The presence gi-a structure
level point defects less than f@m™2. Reports of the prepa- allowed us to study deep traps of majority and minority car-
ration of GaP with a residual donor impurity concentration ofriers by applying suitable filling pulses to the sample. The
the order of 1&'-10° cm™* have appeared only compara- guration of these filling pulses was 5 ms. The temperature of
tively recently>* A low level of residual impurities is an  the sample in the cryostat was swept between 80 and 450 K.
important  requirement for the preparation of high-The thermal activation enerdg and the capture cross sec-
temperature GaP but is not the only one. Another equallyjon - were determined using the Arrhenius dependence of
important criterion which determines the production of high-1,4 on, 10007, wheree is the rate of electron and hole
temperature, thermally stable GaP is the presence of deeB’mission andT is the maximum temperature of the DLTS

level pé)lpt SEfs\%StJOtrTﬁd ,d;JT'”Q the eplt?X|aI ?rgwltah E’r:o'peak. The concentrations of deep-level defects and impuri-
cess. 1L 1S kno at the intrinsic properties ot t>ar’, e yoo \were  determined from  the relatioN;=2(Ny
concentration and presence of defects, and also the behawng )|AC|,,/Cq, whereNg—N, is the concentration of un-

of background impurities in the material is determined by the 2 m' =0 a Ta

degree of deviation from stoichiometry and thus by the re_compensated shallow donor levdlsClr, is the height of the

gion of homogeneity which depends on the crystallizationDI‘TS peak, andC, is the steady-state capacitance of the

. . . leted layer at appropriate reverse biases.
temperature. This explains the need to study the qualit o?iep . . .
P P y quaty Figures 1a and 1b show the changes in the concentration

epitaxial undoped GaP layers—the concentrations of freeff | d thei bility i dooed epitaxial GaP
carriers and deep-level defects—as a function of the technd! 'ree electrons and their mobility in undoped epitaxial Ga

O . .
logical growth conditions of the epitaxial layers, especiallyn layers, determined using the Hall effect aﬁ?‘v mea-
the crystallization initiation temperature. surements, plotted as a function of the crystallization initia-

Here we report the preparation of pure, undoped, highlion temperatureT,. The resu_lts of the_ Hall measurem_ent_s
temperature GaP. Results are presented of studies of Gapowed that the compensation coefficient in our epitaxial
p—n structures using the capacitance—voltag€—V) Gal_Dn0 Iay_ers is less than_0.5 and the shallow donor concen-
method and deep-level transient spectroscpyTS). The  trationNg is thus much higher than the acceptor concentra-
thermometric characteristic of a GaP diode structure is als§on Na andn=Ny—N,=Ng. It can be seen from the results
presented. plotted in Fig. 1 that a§, increases, the concentration of

Layers ofn-GaP were grown by |iquid_phase epitaxy by free electrons in the Iayers decreases while their mObI'Ity
cooling a Ga-P flux at a constant rate of 0.1—0.3 °C/min. Thdncreases. The free electron concentration in the layers varies
substrates wer¢100]-oriented n- and p-type GaP wafers between 1.510" cm 2 and 7x 10" cm™3. The electron
with a carrier concentration of 108 cm 3, grown by the  mobility at room temperature in GaP layers grown Tat
Czochralski method. The epitaxial growth process was car=900 °C was 200-250 cffV/-s. At liquid nitrogen tem-
ried out in a hydrogen stream with a dew point-e65 C at  perature the mobility increased by an order of magnitude. In
crystallization initiation temperatures of 700-950 °C. Thethe purest samples with~5x 10" cm™3, the mobility
thicknesses of the epitaxial layers were of the order of 5—2@eached 3000 cfiV-s. The DLTS measurements made for
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FIG. 1. a — Concentration of free electrong) (determined byC—-V mea-
surements(1) and the Hall effect(2), and also of deep-level defects in
undoped epitaxiah-layers of GaP as a function of the crystallization initia-
tion temperaturd ; b — electron mobility in undoped epitaxiatayers of
GaP determined at liquid-nitrogen{®) (1) and room temperatura{’®)
(2) as a function of crystallization initiation temperaturg.

M. M. Sobolev and V. G. Nikitin

spectrum for the sample withy=800 °C comprised a con-
tinuous wide band, attributed to the majority carriers, in
which no levels could be isolated. Whélp, increased to
900 °C, the concentration of deep-level defects increased
(Fig. 139. Two separate peaks associated with hole traps
could be identified in the DLTS spect(&ig. 2). The level
parameters were respectively FH290 meV, 0,=6.1
X107 cn? and FH2=649 meV,0,=3.0x 10" ™ cn?. At
To=950 °C, a further increase in the concentration of mi-
nority carrier traps was observédig. 139. As in the previous
case, two peaks associated with hole traps could be identified
in the DLTS spectruniFig. 2) but with different parameters:
FH3=106 meV,0,=3.7x10 2! cn? and FH4=807 meV,
0,=4.8x10 '3 cn?. The FH2 and FH4 hole traps were
similar to the H3 and H7 levels, respectively, which were
observed previously in GaP grown by liquid-phase epitaxy,
but their nature was not established. It is noted in Ref. 5 that
no electron traps were observed, which is typical of GaP
grown from a phosphorus-gallium flux. For the —n°—p™*
structure obtained af,=800 °C we measured the forward
voltage drops across the diode as a function of temperature
during passage of a direct curre(#00 mA) in the range
between 191 and-600 °C. Figure 3 shows that the thermo-
metric characteristic of the diode when forward biased is
linear over the entire temperature range studied.

We shall now discuss the results of our studies of the
concentration of electrons and deep-level defects as a func-
tion of the crystallization initiation temperature. The electron
concentration in the undoped layers decreases as the crystal-
lization initiation temperature increases and their mobility
increases accordingly. A probable reason for the observed
changes is that the majority residual impurities in GaP are
shallow volatile S, Se, and Te donors. The high concentra-
tion of electrons in the layers obtained at comparatively low

these samples revealed a low concentration of deep-level dgrowth temperatures may be attributed to the incomplete pu-

fects. The lowest concentratiolN; was observed at
T,=800 °C and was 3810 cm~2 (Fig. 1. Over the en-

rification of the flux from volatile impurities. A3, increases
further, the conditions for removal of these impurities im-

tire temperature range of the DLTS measurements, the DLT$rove and the concentration of free electrons in the epitaxial
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FIG. 2. DLTS spectra of undoped epitaxialayers of GaP
grown at crystallization initiation temperatures of 800 °C
(1), 900 °C(2), and 950 °C(3).
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GaP layers decreases. The observed increase in the concéiad a linear thermometric characteristic when forward biased
tration of hole trapgFig. 1b with increasing crystallization over the entire temperature range studied.
initiation temperature in the epitaxial GaP layers is consis-
tent with the results of theoretical estimates of the heats oftTh. E. Zipperian, R. J. Chaffin, and L. R. Dawson, IEEE Trans. Ind.
defect formatiorf. These estimates show that Bgincreases ZElectron.lE-EQI,d 129%982)- | (1988

: : “W. H. Weichold, Solid-State Electro28, 957 (1985.
QUrlng growth .Of GaP_ from .a P-Ga ﬂu.x’ _the GaP_ composi 3R. F. Brunwin, P. J. Dean, B. Hamilton, J. Holdgkinson, and A. R. Peaker,
tion shqws an increasing shift from st0|ch|9metry in favor of - ggjig-state Electror24, 249 (1981.
Ga, which should increase the concentration gfavid Gg 4V. M. Andreev, L. M. Dolginov, and D. N. Tret'yakovi.iquid-Phase
defects or their vacancy Comp|e QaVv Epitaxy in the Technology of Semiconductor DeVi(fB’B Russiaﬁ,

To sum up, the results of oﬁ)r iﬁjveps.ti ations show that,S0Vetskoe Radio, Mosco@975.

P, Sull vestig 5P. M. Monney, T. A. Kennedy, and M. B. Small, PhysiB & C 116 431
GaP layers grown by liquid-phase epitaxy may form the ba- (19g3.
sis for devices operating at extremely high temperatures, ugJ. A. Van VechtenHandbook on Semiconductors. Materials, Properties,
to 600 °C, which cannot be achieved by using conventional and Preparation Vol. 3, edited by T. S. Moss and S. P. Kell@orth—
. . L lland, A 1 . 1-11.

materials such as Si and GaAs. These characteristics of Gap'o'and: Amsterdam, 1980pp
are determined by the low concentration of background imTranslated by R. M. Durham
purities and deep-level defects which ensured that the diodedited by David L. Book
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Permittivity of strontium titanate film in a SrTiO 3/Al,O5 structure
A. M. Prudan, E. K. Gol'man, A. B. Kozyrev, A. A. Kozlov, and V. L. Loginov

St. Petersburg Electrotechnical University
(Submitted September 23, 1997
Pis'ma Zh. Tekh. Fiz24, 8—12(May 12, 1998

It is shown that strontium titanate film has the same Curie temperature as the single crystal. The
minimum temperature above which the permittivities are the same is determined. The

dielectric nonlinearity is investigated over a wide range of field strength4.9@8 American

Institute of Physics.S1063-785(108)00205-3

Multilayer structures containing strontium titanate film denceC(U;,T) revealed a maximum in the range>78 K.
synthesized on the surface of dielectrics {&4, LaAlO;, The capacitance—voltage characteris@$), T;) were mea-
NbGaQ,) by various methods are interesting for practicalsured at two temperature$;= 78 and 290 Kin the voltage
applications in microwave electronics. In most cases, théangeU=0-200 V. The capacitors typically exhibited the
films have a perovskite SrTiOstructure~3 However, the following relative changes in the total capacitance:
possibility of obtaining more complicated compounds of the

SrO type (SrTiQ), during the synthesis process cannot be C(0,78 K/C(0,290 K=1.9,

discounted"
A review of the published literature draws attention to C(0.78 K/C(200V, 78 KW=27,
the following fact. In most cases, SrT{Gilms have a per- C(0,290 K)/C(200 V,290 K=1.4.
ovskite crystal lattice but the values of the permittivigy
at room temperature cover a wide range= 90—350(Refs. The interelectrode gap in a planar capacitor has an inho-

1-4). For comparison the permittivity of a SrTiCsingle = mogeneous dielectric fillindair, substrate, filmand it is
crystal afT~ 300 K is 340—360. In addition, no studies have reasonable to assume that the Srlifdm also possesses
been carried out to identify the film material from the stand-nonuniform permittivity. This nonuniformity may be caused
point of thee £(T) dependence typical of a ferroelectric. The by the presence of air inclusiofisavities and by the appear-
aim of the present study is to confirm the correspondenc@nce of boundary conditions for the polarization vector at the
between the perovskite crystal structure of the film materiapurface of the crystallite3In simplified terms, the total ca-
and the known permittivity of a SrTiQsingle crystal. pacitanceC of the capacitor may be represented by an
The film was deposited by magnetron sputtering of a€duivalent circuit containing three compone@s, C, , and
ceramic SITiQ target on a single-crystal 4D, (r-cut) wa-  Cr of which two (C,_ andCg) are connected in series. Each
fer (12.0<12.0x 0.5 mm) whose surface contained a set of Component characte_rizes t_he energy qf the_electric field_in air
planar platinum electrodes. The sputtering was carried out if"d the substrat€s, in regions of the film with low permit-

a gas mixture (0.79+0.3 AP at pressuré®~4 Pa and sub- tivity C, , and in regions of the film with ferroelectric filling
strate temperaturd=700°C. The film thickness wah Ck . In this case, the required permittivity of the ferroelectric
material may be determined from

=0.8um.
X-ray structural analysis of the multilayer system 1 1 1\-1
(SrTiOs/Pt/AIL,O3) showed that the film has a perovskite ep= — = (1)
80F|: C_CS CL

crystal lattice preferentially oriented in tH@00) direction

relative to the substrate surface. In #00] direction the  \yhereF. is the form factor of the capacitan&®- and &0
unit cell was lengtheneda=0.3941 nm compared with the —g g5¢ 10712 E/m is the dielectric constant.
single crystal §,=0.3902 nm. The results of an x-ray dif- The values of2, Cg, C, , andFg on the right-hand side
fraction anaIySiS revealed a fine-grained structure. An examiof Eq. (1) can be measured. The Capacitar@@ is deter-
nation of the surface using electron force microscopy als@nined by analyzing the correspondence between the depen-
revealed cavities up to 100 nm in diameter. dence C(0,T) and a Curie-type functiorC(0,T)=A/(T

A four-probe methodusing an E7-12 metgat 1 MHz  —T.) (Ref. 6. The componenC, is determined using a
was employed to investigate the temperature behavior of theslation which links the permittivities with the control field,
capacitanceC(T) of planar capacitors having a multilayer ¢(E;,T,,), and without it,e(0,T,), at the temperaturg,,
SrTiOs/Pt(capacitor electrod@l ,05 structure. The gap be- for which e-(E;,T) has a maximum. An analysis of the
tween the electrodes in the capacitor was® The tempera- dependence€(0,T) yielded the Curie temperature charac-
ture dependence of the capacitanC€T) was measured teristic of a SrTiQ single crystal. Using the Curie constant
without an electric fieldC(0,T), and with control voltages (C¢) as the true constant for a ferroelectric allowed us to
U, applied to the capacitor electrodes for which the dependetermine the form factor
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FIG. 1. Temperature dependence of the permittivitg)f 1 — single-  FIG. 2. Permittivity of single crystal strontium fitanas 3) and strontium
crystal strontium titanate anl — strontium titanate film on an ADs titanate film(2, 4) versus external electric field strengthTat 78 K (1, 2)
(r-cut) surface with zeroE=0) bias field. Film thicknesa=0.8um. andT=290 K (3, 4).

In the rangeT > 180 K the absolute values and tempera-

1 d(1/(C—Cy) ture dependence of the permittivity of strontium titanate film
= S’ 2 with a perovskite crystal lattice on the surface of ap@y

£0Cc dT (r-cut) substrate are indistinguishable from those of a free

For one of the capacitors we obtained the following valuesSITiOs crystal. The difference observed in the range
C(0.78 K)=1.44 pF,Cs=0.14 pF,C =2.71 pF, andF¢ <180 K is probably caused by the mechanical action of the
=1.37x10"% m. substrate on the film as a result of the mismatch between the
The results of analysis of the raw dat&U,T) using this  temperature coefficients of linear expansfon.

algorithm are plotted in Figs. 1 and 2. The Sriifdm has a
Curie temperaturéFig. 1) corresponding to that of single-
crystal strontium titanateT(-= 38 K). In the range 180 K vu. A Botkov. L P. Pronin. z. G. | Cal. Fiz. Tverd. Tel

. H H u. . oikov, |I. . ronin, Z. . Ivanowet al, Fliz. lverd. lela
<T< 300 K, the film material and the SrTiCrrystal are ' oo e 1331096 [ Phys. Solid Stat@s, 72 (1996,
indistinguishable in terms of permittivity and temperature 2g A miranda, C. H. Mueller, and G. A. Koepf, Supercond. Sci. Technol.
behavior, although some departure from the Curie law is 8, 755(1995.

observed(Fig. 1) at a higher temperatureT &180K) than  °S. Komatsu and K. Abe, J. Appl. Phy&4, 3597 (1995.
that for the crystal T=100 K) 4T. Hirano, M. Taga, and T. Kobayashi, J. Appl. Phgg, L3597 (1993.
. y B . . . 50. G. Vendik, S. P. Zubko, and L. T. Ter-Martirosyan, Fiz. Tverd. Tela

The design of the capacitor allowed us to investigate the (st. petersbuiggs(12), 3654(1996 [ Phys. Solid Staté8, 1991(1996).
dielectric nonlinearity of SrTiQ@ over a wide rangdup to ®A. M. Prudan, E. K. Go'man, A. B. Kozyrev, R. N. Kyutt, and V. E.
E~108 V/m) of electric field strengthg¢Fig. 2). The permit- Loginov, Fiz. Tverd. TelgSt. Petersbung39, 1024(1997 [ Phys. Solid
tivity varies substantially under the action of the field, even Ste3% 920(1997].
at room temperature. A similar result was obtained for arranslated by R. M. Durham

control field oriented normal to the filth. Edited by David L. Book

F



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 5 MAY 1998

Observation of carbon segregation and evolution of vacancy defects in a surface layer
of iron exposed to a low-energy high-current electron beam

V. I. Lavrent’ev, A. D. Pogrebnyak, A. D. Mikhalev, N. A. Pogrebnyak, R. Shandrik,
A. Zecca, and Yu. V. Tsvintarnaya

Sumy Institute of Surface Modification
(Submitted November 28, 1997
Pis'ma Zh. Tekh. Fiz24, 13-20(May 12, 1998

For the first time, Rutherford backscatterit@BS) and proton-induced x-ray emissi¢RIXE)

using a proton microbeam and a slow positron beam were used to aristygethe

surface and near-surface layersaefe after exposure to a low-energy high-current electron

beam. Grain-boundary segregation of carbon and the formation of impurity complexes were
observed. Proton microbeam scanning revealed regions of reduced local density which are
sources of crater formation. @998 American Institute of Physids$1063-78518)00305-X]

Beam technologies are now fairly widely used to modify positron lifetime in the source was described by two com-
the surface of metals and enhance their performancponents: =250 ns, |,=6.2%, 7,=450 ns, |,=2.5%
characteristic$* Electron-beam treatment is a typical rep- (Ref. 10.
resentative of this type of treatment and is used to refine A 2°Bi source was used for calibration. The distribution
surface layers to the melting depth of the layers. of elements along the surface of the sample was analyzed

Pulsed treatment by a low-energy high-current electrorqualitatively using color maps of areas between X200
beam is accompanied by melting of the surface layer, whickand 250 2500 x.m, obtained by RBS and PIXE as a result
gives rise to high concentrations of point and linearof scanning wit a 3 MeV proton beanOxford University.
defects>’ Reliable data on the defects formed by pulsedThe microbeam current was 100 pA and the diameter less
treatment are required to study the nature of the energy althan 1um. Figure 1 shows energy spectra of Bparameter
sorption mechanisms. So far, few studies have been made of the Doppler broadening of the annihilation peakasfe
these mechanisms, mainly because of the limited capabilitiesamples before and after single bombardment by an electron
of experimental methods to investigate tlibetween a few beam with different energy density. In fact, these curves
nanometers and a micrometer thickurface layers with a
nonuniform distribution of defects over depth.

Thus, our aim was to study characteristic features of the 6.7 2,00 4?0 {00 /0;00 d,rm
defect structure and the redistribution of carbon atoms in ¢
surface layer oix-Fe exposed to a low-energy high-current
electron beam, using a combination of modern nuclear-
physical methods. 0.5

It should be noted that in a series of studies made by the™ 0
authors, it was shown that an increase in the number o
pulses during exposure to a low-energy high-current electror
beam sharply reduces the number of craters on the
surface>~® which appreciably enhances the corrosion resis-
tance, improves the dry-friction resistance, and increases th
fatigue strength under cyclic loadind.

For the experiments we used samples 12 mm in diamete
and around 2 mm thick, with a grain size of approximately 3 8.46 —
mm. The total impurity content was at most 0.01 wt.% and 2
the initial dislocation density was §@&m 2. The samples .
were bombarded using a Nadezhda-2 electron source with a 1
average energy varying between 6 and 20 keV, a pulsp'l‘l‘ T T T T T
length of around 0.&s, and pulse energy density be- 0 10 20 30
tween 2.5 and 5.2 J/dr(Ref. 8. The defect structuréva- &, kev
cancy subsystejrwas analyzed using a slow positron beam
(Trento University, Ital?) by measuring the Iifetimep and FIG. 1. S—pargmeter of the positron anqihilation Doppler broadt_ening curves,
the S-parameter of the Doppler broadening of the annihla-e22d s sow psiton s samples, o = rclon of e
tion peak’ The positron lifetime was measured using & 12jcnt electron beam, and— after exposure to a 4.2 J/énelectron beam,
uCi Na(B+ y) positron source in a Mylar envelope. The r=0.8 us.

048 —

1063-7850/98/24(5)/4/$15.00 334 © 1998 American Institute of Physics
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FIG. 2. Qualitative analysis of the distribution of elements in vari-
FE ™M 40 : o . .
— e - z ous surface microregions after exposure obaRe sample to a 2.5
PUN 3/6008 14-Sep-95 (25Q00umi i .
B30: NE-Sumv. hea A Jlen? electron beam using mq;()eolor) of 2500x 2500,um areas:
— a — Fe, b — carbonc — diagram of Fe surface distribution
showing the distribution in Fig. 1a more clearly.

show the distribution of the vacancy defect concentration aghowed that asV is increased from 2.3 to 5.2 J/émthe

a function of doping depth below the plane of the surfacenickness of the molten layer and its lifetime increase from
The results indicate an increased vacancy concentration oVer7 to 2.5um and from 0.5 to s respectivelﬁ:“The rate

the entire depth analyzddp to 1.02xm), starting at 20 nm.
An increase in the energy flux density from 0.1 to 4.5 ¥cm
increases the&s parameter for the entire range of positron
energies.

A further increase i'W to 5.2 J/cmd is accompanied by

of cooling of the surface layer af-Fe is 5 10° K/s and the
velocity of the crystallization front varies between 2 and 5
m/s as a function of the cooling time and layer debth.

The results of a simulation of the melting of the near-
X : surface layers ofx-Fe exposed to a pulsed electron beam
a drop in the concentration of vacancy defeGpgrametey indicate that at energy densities of at least 3 3/tme upper

especially in the near-surface layd€tg to 400 nm.
A study of the distributions of the atomic composition of §urface layer at a depth of arounguth undergoes guench-

the surface okv-Fe samples exposed to low energy densitied9- Al thgse high quepphi_ng rates of?<509 Kis a hig3h
(W up to 3.5 J/crf) by RBS and PIXE by proton microbeam concentration of nonequilibrium vacancies fortap to 10
scanning revealed the presence of carbon impurities distri2-%0_(Ref. 12, which are confirmed by positron annihila-

uted comparatively uniformly in the regions studied with antion. The component, =108 ns of the lifetime obtained as a
average concentration of 10—-15 at(Fg. 2b. No other im-

result of irradiation ofa-Fe (W= 3.3 J/cn?) corresponds to
purities were observed in these experiments. However, ththe lifetime in a defect-free iron crystal lattiéeThe second
color maps which show the distribution of iron reveal char-componentr,=195 ns is close to the lifetime of positrons
acteristic “shading,” having a circular profile of around captured by divacanciéd.Thus, the nonequilibrium vacan-
2000 um (Fig. 2a. The diagram in Fig. 2c gives a clearer cies formed at low electron beam energy densiiémainly
picture of this iron distribution in black and white. combine to form divacancies. The maximum concentration
When the surface of the metal is exposed to a low-Of divacancies is initially found at a depth of aroungrh,
energy high-current electron beam at this energy, the deptihich corresponds to the maximum absorbed energy. As the
profile with absorbed energy initially has the form of atemperature rises and the heat becomes redistributed, the lay-
Gaussian distribution with a maximum at a depth of arouncers of material closer to the surface are heated faster because
lum. the rate of increase in temperature in the surface layers is
Calculations made using a numerical solution of the onegreater than the rate of decrease inside the mateetd of
dimensional heat conduction equation fefFe bombarded heat removal? As a result, most of the nonequilibrium va-
by a 6-20 keV electron bearfpulse length7=0.8 us) cancies(divacancies tend toward the surface. The easiest
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FIG. 3. Qualitative analysis of the distribution of elements in
various surface microregions after exposure ohaRe sample

to ten pulses of a 4.2 J/énelectron beam using maysolor)

of 100X 100 um areasa — carbon distributionb — Fedis-
tribution.

RUN 376006 14-Sep-95 (100um)
RSO: N6-sumy

paths for the migration of vacancies are along dislocations Thus, the use of nuclear physics meth@RBS and
and grain boundaries. PIXE, slow positron annihilatiorhas allowed us to study the
Thus, the local density of material should decrease neagvolution of vacancy defects in near-surface layersvdie
these defects. This is precisely the effect observed in studiesfter exposure to a low-energy high-current electron and to
of the surface distribution of elements in arFe sample observe the onset of carbon segregation as the number of
exposed to an electron beam with I (up to 3 J/em),  pulses increases. It was observed that the absorption of en-
when the iron distribution patterns along the boundary of rgy deposited in the sample by the electron beam leads to
region having the size of a grain reveal shading, which indithe formation of regions of reduced local density at the sur-
cates a reduction in the local denSity of material at thes¢ace of the Samp|e near the initial grain boundary_ Nonequi_
points (Fig. 20. librium vacancies expelled by the thermal front from the
The migration of nonequilibrium vacancies toward the guenched upper-surface layer are concentrated in these re-
surface is confirmed by an increase in B¥parameter in the gions. When the energy density or number of pulses are in-

near-surface layerg~ig. 1). These regions of reduced local ¢reased, these regions may form a source of crater nucle-
density are evidently sources of crater nucleation on the sutsgiion At the same time. an increase in the carbon

face of a material exposed to a low-energy high-current eleCz,ncentration in local regions leads to the binding of non-

tron beam with elevated energy densiés. __equilibrium vacancies to form vacancy—carbon at@msev-

_ _Measkjrements of the second component of thg p95|_tr0@ra| carbon atomscomplexes.
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Similarity theory is used to study the transition from one boiling regime to another. An analysis
is made of the rate of propagation of the interface between boiling regimes for a critical
heat flux. © 1998 American Institute of Physid$$1063-785(18)00405-4

Liquid boiling crises are caused by a transition betweering (IV). In regions(Il)—(IV) the rate of heat exchange is
boiling regimes with significantly different rates of heat ex- governed by the temperature difference between the heat-
change. As a result, the temperature of the heat-emitting sureleasing surface and the saturated liquid and is expressed in
face either increases or decreases abruptly. The transitiderms of the coefficient of heat exchangein the form
from one regime to another takes place in a finite time whichQ(T) = a(T)(T—Tg). Assuming that only critical effects
is determined by the rate of propagatiorof centers of the taking place at the interfaces of the third region are consid-
new regime and the linear scdle which characterizes the ered, we shall subsequently neglect the heat transported by
average distance between the centers formed under the infloatural convection. The maximum heat flgy on the heat
ence of variations in the flux of released heat, the heatexchange curve in the second region is usually called the first
releasing surface, or various fluctuations. The transition timeritical heat flux and the corresponding temperaflige the
is an important parameter for the design of technical devicefirst critical temperature. Similarly, the second boiling crisis
to prevent a crisis or which are controlled by a sharp changé achieved for the minimum heat flux in regidiv) with the
in temperature. Here exact results of similarity theory arecoordinatesq., and T.,. For q.,<W=q.; there are three
used to analyze the rate of propagation of the heat-releasingpmogeneous steady-state solutions of @gwhich are de-
interface between boiling regimes for a critical heat flux andtermined byF(T)=0:T=T,, T=T,, T=T, , T;<T,<T,.
an experimental investigation is reported. Letting L tend to infinity, we can take the initial condition in

The propagation of the heat-releasing interface betweethe Cauchy problem for Egl) in the form of a step function
boiling regimes is controlled by the heat conduction equatiorwith values ofT; andT, at +o. Some problems in biology
with a source and suitable boundary conditions at the surfacend physics can be reduced to this Cauchy probietin the
of the heater. Assuming that the heater body is sufficienthone-dimensional case, the solution of the Cauchy problem
thin so that the temperature in the heater cross section pestabilizes with time and tends to a traveling-wave function
pendicular to the direction of propagation of the interface isT(x,t)=T(£é=x+vt) with the limiting valuesT(—«)=Tjy,
constant, after integrating over this cross section, we obtaiif(+«»)=T, for the source F(T) which satisfies the
an equation for the temperatufe per unit length of the conditions
heater:

SCT)dT/at=V(S\N(T)VT)+P(W-Q). 1)

F(T)=F(T»)=0, F(T)<O0 for T,<T<T,<T,,

. - . > <T<
Here C(T) is the specific heat of the heater material calcu- F(T)>0 for T,<T<T,, @

lated per unit volume) is its thermal conductivityW(T) T
andQ(T) are the heat release and heat removal densities at J
the heater surface, arfland P are the area and the cooled
perimeter of the cross section orthogonal to the direction of ,
propagation. The analysis is confined to one-dimensional F'(T2)<0. )

motion of the heat—relleasi.ng interface betW(_een the regimes. Ve assume that conditiori®) and (3) are satisfied. Neglect-
is also assumed thatis fairly large so that simple boundary . yhe stapilization time, we shall seek a solution in the
conditions can be set for Eql). The temperaturd is as- ﬁ

2
FAdT=0, F(T)=<O0 for T;<T<T,o=<T,,
T

y ) . o . form of a traveling wavel' (x,t) =T({=x+wvt) which satis-
sumed to be a continuous function and its derivatives vanis es the equation
at an infinite distance from the heat-releasing interface. The
main nonlinearity in Eq.(1) is concentrated in the source d/dEN(T)dT/dE) — C(T)VAT/dE+F(T) apg=0.  (4)
F(T)=W-Q which is determined by the heat exchange
function Q(T). From well known experiment Q(T) has  Here the same notation with the subscript “0” is taken as the
the form shown in Fig. 1. Four regions with different heatunit of measurement foh, C, &, v, and «, where &
exchange regimes are usually identified: natural convectior: (S\o/Pag)Y?, vo=v/V=(Pagha/SC3)*2 The order of
(1), bubble bailing(ll), transition boiling(lll ), and film boil-  Eg. (4) can be reduced by changing the variables. Taking as
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FIG. 1. Heat exchange versus heater temperature for
steady-state regime and source function for constant
heat releasel — Q(T), 2 — W(T). Heat exchange
regimes | — convection, Il — bubble boiling, Il —
transition boiling, and IV — film boiling. The inset
shows a fragment ofy(z) in the limiting regime
W=q,,, curves3 and 4 correspond ta@,, andz,,;
Zx1” Zyn -
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the unknown the derivative of the Kirchhoff substitution andsatisfies condition$2) and(3), where the role off; andT,
the Goodman substitution as independent varialfleee  will be played by 0 andl,—T;. Thus, the solution of the

Refs. 6 and ¥ Cauchy problem stabilizes in this case, as was observed
T, experimentally’~*! For negativeV we shall seek a traveling-
y={)\(T)dT/d§}/ J CdT, wave solutionT=T(é=x—uvt) using the variablg€=1—-z
T instead ofz in the substitution(5). Ultimately, instead of
T T, Eq. (6), we have
2 LIC‘”/ fn cdr, © yyi- Iy (D=0, x(O)=—w(1-0),
we obtain an equation encountered in studies of the propa- T2 T2 ,
gation of normal zones in a cooled current-carrying = fT CdT T, CdT. 6)
superconductdr _ _ o
Apart from the notation, this equation is the same as(Ex.
yYy;—Vy+#(z)=0, For fairly smallW(T) the integral ofy(¢) is positive and
T, thus the statement%) are valid forV<0.
lﬂ(Z):N(Z)F(Z)/aoC(Z)f CdT, (6) Then, using the qualitative theory of differential equa-
Ty tions (see, for example, Ref)8ve obtain information on the
y(0)=y(1)=0. @ change inv in two limiting cases, whelW(T{)=q.; or

W(T,)=0.,. Note that we cannot use the results of Refs. 3
The two conditiong7) can be used to determine the solution gnd 4. For example, foW(T;)=q.; we haveT,=T; and

y(z) and the velocityV. These changes of variables trans- F(T)=F_ (T), which is not differentiable at the poirf;,
formed the range of temperature variatiphy,T,] to the  since the derivative has different limits for calculations in the
range of variatiore[ 0,1]. It is easy to establish that for most regionsT,<T<T, or T, <T<T,. Equations(6) and (6")
known dependenceg(T), C(T), if F(T) satisfies conditions have three singular points in the planey) either (z,y):

(2) and(3), then for fairly largeW(T) #(2) will also satisfy  (0,0), (z,,0), (1,0, or (0,0), ¢, ,0), (1,0). Let us consider

the same conditions for the range of variat@y®,1]. In this  Eq. (6). The roots of its characteristic equation areA2)
case, the following statements were proven in Ref. 5 for the- 9 5v+[0.25v2~¥/(2)1°5. For ¢'(0)<0 the singular

problem(6) and(7): (*) For someV=0 which can be deter- point (0,0) is a saddle and the only direction of the integral
mined uniquely, a solution of the proble®), (7) exists  curve which satisfieg*) is the positive directionp,(0).
uniquely and in additiory(z)>0 holds for 0<z<1. Similarly, the saddle point1,0) only has the negative direc-
Integrating Eq(6) with allowance for Eq(7), we have  tjon of the integral curvep,(1). At the third singular point
1 1 1 (z,,0) we find ,(z,)=0. The evolution of the first crisis
V=f lﬂdZ/f yd2=f (yly)dz. (8)  for the maximum thermal load takes place W(T;)= 0.
0 0 0 If ¥(z,)=0 is the only solution in the range<0z, <1, this
It follows from Eq.(8) and the fact thay is positive that the passage to the limit is equivalent29=0. For smallz, , in
signs ofV and the integral of/ are the same. For a negative accordance with Eq7), the integral curve enters the vicinity
integral of the sourc&(T) it is sufficient to replacd with of the singular point £,,0) where, if V?=4y.(z,), then
T,—T andx with —x in Eq. (1). After making this substi- (z, ,0) is a node ang(z,)=0, which is impossible accord-
tution, we obtain the Cauchy problem for the equation whiching to the statement*). Thus, we have/?<44y.(z,) and
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there is a focus at the point{,0). We construct the de- transition boilingq.q, gcp- This influence severely limits the
scending sequencg ;=0 for i=. According to the state- freedom of modeling the heat exchange in region Ill. How-
ment (*), each value ofz,; corresponds to a value of; ever, no experimental data are available on the structure of
where 0<V;<44y,(z,;). Suppose that liM;=V,. Going  Q(T) near the pointsd,, T¢1) and @co, Te,) for the mov-

to the limit, we have ing interface between boiling regimes. In our view, this prob-
lem may be solved by means of an experimental investiga-
0=<V(y)<2V¢,(+0). ©) tion whi>(I:h is planned);or the very near ?uture. °
Equality can be achieved at the upper boundégy if con- The author would like to thank V. Yu. Chekhovich and
dition (7) is satisfied. It was shown in Ref. 7 that for a con- A. N. Pavlenko for discussions.
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of V@) with respect to z,. Similarly, considering

W(T,)=0q.,, we obtain for the limiting negative velocity !Rr. F. Gertner, Teploperedacha No. 1, @®65 [Translation of R. F.
V(2: Gaertner, Trans. ASME 87, No. 1]
2S. S. KutateladzeFundamentals of Heat TransfeNauka, Novosibirsk
[IES —V(2)$2 Xé( +0), (10 (1970; 2nd ed. transl. Academic Press, New Y@l063.
3A. N. Kolmogorov, |. G. Petrovski and N. S. Piskunov, Byul. Mosk.
where a bifurcation value is achieved with an infinite deriva- Gos. Univ. A1, 1 (1937.

tive of V(,) with respect taZ, for the convex limit function ;‘Xa IB-KZe"dlovl\i/Thtv Zsl FiZS-QKf'Sim2% Zzzgfggz-
- " : a. |. Kanel’, Mat. Sborn59, Suppl., .
x(£). If there is a smooth transition at the boundaries of 5L. A. Kozdoba,Methods of Solution for Nonlinear Heat Conduction Prob-

region lll rather than a kink o®(T), the limiting bifurcation lems[in Russia, Moscow (1979, 227 pp.
values are zero. Going to the limit in this case, we obtain”Yu. M. L'vovskit, Zh. Tekh. Fiz54, 1663(1984 [Sov. Phys. Tech. Phys.

from Egs.(9) and(10) that eitherV/;y or V(,) tends to zero, 29 1984(1984). _ _
which implies deaenerate boiling crises. i.e.. a smooth tran- S. Lefschetz Differential Equations: Geometric Theqrgnd ed.(Inter-
p g 9 v science, New York, 196BRuss. transl. of 1st ed., IL, Moscow 1961, 387

sition from one regime to another controlled by a change in ppj.
the heat release. Similar degeneracy was observedS. A. Zukov, V. V. Barelko, and A. G. Merzhanov, Int. J. Heat Mass
experimentally:! Generally, we can make the bifurcation ,,Transf.24 47(1980. _

| f the velocity go to zero by selectifgT), i.e., nuclei A. N. Pavlenko, V. Yu. Chechovich, and I. P. Starodubtseva, Russ. J. Eng.
value o locity g Dy 1.8, nu Thermophys4, 323 (1994).
of the new regime can be stabilized as far as the limiting heats. I. verkin, Yu. A. Kirichenko, N. M. Levchenko, and K. V. Rusanov,
fluxes by controlling the thermal load. Thus, in the limiting Cryogenics NoZ, 49 (1979.
cases, the rate of propagation of the heat-releasing interfage, .\ ieq by R. M. Durham

between boiling regimes is determined by a narrow region oEdited by David L. Book



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 5 MAY 1998

Dynamic recrystallization in a near-eutectic Pb—Sn—Ag alloy under thermal cycling
S. A. Atroshenko, D. R. Lyu, and I. Sh. Pao

Institute of Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg;
Ford Research Laboratory, Detroit

(Submitted October 10, 1997
Pis'ma Zh. Tekh. Fiz24, 28—-31(May 12, 1998

An analysis is made of the behavior of solders under thermal cycling. Dynamic recrystallization
can be used to explain the evolution of the microstructure of soldered joints during
operation. ©1998 American Institute of Physids$51063-785(108)00505-9

The reliability of soldered joints in electronic circuits is Figure 1 gives the grain sizeé of the lead phase as a
an important factor. Solders undergo cyclic strain caused bfunction of the number of thermal cyclés. It can be seen
thermal cycling of the circuits during operation and createdhat the dependence is nonmonotonic with a maximum ob-
by the large difference between the coefficients of thermaserved for 500 thermal cycles. Figure 2 shows photographs
expansion of the components. The thermal changes takaf the microstructure in the initial state and after thermal
place at high homologous temperatures for these alloysycling. It can be seen that after 250 thermal cycles, the size
which may lead to dynamic recrystallization. of the lead phaséunshadedlis slightly reduced, after 500

Experiments were carried out to study the evolution ofcycles it increases, then decreases up to 750 cycles, and be-
the solder microstructure. The material used for the studgins to increase again. After 250 cycles the structure exhibits
was an alloy containing 62% Sn, 36% Pb, and 2% Ag. Theorosity and after 500 cycles microcracks begin to appear.
soldered joints were subjected to cycling betweed0 and  After 750 cycles the large grains break down into smaller
100 °C (air—ain with a 5 min pause and 25 min holding ones and after 1000 cycles fairly large cracks are observed.
time. After every 250 cycles, the circuits were removed fromin general, the behavior of the microstructure reflects the
the thermal chamber and the samples were cut into polishedependence of the grain size on the number of thermal
sections to assess the change in the microstructure using opycles.
tical and scanning electron microscopy and an image ana- Dynamic recrystallization is an efficient mechanism for
lyzer. The evolution of the microstructure and damage to théocal rearrangement of the microstructure in many metals. It
solders was examined from transverse polished microseceduces the grain size at high strain rates and moderately
tions using a Nikon optical microscope and a JSM 840Ahigh temperature and also leads to grain growth at strain
scanning electron microscope. The microstructure dimenrates below 108!, particularly when the deformation takes
sions were measured using an image analyzer. The imag®ace at relatively high temperatures.
analyzer was a Nikon microscope connected to an Image-Pro These conditions are usually associated with superplas-
Plus computer program which can automatically calculatdicity: a temperature around half the absolute melting point
various parameters of the microstructure such as the are@r above, diffusion-controlled structural changes induced
perimeter, diameter, and so on, which can be representdny strain, or as a possible alternative, a fine-grained
numerically, statistically, or graphically. structure®> Some superplastic alloys are resistant to static re-
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FIG. 1. Grain size of lead phase versus number of ther-
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crystallization and undergo dynamic recrystallizatfoSu-
perplasticity was observed in Pb—Sn alloys under high-
temperature strairf20-170 °G at strain rates of 16-10°

s ! over a wide range of grain siz8sSince even 25°C is a
high homologous temperature for a solder, dynamic recrys-
tallization may take place, since the metal is in the strained
state.

Eutectic solders have been extensively studied because
of their widespread application in electronic devices. This is
the first attempt to explain the evolution of the microstruc-
ture of these alloys on the basis of dynamic recrystallization.
The behavior of eutectics varies substantially as a function of
their morphology. Soldered joints undergo heterogeneous
strain. Shear strains are concentrated at sites of structural
coarseness. The accumulated strains lead to cracking at these
sites and the joint ultimately ruptures. An understanding and
simulation of the microstructure evolution using the experi-
mentally determined parameters can improve the operating
life of electronic joints.
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Numerical methods are used to demonstrate the alternation between stable and chaotic states of a
time-dependent system of nonequilibrium carriers in a semiconductor with parameters

similar to n-GaAs, under conditions suitable for the Gunn effect to occur. Changes in the
quantitative characteristics of evolution of the phase variafsfes<imum Lyapunov exponent and
Hausdorff dimensiohare also studied as a function of the external field. 1898 American

Institute of Physicg.S1063-785(018)00605-3

Self-organization and dynamic chaos effects in semiconwhereu, is the carrier drift velocity in weak electric fields,
ductors in strong electric fields in the presence of variousandv E, and y are adjustable parameters.
types of nonlinearities have recently been actively studied Using a standard method, we seek a solution of (&).
(see, for example, Refs. 1 and. 2n particular, a similar as a Fourier series expansion B{x,t) near the uniform
problem was studied experimentally for semi-insulatingelectric field distributiorE(t) along the samplé:
GaAs in Ref. 3 and theoretically for-GaAs in Ref. 4, where
numerical methods were used to demonstrate the transition
from current osc_|llat|ons toa chaotlc state of the electronic  E(x t)=E,(t)+ > E(t)expimkyx). 3
system in a semiconductor subject to the Gunn effect. How- m#0
ever, these studies did not consider the scenario for this tran-
sition and its characteristics such as the transformation of thelere E,(t) = E,,,(t) + iE ,i(t) is the complex amplitude of
phase portrait, the dependence of the Hausdorff dimensiothe mth harmonic of the oscillationk,=2#/L, whereL is
on the control parameter, and other factors. A knowledge ofhe characteristic wavelength in the crystal, which is a pa-
this behavior would provide a better understanding of theameter of the problem. Confining ourselves in E8). to
physics of nonequilibrium processes and would allow recomm=+1,+2 and converting to the dimensionless variables
mendations to be proposed as to possible methods of contro}; =E,, /E,;, Y,=E;;/Eq, Y3=Ex/Eq Y4=E4/Eq, X
ling these processes. = wot, Eq. (1) can be rewritten as the system

Here we examine this problem.

We shall take as our starting point the one-dimensional s
field model of the Gunn effect in semiconductors. In the i .
presence of an ac electric fiel(x,t), the corresponding ox ayiteBith SZZ ghs¥s (1=1234. (4
equation for am-type semiconductor has the fotm

Here wq is the characteristic oscillation frequency in the

crystal, a;, b;, andc; are dimensionless quantities which
] (1) depend on the parameters of the probleky, and B are
ot ax? X &g £€g complicated nonlinear functions ¢f, and

Here ng is the equilibrium electron concentratioD, is the

diffusion coefficient, which does not depend on the coordi- ¥ (y,E/Eg,vs/uE,) = -

nate or the electric fieldg is the absolute electron chargg, Ui gE® E-E,

and e are the static permittivities of vacuum and the semi-

conductor material, respectively, ap@(t_) IS the mteg.r ation is also a complex function of its parameters. Because of their

constant. The dependence of the carrier drift velocity on the b h f : be i h

electric field v(E) is usually described by the following cumbersome nature, these functions cgnn_ot € given nhere.
The strength of the external electric field was taken as

ES ! o%

®

5
formula: the control parameter. The syste#) was solved for the
parameters of-GaAs given in Ref. 4. In this case, unlike
U E+vy(E/E,)” Ref. 4, the carrier drift velocitw (E) was expanded as a
v(E)= B —— 2 Maclaurin series up to and including the fourth power of the
1+ (E/E)” deviationAE=E(x,t) — Eo(t).
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In the steady statéy,/dx=0, in addition to the trivial
solution y;=0, the system of equation&) has solutions

which cannot be determined analytically. It is found that to

Gorlel et al.

FIG. 1. Evolution of the phase portrait projected on yhg, plane

and values of its numerical characteristics as a function of the
control parameteE,: a — Eq=4.12578<10° V/m, \=0.6, D,
=2.07; b —Ey=4.1272810° V/m, A=0.65,D=2.26; ¢ —
E,=4.1316x10° V/m, A=-0.2134, D,=1.62; d — E,
=4.1329810° V/m, A=10.21, D4=2.25; e — E,=4.1361
X10° V/Im, A\=—0.5309,D,,=1.0; f — E;q=4.13916< 10° V/m,
N=28.44,D=2.49.

Lyapunov exponent and the Hausdorff dimensidd,, were
calculated using a procedure developed in Ref. 2.
These results showed that variation of the external elec-

analyze the states of such a system, it is sufficient to restrig}ic field E, as the control parameter in a small range be-
attention to a cross section of regions of possible solutions Ot(/veen 4.1K10° and 4.14< 10° V/Im appreciably transforms

Egs. (4), for example, in the plang;=y,=0. If ¥,=0 is
also assumed, the solutions of E¢#. will be

Y=Y,

ya=*+{—4a[1+(b/la¥,+d)]/(¥,=b¥,)}?, ©)

wherea, b, andd are coefficients which depend on the pa-

rameters of the problem.
It follows from (6) that subject to the assumptions made

steady-state solutions of systdd). In the four-dimensional

the phase portraits of the systéRig. 1) and their numerical
characteristicgFig. 2).

It is found that the transformation of the states of the
nonsteady system begins with a transition from the equilib-
rium focus €,<4.11204<10° V/Im, D=0, A<0) to the
limit cycle (Fig. 18 and then, by means of period doubling
(Fig. 1b), leads to the formation of four new limit cycles
(Fig. 19. A further increase in the control parameter in-
creases the linear dimensions of the limit cycles, causing

) - X 'them to initially merge in pairs and then form a randomized
the system can have four or eight nontrivial solutions or none,

at all, depending on the ratio between the parameters of the
problem. In all probability, the authors of Ref. 4 investigated
that range of parameters for which there are no additiona

tructure—a strange attractgd¥ig. 1d. The strange attractor
IS then abruptly destroyed, and this is followed by the for-
rlnation of a stable system first with one, then with two, four,
and eight discrete statékig. 16, which is consistent with

solution space/; #0, the set of possible solutions of system the analysis of systend) described above. A further in-

(4) can only be greater than the case studied.
A numerical integration of systeiid) was performed by

crease in the control parameter is accompanied by rapid ran-
domization of the systeniFig. 1f) after which it becomes

the fourth-order Runge—Kutta method while the maximumgenerally incompatible.
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The results of these investigations have shown for the'A. G. Deryagin, V. I. Kuchinskj and G. S. SokolovskiPis'ma Zh. Tekh.
first time that in the presence of the Gunn effect, a time-zFiZ- 22(7), 44(1996 [Tech. Phys. Lett22, 286(1996]. '
dependent system of nonequilibrium carriers in a semicon- Zﬂ@eé)zﬂflyég% [PT- Hﬁ”gﬁ' a”g z'zyé g;’?l‘;g‘ék] Pis'ma Zh. Tekh. Fiz.

. . . , ech. Phys. Lett22, .
ductor havmg th,e parameters_ 0iGaAs is Ch,a,raCtenzed by 3F. Piazza, P. C. M. Christianen, and J. C. Maan, Acta Phys. P88 865
complex dynamics of alternating state transitions. It can also (1995,
be seen from Fig. 2 that ranges of values of the control4y. zongfu and M. Benkun, Phys. Rev.48, 11072(1991).
parameter for which the system is stablehen\>0) exist  °M. I. D'yakonov, M. E. Levinshtén, and G. S. Simin, Fiz. Tekh. Polu-
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Electron dynamics during laser neutralization of negative ions
A. R. Karimov

Institute of High Temperatures, Russian Academy of Sciences, Moscow
(Submitted July 17, 1997
Pis'ma Zh. Tekh. Fiz24, 38—42(May 12, 1998

A hydrodynamic approach is used to study the electron dynamics when laser radiation acts on a
negative ion beam. An analytic solution of the problem is obtained.1998 American
Institute of Physics.S1063-785(18)00705-9

Atomic fluxes may be obtained by photoionization of whereng is the initial ion density in the beam. Equations
negative ion beams* The divergence of the neutral beam is (1)—(3) in terms of the Lagrangian variabfes
specifically caused by the action of the ion beam space .
charge whose magnitude is determined by the photoioniza- r=rt, g:x_f ue(&,t)dt’, (7)
tion rate and the drift of electrons from the bulk of the beam. 0
The product electrons can initiate an optical discharge in th?vherex(g,t) satisfies the initial condition
beam and the negative ions may be converted into atoms and
positive ions. In order to allow for these effects, an analysis  X(§,0=¢,
is made of the electron dynamics when laser radiation acts opqyce to
a negative ion beam.

The transverse electron motion relative to the beamina  INe _ Np

two-dimensional geometry is analyzed, neglecting the trans- g7 7y’ ®

verse motion of the ions. The electron drift allowing for )

photoionization in an electromagnetic field of frequeney e _4me (Ng+Np) ©)
e .

and intensityl under the action of the self-induced Coulomb It me

field of the beant is described by Differentiating Eq.(9) with respect tor, using Eqgs(6), (8),

dne  d(NeUg) Ny L and
T @ ax .
UQ—E, ( )
Ug Ug e
o tUer =- WeE’ (2} we obtain
#Us U
JE e_"¢ -
T A4me(Netny), (3 PRI eXp( = 7/ Tph), (1)
dn, Ny where r, '=4me?n,/m,. The general solution of Eq11)
—2__ 2 may be written in the form
dt Tph, (4) Y \/_
27" T/ZTph
wheren, andu, are the electron density and velocity, is ue=A(§)ex;{ - phT—}

the ion densitye is the ion and electron chargm, is the

electron m'assz-,;hlz ol /fiw, andorgy is the photoionization V2 Tohe” 2701
cross section. +B(fexg ————|. (12)
In Egs. (1)—(4), we go over from the densities to the
total number of particles: The solution(12) for 7,,> 7 should differ little from the
accurate solution of Eqg1)—(4), which corresponds tay,
X . . .
No(x.t)= | n(ztdz,s=eb. 5 =o. We use this observation to determine the form of the
st Jo (&g ® constantA(¢) andB(&). The accurate solution of Eq&l)—
. . (4) for Tpp=c0 is
Equation(4) then gives
ér
Nb: NbO exp(—t/rph). (6) Ue:U0(§)+ - (13)
Th

If the density distribution over the beam cross section is uni- o ) ) )
form we have Confining ourselves to linear terms in the expansion of the

exponential function in terms of the small parametér,,
Npo=Xng, (12), we obtain
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T

Ue=A, 270! o B @ Z7pn/ 7o 1
€ ZTb

X[A, 2o B e/ ] 4 (14)
We shall assume that the initial velocity distribution is

Uo(£)=0.

Then, equating terms with the same powers @f Egs.(13)
and (14), we have

A: g e\““?Tph/Tb, B: _ g e* \““ETph/Tb,
V2, V2,

so that Eq(12) can be written as

o =] - -

. (15

ue:_

\/sz

For 7> 7, the second term in Eq15) may be neglected.

The approximate value of the coordinier, ¢) then has the
form

X(r,é)=¢& exp( ) , (16)

r
2,
so that the solutiori8) assumingN (7=0,£) =0 can then be
written as

3 V2neT, [ Toh™ V2T
Ne= ex T|—1]. (17)
Tph_ \/ETbl \/ETprh
From
N[ x|
e™"5¢ | a¢

and Eqgs.(16) and(17) we then obtain

e Ed -2
ne—m ex _T_ph —eX _\/ETb . (18)

A. R. Karimov 347

Equations(16) and (18) describe the production and
space-time distribution of electrons when the negative ions
undergo photoionization.

In particular, we can then obtain the necessary condition
for the evolution of an optical discharge in a negative ion
beam. Equatior(16) can be used to find the characteristic
electron residence time in the bulk of a beam having the
transverse dimensionb2

Tin= \/ETb In

9) 19
3k (19

Equation(18) can be used to obtain the time at whinp
reaches a maximum:

;= \/ETprh In( Tph )
© Tph™ \/ETb \/ETb

Favorable conditions for the evolution of a discharge are
evidently established when.< 7, holds, which will be
achieved for

Tph Tph b)
| <In| —|. 2
S ( ﬁ) \F 2

This relation defines the system parameters for which an op-
tical discharge may develop.

(20
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New channels for mechanical twinning
V. S. Savenko

Mozyr State Pedagogical Institute
(Submitted August 27, 1997
Pis'ma Zh. Tekh. Fiz24, 43-49(May 12, 1998

The creation of twins at twinning wedge boundaries in bismuth single crystals whose surface is
deformed by a concentrated load, has been observed and explained for the first time.
© 1998 American Institute of PhysidsS1063-785(108)00805-3

Although twinning is one of the main types of deforma- When the(111) cleavage plane of a bismuth single crys-
tion in crystals, unlike glide, this type of plastic deformation tal is deformed by a concentrated load, which usdafly
has not been studied in detail. This is evidenced by the verjakes the form of the diamond pyramid of a standard PMT-3
small number of publications concerned with twinning. microhardness meter, it is comparatively easy to obtain an
However, experimental investigations of twinning suggestnsemble of wedge-shaped twins of the foff01}(001)
that such studies are desirable, as has been confirmed Wyig. 1) consisting of between five and eight twins, which are
discoveries of new phenomena accompanying this type dfisually created at dislocation pile-ups. Twinning was inves-
plastic deformation. In Refs. 1-3, for example, it was estabtigated by means of electron microscopy.
lished that dislocation processes accompanying crystal twin- It was shown in Refs. 5 and 6 that internal stresses only
ning are intensified when high-density electric current pulseselax as a result of the evolution of glide, for example, in
(of the order of hundreds of amperes per square millimeterregions of the crystal adjacent to twinning boundaries. How-
are passed through the crystals. In Ref. 4 twinning of bisever, it was observed in the present study that internal
muth single crystals was investigated when superposed elestresses in bismuth single crystals deformed by a concen-
tric and magnetic fields were applied to the sample. It wadrated load can relax as a result of the formation and evolu-
observed that the twinned volume of material was increasetion of twins. Moreover, the twins are formed not only at
appreciably compared with that when the twinning plasticpile-ups of complete dislocations but also at interfaces be-
deformation process takes place in the absence of any exteween twinning layers, i.e., at pile-ups of twinning disloca-
nal energy influences. This suggests that in principle, it mayions (Figs. 1-3.
be possible to control plastic deformation by twinning under  In the absence of external energy influences, “branch-
conditions where external energy influences are applied. ing” twins are frequently created at twinning boundaries

In the present study it was observed that intensive stimuwith a low degree of coherenc¢Eig. 1). Curving of twinning
lation of dislocation processes accompanying crystal twinboundaries is caused by an excess concentration of twinning
ning by external energy influences and also in some casedislocations at these boundaries. An enhanced density of dis-
without these influences, leads to the establishment of nevocations at a twinning boundary has the result that the inter-
channels for plastic deformation of crystals by twinning nal stresses created by the twinning dislocations become lo-
which is observed as “twin branching.” calized at this boundary. In this event, stresses comparable to

FIG. 1. Formation of a twin at a twinning boundary with a
low degree of coherence.
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FIG. 2. Twin branching at an obstacle.

the threshold for the formation of a wedge-shaped twin maysuming that the twinning boundary consists of comglete
be created at dislocation pile-up sites. These stresses relax bgther than partial dislocations. The stress field around a
creating a new twin at the twinning boundary, which devel-wedge-shaped pile-up of these dislocations may be calcu-

ops in a new energetically favored directiffrig. 1). lated using the formula:

Note that in a bismuth single crystal whodel 1) cleav- N
age plane is deformed by a concentrated load, twins may ~ Gb L (x+nd)[(x+nd)*~(y+nh)?]
develop in three directiong 01], [101], and[101] (Schmidt T2 (1—-v) | & [(x+nd)?+(y+nh)?]?
factor 0.48. Thus, if the “parent” twin evolves in thgl01]
direction, the “daughter” twin can only develop in tfi201] N2 (x+nd)[(x+nd)2— (y—nh)?]
or [101] direction. + ' @

: o , =1 [(x+nd)*+(y—nh)?]?
An excess concentration of partial twinning dislocations

at certain sections of twinning boundaries may be caused byhereo,, are the cleavage stress84) is the magnitude of
obstacles in the form of structural irregularities in the crystalthe Burgers vectorG is the shear modulus; is the Poisson
lattice or a pile-up of complete dislocatioBig. 2). In this  ratio, n is the summation index, arld; andN, are the num-
last case, the “daughter twin” may be formed as a result ofbers of dislocations at the twinning boundaries. In our case,
splitting of complete dislocations into partial twinning ones. it was assumed thad,=N; =10 to obtain the computer plot
Figure 3 shows the case where branching of a twin wasf the curves shown in Fig. 4.
caused by an obstacle in the translational path of the twin- It can be seen from Fig. 4 that the stresses increase with
ning dislocations. This is evidenced by the blunt shape of théncreasing proximity to the twinning boundary, and at the tip
twin tip. To explain this case, we use the stress field patterof the twin they are of the same order of magnitude as those
near a wedge-shaped twifig. 4 which was obtained as- in the immediate vicinity of the twinning boundary, but at a

FIG. 3. Twin branching caused by an obstacle in the trans-
lation path of twinning dislocations.
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FIG. 4. Stress field at a wedge-shaped twin.

distance two or three orders of magnitude greater. As a re- | would like to thank O. M. Ostrikov for his interest in
sult, when obstacles are present in the path of the wedgéhis work, for calculations of the stress fields at a wedge-
shaped twin, the stresses at its tip become redistributed shaped twin, and for discussions of the results.
that their projections on the new twinning direction are com-
parable with the threshold for the formation of a twin.

) Dislocation proce_sses acco_mpanymg twinning may belv. S. Savenko and M. S. Tsedrik, Izv. Akad. Nauk BSSR Ser. Fiz.-Mat.
stimulated by passing electric current pulses through Nauk No. 1, 1051980.
crystals'~® As the pulse current density increases, the pro->V. . Bashmakov and V. S. Savenko, Izv. Vyssh. Uchebn. Zaved. Fiz. No.

: . . o ; ; 7,29 (1980.

ces;es '”‘,’F"VGd In _the generation of tWI_nm,ng d!SIOC‘at!O”SSV. S. Savenko, irPhysical Properties of Gases and Soljds Russian,
are mt_ensn‘led. In thls case, a group of twinning dlslqcatlons Minsk (1978, pp. 129—135.
migrating along twinning boundaries may not only interact *v. S. Savenko, A. I. Pinchuk, V. V. Ponaryadov, and V. B. Zlotnik, Vestn.
with an obstacle to form a new twin but may also overcome BGY Ser. 1. No. 2, 271995.

. . . V. S. Savenko, V. |. Spitsyn, and O. A. TroitskDokl. Akad. Nauk SSSR
the resistance of the stopped dislocations to form a second283 1181(1985 [Sov. Phys. DokI30, 716 (1985].

tip. 5A. M. Roshchupkin and I. L. Bataronov, Izv. Vyssh. Uchebn. Zaved. Fiz.
The stimulation of twin branching by electric current No. 3,57 (1996.
. . . 7 : H
pulses can also be attributed to the increased internal stressegh'\"- Eosivicgszn(dls\)/ﬂ)s]' Btko, Usp. Fiz. Nauki04 201 (1971 [Sov.
! . ys. Uspl4, .
in the _(:ryStal asa resglt of the plnch effect. The appearal_w_cev_ S. Savenko and O. M. Ostrikov, Izv. Akad. Nauk Belarus Ser. Fiz.-
of additional stresses in the crystal increases the probability mat. Nauk(1997, VINITI deposited Paper No. 327-B97.
of a second twin tip being formed. V. S. Savenko and O. M. Ostrikov, Abstracts of Papers presented at the
To sum up, electron microscopy and computer construc- Fourth International Conference on “Action of Electromagnetic Fields on
ti f th t ' field d d h d twin h Plasticity and Strength of Materials,” Voronezh, 1996 Russian, p. 20.
1on o € stress Ie_ S aroun a wedge-shape .Wm. ave| p. Landau and E. M. LifshitzTheory of Elasticity 3rd English ed.
been used to establish that the internal stresses in bismuthpergamon Press, Oxford, 19§&uss. original, 4th ed., Nauka, Moscow,
single crystals may relax by twinning as a result of twin 1987
branching. In this case, a new twin tip is created at partiak, . cjated by R. M. Durham

twinning dislocations rather than at complete dislocations. Edited by David L. Book
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Operating characteristics and their anisotropy in a high-power laser (1.5 W, 300 K)
with a quantum-dot active region

Yu. M. Shernyakov, A. Yu. Egorov, B. V. Volovik, A. E. Zhukov, A. R. Kovsh,
A. V. Lunev, N. N. Ledentsov, M. V. Maksimov, A. V. Sakharov, V. M. Ustinov,
Zhen Zhao, P. S. Kop'’ev, Zh. I. Alferov, and D. Bimberg

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg;
Technical University, Berlin, Germany

(Submitted January 6, 1998

Pis'ma Zh. Tekh. Fiz24, 50-55(May 12, 1998

Continuous-wave lasing has been demonstrated in a vertically coupled quantum-dot laser with a
high output powerK1.5 W) at room temperature. It was shown that anisotropy of the

quantum dot profile leads to anisotropy of the laser operating characteristics99® American
Institute of Physics.S1063-785(08)00905-7

Considerable success has recently been achieved in tlenitting quantum-dot lasers having characteristics as good as
technology, physics, and instrumental applications of semithe best values for vertical quantum-well lasers of similar
conductor heterostructures with self-organizing quantungeometry were demonstrated in Ref. 5.
dots fabricated by self-organization during growth. Lasing  Here we report further improvements in the operating
via quantum-dot states has been demonstrated in these strwtvaracteristics of quantum-dot lasers and the attainment of a
tures using opticaland injectio” pumping. Quantum-dot high cw output power of 1.5 W at room temperature. The
lasers have now almost reached a level where they are suiser structure was grown on a G4#80 substrate in a
able for commercial applications. In Ref. 4 we reported cwstandard distributed-feedback double-heterostructure geom-
lasing in a vertically coupled quantum-dot structure with anetry with a graded-index waveguielhe active region, an
output power of ~1 W at room temperature. Surface- array of vertically coupled quantum dots, was deposited at

the center of a 0.2m thick GaAs layer bounded on either

1 v 1 ' 1 ' 1
v T T T v T T T T T
1.03 - .
J ] E
- . 1.02 - . .
4 [} 4
1.01 - -
- - 1 . -
—_ E 1.004 » -1
2 J U . -
E 05A < 0.99 [ ] .
R - 1 - 1
a 0.98 1
[ 4 . . J
8 i 0.97 - -
’ T — T T v | I T
% 100
0 - - .
5 ] | : T0 80K ]
g 0.05A ~
S
- - O
< .
. ey w28 Alem?
=t [ ]
N - =" |
v T d T T T T 1 10 T T T T T T T T v T
0.90 0.95 1.00 1.05 1.10 50 100 150 200 250 300
A, um T, K
FIG. 1. Electroluminescence and lasing spectra for a quantum-dot lase¥IG. 2. Threshold current density and lasing wavelength versus temperature
structure at 300 K. Stripe length 9@@n and width 10Qum. for a quadruply cleaved sample.
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side by short-period AIAQ0 A)/GaAg20 A)/10 superlat- tion cannot be attributed to the light scattering anisotropy in
tices. The formation process, structure, and optical propertiethe waveguide.
of (In,GaAs—GaAs vertically coupled quantum dots were Figure 2a gives the threshold current density as a func-
described by us in detail in Ref. 7. An array of vertically tion of temperature for a quadruply cleaved sample. In the
coupled quantum dots was formed by four-cycle deposrange 80-150 K the threshold density decreases with in-
ition of 30 A thick In,,GayAs layers separated by 50 A creasing temperature. This type of behavior is caused by re-
Al 1:Ga& gsAs intermediate layers. distribution of carriers between dots with different localiza-

The substrate temperature for the deposition of the activéion energies and is typical of quantum-dot laskts.is
layer and the 100 A thick AlGaAs coating layer was 480 °Cinteresting to note that in the range 80—200 K the threshold
and for the growth of the remaining structure, it was current density does not exceed 27 AlcinThe temperature
—600 °C. The lasers were fabricated in a stripe geometrylependence of the lasing wavelendffig. 2b is approxi-
with a stripe width of 10Qum (shallow mesa structureWe  mately the same as that of the GaAs band gap. Thus, an
investigated stripes fabricated parallel and perpendicular toncrease in temperature is not accompanied by any abrupt
the[0—-11] direction. We also investigated samples with four change in the lasing mechanighopping to excited states or
cleaved faces where the output losses were negligible, i.ewetting-layer states
the case of an “infinitely long” stripe. No insulating coat- Figure 3a gives the current—voltage characteristic of the
ings were deposited on the mirrors. laser at room temperature and Fig. 3b gives the lasing spectra

Figure 1 shows the lasing and electroluminescence speet certain fixed pump currents. The maximum lasing power
tra of this laser structure at 300 K. The spectral position ofat both mirrors was around 1.5 W at room temperature.
the lasing line coincides with the electroluminescence peak To sum up, we have demonstrated that vertically
obtained at low excitation density. Thus, for the quadruplycoupled quantum-dot structures are potentially useful for la-
cleaved samples and long stripes, lasing takes place via thsers with high output powers and we have shown that the
ground state of the vertically coupled quantum dots. Theoperating characteristics of quantum-dot lasers depend
threshold current densitl, at room temperature for the qua- strongly on the stripe orientation.
druply cleaved samples is 100 A/crand for the stripes
perpendicular to thg0-11] direction it is 330 A/lcm? IN. N. Ledentsov, V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, M. V.
(stripe length 90Qum). An interesting fact is that for stripes = Maximov, I. G. Tabatadze, and P. S. Kop'ev, Fiz. Tekh. Poluprovaén.
parallel to the[0—11] direction, the threshold density is ,1484(1994 [Semiconductor&8, 832(1994].
higher, 550 Alcm2. For stripes perpendicular to tfie—11] A. Yu. Egorov, A. E. Zhl_Jkov, P. S. Kop'ev, N. N. Ledentsov, M. V.

! : Maksimov, and V. M. Ustinov, Fiz. Tekh. Poluprovod2B, 1439(1994

direction, the internal quantum efficiency, determined from [Semiconductorgs, 809 (1994)].
the dependence of the reciprocal differential efficiency on the’N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, U. Richter,
stripe length, was 83%; for parallel stripes this efficiency was fn ajr'mi"”gﬁog’_' }fapyg\i”;'a ;h_nygﬁgrrg\I/C,hizlgétrzﬁﬁ_ Lizt;sr_]oc,)vi 4'&'5 V.
slightly lower, 61%. The dependence of the parameters of (1994
guantum-dot lasers on the stripe orientation is attributed to*m. v. Maximov, Yu. M. Shernyakov, N. N. Ledentsov, A. F.
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New method for measurement of the concentration of acceptor centers
in photorefractive crystals

M. P. Petrov, V. M. Petrov, and P. M. Karavaev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 22, 1997
Pis'ma Zh. Tekh. Fiz24, 56—-60(May 12, 1998

A new method for measurement of the concentration of deep traps is proposed and confirmed
theoretically and experimentally. The method involves measuring the intensities of the

signals formed by the first and second harmonics of a holographic gratind.998 American
Institute of Physics.S1063-785(108)01005-2

The concentratiomN, of acceptor centergleep trapsis A=arctanEy/E,~Eq/Ey, 2)
one of the most important parameters of photorefractive me-
dia, and its measurements are of major interest for the physvhereE, is the external field applied to the sample,
ics of photorefractive materials and semiconductors. Here we E =

. : : qa=€Na/Kgeeg, 3

propose a new way of measuring this concentration.

As was described in detail in Ref. 1, a nonlinear record-e is the electron chargey, is the concentration of acceptor
ing regime may be established when holograms are recordeséntergtraps, ¢ is the permittivity of the medium, anl, is
in photorefractive media using a high-contrast interferencehe permittivity of vacuum. Sinca is proportional toK, it
pattern. In this case, not only is a holograrefractive index is natural to assume that for a grating witk @, the phase
grating recorded with the wave vectdt, corresponding to  shift relative to the interference pattern will bé 2and thus
that of the interference pattern but gratings are also recordeghe phase shift between the linear and nonlinear gratings is
with multiple (2K4, 3Ky, and so ohwave vectors. More-  §=A.
over, if a thin hologram is considered, diffraction orders are  We consider the ratio of the amplitudé$ of the first

observed not only from the fundamental-frequeriin- harmonic and % of the second of the output signal, using
ear”) grating but also from higher harmoni¢$onlinear” Eq. (1):
gratingg, known as non-Bragg diffraction orders.

If the intensity of the diffraction orders is measured us- ¢ Ji(6)sin(6) 4 4

ing adaptive interferometry, where one of the recording F_Q_Jz(g)cogg)mgtarw)mg‘s' (4)

beams is phase-modulafe@vith the modulation amplitude
0 and frequency), the light intensity in the first non-Bragg which yields
order of a thin hologranithree-wave mixingis described

by* 1" _4E ®
) 120 0 E,
I =1 const= 4V Rl sm0 7N d0( O)[ J1(B)SIN(5) cog (2t) d
+J,(60)cog 8)cog 201)]. 1) It is clear from Eq.(5) that having measured the ratio of the

harmonicd © andI??, we can findE, and then the deep trap
Herel ,onstis the constant component of the output intensity,concentratiorN, .
Ir andl g are the intensities of the phase-modulated and un-  For the experiments we used holographic adaptive
modulated beams, respectively, and 7, are the diffrac-  interferometry and the following samples: BiSiO,, (BSO)
tion efficiencies of the linear{y) and nonlinear (K,) grat- in a “PRIZ” geometry** of thickness T=0.8 mm and
ings, Jo, J1, andJ, are Bessel functions of the zeroth, first, Bi;,TiOy (BTO). The BTO crystal was 0.8 mm thickl1 10
and second orders, respectively, ahid the phase difference cut, the electric field was applied along tfEl0] axis,_and
between the linear and nonlinear gratings. In previous studiethe vector of the recorded grating was directed algtig].
S was introduced empirically. The light source was a 20 mW He—Ne lasar<633 nm
Here, we put forward an explanation for the phase shiftand the signal was recorded using a photodiode spectrum
6 and we demonstrate that measurements of this shift can nalyzer which allowed the first and second harmonics to be
used to estimate the acceptor concentration, which is respomeasured simultaneously. The measurements were made at
sible for the photorefraction effect in light-sensitive materi- frequencies /27=180 Hz (BSO), ()/27=8 kHz (BTO))
als. far from the resonant frequencies of the photorefractive
It has been establishethat a holographic grating has an effect? with the contrasm=0.8. The phase modulation am-
initial phase shiftA relative to the interference pattern. Pro- plitude wasf#=0.2 rad and an external fiel,= 1.8 kV was
vided that the drift recording mechanism predominates in thapplied to the samples. The ratid/I1%? was investigated as
measurements, in accordance with Ref. 2, we have a function ofEq andKg.
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The experimental results are plotted in Figs. 1 and 2. It These data were used to determine the trap concentra-
can be seen that the experimental curves show good agretisns for BSO:N,=5.5x 10'® cm 2 and for BTO:N,=6.3
ment with the theory. In the calculations df, for BSO  x10'® cm 3. These figures show satisfactory qualitative
allowance was made for “clamping” of the field to the nega- agreement with estimates bf, obtained by other methods:
tive electrode(bottleneck effed). In this case, the depen- NA(BSO)=1.2x10'® cm 3 andN(BTO)=2.3x 10'° cm ™3
dence for BSO is plotted as a function Kfq= \/ng+ KZZ, (Refs. 5 and b
whereK, is an empirical constarifitting parameter Good This method of comparing the first and second harmon-
agreement with the theorfa linear dependence df.) is  ics to determineA can also be used to record two-wave
obtained forK,=80 mm . The thickness of the charge mixing.! Preliminary experiments were carried out using this
layer near the negative electrode can then be estimated #schnique and qualitative agreement was established with the

h~2#7/K,=12.5um. data presented above.
4 : : :
3 o
© :
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CQ i o 2 FIG. 2. Dependence &§*/U2? onK, (1 — BTO) andK o (2 —
2 ! : : % i BSO); Eo=6 kV/cm for BTO andE,=22.5 kV for BSO.
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To sum up, a very simple and effective method of deter-3M. P. Petrov, S. I. Stepanov, and A. V. KhomenRiotorefractive Crys-
mining the concentration of deep traps in photorefractive tals in Coherent Optical SysteniSpringer-Verlag, Berlin, 1991
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Mechanism for the anomalously long range of a “hard laminar flame”
G. A. Luk’'yanov and Gr. O. Khanlarov

Institute of High-Performance Computation and Databases, St. Petersburg
(Submitted December 8, 1997
Pis'ma Zh. Tekh. Fiz24, 61-65(May 12, 1998

An explanation is given for the anomalously long range of a type of laminar flame which has

been termed a “hard laminar flame.” A model of an isobaric laminar jet with a given

bulk energy release is used to show that the unusual properties of the flame are determined by its
two-layer structure. The outer hot sheath stabilizes the flow as a whole and creates conditions

for extended axial flow of the cold gas mixture. ®98 American Institute of Physics.
[S1063-785(08)01105-1

In Refs. 1 and 2 the structure, properties, and conditions Heating of the gas in the combustion zone, and the re-
are described for the existence of a previously unknown typeluction in density and increase in the viscosity of the gas
of burning, laminar jet referred to by the author as a “hardwhich accompany the heating, sharply increase the role of
laminar flame.” This type of jet flow exhibits unusually high viscosity forces(reduce the effective Reynolds numper
stability and range. No explanation of the physical nature offhus, unlike the jet flow of an inert gas, in a laminar flame
the anomalous properties of a hard laminar flame is given ithe Reynolds number at the nozzle edge is not a parameter
the literature. Laminar flow is conserved in this type of flamewhich determines the flow regime in the jet. The transition
up to Reynolds numbers Rdetermined from the parameters from laminar to turbulent flow in flames takes place at sig-
at the nozzle edge and the nozzle diamefeof the order of  nificantly higher numbers Re In accordance with Ref. 4,
3% 10%. The length of the flame reaché200-400d. A hard  for gas—air flames this number is Re(3-9x 10°. Data?
laminar flame is created when a mixture of fgeatura) gas  for a hard laminar flame extend this range tq,Re&x 10",
and air with an excess air coefficient 8.2<0.6 flows into In our view, the nature of the high stability of the flows
air from a circular nozzle d=2-4 mn) and an ignitor is in all types of laminar flames, including hard laminar flames,
positioned near the nozzle(d<3). The diameter of this is the same and can be reduced to the stabilizing effect of a
hard laminar flame at a distance of 150 mm from the nozzléhore viscous, less dense annular region of fuel gas. The
is (1.5-4d depending om and the gas flow rate. In a nar- unusual properties of a hgrc_i laminar flame can be _explamed
row axial zone of length.~(60—80d the temperature, gas by the characteristics of mixing and energy release in a flame

composition, and dynamic pressure remain almost constar?! Partially mixed gases for 0:2n<0.6, which give rise to

The thickness of the buring sheath surrounding the col@" unusually extended annular combustion region while the
axial zone is 0.4—1 mm axial flow of denser, less viscous cold gas is conserved. This

In gas jets(without combustiop laminar flow at a _two-tl_a?/fer flowtstrgcture_tw;[h asu_bsttr? ntlaliy d|ff(;r_ent ra?o of
nozzle edge is maintained for Reynolds numbers, Re :ne(rjlat otrrc]:es OV'SCOSt'_y orfc:as n eﬂou er ag_ inner ayetrhs
<2300 and the region of laminar flow in the jdtefore the cads o the conservation of laminar flow and increases the

) - range of the axial flow.
cross section where a transition to turbulence takes place L
- : The determining role of the two-layer flow structure of a

has lengthl, which is determined by the number Re hard lami fl i th hani ible for i
— pUpl/=2X 10", wherep is the densityu, is the flow ard laminar flame in t'e mechanism responsible for its

f m ’f['h . %th atin the t i ~m i nomalously high range is confirmed by the results of math-
rate on the axis of the JEL in the transition Cross Secon, anf,, iic modeling. A model of an isobaric laminar jet with a
p is the viscosity’ The_ range. qf laminar jets(the dlstange given law of bulk energy release was used to describe the
from the noz_zle ?t which the axial flow ranp_or the dynamic flow in the flame. The geometry of the region and the energy
pressurepp = pu/2 decreases to a specific value, such asgjease parameters of this model approximately simulate the
u/uy=0.9 or p_D/pDO=0.9) IS proportlohal_ o the number peat of combustion. This model is undoubtedly approximate
Re, although its value has an upper limit imposed by thesut can be used to examine the influence of energy release on
condition L<I. The rangeL g of laminar jets is at most the flow in a jet from the most general viewpoint.
(10-20d (Ref. 3. Figure 1 gives experimental datalashed curyeshow-

The flow in a laminar flaméburning je} differs substan-  ing the variation of the dynamic pressupg (a) and the
tially from that in isothermal and fuel gas jets without com- temperaturelT (b) along the axis of a hard laminar flame.
bustion. This difference is caused by their different hydrody-Also plotted are the results of approximate modeling of the
namic structure. Unlike an inert jet, a flame has two clearlyflame by a jet with a given uniform release of energy in a
defined flow regions: an axial zone of cold gas flow and acylindrical layer of thicknesy/de[1;1.5 and lengthx/d
peripheral zone of heated gas flow, separated by a relatively[0;50] (curvel) andx/d e[0;100Q] (curve2), wherex and
thin combustion zone. y are the longitudinal and transverse coordinates. The experi-
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T’TO —— section &/d=75) of the jet model of a flame. For notation see Fig. 1.
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/ the fuel gas in the experimefEigure 2 gives the transverse
.- profiles of T (a) andu (b) in the cross sectiom/d=75 for
2 the flame mode(curvesl and2). An increase in the region
1 of energy release increases the range and lefadping thex
34 axig of the cold flame core. The results of the approximate
modeling show good qualitative agreement with the experi-
2 - mental data. The anomalously long range of a hard laminar
7 o flame is in fact attributable to the two-layer structure. The
14 outer hot sheath stabilizes the flow as a whole and creates
conditions for long-range axial flow of the cold gas mixture.
The mechanism for this effect is of major interest as a
0 ! I T T d method of controlling jets and other flows with a bulk energy
20 60 100 140

FIG. 1. Variation of the dynamic pressupg (a) and temperaturd (b)

along the axis of a laminar flame. The dashed curves give the experimental

supply (such as flows with electric discharges, absorption of
laser radiation, and so @an
The authors are grateful to M. Kh. Strel'ets for assis-

resultd and the continuous curves give the calculations for the jet modekgnce with selection of the mathematical model and the nu-

with a given energy release in a cylindrical layer of lengtd=50 (1) and

100(2).

merical scheme.
This work was supported by the Russian Fund for Fun-
damental ReseardiGrant No. 97-01-00235
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the nozzle edge and in the surrounding mediuin the
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Optical limitation effect in a cholesteric liquid crystal—fullerene system
V. V. Danilov, A. G. Kalintsev, N. V. Kamanina, and S. A. Tul'skil

Scientific-Research Institute of Laser Physics, “S. I. Vavilov State Optical Institute” All-Russia Scientific
Center, St. Petersburg

(Submitted November 6, 1997
Pis'ma Zh. Tekh. Fiz24, 66—69(May 12, 1998

An investigation is made of optical limitation in nematochiral liquid crystal composites with
added fullerene & under conditions such that diffraction suppresses absorption. It is shown that
these systems have the lowest energy threshold for nonlinearity yet recorded. A qualitative
explanation of the results is put forward. €98 American Institute of Physics.
[S1063-785(108)01205-1

Optical limiters which utilize fast Kerr nonlinearity in Experimental investigation of the operation of Borrmann
distributed-feedback systems were proposed in Refs. 1 and 2ells as optical limiters involved studying their optical trans-
The optical limitation effect in this system was demonstratednission(the radiation intensity at the cell exit,) as a func-
experimentally using a chiral liquid crystal with an addedtion of the input intensityt;, .
ketocyanine dygknown as Borrmann cell$ However, the These dependences are plotted in Fi¢curvesl and4).
use of fullerene solutions for optical limitation has attractedAlso plotted are similar dependences for a solution gfi€
considerable attention among researchers. In these solutiorsshematic(curve 3) and for a nematochiral composite with-

a successful combination of photodynamic parameters, i.e., @t an absorbing componefturve 2). A comparison be-
short-lived S, state, a high rate of interconversion to the tween curvesl and 3 reveals that in addition to the usual
triplet state and long-lived triplet state, and cross sections folimiting effect characteristic of fullerene solutions, the Bor-
absorption from excited singlet and triplet states exceedingmann cell also exhibits a region of limiting at appreciably
those for the ground state, can produce intensive absorptidawer intensity levels. For & this intensity region coincides
via triplet and excited singlet states in a medium having awith the region in which dynamic hysteresis is observed ex-
high initial transparency. perimentally in similar Borrmann systems (10-10 3

Here we report the results of an investigation of the op-J/cnt), where dyes as used as absorbing impurftié€xci-
tical limitation effect in a structure which combines the char-tation in the spectral range where the diffraction suppression
acteristics of both these types of limiter and comprises ®f absorption is observe@Borrmann effedt leads to an
Borrmann cell where fullerene/gis used as a resonant ab- abrupt change in the two states: transmission and reflection.
sorbing impurity. This is because when the critical intensity is reached, the

The Borrmann cell was a planar quartz capillary filled
with a planar-oriented nematochiral composite consisting of
benzonitriles and cyanobiphenyls with a phase-transition 7 2
temperaturel,_.~47 °C and a selective reflection band at '9 Iin: / cm
A~545 nm. The gap was 20nm thick. The initial planar 7 6 54 -3-2-10
orientation was created by mechanically rubbing the sub- ettt
strate surface which had been precoated with a polyimide
film orientant. The &, concentration in the working liquid-
crystal composite was 0.22—0.24 abbr.%. The homogeneity
of the working solution was monitored under a microscope.
The cell was filled in vacuum in a previously evacuated and
outgassed chamber at a temperature-60 °C.

The system was excited in the absorption band of the
impurity (fullerene by linearly polarized second-harmonic
radiation from a single-pulse yttrium aluminum garnet laser
(Tpus™ 15 ns,E,ys up to 0.5 J. The radiation intensity was
varied by means of calibrated light filters. The output signal

energy was measured using an ILD device with a lower sen- o o L
L _9 FIG. 1. Optical limitation effect in a liquid-crystal composite with fullerene
sitivity limit of ~1077 J. . : . oc-
. Lo L . Cyo: 1, 4— fullerene Gyin a Borrmann celll — 22°,4— 30 °C;2 — | o
In all cases, the exciting radiation fell within the region yersus input intensity;, for a pure chiral system8 — fullerene G in a

of overlap of the absorption and selective reflection bands. nematic.

\9 Loy , T/cm?®
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change in the refractive indeas a result of resonance satu- V. V. Danilov, V. A. Smimov, and S. V. Fedorov, Abstracts of Papers
ration of excited impurity mo|ecu|é)5|eads to a change in presented at the Third International Workshop “Fullerenes and Atomic
the operating wavelength in the medium. Unlike the systemszﬁ'“\sltegv" 'WFAC9\’/7'\/Stbpefr5bnrg\'/1i97' p-_156-v A S .

. e P . . V. Gryaznova, V. V. Danilov, N. V. Kamanina, V. A. smirnov, an
dgscrlbed apove, the critical _threshold energy J‘gr limiting in S. V. Fedorov, Opt. Zh64(10), 115 (1997 [J. Opt. Technol64, 987
this system is the lowest achieved so fBg (<10~ °) J/cnt. (1997)].

However, it should be noted that this chiral system is ex-2J. R. Heflin, S. D. Wang, D. Mareiat al, Proc. SPIE253Q 176 (1995.
tremely sensitive to the temperature conditions of the experi-‘L. Zagainova, G. Klimusheva, L. Yatsenko, and V. Danilov, Mol. Cryst.
ment(curvesl and4). Liq. Cryst. 192, 279 (1992.

We would like to conclude by thanking V. P. Budtov for ., ciated by R. M. Durham

supplying the fullerene &. Edited by David L. Book
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Influence of substrate thickness on plasma resonance in a semiconductor
heterostructure with a two-dimensional electron gas

V. V. Popov and G. M. Tsymbalov

Institute of Radio Engineering and Electronics, Russian Academy of Sciences (Saratov Branch)
(Submitted November 21, 1997
Pis'ma Zh. Tekh. Fiz24, 70-74(May 12, 1998

A strict electrodynamic approach is used to analyze the excitation of oscillations of a two-
dimensional electron plasma by an external plane electromagnetic wave in a semiconductor
heterostructure with a grating coupling element. An analysis is made of the influence of

the substrate thickness on the resonance magnitude and the profile of the resonance curve.
© 1998 American Institute of PhysidsS1063-785(18)01305-4

An investigation of resonant absorption of electromag-relaxation timer of the electron momentum in the two-
netic waves by two-dimensional plasmons can provide usefulimensional plasma layer. Additional allowance for the di-
information of the properties of two-dimensional spaceelectric lossegintroducing the complex permittivitg =&’
charge layers in GaAs/AlGaAs heterojunctions. To excite the-i€”) in the layers of material forming the heterostructure,
two-dimensional plasmons, a metal grating with the periodas well as allowance for the electron relaxation and radiative
L<\ is formed on the surface of the heterostructure, wherglamping, could quantitatively expldinthe width of the
\ is the electromagnetic wavelendth.An external plane plasma resonance line observed experimentally in Ref. 1.
electromagnetic wave incident normally on the surface of al he results presented in Refs. 3 and 4 were obtained using a
heterostructure with a grating coupling element excites twostrict electrodynamic approach developed in Refs. 5 and 6.
dimensional plasmons with the wave vectdts=2mn/L Here, the approach developed in Refs. 5 and 6 is used to
(n=1,2,3, ..). Toachieve the most efficient coupling, the Study the influence of the substrate thicknegemi-
grating is positioned at a distanag<L from the two- insulati_ng GaAp on the profile of the plasma resonance
dimensional space charge layer and is isolated from this by §Urve in a semiconducting GaAs/AlGaAs heterostructure
layer of wide-gap AlGaAs semiconductor, for which the with a two-dimensional electron gas. The calculations were

grating coveragsV/L is close to unity, wher& is the width ~ made for the parameters of the structure used in the
of the metal stripes. experiments: L=8.7<10"% cm, d=8x10"% cm, W/L

Experimental investigations are usually made of the fre-~ 0-90: £Gaas™ 12.8, £ AGaas= 11, and surfacezelectron con-
guency dependencéspectraof AT=(T,—T)/Tg, whereT

centration in heterojunctioN =6.7x 10'* cm 2,
is the coefficient of(powe) transmission of an electromag- Figure 1 shows calculated frequency dependences of the
netic wave through the structure in a given frequency range

transmission coefficients of the investigated and reference
which includes the plasma resonant frequency, By the signals, obtamgd neglecting dissipation-{-, 8":.0) for
transmission coefficient of the reference signal. This refer:[he substrat.e t!’ncknek& 300 um. The reference S'gnal was
. . e the transmission spectrum of the electromagnetic wave
ence signal is usually the transmission spectrum of the elec-
tromagnetic wave through the same structure, but with dif-
ferent external parametergate electrode voltage, static
magnetic fielgdd which change the propertiésonductivity) of
the two-dimensional electron gas. These parameters are se
lected so that the reference signal spectrum contains no resc
nance characteristics caused by the excitation of two-
dimensional plasma oscillations in this frequency range.
The resonant frequency and the profile of the resonance
curve clearly depend not only on the properties of the two-
dimensional electron plasma in the heterojunction but also
on other electrophysical and geometric parameters of the
structure and the grating coupling element. These factors
may have a very substantial influence and this must be taker
into account in the interpretation of experimental results. For
instance, it was shown in Ref. 3 that the radiative damping of 000
plasmons caused by their scattering at a grating coupling 3600 40.00 44.00 48.00 5200
element may be comparable with the dissipative damping 0fig_ 1. Transmission spectra of investigatedrve 1) and referencécurve
two-dimensional plasmons which is determined by the finite2) signals.

120 — T,To

0.80 —

0.40 —
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influence of the finite(purely reactive in the absence of
losse$ conductivity of the two-dimensional plasma layer on
the effective optical thickness of the substrate.

The behavior ofAT calculated using the spectra of
and T, is plotted as a function of frequency in Fig. 2 for
different layer thicknessds. Interference effects in the sub-
strate distort the profile of the resonance curve compared
with the caseh—oo. The oscillations ofAT off-resonance
! are attributable to the shift of the spectra of the investigated
f and reference signalig. 1). In the absence of dissipation,

! the value ofAT at resonance naturally reaches 100% regard-

T i
-150,00 : — l : r l’xﬂl‘. less of the substrate thickne@sg. 23. With allowance for
36.00 40.00 4400 48.00 52,00 dissipation(Fig. 2b), the height of the resonance curve de-
pends on the substrate thickness and for selected parameters
6000 — of the structure may vary between 30 and 50%. In this case,
AT, % the highest resonance value, i.e., the most effective excita-
- 3 b tion of two-dimensional plasmons, is achieved for

=N\r/2Vegans (N=1,23...),i.e., when plasma resonance
occurs at the maximum of the interference cua. 1).
Interference effects in the substrate are usually consid-
ered by experimentalists as undesirable and the substrate is
specially made non-plane-parallel to eliminate these
effects? Such experimental conditions are closest to the
case of a semi-infinite substrate. In fact, cuja Fig. 2b is
closest to the experimental resonance cdri#e have

/A, em! shown here that by specially selecting the substrate thickness
! I T ! f 1 we can substantially improve the efficiency of excitation of
36.00 40.00 44.00 48.00 5200 two-dimensional plasmons by an external electromagnetic
FIG. 2. Resonance curves for various substrate thicknésses- 310 um, wave.
2 — 300 um, 3 — h—x; a — neglecting dissipatigrb — allowing for This work was financed by the Russian Fund for Funda-
dissipation ¢=7x10"12s,£"=0.37). mental ResearctProject Code 96-02-19211a

1E. Batke, P. Heitmann, and C. W. Tu, Phys. R84, 6951(1986.

through the structure without an electron plasma layéy ( *P. Heitmann, Surf. Scil70, 332 (1986.
=O). At the plasma resonance frequency)x(é/l/)\R:43 30. R. Matov, O. V. Polishchuk, and V. V. Popov, Pis'ma Zh. Tekh. Fiz.

1 o . . 18(16), 86 (1992 [Sov. Tech. Phys. Lettl8, 545(1992)].
cm )’ the transm|_55|on Co?ff'c'em decreases to zero, i.e., 40. R. Matov, O. V. Polishchuk, and V. V. Popov, Pis'ma Zh. Tekh. Fiz.
the electromagnetic wave is completely reflected from the 1917), 37 (1993 [Tech. Phys. Lett19, 545(1993].
structure. The situation here is similar to the reflection of a®0. R. Matov, O. V. Polishchuk, and V. V. Popov, Radiotekh. ElektB¥).
wave in a long line by a load in the form of a series oscilla- 2242(1992. , -
tory circuit under conditions where voltage resonance exists O. R. Matov, 0. V. Polischuk, and V. V. Popov, Int. J. Infrared Millim.
fory circuit un g Waves14, 1455(1993.
in the circuit” The values ofT off resonance and vary 70. 1. Falkovski, Technical Electrodynamicgin Russiad, Svyaz’,
periodically with frequency as a result of electromagnetic Moscow(1978.
wave interference in the substrate. The small shift of the, .ieq by R. M. Durham

investigated and reference spectra in Fig. 1 is caused by theiited by David L. Book
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Dielectric properties of triglycine sulfate crystals with a periodic stratified
impurity distribution
I. F. Kashevich
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Problems associated with the influence of a nonuniform impurity distribution on the properties of
ferroelectric water-soluble crystals are studied. Triglycine sulfate crystals with a specially
created periodically stratified distribution of chromium impurity ions are used to show that the
properties of these crystalpermittivity, spontaneous polarization, pyrocoefficjediffer

from those of triglycine sulfate crystals with randomly distributed impurities and also depend on
the period of the structure of the inhomogeneous crystals1988 American Institute of
Physics[S1063-785(18)01405-0

The properties of ferroelectric crystals and their applica-and aluminum electrodes were deposited on these wafers
tion as piezo-active and pyro-active elements dependuch that the polarization vector was perpendicular to layers
strongly on their degree of unipolarity and on conserving thewith different impurity concentrations. The temperature de-
stability of this state. In turn, a nonuniform impurity distri- pendences of the permittivity were investigated using an
bution must play an important role in the establishment ofE7-8 bridge and the spontaneous polarizattarand coeffi-
unipolarity and in the fixing of a specific domain structure in cient of unipolarityk were determined by measurements of
doped ferroelectric crystals> For instance, it is known that the hysteresis loop. Pyroelectric measurements were made
the domain structure of some ferroelectric crystals is in manyy a dynamic method at a frequency of 20 Hz. Wafers of
respects the same as the configuration of the growth I&yers. single-domain TGS containing k-alanine with known
In this context, it is interesting to study the properties ofproperties were used as the reference pyrodetector.
ferroelectric crystals with a specifically formed regularly Characteristic curves of(T) and P4(T) for as-grown
nonuniform impurity distribution. The present paper reportscrystals are plotted in Fig. 1. Curvds1’ and2, 2’ refer to
results of a study of the dielectric properties of triglycine the control crystals grown with continuously applied vibra-
sulfate (TGS crystals with a periodic stratified distribution tions and in the static regime, respectively. It can be seen
of Cr* chromium impurity ions as a function of the number from Fig. 1 that the properties of the crystals with a periodic
of layers with the same impurity concentratigueriod. stratified impurity distribution depend on the period. For in-

Triglycine sulfate crystals with a periodic stratified dis- homogeneous crystals with a period between 60 andu¥0
tribution of C2* impurity ions were obtained by periodically the values ofPg and &, decreased af ., the dielectric
applying low-frequency oscillationgvibrationg having an  peak became broader, ., was shifted toward higher tem-
amplitude of 3 mm and frequency 20 Hz during growth of peratures by 1.5-3 °C, and the range of existence of the
the crystals from impurity-containing solutions. These oscil-ferroelectric state also increaséfig. 1, curves4 and 4’).
lations increase the growth rate by a factor of 3R&fs. 5 The curves ofe(T) and P4(T) for samples with layers of
and 6. Since the impurity distribution coefficient for TGS is regular structure greater than 1px®n (Fig. 1, curvess and
less than unity, the concentration of impurities in the crystab’) were similar to those for control crystals grown under
decreases as the growth rate increds®g.periodically ap-  static conditions. These curves also showed a decrease in
plying vibrations to the growing crystal, the growth rate ande .y, but T, ax Was shifted toward lower temperatures by
thus the concentration of impurities in the crystal varied pe0.5-1 °C.
riodically. The impurity concentration between layers varied  Since few impurities entered the crystal and the structure
negligibly, approximately by 0.5-0:810 % wt.%. The pe- was more homogeneofishe curves of(T) and P4(T) for
riod was determined by the time of crystal growth in a spe-the control crystals grown with continuously applied vibra-
cific regime, dynamic or static. Inhomogeneous crystals werdions and for inhomogeneous crystals with a period less than
grown with a period between 30 and 2&0n. 60 um (Fig. 1, curves3 and 3') were almost the same as

While these inhomogeneous banded crystals were growthose for pure TGS crystals. Some difference in the proper-
ing, the same solutions were also used to grow control crysties of the inhomogeneous and control crystals clearly arises
tals with randomly distributed impurities in statfwith no  because inhomogeneous crystals with a periodic gradually
vibrations appliefland dynamic regime@vith vibrations ap-  varying impurity concentration have some regular impurity
plied continuously. From these as-grown inhomogeneousgradient which creates appreciable internal fields in the crys-
and control TGS crystals containing chromium impurity tal in the direction of this gradiefitin these crystals this
ions, wafers were then cut perpendicular to the polaxis  factor is stronger than the structural damage caused by the
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FIG. 1. Temperature dependence of the permittivity and spontaneous polar- » ] )
ization of triglycine sulfate crystals with a periodic stratified distribution of FIG. 2. Temperature dependence of the pyrocoefficient of triglycine sulfate

chromium impurity ions with different period8, 3' — less than 6Qum, 5, crystals with a periodically stratified distribution of chromium impurity ions
5 — greater than 15@m, 4, 4’ — between 60 and 152m) and control with different period43 — less than 6Qum, 5 — greater than 15gcm, 4
crystals grown with continuously applied vibratiofis 1') and under static ~— between 60 and 15@m) and control crystals grown with continuously
conditions(2, 2'). applied vibrationg1) and under static condition®).

tals by the nematic liquid crystal methd%it was established

incorporation of impurities and thus, the range of existencehat in samples for which the period of the structure along
of the ferroelectric phase, i.€l 4. is Shifted toward higher the axis is between 60 and 1%0n, a fairly ordered domain
temperatures in inhomogeneous crystaisd the fraction of  structure is formed corresponding to layers of different im-
the volume undergoing polarization reversal is also reducedyurity concentration. Crystals having a period of less than 60
i.e., P decreases. pum and greater than 20@m and also the control crystals

Evidence of a stable unipolar state formed by the inhotypically exhibited disordered lenticular domains with di-
mogeneous incorporation of impurities is also provided bymensions less than 3@m.
the fact that a series of heatifig 90 °Q and cooling cycles Thus, the domain structure and properties of TGS crys-
passing through the poirif, negligibly altered the coeffi- tals with a periodic stratified distribution of chromium impu-
cient of unipolarity of the inhomogeneous crystals whereasity ions are determined in many respects by the period of the

for the randomly doped crystalk,decreased abruptly. impurity structure.
The temperature dependence of the pyrocoefficjefur
crystals with a periodic stratified distribution of Crimpu- 1J. Eisner, Ferroelectricd 621(1974).

e ; . 2L. 1. Dontsova, N. A. Tikhomirova, and L. G. Bulatova, Kristallografiya
rity ions with layers between 62m and 150um was simi 33, 450(1988 [Sov. Phys. Crystallog3, 265 (1988].

lar to the y(T) curve for TGS _CryStals dOp(.:}d With lo- 3A. L. Aleksandrovski, L. M. Kazaryan, and P. P. Rusyan, Izv. Akad.
alanine for which a stable unipolar state is achieved by Nauk Arm. SSR, Fiz16, 380(1981).

means of a high internal bias fiekg,, created in the crystals 4?1333’\'61'-8%' Hong Jing-Fen, and Feng Duan, J. Mater. $ti.1663
by unidirectional irreversible glycine dipoleBig. 2). Heat- s\, "\ hovich, v. v. Mikhnevich, N. K. Tolochko, Kristallografiyas,
ing the samples with an inhomogeneous impurity distribution g2 (1984 [Sov. Phys. Crystallog29, 488 (1984].

aboveT, did not significantly reduce the value gfat 20 °C, F. Jona and G. Shiran€egrroelectric Crystals(Pergamon Press, Oxford,

whereas the control samples exhibited a sharp drop @ 1962 Mir, Moscow 1965
T=20°C G. A. Andreev, Kristallografiydl2, 104 (1967 [Sov. Phys. Crystallogr.

. _ .. 12,82(1967)].

The fact that the properties of crystals with a periodic 8y, v. Antipov, A. A. Blistanov, and N. G. Sorokin, Kristallografiy80,
stratified impurity distribution depend on the period of the 9734(1985) [Sov. Phys. Crystallogi30, 428(1985].
structure must be attributed to the influence of the defect gé(Tl-g%"e' K. L. Bye, P. W. Whipps, and A. D. Annis, Ferroelectics
structure. on the domqln structure. In_our case, this influencey A Tikhomirova, A. V. Ginzberg, L. I. Dontsova, S. P. Chumakova,
was particularly effective when the dimensions of the layers and L. A. Shuvalov, Fiz. Tverd. TeléSt. Petersbung28, 3055 (1986
with different impurity concentrations were comparable with [Sov. Phys. Solid Statg8, 1718(1986].
the average domain sizes in the crystdi®—150um). In L o by R. M. Durham

studies of the domain structure of inhomogeneous TGS crydited by David L. Book
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Enhancement of the luminescence yield of Er 3% ions at A=1.54um in ZBLAN glass
additionally doped with Eu  3* and Tb3* and pumped in the range A=0.975 um

A. A. Andronov, I. A. Grishin, V. A. Gur'ev, V. V. Orekhovskii, and A. P. Savikin

N. I. LobachevskiState University, NizhihiNovgorod
(Submitted November 14, 1997
Pis'ma Zh. Tekh. Fiz24, 81-85(May 12, 1998

In fluorozirconate glasses the luminescence vyield gf Hons on the®l ;5,1 15/, lasing
transition was increased more than tenfold by additional doping with" Yand TE™ ions.
© 1998 American Institute of Physids$1063-785(18)01505-3

For fiber amplifiers of light in the 1.zm range 1,3, TABLE I
— %1155, transition in the Et* ion) it is preferable to use

ZBLAN fluorozirconate glasses for which the magnitude and"® Sample lpau Ko m,ms 7, ms
width of the gain profile are greater than those in other1 1% Ef* 5 0.16 10.0 6.0
glasses. 2 6% EF* 20 03 90 5.0
These characteristics are attributable to the low probabil® 1% EF*+3%Yb* 20 008 75 18
ity of nonradiative relaxation of th8l ,5, excited level of the 4 1% EF* + 1B 26 12 20 ~03

. 5 % EPT+3%YB** +0.5%TB" 100 3.0 4.0 0.6
Er* ion caused by the low phonon energy of ZBLAN glass 19 EPT+ 3%V +0.5%TH

(Eq=575 cm'!) and to the large ratio of the lasing-
transition energy gapAE=6589 cm ') to the phonon en-
ergy. A=1.54um luminescence obtained by pumping diodes at

However, for precisely this reason, nonradiative relax-A=0.975um. In particular, we found that the additional dop-
ation from the®l;;, pumped level to the®l,5, level is  ing of the ZBLAN glass with E&" or Tb** ions appreciably
slowed. increased tha=1.54 um luminescence for the same level of

A possible method of augmenting the population of theEr** doping. This increase is evidently caused by coopera-
*111» pumped level in ZBLAN with the long-lived'l 5, tive effects in the system of rare-earth elements, although
level could involve additional doping of Ef-doped details of these effects have still to be explained.

ZBLAN with other rare-earth elements. Experimental measurements were made of the lumines-
It is knowrf that multicomponent doping of glasses with cence intensities of Ef ions for the *l;3,—%15, and
rare-earth elements may produce various cooperative effects,;;,,— “l 5, transitions, and the luminescence decay time

involving different ions which may provide additional chan- under pulsed excitation was also measured.

nels for relaxation in a system of ¥r levels. We have al- The samples had the same thickneks=@ mm), but
ready studied these cooperative effects in investigations dlifferent compositions and concentrations of rare-earth ele-
enhanced-frequency luminescence in multicomponentents.

ZBLAN glasses doped with rare-earth elemehtdere we An increase in the concentration of*Erions (for single-
consider the influence of multicomponent doping oncomponent dopingfrom 1 to 6 mol.% was accompanied by

3l 3 1
E,10°cm E, 10" cnf
k 4| a 4| b
10 TR 10} —
4' \‘~ \, “‘ ’ ah "‘\\
=T ha2 ™ . . 7 —-"|‘w\ FIG. 1. a — Cross relaxation of &F ion involving
=, =, —, Tb3* ions b — cooperative filling of thél 5, level of
5t — 4 F, st ¥7F w3 F. the EP* ion.
7 —'-c"-—7 _‘\—I_7
F4 F4 F4
4 7 4 7
oL 4, ’F, oL Fs hse Fs
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an increase in the luminescence intensity in both bands. Theay time and a reduction in the luminescence intensity of the
intensities of thex=1.54 um and\=0.98 um luminescence short-wavelength Ef band in samples Nos. 4 and 5 when
are denoted byl; and I,, respectively, with the ratio Tb®" ions and E&" ions were incorporated. This indicates
K=1,/1,=0.3. The decay time of the=0.98 um lumines- that the above mechanism does not take place. It is more
cence f,) decreased from 6 to 5 ms, while thatat1.54 likely that EF* ions undergo cross relaxation from thg,,,
um (71) decreased from 10 to 9 nisee Table)l state with energy transfer to tA€, and’Fg excited states of
The addition of 3 mol.% Y&", which is a donor, in- the TB" or EB*" ions, respectivelyFigs. 1a and 2a The
creased the intensity of the long-wavelength luminescencemall energy gaps not exceeding 1000 énbetween the
band to approximately the same level as that for 6% dopingower levels of these ions ensure intra-ionic transitions in-
However, most of the pump energy was re-emitted in thevolving one or two matrix phonons to tH&, and’Fs levels.
short-wavelength band. The subsequent summation of the energy of two ions in
In a sample containing 1% Ef+1%EG ™, the intensity  these states may result in cooperative excitation of a single
of the long-wavelength luminescence band began to preEr’™ ion to the?l 5, level (Figs. 1b and 2p
dominate over the short-wavelength orie={1.2). The resonance relations are best satisfied for‘thg,
The best results were obtained in a three-component sysevels of the Et* ion and the’F, level of the TB" ion,
tem containing 1% B +3%Yb®>" +0.5%T" with the ra-  which may be responsible for the high luminescence yield at
tio K=3. The decay time of th&=1.54 um emission de- A=1.54 um in the sample having the composition 1%
creased tor;=4 ms. The decay time of the=0.98 um Er"+3%Yb*" +0.5%TB".

luminescence decreased abruptly #9=0.6 ms (Figs. la The authors would like to than N. B. Zvonkov for sup-
and 2a. plying the semiconductor laser and for his cooperation.
According to the energy level diagraffig. 1), the states This work on energy transfer processes in rare-earth-

in which TB** and Ed* ions can participate in interionic doped fluorozirconate glasses was supported by the Russian
interactions have a lower energy than thé Eion in the  Fund for Fundamental Resear@Brant No. 96-02-16996a
41,3, State. Thus, this state cannot be filled by a donor—
acceptor scheme. o _ _

It is possible that ions accumulate in i@, metastable Y- Mivajima, T. Komukai, T. Sugawa, and T. Yamamoto, Opt. Fiber
| | It of . . D f thi Technol.1(1), 35(1994).
level as a reiu_t of cooperative pumping. Decay of this statexr "¢ 61, proc. IEEE No6, 87 (1973.
involving EF* ions would lead to filling of thé'l ;/, state,  3I. A. Grishin, V. A. Gurev, V. L. Mart'yanov, and A. P. Savikin, Pis'ma
which would be accompanied by an increase in the lifetime Zh. Tekh. Fiz.23(2), 51 (1997 [Tech. Phys. Lett23, 70 (1997].

i N

of the EP" ions in this level. Translated by R. M. Durham

In our experiments we observed a sharp drop in the dekdited by David L. Book
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Influence of moisture on the properties of long streamers in air
N. L. Aleksandrov, E. M. Bazelyan, and D. A. Novitskil

Moscow Physicotechnical Institute;
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Pis’'ma zZh. Tekh. Fiz24, 86—91(May 12, 1998

A simulation has shown that the suppression of streamer propagation with increasing air
moisture content discussed repeatedly in the literature is caused by accelerated electron—ion
recombination rather than by the kinetics of the negative ions, as was previously assumed.

© 1998 American Institute of Physid$1063-785(08)01605-X

Streamer propagation is an important discharge phase were described for dry air in Refs. 10—12. The main differ-
the breakdown of long gas gaps. The question as to how thence between the present model and that used earlier is that it
characteristics of streamers in air vary with changes in théakes into account reactions involving components produced
moisture content has been addressed for several decades a result of the presence of water vapor in the air. These
(see, for example, Ref.)1This topic has recently attracted include HO molecules, OH radicals, and;@ H,O, H,0™,
increased interest because of the use of streamer coronas ai#go* (H,0), (n=0-3, O,(H,0), (n=1,2), and
barrier discharges to remove oxides of nitrogen and sulfuOH™(H,0),, (n=0-2 ions. The additional processes in-
from flue gases in which the water content may reach 20%lude reaction(1) with M =H,O, ion-molecular conversion
(Ref. 2. reactions of positive and negative ions, decomposition of

Experiments have shown that an increase in the moisturgegative ions, and electron—ion and ion—ion recombination.
content in air impedes the evolution of streamet8.This  The rate constants of these reactions were taken from Refs.
takes the form of a reduction in the size of the streamer, 8, 13, 14, 15, and 16. The rates of electron impact ioniza-
corona, a reduction in the electric charge transported by thgon of H,O molecules and dissociative attachment of elec-
streamers, and an increase in the average field required fortgns to these molecules were assumed to be the same as for
streamer corona to cover a gap of given length. The strengty, molecules. This is valid for the moderatg®i concentra-
of this field has repeatedly been measured for various elegions considered here.
trode configurations, interelectrode gaps, applied pulse pro- The calculations simulated a streamer directed toward
files, air pressure, and moisture contésee, for example, the cathode in gaps with abruptly nonuniform and uniform
Refs. 5 and B electric field distributions. In the first case, an isolated

According to current thinking, the main reason for the spherical anode of radius 1 cm was used and the length of the
observed behavior is an enhanced loss of electrons in th@ap covered by the streamer reached 20 cm. In the second
process case, the streamer was formed between planar electrodes.

e+0,+M—05 +M, (1) The situation was simu_lated _V\_/her<_a the st_reamer started from

a short zone of locally intensified field which was created by
which is assumed to be the main mechanism for their rea sphere of 0.1 cm radius, positioned 10 cm from the planar
moval in the streamer channel. The rate constant of procesmthode. To this sphere we applied an additional positive
(1) for M=H,0 is approximately ten times higher than that voltage of 12 kV relative to the cathodaround 10% of the
for M =0, (Refs. 7 and 8 A decrease in the rate of electron total voltage across the gao that the sphere functioned as
detachment from negative ions in the streamer channel habe anode. Even when the channel wa8.5 cm long, the
also been indicated as a possible factor which impedes th&treamer left the section of the gap perturbed by the spheres
evolution of streamers in moist &ir. and propagated into the region of external uniform field. The

Although this topic has been discussed repeatedly in theadius of the streamer channel was assumed to be 0.03 cm.
literature, so far no quantitative theoretical studies have beemnhis shows good agreement between the calculations and the
made. Thus, the assumptions put forward as to the mechaneasurements of the electric field required for streamers to
nism responsible for the influence of moisture on the propcover long gaps in dry aifr’
erties of streamers are merely hypotheses based only on Figure 1 gives results of calculations of the average elec-
rough qualitative estimates. tric field required for a streamer to cover these gaps as a

The aim of the present study was to make a numericalunction of the water vapor partial pressure. Also plotted are
simulation of a long positive streamer in air under normalexperimental dafaobtained under similar conditions for uni-
conditions as a function of its moisture content. To do thisform gaps 9 cm long, which show good agreement with the
we used the 1.5-D streamer model, which assumes that thesults of other measuremelitee, for example, Ref)6The
streamer channel has a constant radius, and we used a faidgreement between the calculations and the experiment sug-
detailed model of ion-molecular processes. These modelgests that on the whole, the model used accurately takes into
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1.5 - 1 nied by an increase in the fraction of hydrated ions, for
which the rate of electron recombination is higher than that
for ions in dry air**~*®Thus, the conductivity of the streamer
channel and the potential of the streamer head, where the
ionization zone is situated, decrease more rapidly. As a re-
sult, the external field required for the streamer to cover the
gap increases.

The rate of proces$l) also increases with increasing
moisture content in the air. However, the calculations show
that the formation of negative ions can only become an im-
portant factor at the later stages of streamer channel decay,
by which time the densityn, and conductivity of the
streamer channel can decrease by almost two orders of mag-
nitude.

The importance of electron recombination with hydrated
ions and the insignificance of attachment processes is indi-

v — T cated by the numerical experiments in which the calculation
0 5 10 15 20 25 30 model completely eliminated either hydration reactions of
Py, mbar positive ions or reactiofil) with M =H,0. The first calcu-

FIG. 1. Electric field required to cover discharge gap as a function of Waterla‘tIOnS almost completely negated the effect of moisture con-

1.4 -

1.3

1.2

E(p,)E(R,=0)

1.1 4

1.0

vapor partial pressure in ait — experiments reported in Ref. 2, —  tent, giVi_ng_Only a 6-5_% increaS? in the average field com-
calculations for a 10 cm long streamer in a uniform field, 8né- calcula-  pared with ideal dry air at a partial pressure of 15 mbar. In
tions for a 20 cm long streamer in an abruptly uniform field. the second case, the effect of moisture remained almost the

same, decreasing from 27% to 22%.

. : . . . . To sum up, the simulation performed here indicates that
account the main relationships associated with the mcrease,EHe frequently observed more rapid slowing of long stream-
air moisture and can be used to analyze the mechanism rfe_)— q y b 9 g

sponsible for the influence of moisture on the properties o 'S in moist air is not caused by the kinetics of the negative
P oo prop ions in the channel, as was previously assumed. It is attrib-
long streamers in air.

Figure 2 shows typical times dependences of the eIectroHtable to the hydration of positive ions, which speeds up
9 yp P L electron—ion recombination and the loss of conductivity of
densityn, and the electron loss frequencies in the streame{he streamer channel

channel. In this case, at a partial water presspie-15 This work was supported by the State Committee for

mbar, the streamer started from a spherical anode of 1 cm, . . ) ]
radius at a voltage of 115 kV sufficient to form a channel 20@_‘32‘?;5;“061“0” of the Russian Federati@rant No. 95

cm long. The calculation point was 5.7 cm from the anode. It
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Influence of the “matrix memory” effect on the photodecay of dye molecules adsorbed
in porous glass

V. N. Beger

St. Petersburg State Institute of Precision Mechanics and Optics (Technical University)
(Submitted September 16, 1997
Pis'ma Zh. Tekh. Fiz24, 92—-95(May 12, 1998

Photodecay quantum yields were determined experimentally for several laser dyes adsorbed in
porous silicate glass at various dye concentrations. It was observed that the efficiency of
photodecay of the adsorbed molecules depends on the method of incorporating the dyes in the
porous matrices, especially on the type of solvent used when introducing the dye into the
porous glass from solution, with subsequent removal of the solventl9@8 American Institute

of Physics[S1063-785(18)01705-4

The photostability of laser dyes in porous silicate matrix memory effects should also be observed for the pho-
glasse5™ is one of the most important parameters of theseodecay efficiency in an inhomogeneous ensemble of adsor-
media and determines the potential usefulness of these dybate molecules. Thus, the aim of the present study was to
as solid-state active elements of tunable lasers. It was olexamine how the method of introducing dyes into porous
served previously that the photodecay efficiency of dye adglass influences the photostability of the adsorbates.
sorbates is frequently very sensitive to intermolecular inter-  An investigation was made of the photostability of sev-
actions. In particular, the photodecay quantum yield of dyeeral laser dyegoxazine 17, coumarin 7, and coumarin) 30
molecules adsorbed in porous glass exhibited a strong cofmtroduced into porous glass from various solveisptane,
centration dependeritavhich may indicate that inductive toluene, ethandlfor various concentrations of dye molecules
resonant interactions between adsorbed molecules have anthe porous matrices. In order to determine the photodecay
appreciable influence on the intramolecular parameters reguantum yieldy, the dye was “burnt out” by laser radiation
sponsible for the stability of a molecule under electronic ex-at a wavelength in the absorption band of the dye and the
citation. dynamics of the optical densitp(t) of the samples mea-

However, it is well known that the surface of the poressured as a function of time. Helium—neon laser radiation at
in porous glass is extremely inhomogeneous and as a resu32.8 nm was used for oxazine 17 and 488.0 nm argon laser
the electronic spectra of dye adsorbdimany of which pos- radiation for coumarin 7 and coumarin 30. In all cases the
sess significant solvatochromism and solvatofluoropower density of the laser radiation incident on the samples
chromism in these matrices exhibit appreciable inhomoge-wasless than 100 mW/émThe resultsvalues ofq calcu-
neous broadeniny.Since variations in the interactions lated using theD(t) data by a method described in Rej. 4
between adsorbed molecules and adsorbent should not ondye given in Table I. It can be seen that the photostability of
influence the position of the energy levels of the adsorbedhe dye adsorbates depended on the method of introducing
molecules but also their photostability, it is quite natural tothe dyes into the porous glass. The lowest photostability is
assume that the experimentally determined photodecay quaaxhibited by adsorbates obtained by introducing dyes into
tum yields of dye molecules in porous glass reflect averageorous glass from solvents having the highest Henry con-
values, which characterize an inhomogeneous ensemble efant for that particular dyéthis constant characterizes the
adsorbate molecules as a whole. At the same time, the actuadjuilibrium ratio of concentrations of adsorbed molecules
photostability of individual molecules adsorbed on sectionsand molecules in the dye solution introduced into the matrix
of surface with different propertig$or instance, on sections pores.
with different local curvatureshould vary appreciably. It was noted earlie?,that using dye solutions based on

It has also been observed that the distribution of adsolvents with high Henry constants leads to the formation of
sorbed dye molecules over an inhomogeneous surface, obdsorbates whose electronic spectra exhibit relatively weak
tained when dye solutions are introduced into porous glassnhomogeneous broadening and preferential adsorption of
first depends very much on the solvent used and second, molecules on sections of the surface having the highest ad-
frequently conserved after the solvent has been removesbrption energy. Solutions with low Henry constants form
from the pores because of the very low diffusion mobility of more inhomogeneous ensembles of adsorbed molecules in
dye molecules in “dry” matrice§:” This long-lived conser- porous glass, with dye molecules distributed over sections of
vation of a nonequilibrium distribution of adsorbed mol- the surface with both high and low adsorption energies. Note
ecules on an inhomogeneous surface in “dry” matrices isthat sections of the pore surface with the maximum local
responsible for the “matrix memory” effects observed curvature are the most effective for physical adsorption
earlier®” With this in mind, it is quite natural to assume that (which predominates for the dye molecules used in these
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TABLE I. Photodecay quantum yields of dye molecules adsorbed in porouferent fractal dimensiongit was observed earlier that the
glass as a function of method of incorporating dye into porous matrix. distribution of dye molecules in the bulk of porous glass is a
fractal distribution, frequently with an extremely low fractal

Incorporation of dye into matrix

ofg;gerr:;?égﬂe from following solutions: dimens_ior).g'9 An important factor is that folr the same con-
Dye in matrix, cm®  Ethanol  Toluene  Heptane centrations of adso_rped mqlecule; bqt dllffer.ent'fractal di-
i mensions characterizing their spatial distribution in the bulk
5X 100 8+2 12+3 15+3 of the adsorbent, the probability of nonradiative transfer of
Oxazine 17 1577 15+3 23-4 30+6 electronic excitation energy differs. Thus, the probability of
2x10° 36=6 53:6 70:10 electronic excitation energy being transferred to the least
5x 10%° 8+2 10+2 14+3 stable molecules in an inhomogeneous ensemble is also dif-
Coumarin 7 18 18+4 25+ 4 35x6 ferent.
2x10Y 45+8 60=6 85+ 10
5x 10'° 9+2 12+3 15+3
Coumarin 30 1y . 20=4 26=4 306 1G. B. Al'tshuler, E. G. Dul'neva, |. K. Meshkovskiand K. 1. Krylov, Zh.
2x10" 45+8 65-8 75+10 Prikl. Spektrosk36, 592 (1982.

2V. I. Zemski and I. K. Meshkovski Pis'ma Zh. Tekh. Fiz9, 1029(1983
[Sov. Tech. Phys. Let®, 442 (1983].

3K. K. Boyarski, A. Yu. Vorob’ev, V. I. Zemski, Yu. L. Kolesnikov, and

matrices. It is also possible that the adsorption of fairly large |- K- Meshkovski, Opt. Spektrosk65, 909 (1988 [Opt. Spectrosces,

; . 536 (1989].
poly_atomlc moIe_cuIes on these parts of the surfac_e is acc_om;v_ N. Beger, Pis'ma Zh. Tekh. Fil8(21), 29 (1992 [Sov. Tech. Phys.
panied by a particular type of molecular deformation, which et 18 700(1992].
not only reduces the fluorescence quantum Yidldt also V. I. Zemski, A. V. Sechkarev, I. G. Stuklov, and G. B. Dreka, Opt.

enhances the probability of molecular decay under electronig SPekirosk69, 1024(1990 [Opt. SpectrosdUSSR 69, 607 (1990].
V. N. Beger and A. V. Sechkarev, Pis'ma Zh. Tekh. RiZ(19), 83(199))

excitation. , . , [Sov. Tech. Phys. Lettl7, 712(1991)].
Note that an increase in the concentration of adsorbedy. N, Beger, Pis'ma zh. Tekh. FiA8(11), 27 (1992 [Sov. Tech. Phys.

molecules not only increased the photodecay quantum yield§Lett. 18, 347(1992]. _ ‘ _

of the adsorbate moleculéthis effect was observed in Ref. X- \’\/‘ sBegheli V.l Ozetmém :t“- Lé 6(’1‘;'315;(')"(01‘38'9 'E(-)'Vt'ezhko‘fk' C%réd

4) but also had the result that the photostability of the ad- gq (1'9833_ arev, Upt. Speiiosius). P SPECHOSeEE,
sorbed molecules depended more strongly on their method ofa. v. Sechkarev and V. N. Beger, Izv. Ross. Akad. Nauk Ser. Khim.
incorporation into the porous glass. It is quite likely that the No. 7, 1284(1995.

use of different solvents produces different types of spatial . iated by R. M. Durham

distribution of the adsorbed molecules, which may have dif€dited by David L. Book
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Interrelation between the resistance of Gunn diodes in weak electric fields
and the characteristics of oscillators based on them
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A theoretical description is given of an experimentally established dependence which determines
the interrelation between the resistance of a semiconductor structure in weak electric fields

and the characteristics of Gunn oscillators. This experimentally established dependence is of
considerable practical value since it can be used to predict the main characteristics of

diode microwave oscillators using easily measured parameters of dc diodesQ9&American
Institute of Physicg.S1063-785(108)01805-9

It is known that the output power and long-term powerwhere Ry=[qnou(T)S/d] ! is the resistance of the semi-
and frequency instability of Gunn oscillators differ substan-conductor structure in weak electric fields, is the concen-
tially when different Gunn diodes of the same type are usedration of completely ionized donor§ andd are the effec-
in the same oscillator design, with the same power supply. Itive cross-sectional area and length of the diode,
has been establishkdhat this difference is caused by a respectivelyD=0 for U<U,, D=2 forU>U,,,
spread of the diode parameters in terms of their resistance in
weak electric fields, which in turn may be caused by uncon- () =300uo /T,
trollable factors in the fabrication process of the diode struc-  v((T)=V,/[T(1—-53x 10 *T)].
tures. The experimental results also indicate that attempts to ] )
increase the output power of Gunn oscillators by using low- '!'hls model was u_sed to calculate the transient processes
resistivity diodes substantially increase the long-term powel€ading to the establishment of steady-state operation of a
and frequency instability of the oscillators. This experimen-Gunn oscillator with allowance for self-heating. Figure 1
tally determined dependence is of considerable practicd#!Ves the output powelP, the variation of the dc curremti
value since it makes it possible to predict the main characl the power supply to the Gunn diode, and the temperature
teristics of diode microwave oscillators from easily measured’ the diode crystal’ as a function of the time after appli-
dc parameters of diodes. However, no theoretical descriptio@tion of a fixed bias for diodes with various values of the
has been put forward for the interrelation between the resid€SiStanc&, and thermal resistandey . It can be seen from
tance of a semiconductor structure in weak electric fields anf® results of the calculations plotted in Fig. 1 that the power
the characteristics of Gunn diode oscillators, which has madgenerated by a Gunn diode and the variation of the dc current
it difficult to understand the physical factors responsible forn the steady-state regime increase and the resisipead
this behavior. thermal resistancB; decrease.

In order to understand this interrelation, the physical
processes in a Gunn diode were analyzed by simultaneously
solving the system of Kirchhoff equatichend the time-

. . Ai A
dependent heat balance equation, expressed in thé form
dT - TO -—— ey
— _ _0.15
Cm dt | (U !T) U RT ]

whereT andT, are the temperature of the diode crystal and
the surrounding medium, respectiveRy; is the total thermal
resistance of the device, ar@@}, is the specific heat of the
semiconductor crystal. For the calculations we used the typi-
cal current—voltage characteristiflJ,T) of a Gunn diodé,
which was approximated by the expression

. 0.05

d 0 5 10 15 1, M8
i _p-1
1=Ro u(T) FIG. 1. Output powefa), variation of dc current in supply circuit to Gunn
diode(b), and diode temperatuie) as a function of time after application
w(T)(U+D)/d+V(T)[(U+D)/U,]* of a fixed bias for diodes with different resistanégsand thermal resistance
X 7 , Rr: 1—Ry,=10 Q, R;=100 deg/W,2—R,=10 Q, R;=150 deg/W,
1+[(U+D)/U,] 3—R,=5 Q, Ry=100 deg/W.
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FIG. 2. Absolute values of TCR), TC; (b), and TC_\‘ (c) versus

diode resistancdr, for various values of the thermal resistance
Rr: 1 — Ry=150 deg/W,2 — R;=100 deg/W.

Calculations of the temperature coefficients of frequencydestabilizing factors, taking into account their signs, such as
(TCF=Af/AT), power (TG=AP/AT), and current varia- changes in the heat transfer conditidRgs and the ambient
tion (TC,;=Ai/AT) showed that the absolute values of thetemperaturel,. Determining the interrelation between these
long-term instability of the main characteristics, caused byparameters in a real device is a separate, fairly complicated
changes in the temperature of the surrounding medium, desroblem.
crease as the thermal resistafgeandR, increase. Figure 2 It should also be noted that the quantitative changes in
gives the absolute values of TCF, FCand TG; as a func- the long-term instability of the characteristics of a Gunn os-
tion of the diode resistand, for various values of the ther- cillator depend on the factors responsible for the change of
mal resistancéry . the diode resistandg,. For example, a decreaseRy by a

In order to determine the long-term instability of the factor of two as a result of an increasem{T) doubles the
output signal characteristics of a Gunn oscillator caused binstability of the output signal characteristics of the oscillator
changes in the heat transfer conditions, we calculated theompared with a similar decrease Ry caused by an in-
modulation sensitivity with respect to the thermal resistancerease inS or ng. The calculations show that this is because
of the frequency Af/ARy), the power AP/AR;), and the the self-heating of the diode crystal accompanying an in-
change in the dc current in the Gunn diode power supplycrease inu is less intensive than that caused by a similar
(Ai/ARy), which showed that the absolute values of the osincrease inS or ng. It should also be borne in mind that an
cillator modulation sensitivity with respect to the thermal increase inS or ny causes a more significant increase in the
resistance decrease as the ambient temperature and the diadgput power of the emitted radiation compared with an in-
resistanceR, increase. crease inu(T).

A comparison between the calculated data and the ex- The results of experimental investigations reported in
perimental results given in Ref. 1 reveals qualitative agreeRef. 1 indicate that when a pulsed power supply is used, the
ment. The results of the calculations indicate that quantitaescillator output characteristics are less unstable than when
tive agreement is achieved in determinations of the longthe oscillator is supplied by a dc voltage source.
term instability of the oscillator characteristics if Results of calculations of the diode crystal temperature
simultaneous allowance is made for the action of severahs a function of time when the diode is exposed to a rectan-

FIG. 3. Temperature of Gunn diode crystal versus time
when the crystal is exposed to a rectangular supply
pulse of different lengthrp, 1—2.5 us; 2—10.0 us;
3—20.0 us. a—ny=1x10" cm 3, R;=100 deg/W;
b—ny=2%x10"% cm 3, Ry=100 deg/W; c—ny=2

X 10 cm™3, Ry=150 deg/W.
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T S that the maximum supply pulse length, for which the
instability of the output signal from a Gunn oscillator reaches
a specific level as a result of changes in the heat transfer
conditions and ambient temperatyFgg. 4), increases as the
resistance of the semiconductor diode structure increases.

To sum up, the experimentally observed interrelation be-
tween the resistance of diodes in weak electric fields and the
characteristics of microwave oscillators based on these di-
odes has been described by modeling the electrical and ther-
mophysical parameters of Gunn diodes. This allows the main
characteristics of diode microwave oscillators to be predicted
from easily measured parameters of dc diodes.

The results indicate in particular that by using diodes
6 . L ' 0 R.Q with low R, consistent withr, , the maximum output power

5 75 R can be increased with the level of signal instability remaining

FIG. 4. Maximum length of supply pulses for which the output signal  the same.

from the Gunn oscillator reaches a specific level of instability as a result of
changes in the heat transfer conditions and the ambient temperature, as a
function of the diode resistand®,: 1 — T;=290 K, 2 — T,=300 K, and ID. A. Usanov, A. V. Skripal’, and A. A. Avdeev, Zh. Tekh. Fig5(10),
3—Tp=310K. 197 (1995 [Tech. Phys40, 1084(1995].
°D. A. Usanov, A. V. Skripal’, A. A. Avdeev, and A. V. Babayan,
Radiotekh. Elektron46, 1497(1996.
3M. I. Bil’ko, A. K. Tomashevski, P. P. Sharov, and E. A. Bauratov,

gular supply pulse for various values R§ andR; and pulse migsrg(‘;"va*‘(’fwgower Measurement§in Russiaf, Sovetskoe Radio,
length 7, are plotted in Fig. 3. The minimum pulse repetition 4, "\ rayama and T. Ohmi, Jpn. J. Appl. Phy, 1931(1973.

period for which cooling takes place, increases with increas=p. J. Mulmom, G. S. Hobson, and B. C. Tayldransferred Electron
ing pulse length. This dependence is appreciably stronger if Devices(Academic Press, New York, 19§72
7 IS comparable with the coohlng tlme. ' Translated by R. M. Durham

As a result of the calculations, it was also establishedtdited by David L. Book
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Influence of potassium and fluorine on the formation and properties of the high-
temperature 2223 phase in a (Bi, Pb)-Sr-Ca-Cu-O system
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V. P. Yarunichev
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(Submitted November 11, 1997
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An investigation was made of how the partial replacement of oxygen with fluorine and of
strontium with potassium influences the formation and properties of the superconducting phases
in a (Bi,Ph)—Sr—Ca—Cu-0 system. It was established that simultaneous anion—cation
substitutions have a positive influence, speeding up the formation of the 2223 high-temperature
phase. ©1998 American Institute of Physids$$1063-785(108)01905-3

The fluorination of oxide superconductors ifigi, Pb)—  tassium content, the 2212 phase is the main superconducting
Sr—Ca—Cu-0 system promotes the formation of the 222phase. The 2201, GBbQ,, and (Sr,Ca)CuO; phases are
high-temperature superconducting phésee Ref. 1 and the detected as impurity phases, and negligible amounts of the
literature cited, increasesT/(R=0) (Refs. 1 and  and 2223 phase are identified. It can be seen from Fig. 1 that
improves other physical propertidsiowever, the use of dif- under these synthesis conditions, partial replacement of oxy-
ferent fluorine-containing reagents leads to variations in thgen with fluorine and strontium with potassium has no sig-
properties*® The technology required to produce supercon-nificant influence on the formation and growth of the 2212
ducting materials with highly reproducible stable propertiessuperconducting phase, although the partial substitution of
has not yet been developed. divalent strontium with monovalent potassium promotes ac-

We have already established that the addition ofcelerated growth of the GBbQ, and (Sr,Ca,Cu0; phases
potassium to samples having the compositionin samples having the stoichiometric composition
Bi, Py sSnCaCusOy  helps  to  increase T¢(R=0) Biy ¢Ply.aSr - K CapCusFy Oy -

and j.(77 K) (Ref. 6. In Ref. 7 we obtainedl;,(R=0) Figure 2 shows diffraction patterns of samples synthe-
=112.8 K for samples having the composition sized at 838 °C for 190 h. It can be seen that the samples
Bi1. 6Py 451 98K0.0LCCUsF) Oy . have multiphase structures. The phase content depends on

Here we report an investigation of the influence of po-the type and amount of additive. The main phases are the
tassium and fluorine on the formation of superconductingsuperconducting 222@ominanj and 2212 phases. The rela-
phases in a bismuth system, and on the variation of its phystive volume fractions of these superconducting phases
cal properties. glecting other nonsuperconducting phasestermined from

Samples having the nominal composition the intensities of the 002 diffraction peaks using the ratio
Biy Py 4SK K CaCWF,0, , (x=0, 0.02, 0.05;z=0, [H(002) orL(002)][H(002)+L(002)], whereH andL are
0.8 were prepared by solid-phase synthesis in air using ¢he intensities of the high-temperatuf@223 and low-
mixture of BLO;, PbO, SrCQ, CaCQ, CuO, K,CO;, and  temperaturé2212 phases, respectively, are given in Table I.
PbF, powder. The mixed and ground powder was calcinedt can be seen from Table | and Fig. 2 that the volume frac-
for 16 h at 750 °C. The calcined powder was crushed andion of the 2223 phase increases substantially, from 72% to
pressed into pellets 12.8 mm in diameter which were initially85%, when some of the oxygen in the initial sample is re-
annealed for 69.5 h at between 820 and 827 °C and themlaced with fluorine. An even greater increase in the volume
after repeated crushing and pressing, the actual synthesis wiaction of the 2223 phase is observed when oxygen is par-
performed at 838° for 190 h. The phase composition of theially replaced with fluorine, and strontium is replaced with
ground powder samples was investigated using a DRONpotassium(Figs. 2c and 2 As the potassium concentration
4-07 diffractometer, using @, radiation. The supercon- is increased fronx=0.02 tox=0.05, the volume fraction of
ducting properties of the samples were studied by measuringpe 2223 phase increases from 90 to 93% and the content of
the resistive and current—voltage characteristics. The tenthe 2212 phase decreases.
perature dependence of the electrical resistivity and the criti-  In addition to the main superconducting pha$2223
cal current density at liquid nitrogen temperature was meaand 2212, all the samples contain the 2201 and,PaQ,
sured using a dc four-probe method. The criterion for thephases as impurities, but their content is much lower than
critical current was IuV/cm. that in samples synthesized at temperatures between 820 and

Figure 1 shows diffraction patterns obtained from 827 °C. The content of the GBbQ, phase in samples con-
ground pellets for samples synthesized for 69.5 h at temperaaining fluorine and potassium is slightly lower than that in
tures between 820 and 827 °C and then cooled inside thihe initial sample containing no potassium or fluorifirég.
furnace. For all samples, regardless of the fluorine and pa2). After synthesis at 838 °C, very small quantities of the
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FIG. 1. Diffraction patterns of BigPh, ,SF,-,K,CaCusF,0,_, samples FIG. 2.‘ Diffraction patterns of BigPlky St K,CaCuF,0,_, samples
synthesized at temperatures between 820 and 827 °C for 695x=@®,  Synthesized at 838 °C for 190 h) a=0, z=0; b) x=0, z=0.8; 9 X
z=0; b) x=0,2=0.8; ¢ x=0.02,2=0.8; d x=0.05;2=0.8. =0.02,z=0.8; d x=0.05,z=028.

(Sr,Ca,Cu0; phase are only present in the initial sample butsamplegsee Table), and an almost constant transition tem-
for samples with added F, or K and F, this phase is noperature(Fig. 3. The addition of fluorine and of potassium
identified on the diffraction patterns. Table | gives the latticeand fluorine together during slow cooling of the samples
parameters of the 2223 phase determined from the diffracceducedT.(R=0), although the x-ray datdig. 2 and Table
tion patterns given in Fig. 2. It can be seen that the addition) show that these samples have a high content of the 2223
of F, or of K and F, reduces the lattice parameters. A greatephase. This may be partly caused by a deterioration in the
reduction in the lattice parameters is observed for sampleguality of the weak bonds at grain boundaries of the 2223
with both K and F added. The ratio of the unit cell volumesphase, as is evidenced by the lower critical current of the
for samples with added F and with added K and F to the unisamples(see Table ) The samples synthesized at 838 °C
cell volume for samples with no additives was 0.9973 andwvere then annealed in air at the same temperaturé fioand
0.9913, respectively. A similar effect was obser@dhen  quenched by rapid removal from the furnace.
0.4 mole of Cuk was added instead of CuO to Figure 3b illustrates the influence of quenching on the
Biq 8Pl 3551, - CaCuy 0o Samples. The samples with added temperature dependence of the electrical resistivity. For the
K and F possessed greater hardness, which was observedmple with added fluorinE.(R=0) increases after quench-
during grinding of the pellets and may indicate that thesdang, whereas for the initial sample and those with both po-
additives have a positive influence on the mechanical proptassium and fluorine added this temperature decre@ses
erties. Table | and Fig. 3p X-ray examinations do not reveal any
The temperature dependence of the electrical resistivitgubstantial influence of quenching on the phase composition
of samples synthesized at 838 °C is plotted in Fig. 3a. The@f samples synthesized for 190 h, with the 2223 phase domi-
R(T)R(200) curves for all the samples reveal a superconnating as before. The decreasesTig{R=0) for the initial
ducting transition near 110 K which is attributable to thesample(72% 2223 phagemay be attributed to the loss of
2223 superconducting phase with a zero-resistivity temperasxygen caused by quenching, which is consistent with the
ture (T,(R=0)) which depends on the composition of the published datgsee, for example, Ref.)9The increase in
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TABLE I. Structural and superconducting characteristics qfgBh, ,Sr, - (K,CaCusF,0, _, (x=0, 0.02, 0.05;
z=0, 0.8 samples.

Lattice parametefd

Quantity Phase Phase T (R=0)* j(77)

K(x) F(2) 2223%) 2212%) K Alcm? a, A c, A
x=0;z=0 72 28 109.8108.7 27.6 5.411 37.115
x=0;z=0.8 85 15 109.4.10.8 45 5.406 37.083
x=0.02;z=0.8 90 10 106.6.01.0 4.7 5.399 37.019
x=0.05;z=0.8 93 7 105.609.4 2.6 5.398 36.972

* Values of T,(R=0) in parentheses refer to quenched samples.
** | attice parameters given for the 2223 phase.

T.(R=0) for the fluorine-containing sample agrees with the A comparison of the data plotted in Figs. 1 and 2 indi-
results of Ref. 4 in which it is assumed that in samples withcates that in order to increase the volume fraction of the 2223
added F, the carrier concentration should be above optimumphase during synthesis at 838 °C, the maximum possible
to obtain maximunT . and a reduction in the oxygen content quantity of the 2212 phase and the intermediateRD&),

after quenching should reduce the carrier concentration angind (Sr,C3,CuQ; phases must be formed in the initial cal-
thus increasé& .(R=0). The existence of an optimum carrier cined materials at the preliminary synthesis stage at tempera-
concentration for maximunT, in a bismuth system was tures between 820 and 827 °C. Interaction mainly between
noted in Refs. 9 and 10. According to this reasoning, outhese phases during synthesis at 838 °C gives a high yield

results wherebyl'; decreases in samples with both K and Fof the 2223 phaséup to 93% for the sample witk=0.05
added may be interpreted as the result of a decrease in th@dz=0.8).

concentration of carriers relative to the optimum in this case.  To sum up, it has been established as a result of these
However, the results for the fluorine-containing samplesnvestigations that in dBi,Pb)—Sr—Ca—Cu-0O system, the
agree with the results of Ref. 4. simultaneous partial substitution of oxygen with fluorine and
strontium with calcium in samples having the nominal com-
position Bi Py sSr,CaCusO, substantially increases the
formation of the 2223 superconducting phase during synthe-
sis at 838 °C. Quenching from the synthesis temperature for
fluorine-containing samples increasegR=0), whereas for
samples with both F and K added this quenching reduces
T.(R=0). Mixtures of the 2212, G#bQ, and
(Sr,Ca,Cu0; are clearly efficient starting materials for the
preparation of bulk samples with a high content of the 2223
high-temperature superconducting phase.

This work was financed by the Basic Research Fund of
Belarus.
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Influence of a methane atmosphere on the temperature dependence of the conductivity
of polycrystalline silicon films

V. N. Shabanov and D. V. Shengurov

N. I. LobachevskiState University, NizhihiNovgorod
(Submitted November 14, 1997
Pis'ma Zh. Tekh. Fiz24, 16—19(May 26, 1998

The possibility of using polycrystalline silicon films in gas sensors is investigated. An analysis is
made of the influence of a small quantity of methane admitted into the surrounding medium

on the temperature dependence of the layer resistivity of films doped with acceptor impurities.
It is established that the resistivity increases appreciably in the temperature range between

470 and 500°. ©1998 American Institute of Physid$$1063-785(08)02005-9

Polycrystalline semiconductor films are used as activeespectively. The choice of sources with this dopant concen-
elements in many solid-state gas sensors. These sensors oation was based on the need to obtain polycrystalline sili-
erate on the principle that their electrical conductivity con films possessing fairly high conductivitfihe substrates
changes when gas molecules are adsorbed from the sumere silicon wafers coated with thermally grown $iO
rounding atmosphere. Films of metal oxide semiconductors-0.5 um thick. The residual gas pressure in the growth
such as ZnO, SnQ TiO,, and so on, are used for this pur- chamber during deposition of the films wasl0™° Pa. The
pose. One of the mechanisms responsible for influencing thearameters of the films are given in Table I.
electrical conductivity of the films is a change in the band  The gas sensitivity and the temperature dependence of
bending in the crystallites as a function of the species anthe resistivity of these polycrystalline silicon films were
guantity of adsorbed particles, which is caused by changes imeasured in a vacuum system consisting of a working cham-
the energy barriers at the grain boundaries and in the corber and a VN-2MG roughing pump. The limiting vacuum
centration of mobile carriers. This mechanism is observedvas 1.5 Pa. Methane was admitted to the chamber from a
most clearly when the density of biographical surface statesylinder via a flow regulator. In the presence of gas, the
is low.! pressure in the working chamber was increased to 25-30 Pa,

In this context, it is interesting to study the possibility of which corresponds to a concentration of methane molecules
fabricating gas sensors using polycrystalline silicon filmsof ~3x 10'® cm™3. The chamber contained a system of con-
coated with a thin layer of silicon dioxide, where the densitytact probes, a Chromel-Alumel thermocouple, and a heater.
of biographical surface states 4510°—10%° cn? (Ref. 2. The resistivity of the sample was measured with a V7-41

Polycrystalline silicon films are also of interest for mak- multimeter.
ing gas sensors intelligent, since the fabrication technology The sample was placed in the vacuum chamber and
for these films is compatible with integrated circuit technol-evacuated. When the pressure reach@dPa, the heater was
ogy. switched on and the sample was heated to 550-580°C. After

Here we report results of studies on how a small quantitythe temperature, resistivityR) of the sample, and pressure
of methane admitted into the surrounding medium affects théad stabilized, the working volume was valved off from the
temperature dependence of the layer resistivity of polycryspump, a batch of methane was admitted, and the resistivity
talline silicon films. of the sample was measured. Figure 1 shows a plot of the

The polycrystalline silicon films were prepared by mo-
lecular beam deposition from subliming silicon sources using

a technique described in Ref. 3. The sources were single- a5y
crystal silicon wafers doped with B, Ga and Al to concentra-
tions of 6x10™° cm™3, 6x10° cm 3, and 6x 10 cm™3, S 2l
1]
RS
A
o 15}
TABLE |. Parameters of polycrystalline silicon films. "
N
«
Temperature
Film Maximum at maximum !
Sample T,, thickness, gas sensitivity, gas sensitivity,
No. Source °C pum (AR/R)X100% °C A . . N
¢ 20 %0 67 & 100
89 KDB-0.005 600 0.4 15 480 ¢ 8
250 KDG—-0.005 700 1.5 40 500
168 KDA-0.005 600 1.2 57 470 FIG. 1. Time dependence of the change in the resistivity of polycrystalline

silicon films in a methane atmosphere.
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times. The results showed good reproducibility.
60 ) The results of measurements of the gas sensitivity of the
polycrystalline silicon films are plotted in Fig. 2, which gives
the relative change in the resistivityR/R as a function of
temperature. The maximum value AfR/R when methane
was admitted was 57% for sample No. 168 doped with Al
L We attribute the increased resistivity of the films during
h 2 the admission of gas to an increase in the height of the po-
tential barriers at the grain boundaries caused by the adsorp-
tion of methane. The bell-shaped temperature dependence of
i 3 b“ the gas sensitivity is typical of many semiconducting gas-

A , . . sensitive elements. As yet, no definitive explanation can be
200 300 SN0 SH0 600 put forward for this observation.

ad The results indicate that the resistivity of acceptor-doped

FIG. 2. Temperature dependences of the relative change in the resistivity g?0lycrystalline silicon films increases appreciably in a meth-
polycrystalline silicon films in a methane atmosphete:— Al-doped film, ane atmosphere at sample temperaturegvdﬁ0_500°c_
2 — Ga-doped film, and — B-doped film. The dependencAR/R(T) is bell-shaped.

§ 8

(AR/R) - 700%

3 8 &
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value of R generally recovered. The temperature was then4polycrystalline and Amorphous Thin Films and Devicesited by L. L.
reduced by 50—70°C and the entire measurement cycle was<azmerski(Academic Press, New York 1980; Mir, Moscow, 1983
repeated. At the temperatures where the sensitivity was high_ c\ateq by R. M. Durham

est, the measurement cycles were repeated two or threlited by David L. Book
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A new method of producing thin films

M. A. Khodorkovskil, A. L. Shakhmin, S. V. Murashov, A. M. Alekseev, Yu. A. Golod,
and A. N. Fedorov

“Applied Chemistry” Russian Scientific Center;
St. Petersburg Joint Research Center
(Submitted October 10, 1997

Pis’'ma Zh. Tekh. Fiz24, 20-23(May 26, 1998

A new method is proposed for the deposition of thin films using a pulsed supersonic molecular
beam seeded with molecules of the material being deposited, and a comparison is made
between this method and the conventional one. Taking as an example the unique properties of
thin fullerene films obtained experimentally by this method, it is concluded that this

method is potentially useful for depositing films of various materials. 1998 American

Institute of Physics.S1063-785(108)02105-3

Descriptions of adsorption processes available in the litdeposit thin films have been described in the literature.
erature make very little allowance for the kinetic and We used our method to deposit thin films of fullerenes
vibrational—-rotational energies of the impinging molecule.(86% Gy, + 14% G) and their properties were compared
This factor is attributable to the methods of forming the va-with those of thermally deposited films.
por phase conventionally used in the deposition of thin films A conventional pulsed supersonic molecular beam sys-
and epitaxial layers, where the energy of the adsorbed atoniem (see Fig. 1 was fitted with time-of-flight mass-
and molecules is determined by the evaporation temperatupectrometric diagnostics which could be used to monitor the
of the initial materials and does not exceed 0.2—0.3 eVbeam composition during the film deposition experiments.
However, the binding energy between adsorbed moleculeEhe carrier gas was helium at a pressure of up to 5 atm in the
and a surface and between the molecules themselves is i®zzle chamber. A Knudsen cell at a temperature of 400—
many respects determined by their energy paraméters600 °C was used to admit fullerene vapor into the flux of
Methods of producing thin films are now beginning to be molecular helium. The working chamber was evacuated to a
developed in which the kinetic energy of the adsorbed molfesidual pressure of 18 Torr. Depending on the conditions
ecules may reach several tens of electron Voise of the in the nozzle chamber and the temperature in the Knudsen
most promising of these is the seeded supersonic molecul&ell, the kinetic energy of the fullerene molecules was in the
beam method.In addition to having a high kinetic energy, range 0.1-2.0 eV. The concentration of fullerene vapor in
the velocity distribution of the molecules in these beams willthe flux could produce 200 nm thick films in 1 h.
correspond to very low temperaturédown to T=20 K The investigations revealed that the properties of these
(Ref. 4) as a result of gasdynamic cooling. This narrow films differ substantially from those deposited by other meth-
velocity distribution in supersonic molecular beams of ad-0ds, and specifically:
sorbed particles is responsible for producing homogeneous — the molecular structure of the fullerenes showed no
bonds between the adsorbate and the surface and between the
particles themselves. Unlike diffusion beams, the values of
these parameters can easily be varied over a wide range b v
varying the conditions in the nozzle chambepecies and
pressure of the carrier gas, temperature and nozzle geometn 2
and so on

Here we report the development of a new method of
seeding supersonic molecular beams by passing a stream ¢
carrier gas from a supersonic nozzle through a gas cell con ‘ —————
taining molecules of the material being deposited. Separating
the zones where the supersonic carrier-gas molecular beam |
formed and seeded allows us to vary the parameters of the
gas cell and the nozzle source independently. This mean.
that our method can be used to deposit thin films of almosIEIG. 1. Schematic of apparatus to form a supersonic molecular beam of
any materials. In addition, by varying the kinetic energy ofcarrier gas seeded with molecules of the material being deposited, with
the deposited molecules over a wide rai@8—10.0 eV, it time-of-flight mass spectrometric diagnostits:— entrance of drift tube of

is possible to obtain not only films with new properties but ime-of-flight mass spectromete2, — window for coupling in laser radia-
. . . tion, 3 — sample attached to rotating rod on sample manipulator-
also those with prescribed properties. skimmer,5 — vapor source of material to be depositét— supersonic

As far as we are aware, no applications of this method tgulsed nozzle, and — carrier gas intake.
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degradation under laser irradiation until they evaporatedgotechnical Institutefor showing continuous interest in this
whereas conventional films started to deteriorate at lasework.

power densities two orders of magnitude lower; This work was financed by the “Fund for Intellectual
— the desorption temperatures were 500 °C, wherea€ollaboration” under the program “Fullerenes and Atomic
those for thermally deposited films were 300 °C. Clusters,” supported by the Russian Ministry of Science.

These properties are attributable to the formation of
stronger bonds between the adsorbed molecules and the sur-
face and between the molecules themselves. Thus, the CaPR. 1 b Lambin A Dreux. and A. A. Lucas. Phvs I
bilities of the method described above combined with the [} '425(19%_ ' T ’ T P PhYS: '
experimental results confirm the potential usefulness of thie. Budrevich, B. Tsipinyuk, and E. Kolodney, J. Phys. Cha@0, 1475
method for depositing thin films with new properties. (1996.

To conclude, the authors would like to thank S. G. °J- D- Anderson, R. P. Andres, and J. B. FeBiydies Using Molecular
Konnikov, V. Yu. Davydov, and A. A. SitnikovéA. F. loffe ,\Bﬂii?(fvcrzlgg;%ﬁrzggfg:fS.Pmduwd Using Supersonic Nozais,
Physicotechnical Institujeand E. E. B. Campbe(Max Born  4Mm. A. Khodorkovski, A. A. Markov, A. I. Dolgin, Zh. Tekh. Fiz5@8),
Institute) for assistance in studying the properties of the 89 (1989 [Sov. Phys. Tech. Phy84, 898(1989].
films, and also R. NaamafWeizman Institute of Scienge Translated by R. M. Durham

for useful discussions, and A. Ya. VUWA. F. loffe Physi-  Edited by David L. Book
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Investigation of the structure of thin layers of hexadecane on a metal substrate
by infrared spectroscopy

V. I. Vettegren’ 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 September 15, 1997

Zh. Tekh. Fiz24, 24—-28(May 26, 1998

Infrared spectroscopy was used to analyze the structure of 0.a#il€hick layers of
hexadecane on a metal substrate in the range 3000—2808 dne results suggest that density
fluctuations occur in layers between 3 and A thick, whereas the hexadecane crystallizes

in thinner layers. ©1998 American Institute of Physids$1063-785(108)02205-§

Studies of the structure of thin layers of wetting liquid prations of CH groups at 0.85 maximum measured by us for
on the surface of solids are of major interest for surface thin layer of hexadecane were slightly smaller than the
physics and chemistry. Here we report results of a study ofalues given in Ref. 2, at 25 °C(1 and 0.5 cm' smaller
the structure of hexadecane(8s,) in layers between-0.5  for the 2924 and 2855 cht bands, respectivelyHowever,
and 10um thick on an Al surface using infrared spectros-ynen the rotational degrees of freedom are completely fro-
copy (the melting point of hexadecane is 18.2°C at 1)atm e the widths of these bands at this height are reduced by 4

Aluminum plgtes were washed with acetone, a layer ofyng 3 cm® for the antisymmetric and symmetric modes,
CigHsa was applied _W|th a soft brush, arld the plates WEr&espectively’ These data suggest that in a @ thick layer
placed horizontally in an external reflection adaptor, whichy, ‘an Al substrate GHa, molecules are conformationally

was mounted in the cell section of a Specord-75 IR mfrare%rdered(i e., contain no Gauche conformerand possess
spectrophotometer. A light beam was directed onto the SUbr'otationaI dégrees of freedom

strate at an angle of 20° and passed through the sample layer
before and after being reflected by the metal. The spectrgf .

were recorded at 25 °C. The thickness of the layer was det_emperature crystalline phase of alkanes and thus we postu-

termined by weighing and from the intensity of the 1378 . ;

1 . late that in a thin layer on a metal surface, hexadecane forms
cm™ - reference band. Overlapping bands were separated us- . :
ing the Peakit program. a hlgh-temperatu_re crystal with hexagonal symmetry.

Figure 1 shows the infrared spectrum of a @& thick When the thickness of the ;g layer is increased

layer of hexadecane in the range 2800-3000" £mThis above 3um, the 2924 cm?! band splits into two. This split-
ranges includes the 2924 and 2855 dmand 2959 and ting increases with increasing thickness and reaches 26 cm

2873 cn ! bands assigned to the Gldnd CH, antisymmet- (2935 and 2915 cm') in the spectra_ of 1@m thick samples

ric and symmetric vibrations, respectively, and also thelFig- 2. The spectra of the 1m thick samples also reveal

~2900 cni'! band assigned to Fermi-resonant interactionsPlitting of the 2855 cm' bands by 4 cm' and of the

between the Ckisymmetric mode and the GHovertone of 2900 cni'* band by 6 cm.

the scissoring mode. It has been established thahe frequency shifts of the
According to data given in Ref. 2, the widths of the 2924

and 2855 cm?! bands at 0.75 maximum are 17 Cfand

9 cm  for liquid hexadecane, whereas those measured by us

for a 0.5um thick layer on an Al surface are 13 and 7 ¢

respectively. It was shown in Refs. 2—4 that the widths of

these bands are predominantly influenced by three factors

the degree of conformational order, the rotational motion of

the molecules, and the interaction between the vibrational

modes under study and low-frequency libration—torsional vi-

brations of methylene groups. The authors of Ref. 2 investi-

gated the widths of the infrared bands of CH stretching vi-

brations of hexadecane molecules enclosed in narrow

channels formed by urea molecules. Under these conditions

the methylene groups are completely conformationally or- L

dered, but at room temperature they can rotate about theil 2960

axis and retain libration—torsional degrees of freedodta-  FiG. 1. Infrared spectrum of a thin layé0.5 xm) of hexadecane on an

tion of CH, groups. The band widths of the stretching vi- aluminum substrate in the range 2800—-3000 tm

Conformational ordering of the chains and the presence
otational degrees of freedom are typical of the high-

2929 2880 9, cm=1
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FIG. 2. Infrared spectra of layers of hexadecane of varying thick-
ness on an aluminum substrate in the range 2800—3000".cm
Layer thicknessa — 2 um, b — 5um, and ¢ — 10um.

2880 ) em™!

?

1
2960 2320

CH, stretching vibrations are mainly caused by changes in  The effects observed suggest that when the thickness of
the valence bonds and angles in the,@jfoup. Deformation @ layer of hexadecane on an aluminum surface decreases, a
of molecular bonds and angles is caused by severe compreshase transition takes place and a high-temperature crystal
sion or stretching of the sampl@scompression causes a forms.
high-frequency shift and stretching causes a low-frequency The authors would like to thank I. Markovidlerusalem
shift, with these frequency shifts being considerably strongetUniversity) for supplying the hexadecane.
for the antisymmetric vibrations compared with the symmet-
ric ones>® For these reasons, the splitting of these bands can
be attributed to the existence of density fluctuations.
The amplitude of the density fluctuations in a ufn
layer calculated from the band shifts wa$—7%(the Grin- 'R, G. Snyder, J. Chem. Phy&L 3229(1979.
eisen parameter for the antisymmetric mode of the, CH ?V. R. Kodati, R. El-Jastimi, and M. Lafleur, J. Chem. Phg8, 12191
group was taken as 0.qRef. 8). It is known that the prob- 3&1924?\}\/ R G Smvder and b L St 1 Cherm. PBES525S
ability of the formation of high-intensity fluctuations in- oo cod, R. G. Snyder, and H. L. Strauss, J. Chem. PBJs
creases abruptly near phase transition pdiftbus, the ex- g 3 Lee, W. L. Mattice, and R. G. Snyder, J. Chem. PI88.9138
istence of intense fluctuations may be taken as a precursor o0f(1992.
hexadecane crystallization. °M. V. Volkenshtein, L. A. Gribov, M. A. El'yashevich, and B. I.
The half-width of the 2935 cimt band was the same as 6Stepanov]\/lolecular Vibrations[in Russiar, Nauka, Moscow(1972.
that for the 2924 cm® band in a 0.5um thick layer, 24 Z&;%(Tl'gvggng’ T. E. Chagwedera, and H. H. Mantsch, J. Chem. Biys.
9 : . _ :
cm %, while the half-width of the 2915 cm band was 40 7y g Stanleyntroduction to Phase Transitions and Critical Phenomena
cm L. These data can be explained by the fact that in regions (Clarendon Press, Oxford, 1971
of high density, the hexadecane molecules exhibit conforma’C- K. Wu, G. Jura, and M. Shen, J. Appl. Phy§, 4348(1972.
tipnal ordering, whereas in regions of low density they arer . qated by R. M. Durham
disordered. Edited by David L. Book
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Characteristic features of the establishment of thermal balance between the phases are identified
for an arbitraryP-component composite and the time constant for temperature equalization

is calculated. An analysis is made to ascertain how the size distribution of the impurity phase
influences the time behavior of the composite temperature. A Laplace transformation is

used to find a general expression #Fy(t) and the specific form of this functional dependence

is calculated when the particles of the finely dispersed phase have a Poisson distribution.

© 1998 American Institute of Physids$1063-785(08)02305-3

In most cases, problems associated with studies of heat Let us take the specific heat per unit mass of the main
conduction in various types of crystalline, amorphous, andnatrix asco, and that of the impurity phase ag,. Obvi-
liquid structures, and other considerably more complexously, as a result of the contact influence of the finely dis-
structures, particularly composites and composite materialgersed impurities on the main matrix and because of their
have been resolved, and a vast number of original articlekrge numbefbut small size), the temperatur@, increases
and books have been published on these topics. The moand T, decreases. The equilibrium temperature of all the
comprehensive information which reflects the essence of theubsystems fot= will then by given by
problems in these materials can be found in bédksee
also Refs. 3—ywhich are rightly regarded as classics and
reflect and accurately describe not only an abundance of ex- & MoCom+ 2 MpCam
perimental data but also problems which are purely exercises
; . ) Wherem, andm; are the masses of the two phases, respec-
in applied calculations. For example, the authors of Ref. ively
give numerous examples of solutions of fundamental practi- .

. . . . . The heat conduction equations which describe the ap-
cal problems which are important for pure engineering appli-
cations proach of the two subsystems to the common temperature

MoComTo+ = M4CpmT g

, ()

. : : : T h i he followi :
However, it must be said that despite the extensive range®d are then written as the following system
of conceivable and speculative examples contained in the _ P Np . A
literature, there is, in our view, an equally important problem CodTo=xoA8To— 2 2 b (5To+oTY),
from not only the procedural point of view, but also from the p=1i=1
practical point of view, which requires an adequate descrip- cﬁg‘rg): %(ﬁi)A 51'2)_ a’ﬁ‘éi)(éTo+ 51'([;)),

tion and accurate solution. Here we refer to a composite
whose basic matrix contains finely dispersed formationgvhereNp is the total number of particles of th&th impurity
(subsequently called the impurity phase or simply impurities phase and the new index-1,2,3.... ,Np labels these par-
whose physical parameters differ from those of the mairficles, 8To=Teq=To, TG =TH—-Teq, Co=poCom. Cp
phase. =pgCpm, Po IS the density of the main matrix, and; is the
Suppose that such a structure is heated. Since the spéensity of the finely dispersed phase.
cific heats and thermal diffusivities of the two phases are  The coefficientsy* which appear in Eqg2) and(3) are
different, the heating of the composite will be extremelyrelated to the usual heat transfer coefficients @3:,50
nonuniform and inhomogeneous. In this context, we can as= ag'}jlél anda};(()')= a%/ﬁz, Whereagg is the coefficient of
sume that at any time the average temperature in the maimeat transfer from the main matrix to thé particle of theg
matrix will be Ty and that in the impurity phase will bgg, impurity phase,ag()) is the coefficient of heat transfer from
where the Greek subscrigt, having values of 1,2,3,.,P,  theith particle of theB impurity phase to the main matrix,
characterizes the number of physically different phasesnd the linear dimensiodis of the same order of magnitude
whose number i$. Heating then ceases and the compositeas the path lengthof that quasiparticle which is typical of a
is placed instantaneously in a thermally insulated mediungiven material. If the main matrix and the impurity phase are
(i.e., within a timeést<t, ., wheret, . is the time constant dielectrics and the temperature of the medium is lower than
for establishment of the temperature over the entire sampldhe Debye temperature, acoustic phonons play the role of
as a result of heat conductipThe question then arises as to these quasiparticléslf the temperatures are high, optical
how the temperature should be redistributed in the structurphonons may well play this role. That is to say, for a dielec-
if we assume, for the sake of argument, tiigt>T,? The tric we haved;=I,,,=Cys71, Wherec, is the velocity of
present paper is devoted to answering this question. sound in the impurity phase ang is the relaxation time,
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which is associated with interaction between impurity-phase )’g)=a28i)/cg)- (63
phonons and phonons of the main matrix in the boundary

region, andézzl.thzcz.st’ where Cas 1S thg ve]ocny of The integration constai@ will be discussed at the end of the
sound in the main matrix ang, is the relaxation time asso- calculations

ciated with interaction between phonons in the main matrix If the discrete index is replaced by the size distribution

and boundary phonons in the impurity phase. Quite clearly, . i . .
the relaxation times; and 7, differ because of the differ- function of 5-phase particle$s(R), Ed. (4) with allowance

ence between the phase volumes for the two types ofP r the solution(6) is written as follows:

phonons. It should also be noted that if the particles of the

finely dispersed phase are too fine, the role of the path length

I, andl, may be converted simply to the average linear

dimensionR of these particles. o
Equation(2) is averaged over some arbitrary voludé o .

considerably greater than the volume of the particles of the +ﬁzl Nﬁfo fa(R)aorYpr

finely dispersed phase, i.e).g)< V<V, wherev g is the

volume of theith particle of the8 phase and is the volume

of the composite. Clearly, if we imagine the volume of the

entire composite to be divided intq volumes 6V (q

=V/éV), on average equal, each of the elemefNsmay  We solve this equation by means of a Laplace transforma-

contain between one and several impurity particles. We shation. In fact, since the transform is

therefore assume that the change in the average temperature

To=(To)=JTodv/8V caused by the presence of several im- "

purities in the volumesV is equal to the natural temperature 5Tp=f STo(t)e Pdt, (83

fluctuations of the main matrix. This implies that 0

P
CodTo=—af 6To—B >, Nﬁf f5(R)agre” 7R'dR
p=1 0

X f 5To(m)e” 7R IdrdR. 7

J P 5T0du/5V:(x0/5V)j V8T,odS. and the inverse transform is

oV 8S

prever, the Iastzintegral will be of thg same order of mag- STo(t) = jﬁiw(STpep‘d o2, .
nitude asx,6T/L“ because of the continuity of the heat flux o—iw

from the volumeéV, provided that on the surfacéS sur-

rounding the volumesV there are no external heat sources.ye have, from Eq(7)

This condition can always be satisfied by suitably selecting

the volumesV so as to eliminate any impurity particles from P

its surface. The parametercharacterizes the linear dimen- Co(ST(0)+psTy)=— al ST, BE N
sion of the regionsV. As a result of this averaging, the B=1
system of equation&)—(3) has the form

P Np Xfo f5(R)ajord R/ (P+ vgR)

CodTo=—a} oTo— 2, 2, agy’oTy,
B=1i=1 P

. T . . * *
C‘(Bl)b“rg): _ az(()')(gro_,_ 5T,<8|))' +ﬁ§=:l Nﬁjo fﬁ(R)aﬁORyﬁRdR

The quantityag in Eq. (4) allows not only for the dimen- o t

sions of the region of integratioh but also for its limits Xf dtf 5To(7)e” 7RI 7Pdr,
between the main matrix and the impurity phase, and is 0 0

given by 9

P Np
a,szxon_zJr 2 E aE,ﬁi). Changing the order of integrati_on by means of a Dirichlet
f=1i=1 transformatiof reduces the last integral to the form

Since the times being considered afte<R5/min{xy}, o
wherey ) is the thermal diffusivity of the impurities arf, _ fx . fx J't
) J= N fa(R dR| dt| oT
is their linear dimension, the inhomogeneous tef§tA 5T¢) 32’1 £lo #R) @ porYm o Jo o(7)
in Eq. (5) can be dropped.
The solution of Eq(5) obviously has the form Xexpl— ygr(t—7)—ptidr

’ i . i t i — *
5"’2): Be™ y(B)t_ ,yl(Bl)e* y%)t J'O 5T0( T)ey(ﬁ)Td T, (5) 5Tp2 Nﬁf f,B( R) aBOR'yBRd R/(p+ YER)' (10)

where and we finally have
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P
CodT(0)+B, Nﬁf
p=1 0
STp=— 5

0

0

f5(R) aford R/ (P+ YgR)

©

f5(R) aforyrAR/ (P+ ¥gr)
(17)
We now calculatesT, for a specific dependende(R). Let

us assume that the distribution function is defined as a Pois-

son distribution, i.e.,

wherekg are integers.

Since the coefficients of heat transfeg; (ago) are in-
versely proportional to the area of the contact surfagg,
(apo) is proportional toRgz. Using Egs.(12) and (6a), the

12
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ZICo=(a}/Cy+p—mp®D/4),

whereD=3p_,(Cz/aj)¥% That is to say, for largép|
>af/Cy we have

Po=(4aj/mCoD)**> af/C,. (17)
Thus, in this case the cooling time is
tocoo= (TCoD/4ag )2/5- (18

integrals appearing in EG11) can easily be calculated using Whenaj is of the order ofaf , Cy is of the order ofC and
the Cauchy theorem and residue theory. Assuming, =[7P(Cy/af)(Col/a})%??5, or

B=6Ty(0), wethen have

ST - CO+EZ:1NB J15(P)
P ao+Cop_EZ=1NBJzﬁ(p)

6To(0), 13

where
J15=(mCglaKg! )(Cﬁp/az)k5/2+l
XexF’[_(Cﬁp/aZ)llz},
Jop=(mCgplakg! )(Cﬁp/a’é)kﬂ+°-5
XexF’[_(Cﬁp/aZ)llz},

whereC; is the specific heat of thg finely dispersed phase,
a};= agldy, andag is the coefficient of heat transfer of an

individual B-phase particle.

tZcooIE(CO/a‘a()I:)2/5>tlcool- (19)

To sum up, we mention the results which in our view are the
most important.

1. A theory has been constructed for the establishment of
thermal equilibrium in complex composite structures when
the main matrix contain® impurity phases with specific
physical characteristicheat transfer coefficient, specific
heatCg;, and thermal conductivity).

2. It has been shown that the size distribution of the
impurity phase has a very strong influence on the time taken
for the establishment of thermal equilibrium. This spread is
taken into account by introducing the distribution function

Using a Mellin transformation, we can write the changefB(R)_

in the temperature of the main matrix as
To(t)=Teg— 6To(0)Re
><f{f“W[ept(CowL2N5Jm(|0))]d|o
o—iw [T Cop—2Nglyps(p)] -
This integral is easily estimated in two limiting caséa}
|p|>aj/Cp and (b) [p|<aj/cg. In case(@), ENgJy o6(p)

is exponentially small and the integrél4) for o<ag/Cy
gives

(14

To(t)=Teq 8To(0)e™ 0%, (15
i.e., the cooling time is
tlcooIECO/a'z; . (16)

In case(b), ZNgJ; 55(p) is proportional top”. The denomi-
nator of the integra(14) is

Z=denominatorCy| ay/Co+p

P
—(wp/4)/;1 ((CBp/aZ,)kBJrl's)/kﬂ!}.

Assuming thak;=0, we then have

3. It has been demonstrated that the time taken for the
establishment of equilibrium between the two subsystems
(impurity + main matriX depends very strongly on the num-
ber of impurity phasessee formula19)) and on the relation
between the properties of the main matrix and the impurity.
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Mechanisms of photocurrent amplification in isotypic n*t-GaSb—n°-GalnAsSb—
n*—GaAlAsSbh heterostructures

S. V. Slobodchikov, Kh. M. Salikhov, Yu. P. Yakovlev, and B. E. Samorukov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 2, 1997
Pis'ma Zh. Tekh. Fiz24, 37-42(May 26, 1998

Measurements of the current—voltage characteristics, the photocurrent, and its dependence of the
latter on the bias voltagéorward and revergeand the magnetic field were used to

determine the current transport mechanisms in isotyipie GaSbh-r’—~GalnAsSb-x* —GaAlAsSb
heterostructures. Two mechanisms of photocurrent amplification were observed. In structures
with binary injection in the diffusion approximation amplification is caused by a change

in the lifetime with the level of dark carrier injection. In structures with drift transport,
amplification is caused by a “transit” effect. In both cases, the trapping levels play an

important role. ©1998 American Institute of Physid$$1063-785(18)02405-7

Gallium antimonide heterostructures with narrow-gapwith | ~V?, after which the characteristic has a cutoff, which
ternary and quaternary solid solutions are finding importanteads to ars-shaped characteristic, followed by a breakdown
practical applications. Thege-n heterostructures have been section withl ~V®. In group “b” structures, the forward and
used to fabricate light-emitting diodés,lasers’> and reverse branches have two sections with=3 andn,=6.
photodiode¥in the middle infrared. Less attention has beenThe S-shaped current—voltage characteristic is caused by
paid to studies of the electrical and photoelectrical propertiesodulation of the lifetime of the carriers injected into thfe
of isotypic heterostructures. The authors of Ref. 4 reportedayer as a result of the presence of a high density of hole
some results of studies of the photoelectric characteristics dfapping centers.
these isotypic heterostructures, where the observed photocur- The condition for complete filling of trapping levéls
rent amplification was attributed to increased transparency of,=qN,w?/e with V,=1 V for an n® layer of thickness
the barrier at the heterojunction. w=4x10"% cm ande=12 gives a density of centens,

Here we report new data which reveal a link between=5x10'* cm®. The dependence~ V28 34 reflects the di-
the current transport mechanism and the photocurrerglectric relaxation of carriers injected into th& layer. The
amplification mechanism inn"—GaSb-A°-~GalnAsSb— deviation from the theoretical curde~V? is either caused
n"—GaAlAsSb heterostructure@ig. 18. The fabrication by a decrease in the effective base lengtfn,>3) or by an
technology for the heterostructures was basically the same ascrease §,<3), depending on how ideal the injecting con-
that used in Ref. 4. We used a standard photolithographitacts aré. It is important to note that dielectric relaxation
technique and vacuum deposition to fabricate mesaphotdakes place when the base transit titpds shorter than the
structures with a mesa diameter of 3@@h and a 50um Maxwellian relaxation time and the lifetims, .
diameter Ohmic point contact to the illuminated Figure 2 gives the photocurrent as a function of the for-
n*—GaAlAsSb surface and a fused contachto-GaSh. For ward bias for type “a” structures with an exponential
the investigations the structures were mounted in a standalrrent—voltage characteristic and as a function of the for-
TO-18 casing. ward and reverse bias for type “b” structures. In the first

The current—voltage characteristics, photo-emf, and phoease, the maximum gain foa=1.2 um illuminating
tocurrent were investigated as functions of the forw@atl radiation was~200 and decreased with increasikg for
n*—GaSh and reverse bias, and the photocurrent was alsa=1.6 um it decreased by 30% and far=1.9 um by 60%.
studied as a function of the magnetic field. Figure 1b show§his behavior was attributed to an increase in the photocur-
current—voltage characteristics measured Tat300 and rent at zero bias. The gain of the “b” structures was sub-
78 K. Two types of characteristic were typically observed atstantially lower (~25) and did not depend on wavelength.
T=300 K: g an exponential dependence of current on volt-The photocurrent in the “a” structures increases approxi-
age at low bias ~exp@V/nkT) with n=1.7-2(curvel) and  mately exponentially as a function of forward bias between
b) a power dependence=b,;V"1+b,V"2 with n;=1-1.3 0.3 and 0.6 V. Unlike the experimental data reported in Ref.

andn,=2.8—-3.4(curves3 and4). 4, the structures studied exhibited no gain at low forward
We postulate that this behavior is caused by the binanpias or when reverse-biased.
injection of nonequilibrium carriers into the® layer, with We postulate that the exponential increase in the photo-

the diffusion mechanism of current transport predominatingcurrent | ,,~exp@V/nkT) with n=2.3 is caused by binary
in the first case and the drift mechanism predominating in thénjection under diffusion conditions where the photocarrier
second. The current—voltage characteristic at 78 K confirméifetime varies with the level of injection. In this case, we
this assumptioricurves2 and5). Curve2 has a short section have n=cosh{/L) (for w>L), whereL is the length of

1063-7850/98/24(5)/2/$15.00 386 © 1998 American Institute of Physics



Tech. Phys. Lett. 24 (5), May 1998 Slobodchikov et al. 387

I,A

,0‘2 | E& seV a L)

12
04
w3} o4
a
w0}

W]

M
3

-

=]
w8 7
) 1

=

19 207 7 5 % B 20 x#°
H, kOe

LXY 3
Qs

Vv

] . o . FIG. 3. Photocurrent versus magnetic field. Structure “&-illuminated
FIG. 1. a— Band profile oh™ —GaSh-"-GalnAsSb-A" —-GaAlAsSb het- by \ =1.8 um light, 2—illuminated by\=1.2 um light (right-hand scale
erostructureb — current—voltage characteristics. Structure “d"— for- on ordinatg; structure “b"—illuminated by =1.7 zm light.
ward branch lob=f(V), T=300 K; 2 — characteristic alf=78 K, logd
=f(logV). Structure “b”: 3 and 4 — forward and reverse branches of
current—voltage characteristic legf(logV), 5 — characteristic at =78 K. . _ . . _ .

g bsf(logV) obtaint,=8x10"1's, which givesr=2x10"° s. Amplifi-

cation is observed on the forward and reverse branches of the
current—voltage characteristic although its value for the same

diffusive displacement. Fou,~10° cnm?V~!s™! we have ¢ :

- . S C bias is naturally lower in the second case and reaches the
w/L=1.5. Modulation of the nonequilibrium carrier lifetime : . .
. : same maxima at voltages more than twice as high.
is caused to a greater extent by trapping at deep levels rather : S

. : The influence of the magnetic field on the photocurrent

than in the potential well of the valence band offset at the(Fi 3) is quite different and may indicate the type of am-
heterojunction, although the latter is not completely elimi- 9. q y yp

nated. In group “b” samples this factor is negligible. For plification mechanism. For structures with a diffusion

. T enos )
these samples, at low bigBig. 2, curve) the photocurrent mechanism of current transport a 40—50% increase in the

; o : ._photocurrent is observed fét = 20 kOe, whereas for struc-
typlcally decrease_s with Increasing voltage a_n_d then b.egm%res with a drift current, the photocurrent is reduced by
tq Increase, reaqhmg azmaX|4mum_ u_nder conditions of d_|elec20% In the first case, the increase in the photocurrent may
tric relaxation withl ~V28 34 This is because, for a high be céused by an incréase in the aradiehi&dx anddo/dx
densityN,, the probability of injected dark and optical car- y 9 P

. S ; : .~ .~ .since the Hall field of the dark carriers “compresses” the
riers undergoing intensive trapping and recombination is

higher in comparison with group “a” and their lifetime falls diffusion fluxes, impeding flow parallel to the plane of the

sharply. Increased injection of dark carriers leads to filling theterostructures.

. ; - . In the second case, the magnetic field reduces the diffu-
trapping centers, which reduces the recombination of optical. : ;

; T : . .. sive displacement length of the electron—hole plasma carriers

carriers and enhances their lifetime. This results in amplifi-

cation of the photocurrent owing to the “transit” effect of in the n° layer as a result of additional scattering which

the n® layer when the gain is defined as/t, and INCreases the transit tintg. B
t,=w¥ w,V. If it is assumed that we have for tm® layer These experimental results suggest that several amplifi-
r nVv-

. . -y
—10° o? V- ls ! w=4x10"% cm, andV=1 V, we cation mechanisms may be present in —GaSb—.
Ko n°-GalnAsSb-A"—GaAlAsSb heterostructures, depending

on the specific technological fabrication conditions.
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A possible method of reducing the magnetic field in a relativistic backward-wave tube
I. K. Kurkan, V. V. Rostov, and E. M. Tot'meninov

Institute of High-Current Electronics, Siberian Branch of the Russian Academy of Sciences, Tomsk
(Submitted October 20, 1997
Pis'ma Zh. Tekh. Fiz24, 43-47(May 26, 1998

A new configuration is proposed and implemented for a relativistic backward-wave tube using
the symmetric TN; mode which can appreciably enhance, by a factor of 2—3, the

generation efficiency of high-power 3 cm radiation pulses using low magnetic field4.998
American Institute of Physic§S1063-785(18)02505-]

One possible application of a relativistic backward-waveyields the conclusion that the radii of the cathodg) (@nd of
tube (BWT) is as a source of high-power microwave pulsesthe slow-wave structure must be increased and the highest
in nanosecond radatsEfficient oscillation is achieved in possible impedanced must be used. If increasing does
strong magnetic fields, which are required to form and transhot sufficiently improve the quality of the electron beam,
port the high-current electron beam. Thus, to date, pulsedecompression in a magnetic field decreasing smoothly from
periodic operation has been implemented using supercorthe cathode to the slow-wave structure should be used to
ducting solenoids. In view of the expense and maintenancachieve a further reduction in the velocity spréad.
difficulties, it is important to reduce the magnetic field to Thus, the selective excitation of the working wave is a
levels attainable in permanent magnets while maintaining th&ey factor toward increasing the transverse dimensions. The
BWT generation efficiency at around 20—3qRef. 2. selection element in the proposed BWT system using the

A conventional relativistic BWT uses the TMlowest TM,; mode is a resonant reflecfawhich is used to reflect
axisymmetric mode, and the average diameter of the ripplethe oppositely propagating wave, instead of a waveguide
slow-wave structure is close to the wavelength. In a moderwith an upper cutoff, i.e. a low-pass filter, with the radius
ating structure of these transverse dimensions, wave seleezvy\/27 (vo;=2.405). The equivalent electrical circuit to
tion and single-frequency oscillation are relatively easy todescribe the mechanism for reflection of the jfMnode
achieve. However, when the magnetic field is reduced, effrom a special cavity is a simplified version of a band-stop
fects associated with the transverse motion of the electrorfditer, a parallel resonant circuit built into a discontinuity in a
begin to play an important role. So-called cyclotron absorpiransmission line. The cavity geometry is formed by an axi-
tion of the oppositely propagating electromagnetic wave andymmetric groove of radiu® and width L bordered by
violation of the starting conditions for oscillation are ob- waveguides of radius matched at the edges. Although
served near the cyclotron resonansg=w+kjv (Refs. 3 rounded transitions having a radius of curvateréb—a)/2
and 4. Herev | is the longitudinal electron velocitg, is the  were used experimentally, we can assume for simplicity that
longitudinal wave number=2mwc/\, andwg=eB/mcyis  the groove has a rectangular profile.
the cyclotron frequency. For the wavelength range3 cm In the wavelength rangeg,/b<2w/A<wg,/a, where
and energiesy~2, exact resonance corresponds Bg voo="5.52, conditions for the existence of at least one
~1.2 T. A reduction in the efficiency is observed over a verytrapped-mode oscillation T are satisfied. The frequencies
wide range of magnetic fieldsA\B/Bg~1). of the natural oscillations in the absence of losses may be

This is typical of relativistic electronics, since the ratio determined similarly, as in the well-known quantum-
of the power bunching parameter responsible for the transmechanics problem of finding the energy levels in a rectan-
verse driving of the electrons to the inertial bunching paramgular potential well of finite depth The natural oscillation is
eter is proportional to}®yY28\/r,ZY* (Ref. 4, wherel, is  only unique if the conditione,L (1—a?/b?)Y2<2a is satis-
the beam currentg =v/c, r is the average radius of the fied. The existence of diffraction losses and Ohmic losses
slow-wave structure, and is the impedance of the coupling causes a downward shift of the resonant frequency. Since the
with the spatial harmonic. This notation omits any factorcoupling coefficient between the natural oscillation and the
which describes the radial structure of the wave, i.e., th&fMy, traveling wave is a function of the step height, the
TMg; mode is being analyzed. In weak fields with an induc-diffraction Q factor may be taken to be smaller than the
tion of 0.4-0.8 T, the electron beam structure contains @®hmic Q factor:Qy<Q,. For copper walls and a frequency
fraction of particles with a high transverse velocit§?™  of 10 GHz, we findQ,~10*. Then, in accordance with
~E, /yB (Ref. 5, whereE, is the electric field strength near Ref. 9, the reflection coefficient at the resonant frequency is
the cathode. This gives rise to additional effects which reclose to unity R~1—Q4/Q.
duce the efficiency, the most important of these being the For the experiments we used a reflector geometry which
dispersion of the electron longitudinal velocities. Resonanprovides fairly good coverage of the generated spectrum
absorption near the second harmonic of the cyclotron fre(Q4~10). It is fundamentally important that even for a rela-
guency may also be observed. An analysis of these processtagely low Q factor, as a result of the difference in the radial
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FIG. 1. Schematic of relativistic backward-wave tube with resonant reflector o )
and experimental dependence of output power on reflector position. magnetic field(Fig. 2). The pulse length was around 10 ns.
When electron beam decompression was used with the field
at the cathode exceeding that in the moderating structure by
distribution of the field, the component of the electric field a fixed excess of 1.4, the generation zone expanded toward
in the central plane of the reflectéat the radius~0.70) is  Weaker fields, which was observed as a shift of the left-hand
almost an order of magnitude greater than the amplitude dpoundary by approximately 20%.
the first negative spatial harmonic in the slow-wave struc- ~ TO sum up, the first experiments to produce a moderately
ture. Thus, the reflector also functions as a modulating gapversize BWT with a resonant reflector have shown that the
The depth of velocity modulation of the electrons may beefficiency in weak magnetic fields can be enhanced apprecia-
very substantial, so it is important to optimize the position ofbly and the fields required can be generated using a perma-
the reflector relative to the first ripple of the slow-wave struc-nent magnet. _
ture. The choice of this distance; in Fig. 1) influences the This work was partly supported by the GEC—Marconi
evolution of beam bunching, but at the same time it cannoResearch CentétJK).
be arbitrary since it determines the phase difference between
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Initial stages in the formation of a CsAu surface alloy
M. V. Knat'’ko, M. N. Lapushkin, and V. |. Paleev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted December 23, 1997
Pis'ma Zh. Tekh. Fiz24, 48-54(May 26, 1998

Threshold photoemission spectroscopy is used to study the formation of a CsAu alloy during
deposition of Cs on an Au substrate. It is shown that both the Cs surface layer and the
CsAu near-surface alloy undergo indirect photoexcitation. It is found that the formation of a
CsAu alloy is accompanied by a sharp rigg several factors of tgrin the photoemission current
while the photoemission threshold remains almost constant. This behavior is attributed to
the formation of a band of electronic states near the Fermi level19@8 American Institute of
Physics[S1063-785(18)02605-§

The interaction between alkali met&ll) atoms and gold of the integrated photoemission currehghv) andl,(hv)
has been studied on numerous occasions. The adsorption w$ing s- and p-polarized exciting light, respectively, in the
alkali metal atoms leads to reconstruction of the surface layegnergy rangehv=1.4-3.5 eV for various Cs deposition
and to the formation of §Au, alloys in the near-surface times (the s-light only has theg component, while the
region of the gold substrafe® In this case, the properties of p-light has both¢’ and ¢, components (b) the concentra-
the alloys differ substantially from those of gold metal. Al- tion dependence of the reflection coefficierRg(t) and
loys of CsAu are usually formed by exposing a gold sub-Ry(t) as a function of the Cs deposition time on an Au
strate to cesium vapor a>250 K. The CsAu alloy is substrate foh»=1.96 and 2.81 eV. The angle of incidence
formed by the diffusion of Cs atoms into the gold metal afterof light on the sample wag=45°.
a Cs monolayer coating has been forfiethe compound The spectral dependence &, for pure Au varies
thus obtained has a CsCI crystal structure and a lattice cor@bruptly in the energy randgev=1.4-3.5 eV. The deposition
stant of 4.25 A. Moreover, CsAu is an ionic semiconductorof Cs on Au caused no change in the reflection coefficients
with a band gapE,=2.6 eV (Ref. 1). However, very few Rs andR,, of the substrate to within 0.5?/&71@:1.9_6 eV and
experimental investigations have been made of its electroni¢-5% hv=2.81 eV for all the deposited Cs films. Thus,
structure near the Fermi leveEf). This is because the ul- these coefficients remain the same as the initial values for
traviolet spectroscopy conventionally used for this purposéure gold, which indicates that they vary negligibly as a
exhibits very poor sensitivity to states neg which are  result of processes induced by Cs adsorption. Therefore, we
responsible for the semiconducting properties of the solid. Normalized the measured photocurrent to the same number

This shortcoming does not arise in threshold photoemisOf absorbed photongthe coefficientsRs , were calculated
sion spectroscopy,which has been successfully used toUsing the Fresnel formulas, using known values of the per-
study the adsorption of alkali metal atoms on Cg/Reéf. 7 Mittivity &,,(hv) (Ref. 11.
and Cs/Ag metald,and also on Cs/§i11) semiconductors. Figure 1 gives the spectral dependence of the photocur-
A characteristic feature of this method is that it can separatéents!sp(hv) for various times of Cs deposition on an Au
the surface and bulk photoemission, since the component gPstrate. For times<200 s, the photocurrentg(hv) and
the electric vector?; of light parallel to the surface only !p(h») are the same, within experimental error, over the en-
induces bulk photoemission, while the componént nor-  tire spectra_l range. Furthe_r deposition of €500 9 leads
mal to the surface induces emission mainly from the surfac&® substantial differences in the shape of these curves and the
layer. In addition, the threshold photoemission method ignagnitude of the photocurrents in the energy range
sensitive to states neBk . We used this method to study the N¥=1.4-2.6 eV. For short Cs deposition times, the photo-

adsorption of Cs on Au, which changes the electronic struc€mission is obviously excited from the same spatial region in

ture of the surface and near-surface layers of the gold sufi® Pulk of the substrate, whereas for longer deposition

times, photoemission begins to be excited from the surface

strate.
The experiments were carried out in an ultrahigh®er- , ,
vacuum system aP~5x 10" Torr. Gold foil of 99.99% Since it is known that CsAu is a semiconductor, an ap-

fRroach proposed in Ref. 10 can be used to analyze the pho-
tocurrent spectrum. In this approach, the dependence of the
photocurrent on the excitation energy near the photoemission
thresholdh1? is described by the following expression:

purity was used as the substrate. The gold was purified fro

contaminants by heating in vacuumB& 1100 K for 10 h

and then af=1100 K in oxygen at pressuigy, = 2X 1076

Torr for 2 h(Ref. 10. An atomically pure flux of Cs atoms

was then directed onto the Au substrate at room temperature. |(hy)=c(hv—h°)",

The coverage was assessed from the cesium deposition

time t. wherec is a coefficient andh is an exponent whose value
We recorded the following(a) the spectral dependence depends on the mechanism of photoexcitation.
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FIG. 1. Spectral dependence of the photocurrégftsv) (a) andl,(hv) (b)
for various times of Cs deposition on Al: — t=65 s,2 — t=200 s,
3—t=270s, andd —t=370 s.

FIG. 2. a — Photoemission thresholds? (1) andhv} (2) versus time of
Cs deposition on Aub — photocurrent4(t) versus time of Cs deposition
on Au for the excitation energiy=1.96 eV.

We used this approach to analyze the curves plotted iffior the excitation energiir=1.96 eV. Since the-polarized
Fig. 1, and found that for cesium deposition times200 s,  light only excites bulk photoemission, it is logical to expect
this exponent is1=1. This value ofn is indicative of direct that thel(t) profile will reflect the changes ihv?, as was
optical photoexcitation of the semiconductor structure in theobserved in a Cs/8i00) system:* In our case, it can be seen
bulk of the solid. In our case, this may be attributed to thethat for t>240 s, even negligible changeshv,~0.1 eV
initial stage of growth of the alloy into the Au substrate.  change the photocurrent severalfold.

We observed that further deposition of Cs was accom-  For example, the timefy, andt,, correspond to the same
panied by a change in the mechanism for the photoexcitatiophotoemission  thresholdé»2(t,) =h»(t,) although the
of emission by p- and s-polarized exciting light. For photocurrentg(t,) is ten times smaller thain(t,). This dif-
s-polarized lightn increases ton= 3, which corresponds to ference can only be explained by an increase in the depsity
indirect optical excitation in the bulk of the solid. This value of electronic states involved in the photoelectron emission
of n is observed for the classical Si semiconduttand for  process. Thus, the adsorption of Cs is accompanied by an
the adsorption of Cs atoms on this semiconduttéior increase irp, i.e., by the formation of a band of CsAu elec-
p-polarized light,n increases tm=2 which corresponds to tronic states in the near-surface region of the substrate as a
indirect optical transitions accompanying surface photoemisresult of growth of the alloy into the substrate. This band is
sion and indicates that the Cs surface layer becomes metglositioned near and belo&r and determines the electro-
lized. Metallization of the Cs surface layer was detected byphysical and chemical properties of the alloy. We assume
threshold photoemission spectroscopy in a Q&) sys- that the minimum ohv%S corresponds to the formation of a
tem at submonolayer Cs concentratidria.a Cs/Au system monolayer Cs coating on the substrate after which the CsAu
metallization of the Cs surface layer was detected by neutrakurface alloy begins to grow rapidly into the gold. This be-
ization of metastable-excited atorhs. havior is consistent with the results of Refs. 4 and 6 in which

Figure 2a gives the photoemission thresthaJr%S as a it was found that the alloy begins to form after a monolayer
function of the deposition time of cesium on Au. For short Cs coating has formed on the Au.
Cs deposition times, the thresholtisY and hv) are the To sum up, adsorption of Cs before formation of a
same. Fort>100 s, some difference can be observed bemonolayer is accompanied by diffusion of Cs atoms into the
tween the thresholdssvg andhvg. Figure 2b gives the pho- Au substrate and by the formation of a subsurface CsAu
tocurrentl4(t) as a function of the cesium deposition time alloy. After the CsAu alloy has been formed, the Cs surface
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New prospects for the development of short-wavelength x-ray holography
A. M. Egiazaryan

Institute of Applied Problems in Physics, Armenian Academy of Sciences, Yerevan
(Submitted October 20, 1997
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A description is given of an original proposal to use an analog of a Mach—Zehnder
interferometer to record holograms in the x-ray range. 1€98 American Institute of Physics.
[S1063-785(108)02705-0

The implementation of short-wavelength x-ray hologra- kt;(1-n)  kty(1-n) 7
phy is extremely important for the development of micros- cog O+ a) - cog <f) ) (1)
copy, and also for visualizing the internal microstructure of
substances opaque to optical radiation. Thus, shortvheren is the refractive index of the crystal ar} is the
wavelength x-ray holography is of particular interest as &ragg angle. » ) .
complement to electron microscopy and optical holography. ~ When ti~10"%cm, k~ 10°cm !, and 1-n~10°,

The method opens up new prospects for x-ray flaw detectio ’onditi(')n('l) yieldsa~ 10*3'rad. Since the angular regior) of
holography of micro-objects, and coherent x-ray optics. transmission of the crystal is of the same order of magnitude,

There is no doubt that certain difficulties must be over-fo-r an ideal interferometer. geometry the phase surfaces

. . o(r n re similar. The experimental r ig.
come to implement x-ray holography. No intense sources o o(r), v, andi are simila e experimental resultsig

h ¢ ilable. H timates of th ) show that for an ideal interferometer geometry, the inter-
coherent x-rays are avariable. HOWeVer, estimales ol IN€ Cqgance patterns are equidistant fringes and are obtained by
herent density of the radiation intensities of existing x-ray

. ) _ interference between two plane quasimonochromatic waves
source$? indicate that a resolution of aroundguin is a re-

- . ‘ﬁhoh and ¢ohh or ¢oho and whoo-
alistic proposition for x-ray holography. The development of In this case the wavey,,, may be considered to be the

x-ray interferometry and the fabrication of x-ray crystal reference wave andg,,, the object wave. Thus, these inter-
monochromators as distinctive sources of coherent x-rayference patterns are very simple x-ray holograms. The angle
have led me to the idea of using x-ray beams diffractionhetween the directions of propagation of thg,, and ¢,
collimated in crystal monochromators for short-wavelengthwaves is extremely small, However, so that the distance be-
x-ray holography using an interference technigde. tween the interference fringes is much greater than the wave-
Comparing the problem of recording x-ray interferencelength of visible light(Fig. 2). Thus, the object wavé,q,
patterns with the recording of holograms, we note that, subeannot be reconstructed from this hologram using optical
ject to certain constraints, these patterns may be considerédaser light. In order to reduce the distance between the inter-
to be h0|ograms and the object image may be reconstructéérence fringes to the order of the Wavelength of visible |Ight,
in visible light. Assume that an x-ray monochromatic beamthe angle between the directions of propagation/gf, and
having the amplitudei(r) is incident on a triple-unit inter-  %onh MUSt be increased as far as possible. This can be

ferometer cut from perfect monolithic crystal at the angle ofachieved by placing a suitable homogeneous prism in the
incidence(Fig. 1. If the first unit is fairly thick (ut,>1, Path of the reference waug,, which does not deflect this

wheret; is the thickness of the first unit and is the linear wave from its reflection positiogsee8 in Fig. 1). The angle

absorption coefficient of the crysjaldiffraction of the pri- of deflectionAa of Fhe Wav.e%“ incident normally on the
. . . . . . entry face of the prism is given by

mary incident wave in this unit results in the formation of

almost identical waved(r) and y(r), propagating in the Aa~(1l—n)tan«, 2

directions of reflection and transmission, respectivéliif-

fraction of these waves in uniand3 produces the waves

of interest to us, having the amplltu_d¢§o gnd %h'_ which The angular region of transmission of the crystal is of

converge at the entry face of urdit Diffraction and interfer-  yhe order of ten arc seconds, and thus the angle between the

ence in unit3 produces the beambands. The wavesfnon  girections of the waves,o, and i, may be increased up

and iy propagate in the direction of bead while ¥ono  to this limit in accordance with Eq2). Consequently, the

and i, Propagate in the direction of beapinterfering in - gistance between the interference fringes may be reduced to

the spatial regions where they overlap. We estimate the dihe wavelength of visible light so that the object wayg,,

mensions of the angular region of those Fourier compo- can be reconstructed by optical laser radiation. Structural

nents of the wavejq(r), which, on passing through unlt  modifications can be introduced In the left arm of udifin

and a vacuum layer of the same thicknessare identical in  the region of diffraction of the wave,,) without deflecting

the sense of acquiring the additional phase the waveys, from its reflection positiorti.e., the shaded area

where « is the prism angle and is the refractive index of
the prism.
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FIG. 1. Interferometer system for recording short-wavelength x-ray holo-

grams.

in Fig. 1). A corresponding object waw, .y, is then formed,
whose phase surface is similar to that of the wakg in
accordance with formuldl). By reconstructing the wave
Unon With optical laser radiation, we obtain a visible, magni-

A. M. Egiazaryan

FIG. 2. Interference pattern of triple-unit interferometer with ideal geom-
etry.
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Relation between the plasticity index and the pseudopotential of covalent
tetrahedral crystals

A. F. Shchurov, V. A. Perevoshchikov, and A. V. Kruglov

N. I. LobachevskiState University, NizhihiNovgorod
(Submitted October 29, 1997
Pis'ma Zh. Tekh. Fiz24, 60—-64(May 26, 1998

On the basis of experimental results of measurements of the plasticity index of covalent crystals
including Si, Ge, and llI-V compounds, it is established that the low-temperature plasticity
characteristics of tetrahedral crystals are related to the pseudopotentigl99® American
Institute of Physics.S1063-785(08)02805-3

The literature now contains a wealth of theoretical and  Here we attempt to show how the low-temperature plas-
experimental results which indicate that the plastic propertiesicity characteristics of covalent tetrahedral crystals are re-
of covalent crystals are related to their electroniclated to the pseudopotential.
structuret™’ The authors of Refs. 4 and 5 give dependences The dimensionless parametdy;, known as the plastic-
of the plasticity characteristidsuch as the activation energy ity index, was taken as the plasticity characteristic. This in-
and dislocation velocity, critical shear stress, and hardnesslex determines the fraction of plastic deformation in the total
on the crystal band gaffig. 1). It is knowrP that the dislo- elasticoplastic deformation taking place beneath an indenter
cation velocity may be given by in the absence of any macroscopic damage to the material

and may be given By

Va=Brexp(—Uo/KT), @ Sy=1—14.31— v— 202 HV/E @)

whereB andm are constants and is the applied stress. It whereHYV is the Vickers hardnes is Young's modulus,
can be seen from Eql) that asU, increases, the dislocation and v is the Poisson ratio. The measurements were made
velocity decreases. Thus, as can be deduced from Fig. 1, thesing a PMT-3 device.

plasticity of covalent crystals decreases as the bandegap For the investigations we used silicon and germanium
increases. In Refs. 4 and 7 the correlation betwdgrand  elementary semiconductors and IlI-V compounds compris-
Eq is explained by the need for covalent bonds to be brokeing phosphides, arsenides, and antimonides of indium and
during the motion of dislocations and by the transfer of elecgallium. All the samples were rectangular wafers measuring

trons from the valence band to the conduction band. at least 110 mm, at least 1 mm thick, with the main
Uo,eV
12
C
10+
8
FIG. 1. Correlation between the activation energy for
sl motion of dislocations and the band gap for covalent
crystals?
g s
si
t R 4
inso 4" CGe
‘ 47 GaSb
0 + + 4 —t +
¢ 1 2 3 4 5 ¢ Eg,eV
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surface oriented in thel11) crystallographic direction for Si  However, diffraction processes may cause electron transi-
and Ge, and in th¢111)B direction for 1ll-V compounds. tions across the entire Jones band accompanied by a change
The surfaces of all the samples were treated and prepared msthe electron wave vector byi11] 27/a (Ref. 11. This
follows: bilateral (on the working and nonworking sides corresponds to a large matrix elemént,; which deter-
mechanical grinding and diamond polishing was followed bymines the band gap at point. Thus, the gap at th€20
chemical dynamic polishifgo remove the structurally dam- face is 4W;,4, and the matrix element is given By
aged layer of single crystals and obtain a surface with a
roughness height 0&£0.05 xm. Wiq= —47Ze/Voq%e(0), (©)
Microindentation can be used to determine the charac- .
teristics of low-temperature plastic deformation producethereq:.ZW‘E/a’ Z. is the number of \(alence elgctrons_per
mainly by dislocation glide, without the application of high- a}tqm,vo Is the atomic volume, anel(0) is the static permit-
temperature deformation processes. Almost all the datiVV- . .
available in the literature refers to relatively high tempera- Using known experimental values 9.((.)) (Ref. 13, we
tures, but the low-temperature behavior remains little studie?alcqlated Wiy and plotted the plasticity inde&y as a
because of the brittle fracture of the materials. For low-1unction of the theoretical value Qf the ba_md gapg, |
temperature plasticity one of the present authors put forwaraalcglated. using th? pseudqpot_ent_lal metlieig. 2). A clear .
the hypothesis that the activation eneldy for the motion relationship is obtam_ed, which m@cates that pseudopot_en'ual
of dislocations(Peierls barrier fore=0) is related to the theory may be applied to describe the plastic properties of

pseudopotentid Here it is shown that if dislocations move COV?I_Iﬁm crlystaI:/.V iv b lculated using dat
conservatively through the crystal lattice, the energy for re- € value oly, can easlly be calculated using data on

arrangement of atoms in a dislocation center without an)}he (:,ZSt?I arl;? glecttLonlc L:,.trulctured'oi.a m?t'(:rlall, rrt1.ak|ng It
change in the average density is proportional to the effectiv@ 0SSP 10 oblain a theoretical prediction ot 1is plastic prop-

spherical potentialVg4(r), which is proportional to the

square of the pseudopotentll(q) (Ref. 11). From this it

follows that the activation energy, is related to the band

gapEg since Eg:2|W(CI)| (Ref. 12. 1p. HaasenAtomic Theory of FracturéNew Topics in Foreign Scienge
Here we establish a correlation between another plastic-[in Russiar, Mir, Moscow (1987, pp. 213-235.

; ot ity _ 2Yu. A. Osip'yan and V. F. Petrenko, iRhysics of VI Compounds
ity characteristic, the plasticity inde&), and the pseudo edited by A. N. Georgobiani and M. K. Simkman[in Russian, Nauka,

potential. ) ] ) Moscow (1986 pp. 35-71.
The electronic states in 1lI-V compounds and in carbon 3H. Teichler, Phys. Status Soli@3, 341 (1967).
group crystals can be conveniently described using a largéJ. Gilman, J. Appl. Physt6, 5110(1975.

. : . 5 . . . ‘
Jones band whose volume is sufficient to accommodate a”Yu. E. Belousova, Yu. M. Litvinov, and F. R. KhashimoJgEtron. Tekh.
Ser. 6. Materl, 28 (1984).

four electrons from each atom. The Plane§ bo.unding thesT suzuki, S. Takeuchi, and H. Yoshinagaislocation Dynamics and
Jones band ar€220) planes for which diffraction is weak.  Plasticity (Springer-Verlag, Berlin, 1991; Mir, Moscow, 1989
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Quenching of photoconduction in semiconductors with pulsating recombination activity

S. Zh. Karazhanov

Physicotechnical Institute, “Solar Physics” Scientific Industrial Association, Tashkent
(Submitted November 6, 1997
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A new mechanism is proposed for the quenching of photoconduction and a negative internal
photoeffect caused by the metastable nature of defects19€8 American Institute of Physics.
[S1063-785(108)02905-X

(o}

It can now be considered to be well-established that( dn a

photo-, thermal-, recombination-, and exciton-stimulated E:C”NR[nlfan(lffR)Hq): ~Unto, D)
transformations of metastable defects have a strong influence g,

on the elastic, thermal, electronic, and magnetic properties of g; = CeNRL(1~frIP1—frp]+ @ =—Up+d, (2)
solids™® and are responsible for many phenomena and ef
fects, especially the formation of dissipative structures an
the photovoltaic effect, among others. The idea that such
mechanism may be responsible for these two effects was fir
suggested in Ref. 1 and was confirmed experimentally. Here® is the rate of photogeneration of free carridfsis

The formation of dissipative structures was attributed to thehe rate of stimulated conversion of recombination-passive
photostimulated transformation of metastable EL2 defects imenters to recombination-active ones,andp; are the sta-
gallium arsenide in Ref. 2, to the photostimulated generatiotistical Shockley—Read factors related to the energy IByel

of metastable dangling bonds in hydrated amorphous siliconf the recombination-active center, afg is the degree of

in Ref. 3, to the injection transformation of charge states oflectron filling of N%.

metastable manganese impurities in silicon in Ref. 4, to the L€t us consider the case where the activation of a passive
photostimulated transformation of metastable gallium impu-Center is stimulated by illumination. In this case, the tdfrm

p :
rities in lead telluride in Ref. 5, and to photostimulated struc-" EG- (3) may be expressed &5s=x®™* N, whered™ is the

tural conversions in germanium disulfide in Ref. 6, and Sonur_nber of photons incident per unit “T“e per un_lt volume,
on which transfer the center to the recombination-active state by
' L photostimulation. Thed and®* may correspond to differ-
Here it will be shown that the metastable nature of

i . ent frequency ranges of the incident photons.

defects may also be responsible for the quenching of photo- ;qer steady-state conditionsir/dt=dp/dt=de/dt,
conduction and a.1 negative photoeffect. Si-nc.e these effectgn:Up:U), by linearizing Egs(1)—(5), we can obtain a
have an adverse influence on the characteristics of, e.g., phgystem of algebraic equations for the small increments of the
toelectric solar energy converters, and metastable defects ofgee electron concentratiohn=n—n,, the hole concentra-
cur in many semiconductors widely used in modern phototion Ap=p—p,, the concentration of recombination-active
energetics (for example, in silicon, gallium arsenide, metastable centerSNg=Ngz—Ng , and also the degree of
hydrated amorphous silicon, and so)oit is interesting to  filling Afg=fg—f,, whose solution can give

study the mechanisms responsible for the quenching of pho-

dNg__ N&— N
dt ™

NL=N2+NBR, p=n+Nafg. (4)—(5)

T, (3)

P[CyNEofo+Cr(ng+n;)+Cp(Pot+p1)]

toconduction. . Contb* (NE — NANE 1 f Lt r*) -1

An analysis is made of a semiconductor containingan— nCpx®” (N~ Nro)NroNoforn(1 + %7y ®™)

. . a a !

metastable defects with the concentratidh, of which a CnCpNrol Nrofo(1—fo) +(No+n1)fo+ (Potp1)(1—fo)] 3
negligible fractionN% is in a recombination-active state, i.e., ©
they exchange carriers with both allowed bands. The largest ®[CNEy(1—fg)+Cph(ng+ny) +Cp(Potp1)]
fraction of these centerd|%, are in a recombination-passive A= —CnCpx®* (Ng—NRo)NR[ P1(1—fo) 7 /(1 + sy ®*) ]
stalte, i.e., carriers do not recomt')me' via thgse CeNters.™ ¢, N&o[Naofo( 1—fo) +(Ng+ny)fot (Pot pr)(1—fo)]’
It is postulated that the recombination-passive centers )

undergo photo-, recombination-, and exciton-stimulated
transformation which helps to transfer them to the
recombination-active state. The centers are transformed bagkere n, p,, N&,, andNR, are the concentrations of elec-

ANE= 57\ @* NRo(1+ 27y ®*) L. )

spontaneously. trons, holes, recombination-active, and passive centers in a
The kinetics of the relaxation of excitation in this type of thermodynamically equilibrium state. By analyzing Egs.
semiconductor is described by the system (6)—(8), we can easily establish that farryd* <1, An and
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Ap decrease, whild N increases as the rate of photostim- indicates the onset of a thermal photoconduction quenching

ulated transformation of metastable defedt$ increases,
when

D[C,NRofo+ Cn(Ng+n1) +Cp(Potp1)]
N%OnofoTN

>C.Cxd* (NL—N& ) ————, 9
n“~p ( R RO)(1+%TN<D*)

D[CNRo(1— o)+ Ch(Nno+ny) +Cp(Po+P1)]

effect.

It is known that at high temperatures defects are an-
nealed. In this temperature range the rate of thermally stimu-
lated activation of recombination activily and the lifetime
7y Of metastable defects in E¢B) decrease with increasing
crystal temperature, which causes a droplfpand recovery
of photoconduction.

To sum up, photo-, thermo-, recombination-, and
exciton-stimulated transformations of metastable defects

t p1(1—fo) 7y may give rise to photoconduction quenching and a negative
>ChCpx®* (Ng— Nﬁo)Nﬁoﬁ- (100 internal photoeffect. Under the conditions of the quenching
RN effect, the carrier lifetimer decreases as the rate of conver-
Thus, the carrier lifetimer sion of the metastable centers increases. This decrease in the
lifetime 7 reduces the short-circuit curredt, and the open-
= an 1 Notn L Potps (11)  circuit voltageV, of the photocells:

‘U C,Ngng+py CyNg No+po’

obtained from Eqs(1)—(2) under steady-state conditions de-
creases, which supports the evolution of an optical photocon-
duction quenching effect. For high rates of photostimulated
conversions of metastable defects to the recombination- . e . e
active state, inequalitie®)—(10) are not satisfied. Thus, the Wher.el.‘:(DT o IS the diffusion lengthp is the d|ffu5|on.
increments of the electron and hole concentratidns,and coefﬂuen?, andw is the baseiliength. Thus,'the quenching
Ap given by Eqs(6) and(7) respectively, become negative, effects ultimately lower the efficiency of semiconductor pho-
which implies a negative photoeffect. toco_lrjr\]/ertersh. Id lik hank Prof. A. Yu. kde

It should be noted that this effect may also occur as a}or use?u?l:jtisgiévsci)gns (I)fetr:?s thrr]k ror. A. Yu. rman
result of recombination- and exciton-stimulated rearrange- '
ments of metastable defects. In this case, recombination-
passive centers are converted to the recombination-active
state as a result of the action of the energy released by non-P- M. Karageorgy-Alkalaev and A. Yu. Leiderman, Phys. Status Solidi A
radl.atlve regomplnatlon of electrons and holes, and also b)éiog éﬁig}%ﬁg A. U. Savchuk, and M. K. Sinkman, Pis'ma zh. Tekh,
exciton annihilation. The systert)—(5) was analyzed as- iz 16(2), 40(1990 [Tech. Phys. Lettl6, 59 (1990)].
suming that the functiol” in Eq. (3) is I'=x*npNg in the 3B. G. Budagyan and O. N. Stanovov, Pis'ma Zh. Tekh. BE&12), 88
first case and”=xeNg in the second. Conditions for the (1992 [Sov. Tech. Phys. Letll§, 401(1992].
onset of photoconduction quenching and the negative photo-; S Ayupov and N. F. Zikrillaev, Dokl. Akad Nauk Uz. SSR No. 8-9,
effect were obtained in both cases.

41(1992.
5V. M. Lyubin and V. K. Tikhomirov, JETP Lett55, 25 (1992.

This effect may also occur as a result of the influence of°B. A. Akimov, N. B. Brandt, A. V. Albul, and L. I. Ryabova, Fiz. Tekh.
thermal effects when the recovery of the recombination ac-,Poluprovodn31(2), 197(1997 [Semiconductors1, 100(1997].
L . . . D. M. Zayachuk, JETP Letb4, 394 (199]).
tivity of a center is thermally stimulated. In this case, the sg 5 Manykin and S. S. Makhmudov, Zh.k&p. Teor. Fiz.101 1312
termI" in Eq. (3) should be viewed as an increasing function (1992 [Sov. Phys. JETH4, 704 (1992].
of the crystal temperature. The concentration of °V.I. Emelyanov, Izv. Ross. Akad. Nauk, Ser. F&0, No. 6, 121(1996.
recombination-active centers then increases with temperas, . ioq by R. M. Durham

ture, which is accompanied by a reduction in the lifetime and=dited by David L. Book
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Laws governing dilatational contrast transmission electron microscope images
and the accuracy of models of nonequilibrium ordering in 11—V compositions

K. S. Maksimov and S. K. Maksimov

Moscow Institute of Electronic Technology
(Submitted September 15, 1997
Pis’'ma Zh. Tekh. Fiz.24, 70—75(May 26, 1998

Expressions are given for the fields of the elastic displacements and the elastic component of the
excitation error for a composition-modulated crystal. Calculated and experimental dilatational
contrast transmission electron-microscope images are compared for a spontaneously modulated
GaAsP/GaAs composition. It is demonstrated that the experimental images correspond to
continuous variations in the composition which are possible in a “synergistic” model of
nonequilibrium order. ©1998 American Institute of Physids$1063-785(108)03005-5

Epitaxy of lll-V compounds is accompanied by non- On the basis of Ref. 13, the displacements in an object
equilibrium ordering:~3 compositional self-modulatidn®®  consisting of two elastically connected volumes with varying
and atomic ordet® These two types of ordering are ex- lattice parameters are described by
plained using different modefs, and it has been shown that
atomic order is associated with surface reconstructiBoth U= g (Xe— X)) + H—Uei f%*xm)-e' ﬁdxf
types of ordering are observed in the same structures and in e T 1-g ao
the same processédhus, in Refs. 7 and 8 they were inter-
preted in terms of a unified model based on the assumption —£yy((Xe—Xm) - €])
that surface reconstruction increases the mixing enefQy (

This hypothesis contradicts that put forward in Ref. 2, Wherewhereu is the displacement vectas... is the constant strain
the atomic order in Ill-V compounds is attributed to a de- b xy

over the entire object in the directions perpendicular to the

crease inf} caused by this reconstruction. The hypOtheSISdirection of variation of the latticex; is the vector of the

put forward in Ref. 2 was confirmed by molecular dynamics.

calculations using a pseudopoterftialthough these calcula- !nstantaneous poInk is the vector c.)f the p0|_nt lying on }he
nterface at the center of the crystaljs the Poisson ratiag;

tions contain various assumptions. Thus, the question as 0 . : L L
whether the interpretation, from Refs. 3 and 6 or that from _the unit vector m_th_e direction Of. variation of the compo-
. . sition, Aa is the variation of the lattice parameter, amglis
Refs. 7 and 8 is correct needs to be resolved expenmentaII){he averaaed latti
. . . : ged lattice parameter.

It is easier to check experimentally the self-modulation Expression(1) can be used to calculate, :
behavior, for which the model described in Refs. 7 and 8 '
competes with the model of conjugating phases, which at-
tributes  self-modulation to  equilibrium  spinodal We= &4
decompositiori=*

We studied the compound GaAsP,(001)GaAs, ob-
tained from the vapor phas&and consisting of a layer of X
length~20 um formed by continuously increasing the frac-
tion of GaP fromy=0 to y=0.4, and a layer for which the where &y is the extinction distanceg, is the effective dif-
growth conditions should givg=const=0.4. At this com- fraction vector of the averaged gratirigjjs the unit vector in
position, spontaneous oscillation of the composition occurghe direction of the electron beam, afiglis half the scatter-
in the [001] direction of growth, with a period of a hundreds ing angle. For the calculations we took=0.32.
of nanometers and an amplitudex of several mol.%Ref. Two types of TEM images are observed for GaAsP/
1) so that the modulation can be studied using transmissioaAs. If the direction of modulation lies in the plane of the
electron microscop€TEM) images. image, the TEM images possess dilatational contfastlf

The contrast of a TEM image is determined by the varia-this direction is inclined relative to this plane, images of
tion of the excitation errow (Ref. 12: inclined boundaries are obtained at which a specific interfer-
ence contrast is formed by interference between waves scat-
tered by different sections of the bicrystal.

For the dilatational-contrast TEM images used in the
present study, it can be shown that if the thickness and ex-
wherew, is the component of the total error caused by elas<itation errorwg are constant, the light sections correspond
tic deformations of the grating anag is caused by devia- to regions with a higher fraction of GaAs and that similar
tions of the crystal from the exact Bragg condition. compositions have the same intensity level.

, ()

1+o , ) Oo- €
E(go’el)(B'el+90

Aa

a_o _8yy + 008yygo

: @

W=We+Wg,
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FIG. 1. Section of GaAsP/GaAs heterocompositidi0]
projection, dark fieldA — unmodulated section of GaAsP
layer, B — second misfit network, @ C — region of
spontaneous compositional modulation.

-y

—5 g =[004} L0.5um

As we move in thg001] direction of growth from the the contours on the images of the modulated structure are
GaAs substrate to the epitaxial GaAgP, layer on TEM  exclusively assigned to differences in the compositions, in
images from the 004 reflection and tl@10 projection the GaAs-enriched domains the content is higher than in the
plane, the structure of the heterocomposition varies akayer preceding the network, which is consistent with the
follows.»? The GaAs substrate contains no structural defectsnodel described in Refs. 7 and 8. This conclusion requires
The substrate/epitaxial layer interface is indicated by the firstonfirmation, however, because the volumes separated by the
misfit network. A section free from modulation extends from misfit network are strained differently.
the heterojunction to a depth f5 um in the epitaxial layer. In Fig. 2 the intensity oscillates smoothly. The TEM
The second misfit network occurs at the interface betweeimages in the 220 reflection where the dilatational contrast is
the unmodulated and spontaneously modulated volumesuppressed, reveal variations in contrast caused by grooving
(Fig. 1. Intensity oscillation caused by compositional modu-of the surface, which can also be seen in Fig. 1, but the scale
lation is observed for the layer of varying composition andof these variations is much smaller than the oscillation period
for the layer with(y)=0.4 (Fig. 1 and 2. and the grooving is not periodic. Thus, the smoothness of the

As the distance from the heterojunction increases and thimtensity oscillation cannot be attributed to variations in the
ratios between the molar fractions of GaAs and GaP varythickness of the object synchronous with variations in the
the oscillation period changes, as does the ratio between tl@wmposition. This smoothness of the intensity oscillation
total length of the sections enriched in GaAs or GaP, but thalso cannot be explained by surface relaxation, since the in-
amplitude of the intensity oscillatiofwhich is proportional fluence of the surface sharpens the intensity variation on the
to the amplitude of the variations in compositioemains dark-field TEM images, even with sinusoidal variations in
almost constant over the length of the modulated composithe compositiot® For the dilatational TEM images, the
tion (Fig. 2), which is consistent with both the models being smoothness of the intensity oscillation reflects the continuity
compared. The existence of an initial unmodulated layer i®f the variations in the lattice period, i.e., is caused by con-
also consistent with both models of self-modulation. tinuous variations in the composition.

If the differences in the intensity levels on the TEM The model described in Refs. 7 and 8 has two stages of
images of the layer preceding the second misfit network ang@arabolic variations in composition and two abrupt stages.

05 —
0.4 —
] FIG. 2. Intensity profile in[001] direction; dark field
0.3 ] using 113 reflection,[110] projection,x axis — dis-
~ tance inum; y — relative intensity; the profile was
— obtained by averaging more than 400 individual scans;
] the increase in the average intensity level toward the
0.2 — right edge is caused by a variationwnresulting from
R bending of the foil; in the section for which the profile
] is plotted, the molar fraction of GaP increases by
N ~10%. As the composition varies, the oscillation pe-
0.1 — riod changes but the amplitude remains almost constant.
0.0 T T[T T[T T[T T AT [T T [ TTIT[TT7T]

0.0 0.5 1.0 15 20 25 3.0 35 4.0
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Spinodal decomposition leads to the formation of two phasess. K. Maksimov, Kristallografiys39, 315 (1994 [Crystallogr. Rep39,
of constant composition separated by a transition region,6269 (1994].
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Measurement and stabilization of the energy parameters of laser radiation using
nonlinear optical effects ¥

B. N. Morozov

All-Russia Scientific-Research Institute of Physicotechnical and Radio Engineering Measurements,
Mendeleevo, Moscow Province
(Submitted July 8, 1996; resubmitted March 6, 1997

Pis'ma zZh. Tekh. Fiz24, 76—79(May 26, 1998

A new method is reported for the measurement, stabilization, and control of the energy
parameters of laser radiation based on the optical rectification effect and the photogalvanic effect.
It is proposed to use the same nonlinear optical crystal mounted inside a laser cavity for
harmonic generation, as a voltage or current detector, and also as a modulator. A brief comparison
is made with earlier methods. @998 American Institute of Physid$1063-785(18)03105-X]

A well-known method of stabilizing the powerP of Pi(zw)=%i(jzw)E}W)Ef<W) for the second harmonic,
pulsed laser radiation is based on the optical rectification

(0) = O EWEW) i ificati
effect using feedback systems. The voltage conversion effi- P =i BBy for the optical rectification effect,
ciencyV(9/P in the optical rectification effect can be appre- ~ P{"'=x"E{”E;” for the electrooptic effect,
f:iaply enhanced if 'Fhe nonlinear optical crystal is mountedyherep are the nonlinear polarizations.
inside the laser cavity. A third version of the system is shown in Fig. 1c. A

Here we report a new, efficient method for measurementyontransmitting metallized grating-like mirrarin which the
stabilization, and control of the energy parametpawerP  yoltageV(? is generated by optical rectification in the métal
and energyV) based on using the optical rectification effect serves as a source of fairly high currejfﬂ) or Vﬁ?) which,
inside a laser cavity. This reduces the overall size of a Qafter being passed through the amplifrmodulates and
switched laser. One of the simplest systems for controllingcontrols (particularly stabilizesthe powerP and energyw
the energy parameters of laser radiation is shown in Fig. laf the fundamental-frequency radiation at frequencyin a
The optical rectification signali(o) from a crystal capacitdd ~ metal the optical rectification effect is stronger than that in a
is passed through an amplifirto an electrooptic switci3. nonlinear optical crystal.

This stabilizes the powe?1w of the fundamental-frequency In noncentrosymmetric crystals, the photogalvapico-

laser radiation and its second harmomi2w which is gen-  tovoltaid effecf competes with(accompanigsthe optical
erated in the crystad. The P2w radiation is linearly polar- rectification effect. The optical rectification signal does not
ized by means of a Glan prisBinserted in a cavity formed depend on the size of the laser beam cross section, whereas
by a nontransmitting mirrofL, a transmitting mirror7, and

the active elemen®. An additional pulsed voltage source

U onst€an also be connected to the swihwhich increases

or decreasegdepending on the sign dfl.,.s) the output
energy parameters of the laser radiation, thereby acting as a
controller.

A second possible system is shown in Fig. 1b. In this
case, the crystal generates the harmonig, Zroduces
(simultaneousl{ with the 2w second harmonic generation
process the voltageV(®) by means of optical rectificatich,
and also functionssaa Q switch. In order to make suffi-
ciently accurate calculations of the absolute or rel&tixed-
ues of the crystal nonlinear susceptibilitigs we need to
know their relationship simultaneously for optical 8
rectification? second harmonic generation, and the elec- L
trooptic effect, particularly linear effects. These relationships E/ L

L

1 TT'__ } o
! sas U b

have been established theoretically in the microwave range. 1 | 1 H .
The nonlinear susceptibilitiea(jo) for optical rectification de- E L J L J u -
pend very weakly on the laser wavelength(Ref. 2) and p o 3 7 ¢

their signs can be measured experimentiljre theoretical
relation between”, »{’, andx?") can be obtained frof  FiG. 1.
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Interaction between relativistic charged particles and an extended strong rf field
O. P. Korovin, E. O. Popov, S. O. Popov, and I. V. Rozova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted October 16, 1997
Pis'ma Zh. Tekh. Fiz24, 80—86(May 26, 1998

An investigation is made of the interaction between relativistic charged particles and a high-
intensity microwave electric field over long interaction lengths. The microwave field has no
magnetic component over the entire interaction length. It is shown that the interaction of

the relativistic particles has features which depend on the relation between the incoming particle
energy and the field strength. In particular, part of a monoenergetic particle beam may be
accelerated by the beam’s own energy with some of the energy being transferred from the beam
to the field. © 1998 American Institute of Physids$51063-785(108)03205-4

INTRODUCTION dmo aVo
=qE, sin 9= —— sin 3, (2)

Progress in fundamental research in high-energy physics “dy h

involves increasing the energy of the pulsed and cw power of

charged particle accelerators. This in turn necessitates if/neren is the length of the interaction gay is the ampli-

creasing the electromagnetic field strengths in the accelerafdde Of the voltage, ané, is the amplitude of the electric

ing structures and transmission lines. The factors which dell€ld strength. , ,
termine the behavior of the charged particles in accelerating ATter Integrating expressio®), we introduce the func-
gaps at high field strengths are of decisive importance und fon A(9):

these conditions. Increasing the field strength in systems with

small drift gaps increases the probability of electrical break- A(D) = L

down. A large gap has a higher electrical strength and con- (1-B?)2

sequently, in microwave devices the output power of the

device or the accelerated particle energy may be increased by _ Be aVo A ) [cOSY,— cOSI]
enlarging the drift gap. However, studies of large gaps are (1—32)1/2 moC? 2mh € '
few in number. It has been assumed that in this case, the

particles interact inefficiently with the field. Here we shall )

show that under certain conditions, efficient interaction bewhereg=uv/c is the electron velocity in units of the velocity

tween a charged particle and an rf field may be achieved igf |ight, A is the wavelengthg, is the particle velocity, and
large drift gaps. We shall study the behavior of charged pary, is the phase of the microwave field at the beginning of
ticles in an extended electromagnetic microwave field as gteraction.

function of the particle energy on entry to the interaction Equation (3) describes the particle motion in a time-
space, the input phase of the field, the oscillation frequencyarying electric field. The path covered by the particle in the

of the fleld, and the |ength of the interaction space. The prObacce|erating gap as a function of the input phase of the mi-
lem will be analyzed for a microwave field with no magnetic crowave field is calculated using the formula:

component which is encountered, in particular, when a par-
ticle beam propagates along the central axis of a cylindrical c (o A(DHdd
S

cavity utilizing the TMy;\ mode. “ ), —[1+A2(1‘})]1’2' (4)
A mathematical model described in Ref. 1 was used to €

calculate the motion of a particle of any mass and charge. Thus, by integrating Eqi4) with a variable upper limit
Uy, we can determine when the particle leaves the interac-

MATHEMATICAL MODEL tion space.

The equation of motion for a particle is . The kingtic enerng of the particle leaving the interac—

q tion space is determined from the well-known relation:

mv

TZQE'FC](VX B), (1) W= mOCZ[(l_ﬁZ)flﬁ_ 1]. (5)

wherem=my/\/1—v?/c? is the particle massny is the par- Based on this model, a code running under Windows

ticle rest massy is the particle velocityg is the velocity of  95/NT was developed which can completely describe the

light, q is the particle chargeB is the magnetic induction, interaction process. It can be used to calculate the interaction

andE is the electric field strength. between particles of any mass, charge, and energy with a
In the absence of a magnetic field, we have microwave electric field of any frequency and strength.

1063-7850/98/24(5)/3/$15.00 405 © 1998 American Institute of Physics
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Distance, 40 cm

During development of the application we created dy-MeV. Figures 1la and 1b give the maximum energy acquired
namic link libraries and an ActiveX mathematical mofel. by the electrons and the average energy received or imparted
The results were analyzed using multiplication. by electrons which started with input phases between 0 and
2, plotted as a function of the length of the interaction
space. The electric field strength was 100 MV/m, the fre-

) -~ quency 1.3 GHz, and the input electron energy 7 MeV.

For the calculations we specified the frequency and am- 5, analysis of the curves yields the following conclu-
plitude of the microwave electric field, the electron energy ions.
on entry to the interaction space, and the phase of the field at 1. In a comparatively long gap of 8 cfiFig. 10, the

the beginning of interaction. By varying the initial phase of . . o
the field between 0 and 360 deg at intervals of 1-3 deg, ngectrons acquire an increased energy of 6.45 MeV-80%

can identify the nature of the interaction of the field with aof the maximum possml_e which they would acquire in a dc
continuous electron beam. To check the accuracy of the caﬂeld of 100 MV/m. In this case, the total energy transferred

culations we analyzed the interaction between a charged paf'®™ the field to the electrons is close to zero, i.e., the elec-
ticle and a three-dimensional standing-wave field in a rect{fONs are accelerated by the energy of other beam electrons.

angular waveguide, for which this problem is a particuh,jerhis__observation may be of interest for superconducting

case. Although the programs were developed for differenfavities.

cases and the problems were solved by different methods, in 2. When the length of the drift gap is half the wave-

all cases the results of the calculations agree to within at lead&ngth, the electrons are sorted into fast and slow, depending

0.1%, which suggests that they are reliable. on the input phase. The electrons exiting in the bunch which
The calculations were made for frequencies between 0.8tarted near zero input phase subsequently remain the most

and 3 GHz in microwave fields between 100 kV/m and 100energetic.

MV/m for input electron energies between 7 keV and 700 3. For relativistic electrons, the maximum energy ac-

RESULTS AND DISCUSSION
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FIG. 2. Particle energy distribution as a function of
input phase of field in the range between 0 antd 2
over a length of 28 cm.

e e
P
51 &

quired by the electrons in the section equal to half the waveeffect can be observed in large drift gaps only for relativistic
length is 63.4% of the energy increment which they wouldelectrons. For example, in a 32.4 cm long drift gap the elec-
have acquired in this section in a dc field whose strength isrons acquire an energy of 7.1 meV entirely from the energy
equal to the amplitude of the ac field. of other electrons, without acquiring energy from the field.
4. As the electrons propagate in the field, after each sec- These calculations have shown that under certain condi-
tion of length equal to the wavelength, they acquire a maxitions in large drift gaps, electrons may interact efficiently
mum energy of~7.3 MeV, the same as the first maximum, with a microwave field and may be accelerated by the elec-

to a high degree of accuragiig. 13. tron beam energy itself. These characteristics are only typical
5. Of particular interest is an accelerating gap whoseof relativistic electrons.
length is~5/4 of the wavelength of 28 cifFig. 1b. In this The authors would like to than V. O. Kgenov for use-

gap the most highly accelerated electrons acquire an addiul discussions and interest in this work and K. V. Veresh-
tional energy of~4.6 MeV. For this case, the electrons chagin for helping to debug the program.

which started in one period, on average transfer an energy of

=200 keV per period to the field. Figure 2 shows the elec-

tron energy distribution at the exit from a gap 28 cm long @s1p p, coleman, J. Appl. Phyas, 927 (1957.

a function of the input phase. This implies that energy is 2. 0. Popov and S. O. Popov, Pis'ma zh. Tekh. B2(17), 48 (1997
transferred from the electrons to the field, accompanied by [Tech. Phys. Lett23, 677 (1997].

the acceleration of some of the electrons, i.e:, the ele(_:tr(_)n]s.ramsl‘,:lted by R. M. Durham

are accelerated by the electron beam energy itself. A similagdited by David L. Book
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Optical and mechanical properties of diamond-like carbon films grown by chemical vapor
deposition were investigated as a function of the nitrogen content in the gas mixture. The
nonmonotonic variation of the optical band gap and the microhardness of the films are
interpreted using a model which allows for the influence of nitrogen on their structure. It is shown
that nitrogen-containing diamond-like carbon films hold out promise as protective and
antireflection coatings for silicon solar cells. ®98 American Institute of Physics.
[S1063-785(08)03305-9

Studies of diamond-like carbon films are attracting con-someter. The mechanical properties of the films were inves-
siderable interest because of the prospects for using these tigated using a Nano Indenter-&Nano Instruments Inc,
protective and antireflection coatings in modern optoelecKnoxville, USA). The average values of the microhardness
tronics deviced:? At the same time, diamond-like carbon H were determined by averaging over ten measurements. For
films can be used to reduce the work function of fieldthe investigations we used a Berkovich indenter with a 0.1 g
emitters® to fabricate light-emitting structurdsto modify ~ load. All the experiments were carried out at room tempera-
the properties of porous silicdrand in other applications. ture.

The properties of these films can be varied widely by varying  Figure 1a giveg,, as a function of the nitrogen content
the deposition conditions. In chemical vapor depositionin the gas mixturd®y,. It can be seen that when nitrogen is
(CVD), which is widely used to deposit diamond-like carbonadded to the gas mixture in concentrations up to 10—15%,
films, one of these parameters is the gas composition in thE,, decreases but aBy, increases furtherfz,, begins to
reaction chamber. It has been shown in various studies thatcrease and foPy,=40% reaches 3.96 and 2.2 eV for films
the properties of these films are substantially influenced bgrown at gas pressurés=0.8 andP=0.2 Torr in the reac-
nitrogen even when this is added to the gas mixture in smalion chamber, respectively. In contrast, the microhardness of
quantities”’ However, since different methods and deposi-the films (see Fig. 1binitially increases foPy,<15% and
tion regimes were used, the mechanism responsible for thinen decreases again whép,>15%. This nonmonotonic
influence of nitrogen on diamond-like carbon films has notbehavior ofE,, andH is attributed to the influence of nitro-
been definitively established and the results are frequentlgen on the structure of the films and may be explained using
contradictory. Thus, studies of the influence of nitrogen orthe following model. When the nitrogen content in the gas
the optical and mechanical properties of diamond-like carbomixture and thus in the film is negligible, the nitrogen atoms
films are undoubtedly of interest, and this is the aim of theare mainly incorporated at the boundariesgf clusters. In
present study. In addition, the optical and mechanical propthis case, by impairing the symmetry of the graphite rings,
erties mainly determine the fields of practical application ofthe nitrogen leads to an increased content ofstp disor-
these films, for instance as protective and antireflection coatiered phase in the filh! This should reduce,,; and in-
ings for solar cells. crease the microhardness, as was observed experimentally.

The diamond-like carbon films used here were deposited This conclusion is supported by an increaseniand k
from a capacitive rf discharge plasnie3.56 MH2 at a low  whenPy, increases to 15—-20%hese results are not given
gas pressure in the reaction chamhber=0.2—-0.8 Tory. The  As Py, increases further, the excess nitrogen begins to be-
working mixture was a mixture of CHH,:N, gases and come incorporated betweesp? clusters, leading to a reduc-
films containing different amounts of nitrogen were obtainedtion in the internal mechanical stresses and stimulating the
by gradually replacing hydrogen with nitrogen at a fixed rfformation of sp*® coordination carbon—hydrogen bonds. In
bias across the substratE990 V) and at room temperature. this case the films become less dense and more transparent,
The optical properties of the films were investigated using avhich is observed as an increaseb, (see Fig. 1aand a
spectral ellipsometer with a rotating analyzer in the spectratiecrease im and k. Naturally, the microhardness of the
range 1.5-5.5 eV. The well-known Tauc relation was used tdilms should also decreagsee Fig. 1l At P=0.8 Torr and
determine the optical band g&p,, from the measured spec- Py,=40%, the values o,y andH indicate that a polymer-
tral dependence of the optical constants. The refractive indefike film is formed with a high hydrogen content. The influ-
n, extinction coefficientk, and film thicknessd at A ence of the pressure in the chamber on the properties of the
=632.8 nm were determined using anE-BM laser ellip- carbon films is caused by a change in the kinetic energy of

1063-7850/98/24(5)/2/$15.00 408 © 1998 American Institute of Physics
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TABLE I. Parameters of diamond-like carbon films and efficiency of silicon
4.0 a 2 o . solar cells before and after deposition of these films.
pd
35 /O Diamond-like carbon film
o Sample Eopt Solar cell,
(o] No. d, nm n Kk eV H, GPa efficiency, %
= 3.0 / .
3 0\—0 o 1 - - - - - 10.4
w95 Q - la 67 2.07 0.12 1.77 9.6 14.0
. 1 1b* 67 2.07 0.12 1.77 9.6 14.0
2o '\. o oo —0—° 2 - - - - - 11.2
* N ./ 2a 1500 165 0.005 3.96 1.32 10.3
.-’/ ok
2b 1500 1.66 0.006 3.93 1.32 10.2
1.5 T T T T T 4 T Py 2C** — — — — _ 4.3
0 10 20 30 40
Pm, % *Sample la after annealing at 350°C foh in anitrogen atmosphere.
** Sample 2a after multienergy implantation of 50 and 100 keV ibins
12 with doses of 3.%10'°+3.3x10'% cm 2,
b i *** Sample 2a after multienergy implantation of 50 and 100 keVibhs

with doses of 3.% 10'°+3.3x 10'° cm™2.

space. In this case, thick films must be used to protect against
protons in the solar wind and ultraviolet radiation. The most
suitable films for this application are those obtainedPat
=0.8 Torr andPy,=40% (Series 2 samples in Table |

] which have lowk and highE,. In this case, the light ab-
sorption losses in a 1.am thick film reduce the efficiency

. of solar cells with these coatings by more than (Sample

23). Proton irradiation of @-C : H: N + solar cell structure
does not degrade the characteristics of the solar8alinple

2b), which indicates that these films possess good radiation
resistance. However, the efficiency of an unprotected solar
cell drops catastrophically after irradiatig8ample 2§

In conclusion, these results indicate that changes in the
nitrogen content when the other deposition parameters are
fixed substantially influence the structure of diamond-like
carbon films and can modify their optical and mechanical
the ions in the plasma and has already been discddsed. properties over a wide range. Using these films as antireflec-

Thesea-C : H : N films were deposited on silicon solar tion or protective coatings can substantially enhance the ef-
cells to illustrate the scope for their practical application adiciéncy and radiation resistance of silicon solar cells.
protective and antireflection coatings. The parameters of the 1hiS work was supported by the Ukrainian Ministry of
films and the efficiency of the solar cells before and after>cience(Project No. 4.4/406and by the Ukrainian Science
deposition of the films are given in Table I. Note that two @hd Technology CentéProject No. 382
types of films were used. Films obtainedRat 0.2 Torr and
Pn2 = 10% were used as antireflection coatiigse Series 1
samples in Table)! In this case, the refractive index of the !v. A. Semenovich, N. I. Klyui, and V. P. Kostylyost al, J. CVD5, 213

H,GPa

Py %

FIG. 1. Optical band gaf,, (a) and microhardnesl (b) of a-C:H: N
films versus nitrogen content in gas mixtupg,: 1 — P=0.2 Torr and
2— P=0.8Torr.

film n=2.07 corresponds well to the optimum antireflection 2(1993- it b hativet al. Thin Solid Fi
condition: ngm=(ng)*? for a single-layer coating.The 2"7‘;(1%%7?&‘”’3‘ Appelbaum, M. Maharizet al, Thin Solid Films303

fairly high value ofk and lowE,, do not have any signifi-  3a A, Evtukh, V. G. Litovchenko, R. I. Marchenket al, J. Vac. Sci.
cant effect because the light absorption losses are negligibleTechnol. B14, 2130(1996.

. i a ;
for the film thicknesses used. It can be seen from Table | thatS- B Kim and J. F. Wager, Appl. Phys. Le53, 1880(1988.
the deposition of ara-C : H : N antireflecting film can en- Yu. P. Piryatinskii, V. A. Semenovich, N. I. Klywet al, J. CVD5, 207
hance the efficiency of the solar cell by a factor of almost 1.46p. Mendoza, J. Aguilar-Hernandez, and G. Contreras-Puente, Solid State
(Sample 1a Commun.84, 1025(1992.

The films exhibit high thermal stability, since thermal F. Demicahelis, X. F. Rong, S. Schreitet al, Diamond Relat. Mater4,

. : ) . . ) 361(1995.
annealing did m_)t |_nfluence the optical properties of the filmss 5 Bubenzer, B. Dishler, G. Brangt al, J. Appl. Phys54, 4590(1983.
or the characteristics of the solar celsample 1b The con-  °physics of Thin FilmsVol. 2, edited by G. Haas and R. Toon, Mir,
siderable hardness of the series 1 films is important for ter- Moscow(1967).
restrial applications of solar cglls. The_aeC :H:N films Translated by R. M. Durham
may also be used as protective coating for solar cells irEdited by David L. Book
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