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The photoelectric properties of heterojunctions fabricated by clamping wafers of ternary
p-ZnGeR and InSe and GaSe layered semiconductors onto an optical contact have been studied
for the first time and results are reported. The photosensitivity in these structures is

greatest when they are illuminated from the side with the ZnGedfer, and reaches 150 V/W

at T=300 K. In InSe/ZnGepheterostructures, a window effect is observed in the range

1.2-2 eV, whereas for GaSe/ZnGefructures, the photovoltaic effect has a maximum near

2 eV because of the proximity of the band gaps in the contacting semiconductor&99®
American Institute of Physic§S1063-785(17)00106-7

The method of clamping onto a direct optical contact isand on the ZnGepPside, they exhibit a photovoltaic effect
used as an effective method of fabricating energy barriers owith the positive polarity photovoltage corresponding to
semiconductors that retain their conductivity type, whichp-ZnGeRB. When the energy of the incident photons was
now includes bulk single crystals of the ternary compoundvaried over the entire range of photosensitivity of these het-
ZnGeR (Ref. 1). In the present paper, we report the fabrica-erojunctions, no reversal of the photovoltage polarity was
tion of the first photosensitive heterocontacts of this potenebserved, and the direction of rectification matched the po-
tially useful semiconductor for highly efficient, nonlinear op- larity of the photovoltage. In all these heterojunctions, the
tical radiation convertefs using layered crystals of various photosensitivity is greatest when the structures are illumi-
direct-gap 1l1-VI semiconductor compoundsSe,E;=1.2  nated on the ZnGefside, and for the best structures reaches
eV and GaSeEy=2.0 eV at T=300 K (Ref. 4). For  100-150 V/W atT=300 K. It should also be stressed that
ZnGeB the chosen method of forming the energy barrier isthe photosensitivity of these ZnGgMReterojunctions fabri-
also interesting because the ternary phosphide needs no treated by clamping onto an optical contact does not exhibit
ment, and for this reason conditions do not arise for theany degradation.
formation of additional lattice point defects due to changesin  Figure 1 shows typical spectral dependences of the rela-
the composition of the compound. tive photoconversion quantum efficiency, defined as the ratio

Single-crystal wafers gb-type ZnGeR with average di- of the short-circuit photocurrent to the number of incident
mensions of X5X0.5 mm were used to fabricate the het- photons, for heterojunctions made up of the same
erojunctions. The single crystals were grown by directionalp-ZnGeR wafer but different layered semiconductors: InSe
crystallization from stoichiometric and nonstoichiometric or GaSe. Both heterojunctions are illuminated by unpolar-
melts! The mirror planes were prepared by mechanical treatized radiation on the side with the ZnGeRafer.

ment followed by chemical treatment of the ZnGefarface. For the InSe/ZnGeP heterojunction, the long-
The free hole concentration in these samples varied in theavelength exponential edge has a slepe 20-50 eV'?!
range 18—-10"> cm 2 at T=300 K. for different heterocontacts, which may reflect the influence

No surface treatment of the layeradtype InSe and of the quality on the separation of the photogenerated pairs.
GaSe semiconductors was required to obtain perfect planeShe energy position of the step at the end of the long-
and wafers of these compounds, having average dimensiomgavelength increase in the photosensitivity corresponds to
of 5X5X 0.5 mm, were prepared by splitting the ingot alongthe band gap of InS¢Ref. 4. For this reason, the long-
the cleavage plane. The free electron concentration in theseavelength edge of the photosensitivity in these heterojunc-
InSe and GaSe crystals was approximately*1@m 2 at  tions will be associated with interband absorption in the
T=300 K. Single crystals of the layered semiconductorsnarrow-gap component of the structures. It can be seen from
were grown by directional crystallization of nearly stoichio- Fig. 1 (curve 1) that in the range between the band gaps of
metric phases of the melts without intentionally introducingIinSe and ZnGeP(Refs. 1 and % the photosensitivity re-
any additional chemical impurities. mains high, which indicates the appearance of a window

The heterojunctions were fabricated by bringing intoeffecf in these InSe/ZnGePheterojunctions fabricated by
contact the “pure” surfaces prepared as above and thenlamping onto an optical contact. The beginning of the short-
clamping them together mechanically in a special holder, tavavelength descending section gffor Zw>2 eV corre-
ensure that the heterocontact remains stable with time.  sponds to the onset of interband absorption in ZnGafl is

As a result of various investigations, it was establisheda consequence of the optical absorption of radiation in the
that when then-InSep-ZnGeR andn-GaSep-ZnGeB het-  bulk of the wide-gap component of the heterojunction.
erocontacts were illuminated by full-spectrum radiation on ~ When InSe is replaced by the wider-gap semiconductor
the side with the narrow-gap compongihiSe and GaSe GaSe, the long-wavelength exponential edgeya$ shifted
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should be attributed to increased optical losses of radiation in
the bulk of the ZnGepwith increasingh w>2 eV when the
structure is illuminated on the ZnGgBide.

To sum up, these InSe/ZnGgBnd GaSe/ZnGePhet-
erojunctions fabricated by the straight-forward method of
clamping onto an optical contact can be used as photodetec-
tors for natural radiation in the 1.2—2 eV spectral range. The
energy position of the long-wavelength exponential edge of
the photosensitivity in these detectors can be shifted
smoothly in this range by controlling the atomic composition
of the layered semiconductor, by virtue of the continuous
series of solid solutions in the InSe—GaSe system. It should

| also be noted that the high photosensitivity of InSe/ZnGeP
/ 12 A he heterojunctions in the 1.2—2 eV range can also be used for
| p-2nGes, rapid quality control of crystals of the ternary compound,
| which is a critical factor for achieving highly efficient con-
! Inse(6asSe) version of radiation in nonlinear optical elements utilizing
! these structures®
. ) - This work was partially supported by the University of
7 20 );u, o7 Cincinnati, USA.
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FIG. 1. Spectral dependences of the relative photoconversion quantum ef-

ficiency inn-InSep-ZnGeR (1) andn-GaSep-ZnGeR heterojunctiong2) 1yu. V. Rud’, Fiz. Tekh. Poluprovodr28, 1105(1994 [Semiconductors
at T=300 K (the inset shows the illumination of the heterojuncfion 28, 633(1994].

2N. P. Barnes, Int. J. Nonlinear Optical Phyis.639 (1991).
3pP. A. Budni, P. G. Schunemann, M. G. Knights, T. M. Pollak, and E. P.

toward shorter wavelengths in accordance with the increaseChicklis, OSA Proceedings on Advanced Solid State Lasedited by

in Eg (Ref. 4. The slope of the long-wavelength photosen- 'iégga\s/ilaqg% g'Sg'm(’Opt'Ca' Society of America, Washington, DC,

sitivity edge in these heterojunctions varies in the range+Handbook of Physicochemical Properties of Semicondugtorgussiai,
30-40 eV'1, which corresponds to the direct interband tran- Nauka, Moscow(1978.

sitions in GaSe. The maximum photosensitivity of these het-"B- L. Sharma and R. K. Purohigemiconductor Heterojunctior{®erga-
. . . _ L . mon Press, Oxford, 1974Russ. transl., Sov. Radio, Moscow, 1979

erojunctions is observed netaw=2 eV, which is consistent

with the band gap. For GaSe/ZnGegRurve?2), this behavior  Translated by R. M. Durham
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Spatial anisotropy of anomalous acoustic damping and thermal conductivity
in La,MCuQO, high-temperature superconductors

S. V. Gushchin
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Low-temperature thermal properties of superconductors have been studied. It is shown that the
symmetry group influences the thermal conductivity and the anomalous acoustic damping,

and the directions of maximum thermal conductivity and acoustic damping factor are indicated.
For crystals, the general conclusion is reached that the absence of a center of symmetry is

a necessary condition for the existence of these propertiesl9%€7 American Institute of Physics.
[S1063-785(17)00206-1

Anomalous temperature dependences of the lowin glasses. For crystals this anharmonicity can only arise in
temperature specific heat, thermal conductivity, and acoustiooncentrosymmetric systems.
damping! have been observed in high-temperature supercon-  For the LaMCuO, high-temperature superconductor un-
ductors such as LMCuO, and LnBgCu;O,. A model of  der study, this condition is satisfied by the superconducting
small-radius polarons, having a double-well interaction poplane formed by a square of oxygen atoms with a copper
tential, was proposed in Ref. 2 to explain these propertiesatom at the center. The conditions for the appearance of
The theory of such potentials, developed in Ref. 3 for theasymmetry in the double-well potential can easily be deter-
low-temperature properties of glasses and generalized tmined. Let us consider the anharmonic potential &y,
high temperatures in Ref. 4, provides an explanation of theymmetry
anomalous thermal properties. A configuration containing a
copper atom at the center of a square of oxygen atoms, sym- KooQo +K11Q1+ KoodQo+Ko11QoQt

metry groupCy,, , and a transition to a double-well potential +K111Q3+ Koooa+ KoorQ3Q2+K111QF, (2
with the lower symmetry grouf,, was investigated in Ref.

2. In a previous study,the authors analyzed the conditions Using the notation from Ref. 5. The form of the potential is
for the existence of a double-well potential in,MCuO, for ~ determined by the existence of only two normal vibrations
a configuration formed by a quadrilateral of oxygen atomgor Cz, symmetry:Q, — completely symmetric an@; —
without a copper atom at the center, and the correspondinjcompletely symmetric. Minimizing with respect @, and
reduction in symmetry fronD,,, to D,y,. These results ex- Making the transformation

plain the anomalous behavior. of the specifictheaa struc- X =Qo+Kood 4Koo00, 1 @)
turally independent characteristic. The same cannot be said

of the anomalous thermal conductivity and acoustic dampWe can obtain a solution of the cubic equation:

ing. In the present paper, the spatial characteristics of the X, = KY3(2" 1/2(d— 314K 23)) (4)
thermal conductivity and the acoustic damping are investi- ’ - ’
gated. where

It was shown in Refs. 3 and 4 that the low-temperature _ 2
properties associated with phonon transport, such as the d={3/16K 000/ K o000~ 1/2(K 00/ K 0000
propagation of sound and heat conduction, depend on the — 1/2(K511Q3/K 0000 } 5
asymmetry of the double-well potential. This situation arises 3 )
when the interaction potential contains a term with cubic ~ K={1/32Kooo/Koooo *+ 1/2A(K oK oo/ Koo

anharmonicity. The ensuing asymmetry determines the de- 1K 2/K2 LK 21k
formation potential at which phonon damping occurs. In Ref. 000K 0011Q1/ Koo K oo11Q1/Koood ©®
6, the deformation potential is defined as for the condition

y=1/29A1 96+ dAgld5), 0 dk=0. ™

It can be seen from the solutigd) that in this case the
where ¢ is the deformation,A is the asymmetry of the potential has nonzero asymmetry. For the configuration con-
double-well potential, and\q is the difference between the sidered in Ref. 5, corresponding to a layer joining supercon-
levels as a result of tunnel splitting. Then the second term iglucting planes, the deformation potential is determined by
much smaller than the first and the deformation potential ishe substantially lower tunnel splitting or by including the
determined only by the first term in the equation. highest anharmonic terms of the interaction potential.

For glasses a similar potential with cubic anharmonicity  In this context the following conclusion can be drawn:
occurs as a result of fluctuations, and the cubic term of théhe coefficient of relaxation absorption of sound, which is
potential is symmetric because there is no preferred directionniquely determined in Refs. 3 and 4:
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that in crystals possessing anomalous thermal properties a

=012, D2(pv34kTcosHE/KT)) tw’r(1+ w?7?) 2, necessary condition for the existence of anomalous thermal
(8) conductivity and acoustic damping is the lack of a center of

symmetry in the propagation plane. This is a necessary but

in the notation of Ref. 4, witlb =2A y/E, depends strongly 2 - : - .
S . . ._not sufficient condition, since additional conditions of asym-
on the direction of propagation. Sixth-order anharmonic : L
. o metry of the double-well potential exist in this case, such as
terms must be taken into account to allow for damping in the - X )

. condition(7). It should be noted that this conclusion does not

layer between superconducting planes. apply to the anomalous temperature dependence of the spe
The low-temperature thermal conductivity can be ana- Py P P P

lyzed similarly. It follows from Refs. 7 and 8 that this ther- cific heat at low temperatures.
o . These results may be used to study the thermal and
mal conductivity is determined by

acoustic properties of new superconductors.
%(T)=(24m) X pn*?)(hoG,b?) (v, /d?+2v/d?
( ) ( ) (P77 )( 1 ) ( I t t) 1v. B. Lazarev, K. S. Gavrichev, V. E. Gorbunov, Ya. Kh. Grinberg, and

X(Ttln(W/T))2[1+9G11/b2(3-|-(|l’1 n(W/T))Z]fl, 2P. Z. Slutski, Zh. Neorg. Khim.35, 3(199_0.
9) K. H. Szymzak, Z. Ganzel, and A. Wittin, Int. J. Mod. Phys. 1369

(1990.
whered= <> is the ensemble average over two-level sys- 3?- V\; Anderson, B. J. Halperin, and C. M. Varma, Philos. M2§. 1
. ; ; ; ; 1972.
tems’ .e., a large anisotropy is again .ObserVEd in the Propas, “y Parshin, Fiz. Tverd. TeléSt. Petersbuig36, 1809 (1994 [Phys.
gation pf. h_eat along the superconducting plane and along thesgjiq statess, 991 (1994].
layers joining these planes. 5S. V. Gushchin and S. Dzhumanov, Pis'ma zh. Tekh. Ri¥21), 1
To sum up, this investigation has shown for the first time (1999 [Tech. Phys. Lett21, 861(1995)].

_ s . °V. L. Gurevich and D. A. Parshin, Zh.K8p. Teor. Fiz83, 2301(1982
that the low-temperature thermal conductivity and acoustic [Sov. Phys. JETE6, 1334(1982)].

damping observed in high-temperature,M&€CuO, super- 7y L Gurevich Kinetics of Phonon Systerfia Russiai, Nauka, Moscow
conductors exhibit spatial anisotropy. These properties de-(1980. )

pend on the profile of the double-well potential, and their °V- G. Karpov and D. A. Parshin, Zh.k8p. Teor. Fiz88, 2212(1989
direction of propagation is determined by the symmetry of [50V: Phys. JETRL985]

the propagation plane. The generalization can thus be madeanslated by R. M. Durham
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Acceleration of the wall of a conducting cylinder undergoing thermal expansion
in a strong magnetic field
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Calculations are made of the abrupt acceleration of the wall of a cylinder undergoing heating in

a strong magnetic field. It is shown that the expansion of a thin-walled liquid-metal

cylinder resembles an “explosive instability”; in the model used, the velocity of the boundary

and the azimuthal current increase without bound in a finite time. It is noted that this

effect may also be observed for an elastic shell, and the influence of the electromagnetic retarding
forces does not eliminate the singularity in the solution, but merely shifts the time when it
appears. ©1997 American Institute of Physid$$1063-785®7)00306-6

The thermal expansion of a conducting medium duringthe azimuthal component of the current densityand the
an electrical explosion in an axial magnetic field is accom-axial componen®, are constant over the wall thickness, then
panied by an induced azimuthal current. This causes addi=(6,B,— d,Be)h, and in a strong axial field the second
tional heating of the conductor and increases the expansiaerm is negligible.
velocity. Under certain conditions the process tends to build  The induction law yields an equation for the azimuthal
up, which may result in heating and acceleration of the excurrent density
plosion products. 1 d

Computer modeling has shown that this process may ac- =— —— —(7R%B)), 3
company the electrical explosion of a wirén the present ¢ 27Rp dt
paper, another case of independent interest is considered, ihere p is the resistivity of the materialin the model
volving the expansion of a condensed-phase conductor, COM—consj and B; is the magnetic field inside the cylinder.

prising a thin-walled cylinder of radiuRy. Let us assume The value ofB; is slightly smaller than the external field
that the wall thicknes#i and the radius incrememtR are  p_:

much smaller than the initial radiu$i, AR<R,. Simple

estimates show that as the wall is heated, it may be acceler- Bi=Be+t uohd,, 4)
ated to a high velocity in a short time as a result of thermak,\,here5 <0. We transform Eq(3) to
expansion. For example, even for a temperature increment

AT=1000 K this velocity is of the order of f0m/s if the P }( g AR RdBe  uohd
initial radius isRy~10"2? m and the temperature jump takes ¢ °dt 2 dt 2R dt
place in~10" 8 s. It is easy to show that a current density of We further assume  B.=const and
the order of 16% A/m? must be induced in the conductor to Bo— Bi= — uohd,<Bo, which allows us? to retain only the
achieve these conditions. In an ultrastrong magnetic field thﬁrst term on Othe rlgh;),hand side of E(5).

Xval:fmay_tb::-_ he”atefd by a_dlffte;]relnt mecf:anf,_mhgs g(;esul(tj %' The bulk heat dissipation is determined by both compo-
sefi-excitation " ot an azimuthal current Which 1S InAuCed oo of the current density and by the resistiyityof the

—(8,RY)|. ®

!n the wall as the latter moves and increases as the Veloc'té(onductor
increases.
This model assumes that the azimuthal volt is dA
g 952+ ). ®)

related to the increase in the bulk thermal energy density ~dt

Aqg’ and the radiud\R by:
g y After differentiating Eq.(2) with respect to time, we obtain

—TAQ AR the following relation for the azimuthal component of the
01030 ER_O’ @ current density §, is assumed to be constant
where I'y is the Grineisen constant anét is the elastic 1d%8,p) do, B3 Eé, ToBo , I'oBo ,
modulus. Equationil) is derived from the two-term equation ; dt2 + W% szJ’ YR, Fa YRo 5
of state of the medium. The equation of motion for the wall @
is
In its simplest form, the acceleration of the shell and
d?AR self-excitation of an azimuthal current can be demonstrated
Roy a2 =—o,tf, @ for a liquid-metal cylinder, neglecting electromagnetic re-

tarding forces. Under these assumptions, the second and
where y is the density of the medium ani is the radial third terms on the left-hand side of E(,) can be neglected.
component of the electromagnetic force. If we assume thdtet us assume that as a result of the passage of a short-lived
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FIG. 1. Curves describing the self-excitation of azimuthal current and mo- E ;'

tion of the wall of a liquid-metal cylinder undergoing thermal expansion in

a strong magnetic fieldi — =0, 2 — =1, 3 — =10, and4 — ) ) . . .
B=20. FIG. 2. Time-dependent behavior of the azimuthal current excited during

the heating and expansion of an elastic cylinder in a strong magneticfield:
—a=(By/p)\2RIEy=2, 8,/8,=1,2 — a=2, 8,/8,=1.2, and3 —
8,18,=2.

current pulse the cylinder wall instantaneously acquires the

initial velocity V. The right-hand side of Eq7) can then be

taken as zero and the conditiodg(0)=— (Bo/p) Vo and  needs to be analyzed separately, and gives an asymptotic
(do,/dt)=0 can be taken as the initial conditions. Thus, solution describing the limiting cage—0. It can be shown

instead of Eq(7), we obtain that the shell heating comes from the magnetic field energy:

25 T.B this energy decreases, since for a constant external field
¢, 002 g (8) Be~By, the region of weaker fiel®;<B, increases. The

dt? YRo ¢ action of the electromagnetic retarding force, taken into ac-

count by the second term on the left-hand side of &g,
does not eliminate the self-excitation of the azimuthal cur-
rent but merely shifts this process in time. This is shown by
the series of curveg, 3, and4 (Fig. 1) plotted for different

The solution of Eq(8) with these boundary conditions has
the form of a relation linking the dimensionless time
Xx=t/ty and the dimensionless currept=45,/5,(0). This
relation is given by

values of the dimensionless parameter
B \F Jy dy o B=Bo(Ro/y-p-ToVo) 2 which characterizes the retarding
X=V3 L1 ©  effect.

The influence of a strong axial magnetic field on the
and the characteristic time tg=B; '(ypRo/T'oVo)*% The  thermal expansion of a solid conductor may be described by
dependencg(x) may be expressed in terms of the Weier-a model which describes the expansion of a cylinder wall
strass function and is plotted in Fig.(durve 1), showing an  exhibiting the properties of an elastic solidnder the as-
abrupt increase in the azimuthal current. In this model a sinsumptionsE = const,p = cons}. In this case, the complete
gularity — an unbounded increase in current — is observe@quation(7) should be used. We confine ourselves to the
att;=2.9%,. Near this time, the variation in current is de- case where the currer, is initiated by a pulse and then

scribed by does not change with time. This equation may have a steady-
6vR state solution whers, = const anddR/dt =const; it de-
5§ —__ o (10 scribes the asymptotic form af,(t). This behavior is ob-

? [Bo(ty—t)? served in the steady-state regime after the transient process

The current density and the wall velocity increase fromhas decayed. In this case, we obtain the equation

26,(0) and 2/, to 205, and 20/, respectively, over the 5 p

time interval between 1.5 and 2¢4 For aluminum St BT R T 8=0, (13)
(p~107Q-m and y~3x10* kg/m®), we obtain 0" om0

to~0.6 us if Ry;=3 cm,B=100 T, andV,=1 km/s. In this  Whose solution has the form

example, the increase in radius over the time taken to accel- E E P
erate the wall to 2@, is around 2.5 mm. This example 0p=0.=— BTR + \/(ZB IR ) —55. (12
shows that the thermal expansion of a shell in a strong field 07 07%0 0 0™%
is accompanied by the buildup of a particular type of insta-  Here, only the positive root of the equation is physically
bility: the faster the expansion, the greater the current inmeaningful, since in the limiBy—0, it yields §,,=0. This
duced in the shell and the more intense the Joule heatingplution shows that for gives,, the azimuthal current den-
causing the expansion. Obviously, when the current insity increases with the fielB,. In the asymptotic regime, the
creases without bound near the pdiptthe role of the last electromagnetic force compensates for the azimuthal voltage,
term in Eq.(5) ceases to be small. The influence of this termthe radius increases  with  constant  velocity
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d(AR)/dt=—pé.. /By, and the azimuthal current density azimuthal current is interesting because, despite the counter-
does not depend on the conductivity. It follows from ELR) action of the elastic and electromagnetic forces, this regime
that this regime can only be achieved provided that the axiatan accelerate the shell to a state where the acceleration of
current density does not exceed the wall is limited only by the inertia of the material. For a
E given currentd, this regime, which is a manifestation of the
So=r———. (13 instability described above, is established if
2BoI'oRg

To determine the value of this parameter is outside the B> BF%: ?—Elh
scope of this example. It is characteristic of the acceleration 070% T olz
of an elastic cylindrical shell in an axial field. &> 6,, no  wherei, is the axial current in a metal foil cylinder of thick-
asymptotic regime is established and a time-dependent praessh. It follows from this condition that for copper foil
cess occurs in which the velocity and currefif increase  (E~2x 10" Pa,I'y~2) of thicknessh=0.1 mm with the
without bound within a finite time within the framework of currenti,~3x10° A, we haveB;~100 T. This example
this model. The final stage of the process is described by Edndicates that a very strong magnetic field must be used to
(8) and the solution near the point of discontinuity is de-achieve self-excitation of the azimuthal current and abrupt
scribed by formulg10). acceleration of the walls of the cylindrical shell.

Figure 2 shows three examples of a numerical solution  This work was supported by the Russian Fund for Fun-
of the complete equatiofi), one (curve 1) describing the damental ReseardiGrant No. 96-02-19185a
asymptotic regime and the other twourves2 and 3) de-
scribing continuous acceleration. Note that a singularity ap-'S- N- Kolgatin and G. A. Shneerson, Pisma Zh. Tekh. B@(5), 67
pears in this example, as in the previous one, despite the1994 [Tech. Phys. Lett20, 207, 1994,
electromagnetic retarding force. The self-excitation of theTranslated by R. M. Durham

(14)
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Synthesis of a Bi ,Sr,CaCu,0, high-temperature superconducting phase with T°C
above 100 K
Zh. M. Tomilo, N. A. Prytkova, E. M. Gololobov, and D. M. Turtsevich

Institute of Solid-State and Semiconductor Physics, Belarus Academy of Sciences, Minsk
(Submitted December 2, 1996
Pis’'ma Zh. Tekh. Fiz.23, 17-22(June 12, 1997

A high-temperature suoperconductor with the 8,CaCy0, structure and a superconducting
transition temperaturé =102-107 K has been synthesized. The synthesis conditions

are described and results of a phase analysis, and of resistive and inductive measurements are
reported. ©1997 American Institute of Physid$$1063-785(017)00406-(

Against the background of the numerous studies dealingarameter§=! The initial components used to prepare the
with the properties of superconducting phases in bismuthsamples were SrC{and CaCQ carbonates, BD; and CuO
containing high-temperature superconducto8SCCO, oxides, and finely disperse copper. The cupric oxide was
there have been several reports of a highly interesting experieplaced by copper in accordance with the cation ratio:
mental resul— a superconducting phase has been syntheBi®* : SP* : Ca™ : C®" : Cu=1:1:1:21-X): 2x,
sized with T; greater than 100 K and having the crystalwherex = 0.0, 0.1, 0.2, 0.3, and 0.4. The samples were
structure of the BiSr,CaCyO, phaseBi-2212) (Refs. 1-3.  synthesized in air in three stages: stage | involved short-term
It is fairly difficult to explain these results, first because theholding (1-10 min at relatively high temperature®@00—
experimental observations were obtained for samples wit®80 °Q, while stages Il and Ill involved annealing at 860
different cation ratios and different additives, and second;+15 °C and 810 °C, respectively, for between one and sev-
because there are too few results. Some authors, who obral days. After each synthesis stage, the samples were
served an increase if; to 110-120 K for Bi-2212 super- ground up and pressed into pellets 1-2 mm thick and 10 mm
conductors doped with merciand silver* attributed this  in diameter. The phase composition was studied by x-ray
observation to a change in the oxidation state of the coppediffraction analysis (DRON-3 diffractometer, CoK

In the present paper we report the results of a study ofradiation and microstructural analysis. The superconduct-
the phase composition and superconducting properties afig phases were identified as in Refs. 12 and 13. The super-
BiSrCaCyO, (Bi-1112) superconductors, where the cupric conducting transition temperatures were determined from re-
oxide normally used for synthesis is partially replaced bysistance and magnetic measurements.
metallic copper. The role of copper atoms in the establish- Our investigations revealed that the superconducting
ment of high-temperature superconductivity has always atproperties of the materials thus synthesized depend on the
tracted the close attention of researchers. According to Refjuantity of metallic copper replacing the cupric oxide in the
5, the maximum value ofT, for oxide superconductors initial mixture, and on the synthesis conditions. An increase
should be expected for a copper state with a valence close in temperature and hold time at stage | reduces the effect of
+2.2. The composition Bi-1112 was chosen because it compartially replacing CuO with Cu. Samples having a super-
tains an excess of calcium and copper cations relative to theonducting transition temperature higher than 100 K and
stoichiometry of BjSr,CaCy 0O, , which is conducive to ob- consisting almost entirely of a single &ir,CaCyO, phase
taining Bi-2212 materials with superior superconductingwere obtained under specific synthesis conditions. Figure 1

X(T) (arb. units)

J
-l -
_2 S
20 '_3.
4}
-5 TK FIG. 1. Temperature dependence of the electrical resistance
c 80 90 %0 14 790 of sample No. 673X=0.3) with T, (R=0)=107 K. The
- inset shows the magnetic measurements for this sample at
S ot temperatures of 77.4-120 K.
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FIG. 2. a — Diffraction pattern of ground up sample No.
TTTTTT T AL 673 (x=0.3) with T°,(R=0)=107 K (CoK, radiation;
go g 3 b b — portions of the diffraction pattern for reflection angles

of 4-9° and 25-32°. Notatiort — Bi-2212 phase2 —
Bi-2223 phase, an8 — “yellow phase."*1®

b 1111114 1] {
3234!)291821!6526.9 8§ 7 6 5 4

shows the temperature dependence of the electrical resiEf—Z(R:O):lO? K, it may be presumed that if the Bi-2223
tanceR(T) for a sample withx=0.3 (sample No. 67Band  phase is present in this sample, the amount is very negligible
T;(R=O)=107 K. The inset gives the inductive measure-and is obviously insufficient to induce a superconducting
ments for this sample, which show that the vaIuesTéf transition WithTZ(RzO) at 107 K(Ref. 16.
determined from the resistance and magnetic measurements To conclude, we have shown that in a BSCCO
are the same, 107-108 K. For samples in this series contaisystem with the cupric oxide partially replaced by metallic
ing metallic copper witkx = 0.0, 0.1, 0.2, and 0.4, the values copper, superconducting samples wmﬁ~ 110 K and a
of T; were appreciably lower and did not exceed 77.4 K. TheBi,Sr,CaCyO, crystal phase structure can be synthesized
samples in this series were synthesized under the followingnder certain conditions. Disagreement between the charac-
conditions: stag | — 900 °C, 10 min, stage Il — 800 °C, teristic superconducting transitions and the phase composi-
24 h, and stage Ill — 810 °C, 24 h. tion was observed not only for the fr,CaCy0, phaset3

A phase analysis of sample No. 673 revealed that it conbut also the for BiSr,CuQ, phase’~*°
sists of small, light-gray blocks, comprising the supercon-  The authors would like to thank L. A. Kurochkin for
ducting BLSr,CaCyO, phase, and uniformly distributed performing the magnetic measurements.
black regions, which are pores. There is also a small quantity
of nonsuperconducting “yellow phasé**°The presence of
the ;uperconQuctlng_ @rZCaQCugO}, (BI-2223 phase Was 1v. N. Konev, T. B. Popova, and N. B. Petrunovskaya, Sverkhprovodi-
scrutinized with particular care. Figure 2a shows a diffrac- osr k1aE) 6, 412 (1993.
tion pattern of the ground up sample No. 673 and Fig. 2b2y. -R. Li and Y. -M. Li, Chin. Sci. Bull.36, 835 (1991).
shows portions of the diffraction pattern in the ranges of3S Lahiry, Y. S. Reddy, B. Sarkast al, Physica C225 207(1994.
eflecton angles @ 4-8°, 27-28°, and 30-31°, recom- 11" 0.7, ¥ Dt Py, st S 2510 155,
mended for identifying the B|'2223 phagﬁACCOI’dlng 10 65 Zzannella, A. M. Ricca, V. Ottoborst al, J. Less-Common MetL50
this analysis of the phase composition of the sample having 39 (1989.
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Direct photodesorption of ions from the surface of a crystal
V. N. Strekalov

“STANKIN” State Technical University, Moscow
(Submitted January 5, 1997
Pis'ma Zh. Tekh. Fiz.23, 23—-26(June 12, 1997

A model of the direct photodesorption of ions from the surface of a crystal, reminiscent of the
ionization of an atom in the external photoelectric effect, is studied. The model is based

on the concept of a quasiclassical ion, whose motion in a surface potential well is described by a
wave packet. The choice of wave function in the form of a packet may be justified by a
variational principle, by finding the parameters of the packet. These parameters may also be
selected from known experimental data. These methods are standard in solid state physics

and make it unnecessary to take into account the form and magnitude of the operator describing
the interaction between the ion and the crystal surface. 1997 American Institute of
Physics[S1063-78507)00506-3

A search through electronic data banks reveals an abunncreasingly smaller perturbations and describe various
dance of studies dealing with laser-induced inelastic prodiffusion-like processes. A similar method was used in Refs.
cesses in solids. These processes include photodesorptiondfnd 5.
impurities and intrinsic atoms from various surfaces, cold Let us apply the proposed method to find the probability
photoevaporation, photoablation, and other processes of @ direct photodesorption of ions in a laser field. We shall
similar physical nature. Most of the publications have re-assume that desorption takes place as a result of an ion ab-
ported experimental results, while the theoretical descriptiorsorbing a photon of energy exceeding the binding energy
of these processes has so far attracted scant attention. It is net of the ion to the surface, after which the ion is converted
very difficult to formulate theoretical models of inelastic pro- to the free state. The Hamiltonian corresponding to this sys-
cesses at a surfadebut complete and accurate quantum-tem has the form
mechanical calculations are not generally performed using
these models for two main reasons.

1. The form of the operator describing the interaction,_mre,,_'O is the kinetic energy operator of an ion having the

between an ion and a crystal surface is unknown and mode},sssM and effective charg&e, and the ion momentum

Ham!ltoma_ns are qnable to provide a unified description Ofoperator is denoted by. The termV, is the potential energy
possible diffusion-like processes.

5 It has not been proven that a model Hamiltonian ca operator of the ion, which takes into account all the interac-
: P Nions between the ion and the intrinsic atoms of the crystal.

be considered to be a small perturbation so as to allow Peh e magnitude and form of, are unknown, but this opera
1 ’ =

turbation theory to be applied. tor determines the binding energy or the depth of the poten-

An attempt to overcome some of these difficulties is aial well in which the ion is bound, as well as the rms spread

foIIovys. L?t us assume that the m9t|on of a heavy ion 'San associated with the wave packets, which indicates the
guasiclassical, i.e., the ion can be viewed as a wave pack

edimensions of the ion in various states. These values are

This yaluable information _can b? used to select a t_r|al WaVQietermined experimentally so there is no need to specify the
function whose paramete(scluding not only the variances form of V;

of the dimensions but also the energy eigenvalues and the The operator describing the interaction between an ion

depth of the potential well in which the ion is boynare and the electric field of a light wave has the usual form
determined using a variational princigiélowever, these pa-

rameters need not be calculated, which is a separate major Ze .

problem, but rather can be determined experimentally. If we Va3 P+ Eo cosot, 2

also assume that a packet with minimum indeterminacy has

the same form regardless of the type and magnitude of theshere the field is assumed to be nonresonant and acts on the

H:H0+V1+V2. (1)

action on the particlé2 the unperturbed “crystak ion” ion as on a structureless particle, dagland » are the am-
problem can be considered to be solved without specifyinglitude and frequency of the field.
the ion-crystal interaction operator. Photodesorption may be accompanied by intra-ion elec-

Similar methods are frequently used in solid state physironic transitions and by charge transfer between ions. How-
ics. In this context, mention may be made of the choice ofver, these processes are described by the leading orders of
Bloch functions for quasielectrons, the use of experimentaperturbation theory and are less probable than the direct pho-
data on the permittivity, effective mass, band gap, and sdodesorption transition.
forth. The operatof2) can be used to find the probability of a

Having the approximate “variational” wave functions photodesorption transition in the first order of perturbation
of the unperturbed system, we can systematically allow fotheory. As usuaf,we have
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2 Ze . 2 To estimate w,, we take a;=3x10"% cm,
den=7<k| mp'Eo|n> dp(Ey), (3  M=8x10"2g,Z=1, andw=4x10%rad/s. Ife,=0.5 eV,
thenP,=10"1" g- cm/s, which givesw,=10'E3 s™*. In a
where laser field with E;=3%x10° V/cm=10° esu, we have
v w,=10" s~ 1. This high probability shows that this type of
dp(E)=———P,MdQ. (4) desorption may make a significant contribution to the experi-
(2mh)? mentally observed values.

Here|n) and|k) are the initial(bound state of the ion and In the fieldE, corresponding to a single photon per unit

its final (free) state Q) are the angular variables, aGis the volume_(glt t_hl's frequencyE;=10"" esy), the probability is

normalization volume. w;=10"" s It is useful to compare this value with the
The wave function of the initial state allows for motion Probabilityw, of the photoeffect from a molecule or dielec-

. . . . 3
of the ion from inside the crystal to the surface with theric, Where an electron is localized in a volumey. Replac-

momentumP,,, so that the packet corresponding to the ini-ing the ion mass by the electron mass in E6) gives
tial state has the form w,=3.4X10"°. However, the usual calculations of the

atomic photoionization probability for these conditions
B N i R? givew;=8.9x10"" s 1. The results fow, andw, differ by
Vn(R)=(2may) *"exp P R— 22| (5 approximately a factor of 4, which is quite reasonable if we
" bear in mind how much these models differ.
The “incidence” of the ion at the surface from inside the To sum up, the wave packet model gives reasonable re-
crystal is indicated by the sign of the prod®t- R, which  sylts and can be used to make a theoretical study of the
should be taken into account when integrating over thghotodesorption of ions. This model is also suitable for de-
angles(}. scribing other diffusion-like processes.
After simple transformations, in fact repeating the calcu-
lations of the atomic photoionization probabilftyye obtain ~ T. Y. Chuang, Surf. Sci. Re8, 1 (1983.

the probability 2L. I. Schiff, Quantum Mechanics3rd ed. (McGraw-Hill, New York,
1968 [Russ. transl. of 2nd ed., IL, Moscow, 1957
3 5/2 2p3 3W. H. Louisell, Radiation and Noise in Quantum Electroni¢dcGraw-
a, 2(2 Ze)“P '
szz_ﬂ- 0 ( )"(Z¢) k2 (6) Hill, New York, 1964 [Russ. transl., Nauka, Moscow, 1972
h (27h)3 3M w? o 4V. N. Strekalov, Fiz. Tekh. Poluprovod20, 1939 (1986 [Sov. Phys.
Semicond20 1218(1986)].

whereP, is the momentum of the ion in the final state. We °V. N. Strekalov, Poverkhnost’, No. 11, 55989.

also assume that the dimensions of the ion in different state$A- S- Davydov, Quantum MechanicgPergamon Press, Oxford, 1965
are approximately the same and we introduce the average[Russ' original, Nauka, Moscow, 1953

variancea,. Translated by R. M. Durham
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Magnetic hysteresis and dissipative losses in superconducting films
A. A. Elistratov and I. L. Maksimov

Nizhni Novgorod State University
(Submitted December 23, 1996
Pis’'ma Zh. Tekh. Fiz23, 27—-33(June 12, 1997

An analysis is made of the response of thin-film superconductors to an oscillating magnetic field.
The field strengths for defreezing and expulsion of the flux are determined. A hysteresis

curve is plotted for the sample over the entire oscillation cycle of the magnetic field. The
dissipative loss power is determined as a function of the amplitude of the alternating field.

© 1997 American Institute of Physid$1063-785(07)00606-X

The hysteretic behavior of the magnetization curves ofy=Y/W is a dimensionless coordinate, and the boundaries of
low-dimension type-ll superconductors is governed by thehe region occupied by the flux were determined in Ref. 5
combined influence of bulk and edge pinning of Peierls-(the notation from Ref. 5 will be used here and subsequently
Abrikosov vortices, which is responsible for the establish-in the text; the subscript “0” corresponds to the distribution
ment of metastable magnetic flux structures in these systemsf the vortices and currents &=H,). The “frozen” flux
It is known that hysteresis losses caused by bulk pinningstate will persist until the resultant surface current density
occur in hard superconductors in an arbitrarily weak ac magi=j:d (j; is the bulk current densijyin the region of the
netic field> At the same time, an edge barrier considerablyoutermost vortices y(~ 0 ,) reaches—i, (i, is the depin-
delaying flux penetration/expulsion, leads to threshold-typening current density for Peierl-Abrikosov vortices in a film
dissipation in low-dimension superconductér¥he com-  with bulk pinning. The current distribution in this regime
bined influence of both mechanisms of irreversibility on themay be written using the superposition principle:
electromagnetic characteristics of bulk superconductors were
studied fairly comprehensively in Refs. @ising a local H—Ho.

y comp y 9 i(y,H)=i(y,Ho) + im(y), ()
mode) and 4(using a nonlocal model of the critical state

However, this aspect has not been investigated in lowwhnerei,,(y)=Hy/(271—Yy?) is the Meissner component
dimension superconductors characterized by the formation Qff the total surface current density. An expression for the
nontrivial magnetic flux structures. An essentially nonlocal|atter was derived in Ref. 5 in the weak pinning approxima-
intervortex interaction, fundamentally altering the form of tion (H, /i »>1) and corresponding results for strong flux
the Maxwell-London equations in these systems, makes iinning W,|| be published.
falrly difficult to analyze the response of the SyStem to an ac We find the magnet|c fleld"df for defreezing the mag-
magnetic field. netic flux by using Eq(1), equatingi(®,,Hqs)=—1i, (a

In the present paper we consider the response to an ofecessary condition for the displacement of vortices located
cillating magnetic field by thin-film superconductors with in the regiony~ @ ,, toward the edge of the filmUsing the

edge bulk pinning of the flux. The field strengths for defreez-ohvious equalityi(®,9,H) =i o, We obtain

ing Hyqs and expulsionH., of the flux are determined. A

hysteresis curve is plotted for the sample over the entire ) 1—%0

cycle of magnetic field oscillation betweenH, and —H,. Har=Ho—4mi, 02 2
The power of the dissipative losses is determined as a func- 20

tion of the amplitude of the alternating field. Note that this result holds for an arbitrary intensity of bulk

We consider a superconducting film strip of thicknessvortex pinning. It can also be shown that for a small excess
d (0sz=d) and width 2V (]Y|<W) in a magnetic field above the penetration fielt, (Ho—H;<H;), we find
H=(0,0H) perpendicular to its surface. In fields greaterH4~Hy—2H,;<0 (Fig. 2.
than the penetration field; of the first vortex(of the order As the field decreases furtheH&Hy;), the region of
of a few kilooersted for well-formed edg@sthe flux pen-  concentration of the frozen flux@(;o= |y|<®0) becomes
etrates from the edges into the bulk of the film and concennarrower while the region of “defrozen” flux
trates in the central region. The long-range nature of th€®,<|y|<®,) expands inside the film and toward the pe-
intervortex repulsion combined with a high edge barrierriphery (@,>0,,; Fig. 1). In the region®,<|y|<®,, we
leads to the establishment of a new type of critical statefind i,(y)=—i,, which corresponds to the formation of a
whose structure differs substantially from the Bean md{el. critical state of vortex expulsion. Fdd =H,, the vortices
In this state, the region of flux concentration comprises twaeach the edge of the filn®(,~1) and then leave the film as
strips, symmetric about the center and oriented alongXthe the field decreases further. Physically, this corresponds to
axis. suppression of the flux expulsion barrier. The valueHQf,

As the external magnetic field decreases from its maxican be determined from the condition of conservation of the
mumH, the vortices will be “frozen” at their initial sites of total flux ®;"(Hy)=®(H), for Hex<H<H,, which with
attachment — in the regiof o<|y|<®,, (Fig. 1), where the “area rule” (Fig. 1) reduces to
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FIG. 1. Distribution of vortex density over the film
width (y>0) in the range of fieldsHy<H<H,
(dashed curveandH,<H<Hg; (solid curve.

0 @ @ ©On0 1 Y

00 0, decreases abruptly with decreasidg(Fig. 3). In the range
J@ No(y)dy= f@ n(y)dy, (3 of fields Hey<H<H,, the change in the magnetization is
0 0 obviously reversible and there are no dissipative loggges
wheren(y) is determined by solving an integral Maxwell- neglect the viscous losses occurring in fields
London equation by the method of forming of CauchyH,<H<Hg). Thus, as the field decreases, the main con-
integrals® The magnitude of the flux penetrating into the film tribution to the energy dissipation caused by the magnetic
atH=H,, ®{"(Hy) was determined in Ref. 5: reversal of the film and annihilation of vortices is made by
in _ : _q the region of fields- Hy<H < H,,. A similar analysis of the
P (Ho)=24oWi(Ho + 41 ptanh "0 20/ [E(©20) situation when the field increases froti=—H, to
—(1—®§O)K(®20)]—4ip®20K(®20)}, (49 H=+H, yields the conclusion that the range of fields
H{)<H=<H, (whereH,’ is the antivortex expulsion field
makes the dominant contribution to the hysteresis loss
power. The behavior of the hysteresis cud¢H) under
ci/clic variation of the field in the range Hp<H=<H, is
plotted in Fig. 3. Note that in films, the behavior of the curve

whereE(z) andK(z) are complete elliptic integrals of the
first and second kinds, respectively, Solving E8). (with

0,=1), using Eqg.(4), and performing simple but cumber-
some calculations, we can determine the dependence
Hex On Hy for the case of comparatively weak pinning ®(H) in the upper half-plane %>0), resembling an

Haj, =10 (Fig. 2)'_ _ _ “airplane-tail” feature, differs fundamentally from the be-
ForH=<H,,, itis obvious tha®,~1 and®, decreases pavior (resembling a “whale-tail” feature in
monotonically until(for H<H{.)) vortices of opposite po- superconductorsWe stress that this unusual behavior

larity — antivortices — begin to enter the film. As a result of 5¢ {he function®(H) in films is attributable to edge flux
the annihilation of vortices and antivortices, the trapped ﬂ“)‘pinning (see Ref. 2 Near the vortex expulsion field
Hex (|Hex—H|<Hgo, we find d®,/dH~0 (but
d?d,/dH?<0) (Ref. 3 in bulk samples, whereas in films
with an edge barrier we find®;/dH~2u,W>0 (Refs. 2
and 8.

The energy dissipated per unit length of the film over an
Ho entire cycle of quasi-steady-state oscillation of the field be-

tweenH=—H, andH=+Hj is given by

O

H,=10i,

xI
a

1
Q(Ho)= 5  Haw. ®)

H0 magnetization-reversal losses only occur whdg>H;,
which reflects the specific characteristics of edge pinfing.
“H p e e = For Hy—H;<<H, the curveQ(H,) is almost linear, exhib-
iting asymptotic behavio®(Hg) = (Ho—H;)* with r~0.7
whenHy=3H,. A comparison between the calculated data
and the results of Ref. 7, which demonstrate nonthreshold
behavior ofQ(Hg) « Hg3 (whereq=4 for Ho<i, andg=1
for Ho>ip) in films without an edge barrier, reveals a fun-
damental difference between the irreversibility mechanisms
under discussion.

FIG. 2. Flux defreezing fieldH 4 and vortex expulsion fieltH,, as func- _ To sum up, th? e_XiSt_ence of edge pinning can SUPSta_n'
tions of the external magnetic fietd,. tially reduce the dissipative losses caused by magnetization

/ The dependenceQ(H,) clearly has a threshold, since
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FIG. 3. Flux penetrating into film versus the external mag-
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netic field forH,=10i,, Ho=16i,.
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reversal in thin-film superconductors, making them highlyRussian FederatiofProject No. 95-0-7.3-1%8
promising for various technical applications. The proposed
analytic model provides a good basis for calculating the im-
pedance of thin-film bridges in ac fields and for obtaining alR. G.. Mints and A. L. Rakhmanounstabilities in Superconductorisn
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Long-term relaxation of the photovoltage in a heteroepitaxial structure
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The distribution of the transverse photovoltage has been investigated in samples of a Ge—GaAs
heterostructure with an oxide layer-(L5 A) at the interface. A method of simultaneous

excitation with modulated and unmodulated radiation is used to observe the long-term relaxation
of the photovoltage in these heterostructures. The energy barriers responsible for this effect

are localized at the surface of the Ge film and the GaAs substrate, adjacent to the interlying oxide.
It is shown that the gradients of the dark carrier concentration in the film and in the

substrate are in opposite directions. A transition layer is formed during the growth process and
not as a result of the classical heterodiffusion of the components in the film and the

substrate. It is noted that the photoconductivity signal observed at the modulation frequency in
the field formed at the sample as a result of the unmmodulated illumination must be

taken into account in the recorded voltage signal. 1@97 American Institute of Physics.
[S1063-785(0®7)00706-4

1. Studies of the spectral characteristics of the transverss&ions of 122X 0.3 mm, similar to those usually used for
photovoltage observed in a Ge—GaAs heteroepitaxial strughotoelectric measuremerftsAs has been noted, a thin
ture exposed to monochromatic light in the fundamental ab¢~15 A) oxide layer was formed on the GaAs substrate be-
sorption region of Ge and GaAs, have yielded results whicHore growing ap-type Ge film of thicknessl=0.5 wm with
have allowed us to take a new look at the processes involvea concentration of5—7)x 10*° cm 3. The technology used
in forming the properties of thin films and transition layersto grow these structures by molecular-beam epitaxy has been
grown by various methods? described in detail in Refs. 2 and 3.

The most important result was that the dark carrier con- Measurements were made of the distribution of the
centration gradients in the Ge film and the GaAs substrat&ransverse voltage generated by moving a 0.5 mm-wide
are in opposite directions along the interface. This conclumodulated monochromatic light probe along the sample. The
sion was indicated by the spectral characteristics of heteraise of a narrow light probe allowed us to increase the optical
structure samples grown by molecular-beam epitaxy and bintensity incident per unit area of the sample tex B0°
vacuum evaporation. It was also observed that heterostrugphotons/ cri-s and thus increase the amplitude of the ex-
ture samples grown by vacuum evaporation incorporate perimentally measured photovoltage. In the experiments the
system of drift and recombination barriers which are formeddirection of motion of the probe could be reversed and its
by cross doping of the film and the substrate during growthvelocity could be varied between 0.01 and 0.025 mm/s, the
These barriers are responsible for the nonmonotonic depemavelength of the modulated\ (") and unmodulated light
dence of the amplitude of the photovoltage on the intensitfA ~) incident on the sample could be varied between 0.4 and
of the exciting light and its long-term relaxation. 2.0 um, and its intensity could also be varied in the range

For heterostructure samples grown by vacuum evapora2x 10'*~1x 10'® photons/crf- s.
tion and by molecular-beam epitaxy on GaAs substrates with 3. A characteristic feature of these photovoltage distri-
an arsenic-stabilized surface, the amplitude of the transverdmution curves is the dependence of their amplitude on the
photovoltage was sufficient for reliable recording. Fordirection of motion of the probe, which is observed without
samples grown by molecular-beam epitaxy with an oxideany auxiliary unmodulated illuminatiofturvesl and2, Fig.
layer on the substrate, the voltage was small at the opticdl; the optical intensity in the probe wasx@ 0" photons/
intensities usedl & 10 photon/cns - s) and its spectral char- cn?-s). This dependence can be identified particularly
acteristics could not be measured. clearly on the distribution of the voltage generated by light

Studies of the properties of these heterostructures are theear the GaAs absorption edgke=0.88 um). The differ-
most interesting from the technological point of view. The ence between the distribution curves of the voltage obtained
deposition of a buffer oxide layer on the substrate prior tofor opposite directions of motion of the probe decreases with
epitaxy should permit the growth of purer, more homoge-decreasing wavelength as far as 06& and with increasing
neous Ge films, i.e., the relative influence of the substratevavelength up to.=0.38 um. The physical reasons for this
and the film will be minimized. In the present paper wedifference are known and have been described in the
attempt to determine whether this is in fact the case by inliterature*® They are associated with the long-term relax-
vestigating the properties of the transverse photovoltage. ation of the residual conductivity formed in the illuminated

2. The samples were heterostructures with linear dimensection of the sample and are caused by recombination drift
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FIG. 2. Distribution of the transverse photovoltage in the sanifilemi-
nated on the side with the GaAs substyatie 2 — N\~ =0.88 um, 3, 4 —
-02 AT=0.91um.

FIG. 1. Transverse photovoltage distribution in the sample when the probe
is moved in one directions and then the otfte sample is illuminated on  of the photovoltage is associated with the presence of dark

the side with the Ge film 1, 2 — A~ =0.88 um (no unmodulated illumi-  resjstivity gradients in the film and the substrate. The rever-
nation), 3 — A~ =0.88 um, X~ =0.86um unmodulated ilumination, and oo o the polarity of the voltage when the wavelength of the
— A"=0.91um, A\ =0.86um unmodulated illumination. . . . ; .
exciting light passes the GaAs absorption edge is a direct
consequence of the fact that these gradients in the film and

barriers for the nonequilibrium carriers, which may be local-the substrate are in opposite directions. This conclusion was
ized on the surface or in the bulk of the semiconductor. Inreached previously in analyses of the spectral characteristics
the present case, the characteristics of the voltage distribwf the transverse photovoltage measured for heterostructure
tion described above indicate that the recombination-drifsamples grown by molecular-beam epitaxy on the arsenic-
barriers responsible for the long-term relaxation of the volt-stabilized surface of a GaAs substratgithout an oxide
age are localized in the GaAs substrate, and, more precisellgyen, and also for samples grown by vacuum evaporation.
in the layer immediately adjacent to the Ge film. These char- It is interesting to note that asdecrease&nd therefore
acteristics are typically absent for heterostructure samplethe energy of the exciting photons and the absorption coef-
grown on substrates without oxides on the surface. ficient in Ge increase the character of the voltage distribu-

4. Curves3 and4 in Fig. 1 show the distributions of the tion changes, since it is essentially the algebraic sum of the
photovoltage along a sample illuminated with both modu-voltages generated in the film and the substrate. In addition,
lated and unmodulated light from the side with the germathe amplitudes of these voltages are equalized as a result of a
nium film. The entire sample was exposed\to=0.86 um reduction in the amount of light passing through the Ge film
unmodulated light with an intensitii=4.1x 10'® photon/ and being absorbed by the substrdte,l, exp(—ad), and
cn?-s. An optical probe of\ ~=0.88 um modulated light their contribution to the measured signal naturally changes.
was moved from one end to the other along a sample with 5. Additional data indicating that the barriers are local-
darkened contacts at a velocity of 0.025 mifeisrve 3, Fig.  ized was obtained by studying the photovoltage distribution
1). The distribution of the voltage remained the same whemwhen the heterostructure sample was illuminated from the
the direction of motion of the optical probe was reversedside with the GaAs substrat€ig. 23. These investigations
However, changing the wavelength of the exciting modu-showed that first, the polarity of the voltage is reversed when
lated radiation to\~=0.91 um caused a change in the dis- the wavelength of the modulated light changes from
tribution profile of the voltage and in its polaritgurve 4, N"=0.88 um (curves3 and 4, Fig. 23 to A~ =0.91 um
Fig. 1). In addition, the distribution of the voltage did not (curvesl and2, Fig. 23, as is observed when the sample is
depend on the direction of motion of the probe. The voltagelluminated on the side with the Ge film. Second, the auxil-
described by curvd is clearly generated in the Ge film be- iary illumination also leads to the disappearance of the long-
cause the energy of the exciting photons is less than theerm relaxation of the voltage and has a selective effect on
GaAs band gap. At the same time, curledescribes the the measured signal.
distribution of a voltage generated preferentially in the = Compared with illumination on the film side, the ampli-
GaAs, since its amplitude in the Ge is an order of magnitudeéude of the voltage is five times greaterat0.91 um, while
lower and its contribution to the total voltage is small. the voltage generated by the=0.88 um light is reduced by

It has been noted that the mechanism for the generatioa factor of 3, mainly because of the increased amount of
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absorbed light in the Ge film and the reduced fraction in the  Thus, the experimentally measured amplitude of the
GaAs substrate near their interfdté.It should be stressed voltage will be smaller and given by
that most of the amplitude of the voltage is formed precisely
in this place. E=E~-VRAG, 2
6. The heterostructure samples under study have a layer
of oxide between the film and the substrate, which alters thg,nere E~ is the bulk-gradient voltage generated in the

band diagram of the heterojunction. This model assumes thahmpje in the absence of unmodulated auxiliary illumination.
a depletion layefto the point of inversiohis formed in the 7. Various conclusions can be drawn from these experi-
GaAs at the boundary with the oxide layer, and on the othef,ents and results.

side, an accumulation or depletion layer is formed in the Ge  The gradients of the carrier dark concentrations along

Ref. 9 (Fig. 2b. The oxide forms a natural barrier for the {he interface are in opposite directions in the substrate and
charge carriers between the film and the substrate. The ph@se film.

togenerated electron-hole pairs are spatially separated in the The presence of an oxide layer between the film and the
band-bending regions in GaAs and Ge, respectively. The Oxsypstrate leads to spatially separated band bending in the Ge
ide partially impedes the transfer of excess carriers from thgng GaAs, which is responsible for generating an additional
substrate into the film. This spatial separation of the nonequiyejtage that relaxes slowly with time and depends on the
librium carriers is also responsible for the additional V°|tagevelocity and direction of motion of the light probe.

generated in addition to the bulk-gradient voltage, as the |t was noted initially that long-term relaxation of the
light probe moves along the interface. If fairly strong deplet-pnotovoltage has also been observed in heterostructures
ing band bending occurs in the Ge, this voltage is generategown by thermal vacuum evaporation. However, this behav-
in the film even at room temperature, as was observed %y was attributed to the presence of recombination-drift bar-
perimentally(Fig. 2a, curves} and4). This voltage will 0b-  yiers formed in adjacent layers of film as a result of their high
viously disappear in the presence of auxiliary illumination, goping. A similar voltage is observed in heterostructure
WhICh generates electron-hole pairs in the band-bending ZONgmples with an oxide layer between the film and the sub-
in GaAs and Ge, thereby screening it. strate, but in this case, the barriers are localized on the sur-
. Mention should be made of another important charactertaces of the film and the substrate on either side of the oxide.
istic deduced from a comparison of the amplitudes of curves  The reason for the low amplitude of the photovoltage in
1 and2 (Fig. 1) with curve3 (Fig. 2). The amplitude of this  these heterostructures is clear. Although the Ge films are
last curve3, d.escnblng the distribution of the photovoltage purer than those grown on substrates without an oxide layer,
at each point in the sample, should clearly equal the half-surfhe recombination velocity increases at the surface adjacent
of the amplitudes of curvesand2 (Fig. 1). This is because (4 the oxide, which significantly reduces the amplitude of the
the amplitude of the voltage associated with the long-termytovoitage in thin samples, even when the coefficients of
relaxation of the nonequilibrium conductivity, which is alge- absorption of light in the Ge are high.

braically added to the bulk-gradient voltage, does not change This work was partly financed by the Ukrainian State
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Fresnel vector diffraction integral
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The Huygens-Fresnel principle modified for electromagnetic waves is used to achieve matching
by generalizing the wave number to a complex value. In this way, it is possible to describe

the field directly beyond a diffracting object. @997 American Institute of Physics.
[S1063-785(07)00806-9

A diffraction integral based on the Huygens-Fresnel m?2 Im
principle modified for electromagnetic waves was n+ 1+n  1+n '
analyzed in Ref. 1. In the present study, integration over a

ian et ; Im 12
complex section in the direction of propagation of the RP=| _ " 4 m
initial wave is introduced to match the amplitude of 1+n 1+n
the final expression with that of a freely propagating plane - -m n
wave.

In this study, a modification of the Huygens-Fresnel 1= 0 0
principle is used to perform similar matching by generalizing
the wave number to a complex value. By this means it is X 0 1-m 0 (2
possible to describe the field directly beyond a diffracting 0 0 1-n

object.
We write the coordinate part of this diffraction integral,

. . . In accordance with the Huygens-Fresnel principle, each
also using a representation of the secondary spherical wave . L .
) : : ' : .~ point on the initial wavefront is a source of a real secondary
in the form (exp-isxr/—ixr), used for the first time in

wave. This approach necessarily requires initial matching be-
Ref. 2 . s
tween the amplitudes of the secondary and initial waves.
Then the total amplitude of the secondary wave in all direc-
E(x,y,z): kJ J R(1,m,n)P(1,m,n)M (X, Yo) Eoexp tions in the _ab_sence ofa difflr%cting objéttte corresponding
So Jones matrix sVl (Xq,Yo) =( 5 1)) must be equal to the am-
plitude at the corresponding point on the initial wavefront:

—i%ZOdeodyo. (1) R
—iar L exp—ixr S
J jJR(I,m,n)-P(I,m,n)Eofdldmdn:Eo.

—lser
2 - L ©)

Here,k= 24/m%, »x= 27w/\, andx=»"+ix" is the complex

wave number associated with the secondary wave. The val; the front, where — 0, the real part of the secondary wave

ues of the componenig’ = 2a/\" and«" = 2a/\" are de- o1 de is RE(exp—if )/—ix]—1 regardless of the value
termined by solving a matching equation analyzed subse-

quently (see Eq.4)), x, y, andz are the coordinates of the ?r: . con(;pt(_)nent?hof thf t(.:ompler? Wavt(:] r;utrr‘?betrhUnd]?rld
observation point, and,, yo, andz, are the coordinates of . ese condartions, the so u.|o(r3) shows fthat the threelo
the point on the diffracting object. Integration is performedmtegrals of the corresponding elements of the matrix product

. . o ) RP are only nonzero for diagonal elements and are equal to
over th_e reglgrso occupied by the Ot_)JeCE(X’y’Z) IS the w?/24. Thus, it is found that the resultant amplitude of the
three-dimensional Jones vectof the diffracted wavek, is secondary wave is not equal to the amplitude of the initial

the Jones vector of the illuminating wav® simplify the  \yave. The coefficienk introduced in Eq(1) performs the
following analysis, the illuminating wave is taken as a planeneCessary correction for this mismatch.

wave propagating along treaxis), M(xo,Yo) is the Jones We determine the components of the complex wave
matrix*  of the diffracting object, I=(X=X0) /T, number, ' and »”, by solving Eq.(1) in the asymptotic
m= (y—Yo)/r, andn= (z—2o) /r are the direction cosines approximation for a freely propagating plane wave. Selecting
of the diffracted beam, anB(l,m,n) andP(l,m,n) are the  he critical pointsx,=x and y,=y (Ref. 4 allows us to

so-called rotation and projection matrices, whose combinedg|culate the asymptotic approximation in the form
action describes the evolution of the amplitude and polariza-

tion of the secondary wave as functions of the direction of 2k

. . . . . : S K o . ~ ,
diffraction. We write an expression for these rr_1atnces |r.1 a E= - B, exp—i[ xzo+ x(2—20)]. (1)
more compact and corrected form compared with Ref. 1: %' 2%
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The left-hand side of Eq.(1') is a priori equal to which uniquely describes the amplitude-phase component of
F;O exp(—ixz), which allows us to construct a single complex the vector field immediately beyond a diffracting object hav-

Dividing Eq. (4) by the real and imaginary parts, for given

equation for both components of the Jones veé@r ing an arbitrary anisotropic gyrotropic structure.
The need to generalize the wave number to a complex
2wk exd x"(z2—zp) Jexp—i[ (%' — x)(z2—2o)] value, demonstrated in this study, is perhaps the only alter-
native in this scenario. For example, it has been known for
—x' (%' +ix")=0. (49 some time that the Fresnel diffraction integral for a freely

propagating wave gives rise to a factor of dimension length
that prevents it from being assigned any real physical mean-

» andk, we can expresg’ and x” as functions of the dis-
tance ¢—zp).

Figure 1 shows the behavior of’ as a function of
(z—zy) for A=21um. With increasing distance\’ rapidly
approaches and for z—zy)~10°—10* um, they are accu-
rately matched. It should be noted that differs substan-

tiglly from A only in the immediate v_icinity of the source, at systematic application of the Huygens-Fresnel principle as-
distances much less thanwhere, strictly speaking, the SeC- sas that the secondary wave is a real physical entity with
ondary wave is formed and the concept of wavelength 10Segpecific characteristics of nucleation and formation, rather

some of its meaning. It. is usua]ly difficult to obtain a uniquehan as a virtual mathematical transform figuring in the
and adequate description of this regloBenerally speaking, theory®
it seems to the author that at present, it is questionable
whether any differen tw n n rv

N .e any difference be eg\d and i Qa be ObSGI ed . 1sh. D. Kakichashvili, Pis'ma zZh. Tekh. Fi22(5), 66 (1996 [Tech. Phys.
experimentally. However, a suitably designed experiment is | o 5o 211(1996].
obviously required to provide a clear substantiation of this 2A. Sommerfeld Partial Differential Equations in Physigsransl. from the
complex wave number hypothesis. The imaginary pérof Gem]1an(Academic Press, New York, 196fRuss. transl., IL, Moscow,

" 1950,

the complex wave number Only plays an auxmary.role and SW. A. Shucliff, Polarized Light: Production and Us@Harvard University
cIea_rIy cann_ot_be. related to any real wave. In Fig. 1 the pegs, Cambridge, Mass., 196Russ. transl., Mir, Moscow, 1965
profile of A" is indicated by the dashed curve. “M. Born and E. WolfPrinciples of Optics 4th ed.(Pergamon Press,

We also note that the complex equati@h is satisfied nggf% 1h96% [s\;]s_s. tfa”_srlrh- NaUki; MOSCgW'b1|979 - Optiited b
: :°H. G. Schmidt-Weinmar, innverse Source Problems in Optjeglited by
by a whole system of other roots, whose meaning and physi H. P. Baltes(Springer-Verlag, Berlin, 1994 Russ. transl., Mir, Moscow,

cal content require further analysis. 1964,
If the asymptotic approximation is also used to describe®G. Kirchhoff, Theory of Light Raysin Selected Works of Gustav Robert

. . . . 2 : Kirchhoff[in Russian, Nauka, Moscow(1988.
the field ?‘t the dn‘fractmg ObJeCt’ then replacuﬁjj with A. Rubinovich,Thomas Young and Diffraction Theory. Creators of Physi-
M (Xo,Yo)Eg and setting £—2z,) =0, we obtainx’= 27k cal Optics edited by V. I. Rodiche{in Russiaf, Nauka, Moscow1973.
and »"=0, which after substituting into Eq1’), gives 8A. Sommerfeld,Optics transl. from the GermatAcademic Press, New
York, 1954 [Russ. transl., IL, Moscow, 1953

ing. Similar reasoning also applies to the Kirchhoff diffrac-
tion integral if its accurate form, derived uniquely from
Green’s theorem and the wave equafids,used rather than
an approximate form. Fundamental difficulties are also in-
volved in developing Young's diffraction id€a.

Under these conditions, it should be recognized that the

E=M (Xo,yo)é exp—ixz, " Translated by R. M. Durham
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Influence of the magnetic self-field on the formation of a cathode plasma jet
in steady-state vacuum arcs
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It is shown that magnetic pinching of a cathode plasma jet is initiated after various microjets
have merged to form a single jet at a distancel0®d from the cathoded is the

diameter of the cathode microsjpoThe plasma jet acquires the form of a paraboloid of
revolution whose surface oscillates about the equilibrium position because of the inertia of the
plasma transverse motion. At this point, cooling of the jet ceases19€¥ American

Institute of Physicg.S1063-785(07)00906-3

1. It is known that a plasma formed in the cathode mi-velocities. Assumingl.>T,; (Ref. 10, we haveP~T.N,
crospots of a vacuum arc discharge propagates toward thend 8= 2c?T./(yeVI). It was shown in Refs. 6, 10, and 11
anode in the form of current-carrying plasma jets with athat as a current-carrying plasma undergoes spherical expan-
quite clearly defined lateral bounddrylt is usually sion, it is accelerated to supersonic velocity
assumeti? that the plasma kinetic pressuPe=NoTo+N;T;  V,=(5ZT,/3m)" 2 at a distance\r=r, —ry=d/4 from the
is equalized at this boundary by transverse pinching of th&athode, and for >10%d, the velocity reaches the limiting
cathode plasma jet by the magnetic self-field. In this casevalueV.~5V, (the asterisk subscript indicates the values of
the Bennett equilibrium conditi&n,@=2c2PS/|2=1, ob- the variables are taken at the critical pomt, rq is the
tained for an arbitrary distribution of pressure and current inPosition of the cathode surface, amds the ion mass Thus,

the cross sectioi®= md2/4 of the plasma cylindetwhere the parametep _wiII decrease only as a result of cooling of
P is the average pressurejs the current, ana is the ve- the plasma. Sincg8=p, TV, /(T,V), for B, =10 the

locity of light), should be approximately satisfied. However, value =1 is achieved at a distance;=10°d, where

near the cathode, where the diameter of the microjet is of th%-gsll;j[* ;0;( (:r?;-ioilqc.:aEleretzetrr\gorﬁgn%ecgcther}eslsisrz?oaesx?ee d
order of the size of the cathode microsget 1m, we find P 9 P

B=10 (the kinetic pressure is substantially greater than th the kinetic pressuref1), and the plasma is accelerated

magnetic pressujesince measurements of the electron derﬁoward the axis of the jet. The characteristics of this process
9 P e 3 depend to a great extent on the vertex half-angj®f the jet

H 1
sity and pressure near the cathode gNg=10"' cm 3, and the parametes, .

-Lﬁ 5-10 eV(f?e&fs. 4;6,A/d_~ 10° Alem (ester]ated from 3. We shall take into account the influence of the mag-
the Zeeman effect, and the ion parametefsvith average netic field starting fromr=r,. We use a one-dimensional

chargeZ) are estimated al;=N¢/Z andT;<Te. approximation, considering the cathode plasma jet to be of

We show here that magnetic pinching only begins 10, arjapie cross sectio(r). We shall assume thak(r),

have an influence after the various microjets have merged t9(r), andj(r)=1/S are constant over the cross section, but
form a single cathode plasma jet at a distancel0°d from that the particle densittN=N;=N,/Z and the velocity
the cathode. Ultimately, the cathode plasma jet acquires th\%zrb depend on the polar angte (in the spherical coor-
form of a paraboloid of revolution whose surface oscillates; .o system, 6,¢), settingN=0 at the boundary of the jet
about the equilibrium positiond=1) because of the inertia 6= ). We shall also assume the,<V, i.e., that the lat-

of the plasma transverse motion. At this point, cooling of theg 5| 5rface of the jet is nearly conical with a slowly varying
cathode plasma jet ceases, which explains the constant elggs ey half-angle @. In this case, d/dt=Vd/dr and

tron temperature observed at large distances (5—40 cn) a=Vda/dr.

from the cathodé:® Under these assumptions, the system of equations
expansion is impeded by friction between the plasma ang ) retain their form and should merely be supplemented
the neutral gas surrounding the plasma and propagates, an equation for the cross sectional area
mainly along the surface of the CathO(ﬂWe shall assume S(r)ZZWrZ(l_COSQ(r)). For this purpose, we consider the

that when>1, the cathode plasma undergoes sphericap-projection of the equation of plasma motion
expansion within a cone with the solid angle

Qo=2m(1—cosay)=const(whose size is determined by the mNV g 1P jB

interaction with the neutral gasind the cross sectional area — —(r?)=— = ———. (h)
of the jet varies a$(r)=Q,r2. Since the ratio of the elec- r
tron and ion currents ik./1;=y~10 (Ref. 9, under condi- )
tions of steady-state quasineutrality we havg=yV and Since the compression ratehas a maximum and is equal to
| ~vyeN.VS, whereV, andV are the electron and ion radial « at the lateral boundary of the jet ae-=0 on the axis, the
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extremely simple self-similar approximatid?r: a6l a may hetic self-field does not play a significant role in low-current

be used. Then, multiplying Eq1) by 1—cosé and integrat- vacuum arcs with a total curreny= 1-30 A.
ing over 6§ between 0 andy, we find At high currentd ,, the plasma is emitted from separate

microspots, and at the initial stage=D there aren=1,/1
independent current-carrying microjétereD= (3—-30d is

the distance between the microspéts). It may be assumed
that the microjets merge to form a single cathode plasma jet
where f(a)=[5N(6)(1—cose)ada[5(N(f)sin 6d6,  with the currentl,=nl and the total cross sectional area
P=ZNT,, andN is the average ion density. The last term in S,~nS at the distanc&=D, where the plasma velocity is
Eg. (2) was obtained using the Maxwell equation already close to the limiting supersonic velocity
VXxXB=4mjlc, wherej=j,=1/S, and it was also assumed Vv, ~5V, =10* m/s, and the temperature has decreased only
that the condition sfu/2<1 is satisfied fora<w/3. It can o T=2/3T, (Ref. 10. Since 3~ S/I?, for the total jet we
seen from Eq(2) that the equilibrium condition¢=0) fora  haveB,=g/n.

famiv - 2] p= 2
(a)m al’;— —ZCZS ()

conical jet coincides with the Bennett conditiof<€ 1) for a By way of example, Figs. 1 and 2 give solutions of Eq.
cylinder, but is subject to additional constraints=const (3) (and the equations far andt) with 8, = 8,=10, which
and constraints on the angig. approximately corresponds to=10 andl ,=~30—100 A. In

Converting, as in Refs. 10 and 11, to the dimensionlesshe rangex<30, wheret/v>1/8, , the solution gives the
variables x=r/r,  (where r,=d) (Ref. 11, change in the parameters of an individual microjet with the

s=9/s, =x?(1—-cosa)/l(1-cosay), v=V/V,, and dimensionless distance=r/d. The rangex>10°®, where
t=T./T, , we obtain t/v~1/B, , corresponds to the solution for the complete
2 cathode plasma jet. In the transition rangexofalues, the
5 d [ x° da t 1 s L
fla)—| ——|=———. ©) individual microjets merge to form a complete cathode
3 dx| e dx/ v B, plasma jet, which, naturally, is not described by E8).

The functionf(a) depends weakly on the relative par- However, the plasma temperature and velocity vary com-

ticle density d|str|but|orN(0) over the cross section of the paratively little in this Section, so that the overall pattern of
jet and is close to the forni~ka? For N=const when Variation in the parameters of the cathode plasma jet is con-

6<a and N=0 when #=«, we have k~1/4. For Served in this approximate method of calculation.
N=Ngo(1— 6% a?) or N=Ny(1-sirfd/sifa) we obtain Figure 1 shows that magnetic pinching initially reduces
k~1/6, which was used in the following calculations. the cross section of the jet, which then shows an average
Equation(3) is solved jointly with the equations far increase, which however, is not proportional fo(spherical
andt (Ref. 10 subject to the boundary conditions=ay and ~ expansiof but tor, i.e., the lateral surface of the cathode
da/dx=0 for x=x; (Wherev(x;)/t(X1)=8,). plasma jet acquires the form of a paraboloid of revolution. It
4. A solution was first obtained for an elementary cath-can be seen from Fig. 2 that a rapid fall in the electron
ode microjet transporting the current 1-10 A(Refs. 6, 7, temperature(corresponding to free spherical expangiis
and 12 with d= 0.3-3 um (Refs. 4, 6, and J7and replaced by a rise to an approximately constant value
B, =1C. It was found that magnetic pinching of this jet only T,~0.4T, . This change in the electron temperature agrees
becomes appreciable for>10" um=10 m, i.e., at unrealis- well with the experimental results, since according to esti-
tically large distances. From this we conclude that the magmates made using the ion compositiwhich yield values
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for the cathode region wher€,~T,~Tna) Te~10 eV V. M. Lunev, V. M. Ovcharenko, and V. M. Khoroshikh, Zh. Tekh. Fiz.
(Mo) and To~4 eM(Ti) (Ref. 6, whereas probe measure- ,*" 1486197 [Sov. Phys. Tech. Phy&2, 855(1977)].
ments far from the cathode giie~3 eV (Mo, r = 15—40 V. P. Afanas’ev, Zh. Tekh. Fi£2(11), 72 (1992 [Sov. Phys. Tech. Phys.
_ givie = 37, 1081(1992].
cm) andT, ~1.3 eV(Ti, r = 5-40 cm (Ref. 8. 3L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
These model calculations have shown that when theA(Pergamon Press, Oxford, 19g®Russ. original, Nauka, Moscow, 1982
magnetic pressure exceeds the gas pressure, the plasma 2%6 GAG%ZF;’ S. Anders, B. dner et al, IEEE Trans. Plasma SdrS-2q
gccelergted in the direction of the axis of .the cgthode plgsr.nav' F. Puchkarev, J. Phys. B4, 685(1991).
jet. The inertia of the transverse motion gives rise to periodics|. a. Krinberg and M. P. Lukovnikova, J. Phys. 28, 711 (1995.
compression and expansion of the plasma, accompanied biN. Vogel and B. Jtiner, J. Phys. 24, 922(1991.
temperature fluctuations. This process is similar to the radia '(-1 'é 8%"?2”‘”5 '-llj-l KonovsLO\glvisi.(;’gggl]kat al, Fiz. Plazmy11, 1373
oscillations of a cylindrical plasma in a Z-pin¢hUnlike the o5 & panior Ph?iic:BCylM o1 (1981
latter, the cathode plasma jet as a whole remains steady-statg A, krinberg, M. P. Lukovnikova, and V. L. Paperhyzh. Eksp. Teor.
and transverse compression and expansion are observed or;llyiz. 91, 806(1990 [Sov. Phys. JETHO, 451 (1990].
for individual sections of the plasma as they move along the,- A- Krinberg Phys. Plasmak, 2822(1994. o _
iet. The electron temperatufie. and the lonaitudinal ion ve- G. A. Mesyats and D. |. Proskurovskipulsed Electrical Discharges in
] " . P & . g Vacuum(Springer-Verlag, Berlin, 1989 Russ. original, Nauka, Novosi-
locity V remain almost constant, increasing by only a few pijrsk, 1984.
percent when the distance from the cathode varies by sever’ﬁs. Anders, A. Anders, and B. tlner, J. Phys. 25, 1591(1992 [sic].
orders of magnitude. Magnetic pinching causes appreciablg:\"-AA-K L_e%”to"'gh F?r?d SbMAOslo‘éits'gg‘t-zgzggégg- 3,@D56.
. . . . A. Krinber . . D! . .
acceleration of the ions only in the case of a non-steady-state MNDErg, o Fhys. B: Appl Fy=S,

cathode plasma jet with rising currenf (Ref. 15. Translated by R. M. Durham

437 Tech. Phys. Lett. 23 (6), June 1997 I. A. Krinberg and E. A. Zverev 437



Local polarization reversal in LINDO 3 crystals
S. O. Fregatov and A. B. Sherman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 10, 1997
Pis’'ma Zh. Tekh. Fiz23, 54—-58(June 12, 1997

Local polarization reversal has been investigated in a thin surface layer of a ferroelectric and
preliminary results are presented for lithium niobate. The polarization reversal is
accomplished by using a moving pointed electrode. 1897 American Institute of Physics.
[S1063-785(17)01006-9

The aim of our investigations was to study local polar-little influence on the structure of the electric field. The field
ization reversal in a thin surface layer of a ferroelectric. Podines in this region diverge from the tip in all directions
larization reversal was achieved by using a moving pointedvithin the solid angle~2.
electrode, similar to the tip in a scanning tunneling micro-  The domain structures were revealed by chemical etch-
scope. An electric potential is applied to the tip, generating ang of the samples in a hot mixture of nitric and hydrofluoric
local electric field sufficient for polarization reversal in a acids (2:1). This method is based on the enhanced rate of
given region of the ferroelectric surface. etching near the domain wall.

Single-domain lithium niobate crystals were selected for  Figure 1 shows one of the results of local polarization
the investigations. Of the various ferroelectrics known to usyeversal in the surface region of a lithium niobate sample
this uniaxial material has the strongest coercive fietRQ  with theZ axis parallel to the surface. A uniformly polarized
kV/mm) and may incorporate domains with mutually op- sample~1.5 mm thick with a polished surface was first
posed directions of spontaneous polarization, oriented alongtched using the above etchant to remove the damaged sur-
a specified axis4 axis). face layer. As a result, the thickness of the sample was re-

A single-crystal sample having characteristic dimensionsluced by 20um. At room temperature the tip touching the
of 3X3X 0.5 mm was placed on the surface of the first elecsurface of the sample was used to draw lires mm long,
trode — a conducting chromium film — deposited on the with a specified spacing between them. The rate of displace-
bottom of a shallow cell. A tungsten tip attached to a micro-ment of the point of contact over the surface of the sample
manipulator(the radius of curvature of the end of the tip did was~1 mm/s. Each line drawn corresponded to a particular
not exceed Lm), was brought close to the surface of the potential differencel() applied between the chromium layer
crystal. This tip serves as the second electrode and can laad the tip. After the sample had been etched again, relief
moved horizontally and vertically. To prevent electrical was revealed on the surface and was photographed in re-
breakdown over the surface of the sample, the cell was filledlected light. Figure 1 shows the area of the surface adjacent
with transformer oil. to the line drawn atJ=2750 V.

This setup was used to study local polarization reversal Interference measurements of the depth of the etched
for samples having different orientations of theaxis. This  regions indicated that each line drawn by the tip corresponds
was possible because in the immediate vici#10 um) of  to a groove. AtU=1550 V it is noticeable that the groove
the end of the tip, the shape and position of the oppositdottoms are speckled with traces of needle-like domains, ex-
electrode, positioned at a distance of hundredgof, have tending in a common direction. These needle-like domains

FIG. 1. Etched surface of sample at the point where a
line is drawn atU=2750 V.

20 ym
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were also recorded in experiments to study polarization reas one of the electrodes, local polarization reversal can easily
versal of MgO:LiNbQ in a uniform electric field. The do-  be achieved even in a “hard” ferroelectric such as lithium
mains are oriented parallel to tieaxis. From the point of niobate.
contact between the tip and the surface, the domains grow in  This effect can be as the basis to develop a microscale
the direction in which the planar component of the electricdevice that can write on the surface of ferroelectfasi-
field of the tip induces polarization reversal of the ferroelec-croplotter”). It can also be used to create domain structures
tric. When the polarity ofJ is reversed, the domains grow in in the surface region of a crystal for applications in nonlinear
the opposite direction. optics?® (synchronization of second harmonic genergtion
Figure 2 gives the depth (in um) of the etched regions acoustic$ (electric-to-acoustic signal convertgrsand in
as a function of the distanc® (in mm) measured across the other fields of solid-state physics.
grooves. The origin foh is the level of the crystal surface The displacement of a tip over the surface of a ferroelec-
and that forS is the edge of the groove facing the bases oftric can also be used for discrete recording of information.
the domains. An abrupt increase in the depth and width ofJnlike ferroelectric thin-film systems designed for use in
the grooves is observed for potential differenee2400 V. various memory systentsthe ferroelectric medium in this
For these values of the potential difference, the depth otase is homogeneous and its fabrication technology is sim-
the etched regions did not exceed O 4. Polarization re-  pler.
versal evidently took place in a surface layer of around this  These results may be used as the basis for further re-
thickness. The subsequent etching merely smooths the reliefearch on the surface region of ferroelectrics and especially
negligibly influencing the depth of the grooves. on the kinetics of domain formation and growth.
Different results were obtained for a lithium niobate
sample with theZ axis perpendicular to the surface. In this 15 kuroda, S. Kurimura and U. Yosiaki, Appl. Phys. LeB9, 1565
case, local polarization reversal beneath the moving tip pro- (1996.

ceeds from the surface into the crystal. The etched surfacéﬁ-gg-aG- Nutt, V. Gopalan, and M. C. Gupta, Appl. Phys. Lé, 2828
clearly reveals regions of two parallel domain walls border- 3yong-yuan Zhu, Nai-ben Ming, Wen-hua Jiang, and Yong-an Shui, Appl.

ing on each domain formed along the trajectory of the mov- phys. Lett53 1381(1988.
ing tip. As the potential difference decreases from 2.75 to 0.9*Shi-ning Zhu, Yong-yuan Zhu, Zhi-yong Zhaweg al., J. Appl. Phys77,

kV, the domain width is reduced from2 um to less than 1~ 5481(1995. S
um J. F. Scott and C. A. Paz de Araujo, Scierzets 1400(1989.

To sum up, these results have shown that by using a tipranslated by R. M. Durham
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Hysteresis of the current-voltage characteristics of porous-silicon light-emitting
structures

A. N. Laptev, A. V. Prokaznikov, and N. A. Rud’

Yaroslavl’ State University
(Submitted November 27, 1996
Pis'ma Zh. Tekh. Fiz23, 59-65(June 12, 199y

A new hysteresis effect is described in metal—porous-siligetype silicon structures and a new
model is proposed to describe current flow in these structures19€y American Institute
of Physics[S1063-785(17)01106-3

Porous silicon has come to be regarded as a highlyhe conditions of a simple model which neglects the influ-
promising material for optoelectronics following the obser-ence of the electronic states at the interface, the Pd—porous-
vation of intense visible photoluminescehes well as elec-  silicon contact is Ohmic whereas the Al—porous-silicon con-
troluminescence from porous silicon structuteddowever, tact is rectifying. For this reason we assume that the current-
the electroluminescence quantum efficiency of porous silicowoltage characteristics of our structures will be determined
structures is still fairly low(no higher than 10°), and thus by the isotypicp—p heterojunction between the crystalline
in order to enhance this parameter it is important to gain #-Si and the wider-gap porous siliciThe properties of this
deeper understanding of the characteristics of the physicdieterojunction have been little studied, but it is knSwmat
processes involved in current flow in electroluminescenthe energy band diagrams and current-voltage characteristics
cells, including metal-porous-silicon—crystalline-silicon of isotypic heterojunctions vary substantially depending on
(Me—PS--Si) structures. the doping level of the initial semiconductors and the pres-

In the present paper we report results of an investigatio@nce of charge states at the interface. It was shown in Ref. 6
of current flow and photosensitivity in the 0.4-18m  that Ge—Sin—n heterojunctions with donor concentrations
wavelength range in light-emitting Pd—P@-Si structures at  of 10" cm™2 and 5< 10" cm™2 in Si and Ge, respectively,
room temperature. exhibit current-voltage characteristics similar to the experi-

The porous silicon structures were fabricated frommental data for our structures. Following Ref. 7, the current
(100-orientedp-Si (KDB-10) wafers. Layers of porous sili- through an isotypic heterojunction is due to thermionic emis-
con severajm thick were prepared by anodic electrochemi-sion of carriers in opposite directions and is determined by
cal treatment in a 50% aqueous solution of HF. The porou#he following expression:
silicon surface of the samples then underwent plasma- _
chemical treatment to remove the surface amorphized film = Jo(1=Ve)lexpqU/kT) 1, @
before being covered with a semitransparent layer of2®d where Vg is the barrier potential of the heterojunction and
nm thick. The Ohmic contacts were formed by an Al layer Jq is given by
severalum thick, which partially covered the Pd layer and -
was deposited on the back side of the crystalline silicae Jo=AATTVeexp(—qVa/kT)/k. )
inset to Fig. 1. In this case, the reverse heterojunction current does not

The static current-voltage characteristics of these strucsaturate but increases linearly for larble (qQU>KT). The
ture exhibited well-defined rectifying behavior. The ratio of dependence of the forward current gu/kT can be ap-
the forward and reverse currer(the forward current corre- proximated by an exponential function, i.e.J
sponded to the application of a positive potential to thexexp@U/nkT).
c-Si) at a 2 V bias varied from one sample to another be-  An analysis of the current-voltage characteristics of our
tween a few units and #0Typical current-voltage charac- structures using the isotypip—p heterojunction model
teristics for our structures are plotted in Fig. 1. It should beshows that the dependence of the reverse current on the bias
noted that no saturation of the reverse current was observesl accurately described by expressidn for Vg=0.7-1 V
for any of the structures. Moreover, for most structures thdor various samples. The forward branch of the experimental
reverse current increased linearly with increasing bias. Likeeurrent-voltage characteristics at low bias with allowance for
wise, no saturation of the reverse current was observed ithe base resistance of the porous silicon la§E0—1000
Refs. 3 and 4 in an investigation of the current-voltage char{)) is extrapolated by the exponential function
acteristics of Al-PSp-Si structures. The authors of these Jxexp@U/nkT). An analysis of the logarithmic dependence
studies analyzed their results in terms of a two-barrier modebf the forward current on the bias allowed us to determine
(a Schottky barrier at the Al-porous-silicon contact and avg and the ideality facton for these structures. For the
heterojunction at the porous-silicop-Si interfac@ con-  effective Richardson constarA* =8x10° Axm 2.K 2
nected in opposition. This model cannot be applied to oufRef. 7), the barrier potentia¥/z varied in the range 0.6-0.8
structure because it is unclear whether a rectifying contact i¥ with the ideality factorn=8-14. The same values of the
established at the Pd—porous-silicon interface. If we assumideality factor for the current-voltage characteristics of Me—
that in our structures the porous siliconpisype, then under PS—p-Si structures were obtained in Refs. 2, 3, 8, and 9. The
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structure. At repetition frequencies5x 10 3 Hz, clearly
defined hysteresis was observed on the forward and reverse
branches of the current-voltage characteristic for all the
samples. Figure 2 shows a typical dynamic current-voltage
characteristic for our structures, obtained at a bias repetition
frequency of 102 Hz.

An analysis of the dynamic characteristics revealed that
the establishment of the forward and reverse current through
the structures is characterized by different times. Our inves-
tigations of the relaxation of the current through the structure

under a pulsed bias allowed us to determine the characteristic
k times for this relaxation. We found that the times taken to
/ establish the forward and reverse currents are 40 s and 13 s,
respectively. This is consistent with the results of analyzing
the hysteresis of the current-voltage characteristics. We
u v therefore confirmed that the presence of deep electronic
, : : .

states is responsible for the hysteresis of the current-voltage
characteristics.

Our model of ap—p heterojunction with deep electronic
states in the porous silicon layer is confirmed by our inves-
tigations of the spectral photosensitivity of structures ex-
posed to steady-state optical excitation without a bias. Figure
3 shows typical behavior of the photosensitivity for the struc-

authors of these studies attribute this behavior to the highture whose current-voltage characteristic is illustrated in
concentration of localized electronic states at the metalFigs. 1 and 2. A characteristic feature of all the structures
porous-silicon interface. In our model for these structures wetudied are the heteropolar photoresponses in different parts
assume that the increase in the ideality fastds strongly  of the spectrum. The maximum negative response was ob-
influenced by the high concentration of localized electronicserved at almost the same wavelength for all the structures,
states in the porous silicon and by its inhomogeneity. but the shape and ratio of the positive and negative responses
The presence of localized electronic states in the porougaried slightly from one sample to another. Similar photoef-
silicon may influence the establishment of current througtfects in Ge—Sh—n heterojunctions were observed in Ref. 6.
the structure. In order to determine this influence, we invesAs in that case, the negative photoresponse in our structures
tigated the dynamic current-voltage characteristics of thés attributed to photoexcitation in the single-crystal silicon
structures under a periodic linearly varying bias. It was eswhile the long-wavelength positive response is determined
tablished that the form of the dynamic current-voltage charby the photoexcitation from traps in the porous silicon and at
acteristic depends on the rate of change of the bias across tite surface. The positive short-wavelength photoresponse is

- -0.2

FIG. 1. Typical static current-voltage characteristic of Pd—pSi# struc-
tures(a) and general view of these structur@s.

I,mA |3

FIG. 2. Dynamic current-voltage characteristic of Pd—PS—
p-Si structure.
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FIG. 3. Spectral dependences of the photoresp(i)selectroluminescence
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(2), and photoluminescend8) of a Pd—PSp-Si structure.

electronic states in the porous silicon, functioning as carrier
traps, must be taken into account in analyses of current flow
processes in Me—P®-Si structures. It has been shown that
the experimental current-voltage characteristics of Pd—PS—
p-Si structures are in good agreement with the theoretical
curves obtained in the model of an isotypiep heterojunc-
tion between the single-crystal silicon and the porous silicon.
The hysteresis observed in the dynamic current—voltage
characteristics is caused by the presence of traps for holes in
the porous silicon and this is confirmed by the photoresponse
spectra of our structures. Further investigations are needed to
identify the nature of these traps and these are planned for
the future. Detailed results on photoeffects in porous-silicon
structures will be presented in our next report.

The authors would like to thank S. P. Zimin for useful
discussions and N. E. Mokrousov for supplying the samples.
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Pinning of planar vortices in a three-dimensional Josephson medium and
the applicability of the Bean model

M. A. Zelikman

St. Petersburg State Technical University
(Submitted December 11, 1996
Pis'ma Zh. Tekh. Fiz23, 66—69(June 12, 199y

Calculations are made of a system of planar vortices formed at the boundary of a sample with a
monotonically increasing external magnetic field with allowance for pinning caused by the
cellular nature of the medium. The spacing between the vortices remains approximately constant
and does not decrease near the boundary. This behavior indicates that the magnetic field

does not depend on the coordinate in the region where the vortices have penetrated. These
observations contradict the conventional Bean model.1997 American Institute of
Physics[S1063-785(07)01206-§

Vortices play an important role in magnetic field pen- ¢ +1-2¢,+¢n—1=1 sin gn(=27),
etration processes in high-temperature superconductors. In
the presence of pinning, these vortices form near the surface (I1=2mpchdc/®o), @
and penetrate into the sample with increasing field. The penyhere the termst 2 may appear on the right-hand side if
etration of the field into the sample is usually calculatedthe cell contains any vortex center.
using the Bean modélwhich assumes that all the vortices in Equations(1) constitute a recurrence relation to deter-
the region where the field has penetrated, are in a “criticamine ¢,,,; from known ¢,, and ¢,,_;, which allows us to
state,” i.e., that the force acting on each vortex from all thecalculate the distribution af,, over the entire sample using
other vortices is equal to its maximum pinning force. Totwo valuese, and¢, at neighboring points. For a monotoni-
calculate the field profile, we need to know the dependenceally increasing magnetic field the vortex furthest from the
of this force on the magnetic field. Various mechanisms exisboundary is at the surface of motion. To calculate this struc-
for the pinning of vortices at all possible types of crystalture, we fixe, and finde, such that the neighbor to the right
lattice defects acting as pinning centers. The authors of Refgf some selected vortex is the greatest possible distance from
2 and 3, for instance, considered the interaction between ia (ideally at infinity).
continuous vortex and discretely distributed pinning centers  Then by varyinge, we minimize the distance from the
for different ratios between the vortex dimensions and thenearest vortex on the left, and then from the next. By repeat-
spacing between the pinning centers. ing this procedure many times, narrowing the raggeime

In the present paper an analysis is made of a threeafter time, we can find the unknown *“critical” state of the
dimensional medium consisting of a cubic lattice in whichvortex lattice. Calculations to fifteen decimal places can be
each link of lengthh contains a single Josephson junction used to find the position of 20—50 vortices. These calcula-
with a critical current); (Refs. 4 and b In this medium the tions performed on a computer yielded the following results.
vortex is not described by a continuous distribution of the 1. The distance between two stationary isolated vortices
phase difference but by discrete values thereof at variousf the same orientation can vary between infinity and a cer-
junctions. Pinning exists as a result of the cellular structure
of the medium and is determined by the finite energy needed
to displace the center of a vortex to the next cell. We calcu-
late a system of vortices established in the sample with
monotonically increasing external field and we check the va-
lidity of the Bean critical-state model.

Let us assume that a sample in the form of a thick plate
is located in a magnetic field parallel to the plane of the
plate. Then, the currents are distributed identically in all @
planes perpendicular to the external field. Although the for- /Z,
mation of linear vortices is energetically more favorable, pla-
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nar (laminap vortices are considered subsequenfyg. 1)
because this model can be calculated, all subtleties can b .
eliminated, and the main results can be applied qualitatively }_@_;_@r .o e | f@
to the case of linear vortices.  J Y * + J

The conditions of fluxoid quantization in céllsvere ] J1 Jz 13 b A

used to derive a system of equations to calculate the phas.
jumps ¢, at the Josephson junction® is the magnetic g, 1. current distribution in a planar vortex in the plane perpendicular to
flux quantum the external field.
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FIG. 2. Magnetization curves of sample for varidusThe
dashed curves correspond to no pinning.

tain minimum value. This behavior is caused by pinning,proximately constant, which indicates that the magnetic field

because in the absence of pinning the interaction between the independent of the coordinate. The theoretical magnetiza-
vortices would separate them by infinity. As the parametetion curve of the sample is typical of type-1l superconductors

| increases, pinning is enhanced and the repulsion betwedRig. 2). Pinning leads to an increase in the critical fiéld

the vortices decreases, so that the minimum distance betweand a steep jump on the curve because the vortex lattice
the vortices is reduced. Fbr-2.9 the centers of the vortices cannot have a period greater than that corresponding to the
may be located in neighboring cells. calculated critical state.

2. To find the magnetization curve of the sample, we  To conclude, it follows from these observations that un-
analyze a system of vortices formed in a sample with aer conditions of interacting vortices containing no more
monotonically increasing external magnetic field. The shortthan one flux quantur®, the Bean model ceases to hold for
est distance between the vortex furthest from the boundarginning caused by the cellular nature of the medium.
and the nearest neighbor is a power function lof
d~6.1x10 11

3. For1>1.4, the distance between the vortices is re-!C. P. Bean, Rev. Mod. Phy86, 31 (1964.
duced to one cell as the boundary is approached and then tiﬁé(- S. Kivshar, and B. A. Malomed, Rev. Mod. Phyl, 763 (1989.

- . . . V. V. Bryksin and S. N. Dorogovtsev, Zh.kEp. Teor. Fiz.102 1025
centers of the vortices are located in neighboring cells. Be (1992 [Sov. Phys. JETH'S, 588 (1992)],

ginning_With |=3-41_the_ numb(_er of ﬂUX. Q_Uant@o in the “M. A. Zelikman, Sverkhprovodimost(KIAE) 5, 60 (1992 [Supercon-
vortex increases with Increasing proximity to the sample ductors5, 60 1992].
boundary. °M. A. Zelikman, SverkhprovodimostKIAE) 5, 1819(1992 [Supercon-

4. Forl 1.3, the distance between the vortices does not 9uctrs®: 1738 1992
decrease as the boundary is approached, but remains apanslated by R. M. Durham
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Electroluminescence and current—voltage characteristics of n-type porous
silicon structures

E. Yu. Buchin, N. A. Laptev, A. V. Prokaznikov, N. A. Rud’, V. B. Svetovoi, and
A. N. Chirkov

Yaroslavl’ State University
(Submitted December 27, 1996
Pis'ma Zh. Tekh. Fiz.23, 70-76(June 12, 1997

An investigation is made of a set aftype porous-silicon structures exhibiting high
electroluminescence efficiency and low degradation, and results are presented. These results
demonstrate that operating voltages corresponding to those of standard ceramic—metal-
oxide—semiconductor technology can realistically be achieved19@7 American Institute of
Physics[S1063-785(07)01306-3

One of the unsolved problems impeding the expansiortent structures involved two important aspects: controlled,
of the capabilities of conventional silicon technology is thereproducible formation of structures with a special porous-
development of light-emitting devices with an emission effi- structure morphology and the final laser treatment of these
ciency sufficient for practical applications. Porous silicon is aporous silicon layers to produce electroluminescence.
promising material for the development of such devices, The morphology of the porous structlfte’® was con-
since it can convert supplied energy into visible radiation atrolled by selecting the operating point on the current—
room temperature. Thus, numerous studies have been deeltage characteristic of the silicon anodization process in
voted to the physicochemical properties of this new materiahydrofluoric acid solutions. In particular, structures with a
and to investigations of methods of preparing it. mixed type of porous silicon morphology were fabricated by

Studies of the properties of porous silicon attracted parshifting the current—voltage characteristic during the anod-
ticular interest following the observation of efficient visible ization process. The resultant structures have reliably repro-
photoluminescence(of the order of 10% at room ducible morphologies and the electroluminescence properties
temperaturé. This discovery inspired hopes of developing differ for each type of morphology. The aim was to fabricate
light-emitting devices based on silicon technology. These dethose structures with the highest electroluminescence effi-
vices could be integrated monolithically with other silicon ciency. Note that there is no correlation between the photo-
structures to fabricate optical interconnections and planaluminescence, whose level is always fairly high for our
displays. The most important property for practical applica-samples, and the electroluminescence properties of structures
tions is the electroluminescence of porous silicon, when lighbased on these samples. The emitting properties of the pre-
is emitted under the action of a flowing current. The firstpared samples are influenced not only by the techniques used
attempts to fabricate electroluminescent devices revealed ta fabricate the porous silicon but also by the subsequent
low electroluminescence efficiencyof the order of treatment methods used to produce the emitting structures.
10759%), which was inadequate for practical purpodes. Our particular aim was to optimize the conditions for re-
This difficulty caused some loss of interest in this topic butmoval of the insulating film from the surface of the porous
the publication of the first promising results in 1995 re- silicon and meta(to enable transmission of output radiation
kindled interesf by laser treatment of the surface. Fired Al was used as the

The electrophysical properties pftype porous silicon lower Ohmic contact with the Si in the metal-porous-
structures not exhibiting electroluminescence were studied isilicon—silicon—metal structure while the upper Ohmic con-
Refs. 7—9. Carrier transport in porous silicon layers of vary-tact with the porous silicon was formed by Pt, Au, or Al. The
ing thickness was investigated in Ref. 7, where it was showmipper contact was prepared as follows. The natural insulating
that the problem of injection from the contact could be re-film formed on the porous silicon layer during anodization
solved by fabricating a sufficiently thin layer of porous sili- was used as an interlayer insulator. At those points where
con. It was shown in Ref. 8 that the rectifying properties ofcontact was required between the metal and the porous sili-
porous silicon structures can be attributed to depletion in theon, the film was removed by Naser pulses with a con-
single-crystal silicon substrate in the porous silicon—singletrolled number of pulses incident at each point. Two types of
crystal silicon transition zone. The frequency dependence dftructure were formed on each sample. “Point” structures
the conductivity and permittivity of porous silicon structures consist of equidistant holé400 wm spacing, approximately
was investigated in Ref. 9. The experimentally observed be20 uwm in diameter, made in the film. “Comb” structures are
havior is explained in terms of hopping conduction on aformed by lines 20um wide and 100um apart removed
fractal networl® from the insulating film. An approximately 0,2m layer of

In the present paper, we investigate the electroluminesmetal was then deposited on the surface. On the point struc-
cence and electrophysical properties of specially preparetlires the metal was removed by laser etching everywhere
porous silicon structures fabricated on KRO substrates. except for the narrow lines connecting the points. On the
The special technology used to fabricate the electroluminessomb structures an interdigital structure of narrow metal
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FIG. 2. Current—voltage characteristics obtained for the following struc-
tures:1 — sampleB,, comb structure2 — sampleB,, point structure3 —
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FIG. 1. Electroluminescence spectra obtained for the following structures: £€rved on the reverse branch prior to electroluminescence,
after the electroluminescence the hysteresis was broader on
the forward branch, and conversely. If we follow the
current—voltage characteristic in the directions indicated by
the arrows, on the lower forward branch of the characteristic

strips was formed similarly. In the latter case, the currentarriers are dumped into the conducting state from surface
flow geometry can be varied, perpendicular or parallel to thestates or deep levels, so that on the return section of the
surface of the sample, respectively. The different sampleforward branch these excess carriers make an additional con-
were identified a#\y, etc., where the letter8, B, C, ... tribution to the total current and the return section of the
correspond to a specific morphology of the porous structuréorward branch is higher. On the reverse branch, the pattern
and the subscripi indicates the laser treatment conditionsis reversedapart from the sign
used to form the light-emitting structure. Around twenty dif- This complex characteristic indicates that several junc-
ferent structures were singled out for investigation. tions are operating efficiently in the Pt—porous-silicon—
Figure 1 shows the electroluminescence spectra of stru&i—Al system. This conclusion is supported by an investiga-
tures using sampld3, andB; in which the upper contact is tion of the behavior of the photovoltage in the barrier-layer
made of Pt. The point structures begin to emit at the potentialegime, which changes its sign at a specific illumination
V~20 V and currentl~20 mA and give a bluish white wavelengtht® These data will be published in detail at a later
luminescence, clearly visible in the dark. The luminescenceate.
is only observed under reverse bias, i.e., when a negative These current—voltage characteristics obtained have dif-
potential is applied to the upper electrode. TBe comb  ferent profiles, particularly for samples whose porous layers
structures begin to emit a&t~60 V andl=~30 mA. Bright are prepared by different methods and for which the subse-
bursts of red luminescence are clearly visible and begin tguent laser treatments used to produce the electrolumines-
dominate as the potential increases. We note that the rezknce also differ. Differences are also observed in the type of
luminescence is far brighter and clearly visible in daylight. hysteresis. This is because the resulting structure is a fairly
The bluish white luminescence is evidently attributable tocomplex system of junctions between materials with differ-
surface levels at the upper interface of the porous siliconent physical properties, characterized by a different band
The red luminescence is most likely caused by quantum-sizstructure. The experimentally observed behavior suggests
effects in the porous silicon. Thus, two types of lumines-that the Pt—porous-silicon—Si—Al system may be represented
cence were observed: stable but weak bluish white luminesschematically as a system of series-connected devices pos-
cence and unstable but efficient red luminescence. sessing rectifying properties. The behavior of the Pt—porous-
Figure 2 shows the current—voltage characteristics osilicon junction is obviously similar to the diode properties
B, andBj point structures and B, comb structure. It can be of a metal-semiconductor junction and has a negligible in-
seen that the characteristic exhibits rectifying behavior. Hysfluence on the current—voltage characteristic. The properties
teresis can be clearly identified and changes its form depenaf the porous-silicon—Si junction are similar to those of an
ing on whether electroluminescence has occurred in théotypic n—n heterojunction with different band gaps on the
sample. For example, whereas broader hysteresis was oleft and right of the junction. The behavior of this junction

— sampleB,, comb structureb — sampleB,, point structurec — sample
B3, point structure.

446 Tech. Phys. Lett. 23 (6), June 1997 Buchin et al. 446
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Electronic properties of microporous silicon under illumination and with the adsorption
of ammonia

Yu. A. Vashpanov

I. 1. Mechnikov State University, Odessa
(Submitted January 27, 1997
Pis'ma Zh. Tekh. Fiz23, 77-82(June 12, 199y

An electromotive force has been observed at contacts of porous silicon samples, its magnitude
and sign varying with illumination and adsorption of ammonia. The samples exhibit
characteristic nonuniformity of the porosity along the surface of the material. The physical
mechanism for these effects is discussed. 1997 American Institute of Physics.
[S1063-785(07)01406-7

Porous silicon is currently a promising material in semi-adsorption of ammonia vapor led to any change in the elec-
conductor electronics whose physical properties are attractronic parameters of the material and the valudJofAs a
ing attention among many research&rsParticular interest result of contact with 490 ppm of ammonia in highly pure
is focused on studying the luminescence propeftfebe-  nitrogen, U initially decreased and then changed its sign
cause of the possibility of developing silicon light emitters. (Fig. 1, curve2). Under steady-state conditions the value of
Porous silicon has a large surface area, which leads to high reached—35 mV. When the sample was subsequently
chemical activity when this material interacts with an ambi-illuminated,U increased to+5 mV(Fig. 1, curve3).
ent gas.® Despite a considerable number of studies, the Figure 2 shows current-voltage characteristics measured
physical properties of porous silicon have not yet been dein the dark(curve 1), under illumination by white light at
termined definitively. This particularly applies to the mecha-130 Ix (curve2), and after adsorption of 490 ppm of ammo-
nism of carrier localization and the adsorption sensitivity ofnia vapor(curve3). It can be deduced from these results that
the material. The electronic parameters of porous silicon mathe material contains an internal electric field whose magni-
vary widely, depending on its preparation conditions. Thetude and sign depend on the measurement conditiins
search for a techniques to fabricate photosensitive and gasitination or adsorption of ammonia
sensitive porous-silicon sensors is also relevant. It should be noted that unlike the other gases studied, the
Porous silicon samples were prepared by electrochemammonia molecule has a high intrinsic dipole montefihe
cal etching ofn- and p-type single-crystal silicon in a 48% adsorption of oxidizing gas€©,, NO,, CO,) has no influ-
aqueous solution of hydrofluoric acid. During the etchingence because of the fluorine atom content at the surface of
process the material was subjected to additional illuminatiorthe material while the adsorption of,Hand CH, has no
and ultrasound treatment. Aluminum electrical contacts wereffect because of the high hydrogen content incorporated
deposited on the surface of the material. into the surface region during the anodic etching proégss.
The electronic properties of the samples were studied dnh addition, at room temperature these gases undergo very
temperatures between 293 and 573 K in a special measurifigtle chemisorption because of the high heats of adsorption.
chamber in which the semiconductor could be illuminated,This means that the physical reason for the change in the
the composition of the gaseous atmosphere could be altereflectronic parameters of the material is the physical adsorp-
or the system evacuated. The influence of the adsorption dgfon of dipolar ammonia molecules.
0O,, H,, NO, NG, CO,, CH,, and NH; gas on the electronic A decrease in the absolute value Wfwith increasing
parameters of the material was studied. Certified cylinders ofneasurement temperature is observed after the preliminary
these gases and highly pure nitrogen were used. adsorption of ammonia. At 423 K in high vacuuid, again
When studying the electronic properties of these porouseachest 3 mV and cooling to room temperature in vacuum
silicon samples, we observed that a voltdgeappeared at does not alter this voltage. With subsequent admission of
the contacts of some of the samples. These samples hadamnmonia vapor and illumination of the material theprofile
porosity higher than 12%. The value Of was considerably is repeatedFig. 1). This behavior indicates that these porous
higher in samples possessing higher porosity and reached 38icon samples contain an internal electric field whose mag-
mV in some cases. The magnitude and sigriJo&lso de- nitude and polarity depend on the adsorption of polar ammo-
pended on the geometry of the contacts and their distributionia molecules and on the illumination.
over the surface of the material. A study of the surface morphology of samples with a
The greatest effect was observed for a porous silicommicroporous structure by scanning electron microscopy re-
sample with an average porosity of 45%. After the samplesealed that the body of the silicon is permeated with cylin-
had been heated at temperatures above 423 K in higtirical pores. In addition, the surface of the porous silicon
vacuum, the value ofJ at room temperature was 3 mV. samples showing the greatest effect displayed nonuniform
When the semiconductor was illuminated with white light regions of enhanced and reduced porosity, pore diameter,
(E=130Ix), U was observed to increase @7 mV (Fig. 1,  and relative distribution, i.e., the geometric structure of these
curve 1). The spectra of these gases showed that only thporous silicon samples is nonuniform.
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than 10 nm, the spacing between the pores is less than 100
nm. For a localization of the positive and negative charge of
the order of 1&g (q is the electron chargewith a spacing
between them of 10 nm, a dipole is formed with a moment
approximately equal to one debye.

In strictly periodic porous silicon structures the voltage
at the contacts should be zero since the local fields of the
regions are opposed. On account of the asymmetry in the
properties of the porous structure in various directions along
the surface the value &f will be nonzero. Thus, the value of

20 2 U, equal to the sum of the electric fields of the local spatial
structures in the material, is nonzero in certain directions.
30 When the surface of the semiconductor is illuminated,

the nonequilibrium carriers tend to become localized at sites

FIG. 1. Time dependences 0f for illumination of porous silicoricurvel), of m'mmum F_)Otemlal energy. Th_ls will b,e acc_:ompamed by
in contact with 490 ppm ammonia vapor in highly pure nitrogg) and ~ an increase in the charge density localized in these spatial
subsequent illuminatiofcurve 3). regions, which will increase the internal field and the voltage
u.
Conversely, the adsorption of polar ammonia molecules

. ¢ led that th torial i reduces the internal local field and thus the voltelgen the
'on Mass spectroscopy revealed that the material Contains & ,i4cts because the local field of the ammonia dipoles is in

significant number of incorporated hydrogen atoms. The[he direction opposite to that of the structure field of the

concentration of hydrogen atoms is hlghest near the Surfac?ﬁaterlal. The adsorption of NHs intensified by fluorination
20-46 at.%, and decreases to zero in the interpore space . .
. of the surface of porous silicdfi.In this case, the adsorbed
Fluorine atoms were also observed at the surface at a con- o ) .
. ammonia dipoles become aligned perpendicular to the sur-
centration of 2—4 at.%.

It is interesting to note that in hydrogenated silicon theface of the pores. The dipole moment of ammonia molecules

band gap depends on the incorporated hydrogehs 1.46 D which is comparable with that in the porous silicon

concentratiort* Thus, the electronic structure of porous sili- structures exhibiting the maximum effect. The local electric
con may be represénted as a variable-gap material with fields of the adsorbate may lead to relocalization of the

maximum band width at the surface and a minimum in thecbarge '3 the structu:e"and a change in the sigd ohs was
interpore space. The nonuniform geometric and electroni@ S?r\_'e I experimentally. h | b di
properties of the material give rise to a spatially dependent 't IS Important to note that a voltage was observed in

band width and large fluctuations in the potential in the po_samples having a porosity greater than 12%. This factor sug-

rous silicon structure. This leads to spatial localization of thegeStlf th?jt fﬁr Iovlver po_rosmes thedm(;ernal f|.elds alrle fairly
carriers at potential energy minima, and regions of positiveVeak and the voltag¥) is not recorded experimentally. As
and negative charge are formed. For porous silicon sampld§€ POrosity increases to 45%, the adsorption of polar gas has

with a porosity of 45% and an average pore diameter of IesH:e q[reatest influence ob in asymmetric porous silicon
structures.

A study of the chemical composition using secondary-
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Polycrystalline silicon films doped with aluminum during deposition
D. V. Shengurov

Scientific-Research Physicotechnical Institute, Nizhuvgorod State University
(Submitted January 10, 1997
Pis’'ma Zh. Tekh. Fiz23, 83—87(June 12, 1997

Aluminum-doped polycrystalline silicon films have been grown by molecular-beam deposition at
substrate temperatures between 540 and 600 °C. The grain size increasesum Wwith

increasing substrate temperature. High Hall mobilities of the carriers were measured, in the range
30-90 cm/V-s. © 1997 American Institute of Physid$S1063-785(07)01506-1

Polycrystalline silicon films are widely used to fabricate For films deposited at reduced temperat{B@0 °Q and
thin-film transistors, solar cells> sensors,and various other then annealed, the dependence of the grain size on the an-
components of integrated circuftsA disadvantage of this nealing temperature was similar to the previous case. How-

material is that it contains grain boundaries, which are regyer, in these films the grains had a flat tepe Figs. 1d, 1e,
sponsible for degradation of its electrical and optical propery,q 1§ and the grain sizes were0.8 um.

ties. Increasing the grain size and hydrogen passivation of
grain boundaries reduces the density of traps at grain boun
aries and thereby improves the quality of the devices.

Table | gives the depositionTf) and annealing Tany

qémperatures, as well as the resistivity) ( concentration

Among the various methods of obtaining polycrystalline(N)’ and mobility () of the carriers in the films. It can be- .
seen that as the substrate temperature increases, the resistiv-

silicon with a large grain size at low temperatu600 °CO), ) } o
mention should be made of the method of depositing amorty decreases and the carrier concentration increases, reach-

phous films, followed by crystallization by prolongégev-  ing @ maximum of 3.6:10° cm™* at T;=580 °C. The maxi-

eral tens of hounsannealing at-500 °C (Ref. 7). However, ~mum carrier mobility in this film was-90 cnt/V-s. When

this process is uneconomical. the temperature was increased further, the resistivity in-
It is known that the crystallinity of films deposited on creased. A nonmonotonic dependence an T,,, was also

steef or fused quartZ substrates is improved considerably observed for films grown in the two-stage regime. At an

when silicon is deposited onto an aluminum sublayer at oannealing temperature of 580 °C, the carrier concentration in

near the eutectic temperature of Al-Si. the film was almost the same as that in the source and the
In the present paper an investigation is made of how thenaximum carrier mobility was 29 ¢tV -s.

coevaporation of aluminum during the molecular beam depo-  The higher carrier concentration in the films grown un-

sition of silicon influences the fabrication of polycrystalline der the second set of conditions, compared with that in films
silicon of large grain size and high carner mobility. grown under the first, may well be attributed to a difference

Polysilicon films were prepared by molecular-beamin the mechanism of dopan@aluminum capture by the

deposition using a subliming silicon source doped with alu- ) . . Lo
minum by a procedure described in Ref. 10. The aluminun®"oWng silicon layer. When  the polycrystalllne. film is
concentration in the source was9x 10'8 cm 3. The sub- 9rown at elevated temperatur40-600 °Q, as in the

strates were silicon wafers coated with~80.4 um thick growth of an epitaxial layer, the aluminum segregates at the
layer of thermally grown oxide. The films were preparedsurface-l.l It only begins to penetrate into the crystal after a
under two sets of conditions. In the first, the films were de-Certain amount has accumulated on the growth surface.
posited at a selected temperature between 540 and 600 °C. When the film is deposited at reducéd300 °Q tempera-
the second, they were deposited at a substrate temperaturetofe, the dopant penetrates into the amorphous film with a
~300 °C and then annealed at a temperature in this rangeapture coefficient of unity. As a result of subsequent anneal-
immediately after deposition without exposing the films toing, the film recrystallizes and the embedded impurity be-
air. comes electrically active. Increasing the annealing tempera-
The influence of the deposition and annealing temperag,;e above 580 °C probably intensifies the diffusion of

ture on the surface morphology of the films was investigated,\yminum toward grain boundaries. As a result, its concen-

using electron photomicrographs obtained from Carbon’[ration in the grain decreases and the resistivity increases.

platinum replicas. As the deposition temperature of the filmAnother ossible reason for the imoroved electrical proper-
increases from 540 to 580 °C, the grain size becomes larg P P brop

(see Figs. 1a, 1b, and JLcThe films grown at 540° stil %res. of polycr.y-stallline silicon-films doped With aluminum
exhibit a fine-grained structure, while those grown atdurmg deposition is thg passn/.ano'n of the gra|'n boundaries
T.=560 °C show fine grains combining to form larger is- c@used by the appreciable diffusion of aluminum toward
lands. As the growth temperature is increased furtier —these boundaries.

580 °0), the grains in these islands merge to form larger ~ To conclude, the coevaporation of aluminum during
grains whose dimensions may reach sevérab) microme- the molecular-beam deposition of silicon can be used to
ters. grow
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low

polycrystalline silicon at relatively temperature

FIG. 1. Photomicrographs of carbon replicas of the surface
of silicon films grown ata — 540 °C, b — 560 °C, ¢ —
580 °C, d—f — 300 °C and annealed dt— 540 °C, e —
560 °C, and f — 580 °C X 16 000).

IM. K. Hatalis and D. W. Greve, IEEE Electron. Dev. LéBDL-8, 361

(~580 °Q with grain sizes of several micrometers, a carrier (1987.

concentration close to that in the source, and a carrier mos

bility of ~30-90 cm/V -s.

TABLE |. Resistivity (p), carrier concentrationN), and mobility () in
aluminum-doped polycrystalline silicon films for different preparation con-
ditions.

Ts, °C Tanm °C p, Q-cm N, cm3 w, cm?/V-s
540 - 1.5x107 1.7x10% 3.8
560 - 1.2 1.1x 108 14.4
580 - 1.9x10°2 3.6x 108 89

600 - 4.6 5.2 10Y7 5.9
300 540 7.&10 3x 10 2.5
300 560 2.%10 1x10Y 4.2
300 580 2.410°? 8x 108 29

300 600 5 107 1.7x 106 7.3
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Method of monitoring the shape of an atomic force (tunneling) microscope tip using
backscattering spectrometry

G. V. Dedkov and S. Sh. Rekhviashvili

Kabardino Balkarsk State University, Nal'chik
(Submitted September 24, 1996
Pis'ma Zh. Tekh. Fiz23, 88—92(June 12, 199y

A method is proposed to monitor the shape of an atomic force microscope tip, which can
combine the operations of ion etching and shape monitoring, by using the intensity of the
backscattering of ions from the same or a different beam to monitor the shape.
Relationships have been obtained to monitor the shape of the probe using the measured
dependence of the backscattering intensity on the parameters of the incident bed®97©
American Institute of Physic§S1063-785(17)01606-9

The scanning tunneling microscop8TM) and atomic  backscattering of ions from the same or a different beam to
force microscop€AFM) are among the most efficient analy- monitor the shape. A very important factor is that both pro-
sis tools in surface physics, nanotechnology, and othecesses can be performed in a single vacuum chamber.
fields!? Despite the continuing search for new modifica- We assume that the STNAFM) tip has a parabolic
tions, the systems for scanning and processing an electricptofile with radius of curvatur& at the lower section and
signal in these devices have already attained a high level dfeight H. A highly collimated ion beam of circular cross
perfection. The least controllable operation in the construcsection with initial energyE, is directed onto the tip, as
tion of STMs and ATMs and the least amenable to straightshown in Fig. 1. If the projection of the tip onto the plane
forward production techniques is the preparation of the sengerpendicular to the beam has the afedahe backscattering
ing element — the tip. It is particularly important to fabricate yield on reflection of the beam from its surface will be
tips of controllable shape with a small radi(@ound a few
angstroms, or ideally, with a single atom at the apex of the
tip). Real measurements of the radius of curvature of the YZIFN‘TS(EO)
probe tip and its overall shape have so far presented difficul-
ties. lon beam milling* whereby the tip surface of is etched where the standard notation is uséds the flux density of
with an ion beam has recently been used as a promisinthe incident ionsg is the differential scattering cross sec-
method of sharpening the tip. In the present paper we pration, N is the density of the tip atom&E and Q) are the
pose a method of combining the operations of ion millingenergy and angular resolution of the detector, &), is
and monitoring the probe shape by using the intensity of th¢he initial stopping power. The use of formu{d) presup-

5Q, 1

FIG. 1. Design of experiment.
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FIG. 2. Relative intensity of backscattering from AFM tip for various dis- FIG. 3. The same as Fig. 2 for various valuess6f andh=0. Curvesl

tancesh of beam axis from the end of the tip. It is assumed that and3 are plotted for a parabolic tip with=100 and 200, and curvé&sand

H/R=¢=400 ando/R=1000. Curvel is plotted for a parabolic tip and 4 are plotted for a conical tip.
curve 2 for a conical tip.

poses that only those ions backscattered near the surface of Figure 2 shows theoretical dependences (ef,o-,h) on
the tip with a layer thickness determined B¥/S(Ey) are the ratioh/o for e =400 ando = 1000, calculated according
recorded. to formula (4). Curve 1 corresponds to a tip shaped as a
This factor is important because recording the back-paraboloid of revolution, while curv@ corresponds to a
scattering yield in a wider energy range impairs the proporcone, having the same heightand the base radius In the
tionality betweenY and the surface area at the convex tip. relative units used it is clear that= \2¢. Figure 3 shows
Assuming that the beam axis is located at a distance similar curves forh=0 and various values of and the

from the end of the tigFig. 1) and that it has a Gaussian ratiose/o. Curvesl and3 refer to a paraboloid and curvés
intensity distribution over the cross secti@with standard and4 refer to a cone.

deviationo), the productF should be determined by aver- By applying these results, shape of the tip can be reliably
aging over the area of the projection of the tip on #®  monitored using the experimentally measured dependence
plane: f(e,o,h).

It should be noted that the real diameter of the diagnostic
, 2 beam(actually, the standard deviatiar) need not necessar-
ily be of the same order of magnitude as the tip height, since
it is sufficient to use only part of the beam. This is also

sequently, all the linear dimensions and coordinates are cofjacilitated by the fact that the tip material usually differs
veniently expressed in units &. Formula(2) is simplified from that of the AFM_apparatu_s, so that the corresponding
by substituting the variables=x/o and v=z/c, =HI/R. energy spectra are shifted relative to each other on the energy
For a tip with the surface equati(m=(x2+y2)/2,R we ob- scale and are easily identified. Nevertheless, it is obviously

lo (z+h)%+x?
(IF)=—2f fdxdzex -
e S g

wherel g is the maximum beam intensitat its center. Sub-

tain: desirable to use submicron beams and low current density.
Such parameters have already been achieved in modern

(IF)=1oR*(¢,0,n), (3 beam technology.

f(e,0h) The problem of calculating the tip shape as a function of

laser irradiation time and intensity is more complexen if
the angular dependence of the sputtering coefficient is
erf(e/o+hlo)—erf(h/o) known). This issue will be examined at a later date.

V2
=0.5 er{—é3
g

1 elo
—\/—;exp(—hzlo-z)fol exp(—t2)erf(\2t/o)dty,

1y, S. Edel'man, Prib. Tekh. Esp. No. 1, 24(1991).
(4) 2D. Sarid,Scanning Force Microscopy with Applications to Electric, Mag-

. X X X netic, and Atomic Force€Oxford University Press, New York, 1991
where erfk) is the error function. By scanning the tip over 3y 3. vasile. D. A. Grigg, J. E. Griffitket al, Rev. Sci. Instrum62, 2167

the Z coordinate, we can find out how the yie¥land the (1993).

function f(h) depend on the test conditions. The AFM tip is 4L. C. Hopkins, J. E. Griffith, L. R. Harriotet al, J. Vac. Sci. Technol. B
moved by using a standard piezomotor while keeping the 13, 335(1999.

beam axis fixed. Translated by R. M. Durham
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Dry etching of aluminum nitride by an ion beam
D. M. Demidov, R. V. Leus, V. P. Chalyi

Center for Advanced Technology and Development, St. Petersburg
(Submitted February 5, 1997
Pis’'ma Zh. Tekh. Fiz.23, 1-6 (June 26, 1997

A comparative study of the important problem of dry etching AIN by an ion beam has been

carried out. The etching rate as a function of the parameters of the process has been determined for
layers deposited by vapor-phase epitaxy and by magnetron sputtering. It is shown possible

to form a specified reliefsystems of mesa stripes AIN layers. It is demonstrated that this

method can be used for smoothing the AIN surface. 1897 American Institute of
Physics[S1063-785017)01706-0

One of the important problems in modern optoelectron-AGNK-3 gallium arsenide with th€100) orientation, a layer
ics related to the production of semiconductor photodiodesf aluminum nitride grown on leukosapphire substrates by
and heterolasers in the blue-green region is the developmergactive magnetron sputtering at 600 °C, and by vapor-phase
of methods for forming profiled structures based on thedeposition in a chloride system at 1100 °C. The AIN layers
group Il nitrides, including AIN. The solution of this prob- prepared by magnetron sputtering were polycrystalline with
lem by the method of standard photolithography, based om great deal of surface roughness, as much as 3000 A. The
the treatment of samples in liquid solutions is difficult be-layers grown by vapor-phase epitaxy were highly textured.
cause of the high chemical resistance of the nitrides. ThereAn x-ray structural analysis of these layers, carried out on a
fore new methods are needed to form structures with a specBRON-2 diffractometeCu, radiation revealed reflections
fied geometry. only from the surfaces perpendicular to #8901 direction.

The present paper reports an investigation of using a First, we investigated how the dry etching of crystals
collimated ion beam for dry etching of AIN prepared by depended on the parameters of the process. In all samples the
various methods. etching depth increased linearly with time, which indicates

For the etching we used a broad, partially neutralizedhat the etching rate is constant. The etching rate of GaAs
collimated argon ion beam with an energy up to 1 keV. Theand of polycrystalline and highly textured layers of AIN as a
ion source was mounted on the flange on the work chambédunction of the accelerating voltage for a constant ion current
of a multifunctional vacuum apparatus. The distance beeof 14 mA was measured. One of these curves taken for poly-
tween the emitter mesh of the source and the sample wagystalline AIN is shown in Fig. 1. As one can see from this
~80 mm. The sample was placed on a rotating pedestal. Thiggure, the etching rate varies linearly with the accelerating
rate of rotation of the pedestal during the etching was 10&oltage in the range 300—1000 V, and as the voltage is low-
rpm. The angle of incidence of the ion beam could be variegred below 300 V, the etching rate falls off sharply, going to
from 0 to 90 degrees. zero atU~50-70 V. This dependence agrees with the the-

For purposes of comparison we used the following ma-oretical notions of the cascade mechanism of sputtering of a
terials as test samples for the method: single-crystal

-t T
p——r ——r 400 F i
200 ' v £ I , Accelerating |
g lon current § 350 o7 voltage, =
= I ’ I . 600V
o 14 mA b_ 300 F ’/ ]
> 150 - 250 |- -'
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200 e «wews  polycrystalline AIN o
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FIG. 2. Rate of etching gallium arsenide and aluminum nitride prepared by

FIG. 1. Rate of etching aluminum nitride versus the accelerating voltage. different methods versus the ion beam current.

454

Tech. Phys. Lett. 23 (6), June 1997

1063-7850/97/060454-02$10.00

© 1997 American Institute of Physics

454



g 0.6 : AN
T oaf /\,V; ','/"
0 20 40 60 80 100 120 140
d, ym

FIG. 3. Profilometer curve of the surface layer of aluminum nitride after
etching(left side and the unetched pafthe right sidé.

surface, characteristic of this range of incident ion enéryy.
In turn, this result implies that there are very few high-
energy ions in the beam.

In Fig. 2 we show the etching rate of GaAs and AIN FIG. 4. Photomicrograph of the cleaved section of a structure with mesa
layers versus the ion beam current and a constant accelerattpes formed in a layer of aluminum nitride.
ing potential of 600 V. In the entire range of current we

observed a linear increase in the etch rate. The etching rates o m to form a system of mesa stripes. Figure 4 shows

of these materials for identical beam characteristics are natlg photomicrograph of the cleaved structure after etching and
rally quite different, and for a current of 10 mA are330 removal of the photoresist mask

A/minAfor_GaAs, ~100 A/min for polycrystalline AIN, and The following conclusions can be drawn on the basis of
~75 A/min for textured AIN. these investigations:

We have tested the possibility of smoothing the AIN — The method of etching permits us to form relief on

surface by ion beam etching. For this purpose we used afe AlN surface and smooth the roughness of the surface.
AIN film grown by magnetron reactive sputtering, with a — The etching rate depends on the method used to de-
great deal of surface roughness. The etching was carried OHBsit AIN and the degree of its crystallization.

through a photoresist mask. In Fig. 3 we show the profilo-
meter curve of the AIN surface after etchlngle left-hand _ sian Fund for Fundamental Resear(@rant No. 96-02-
par) and the part covered by the mask during the etchlngl7203
(the right-hand pajt This figure shows that the characteristic
surface roughness size after the etching had diminished fronaH. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdiov, and M. Burns,
~ 0.3 um to tens of angstroms. J. Appl. Phys76, 1363(1994).

This method of ion etching was used for creating relief 2P. G. Glersen, J. Vac. Sci. Techndl2, 28 (1975.
on the surface of a layer of textured AIN. For this purpose 3G. F. Ivanovski and V. |. Petrovjon-Plasma Treatment of Materia[in
we used a photoresist mask with dimensiopg every 3~ Russiad (Radio i Svyaz', Moscow, 1986
um, through which the AIN layer was dry-etched to a depthTranslated by J. R. Anderson
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This work was performed with the support of the Rus-

455 Tech. Phys. Lett. 23 (6), June 1997 Demidov et al. 455



Functional properties of silicon/non-native-oxide heterostructures
E. A. Tutov, S. V. Ryabtsev, and E. N. Bormontov

Voronezh State University
(Submitted December 27, 1996
Pis’'ma Zh. Tekh. Fiz23, 7—13(June 26, 1997

It is shown possible to use Al/SpCsi and AlI/WG,/Si metal-oxide—semiconductor structures as
photodiodes with a large-area heterojunction. For structures with a film of amorphous
tungsten trioxide 4-WQO;) they show promise for applications associated with the development
of varicaps and photovaricaps and also chemical sensors of the capacitance typ@97 ©
American Institute of Physic§S1063-785(17)01806-5

In addition to the general trend to miniaturization of the capacitance—voltage characteristics were measured by the
elements used in electronics, there exists a steady need fosual methods, as described in Refs. 4 and 10.
large-area structures, such as photodetectors, displays, and In Fig. 1a we present the reverse branches of the
sensors for “artificial smelling.” current—voltage characteristics of the WSi and the

The unique qualities ofc-Si/SiO, heteroboundaries SnG,/Si structures. lllumination with white light with a spe-
make this system the basis of modern semiconductocific power of 0.01 W/crh causes changes in the current—
microelectronics. The combination of the highly developed voltage characteristics, as is usual for photodiodes. Investi-
silicon technology plus the use of other oxide layers, includgation of their spectral sensitivity showed that the
ing nonideal insulators, makes it possible to greatly diversifyphotovoltaic effect is mainly due to the generation of photo-
the functional properties of these structures. carriers in the silicorithe peak of the photocurrent lies in the

Films of tin dioxide are used as transparent conductorsnpear infrared
the functional layers of heaters, and chemical sensors. The Because of the high resistance of the oxide layers, the
high sensitivity of the electrophysical and optical propertiesabsolute values of the photocurrent in both structures is in-
of tungsten trioxide to the stoichiometkdeficiency in the sufficient for practical utilization for solar energy. However,
anion sublattice and the presence of interstitial cations in thér special-purpose photodiodes the possibility of obtaining
structural interstitial sitesis the prerequisite for using this large-area heterojunctions and its illumination through a
material as the active layer in sensors, indicating devicesransparent oxide layer is regarded as a definite advahtage.
and photoelectrochemical devices. The capacitance of the Wi structure also varies not

Silicon heterostructures with thia-WO; films have  only with the applied voltage, but also with the illumination,
been previously studied,’ where the main problems were to which is the physical basis for its operation as a varicap or a
determine the various properties of the electrochromismphotovaricap. In Fig. 1b we show the high-frequency
photochromism, and thermochroism in amorphous tungsteoapacitance—voltage characteristics for the case pfSi
trioxide, and for which purpose the investigators exploitedsubstrate. We note that the capacitance tuning r@idhe
the high sensitivity of the electrophysical parameters of thepresent case-5) can be even higher than 1Refs. 2 and b
heteroboundaries to the electronic processes taking place which is much higher than, for example, the characteristics
the oxide layer. Besides providing basic information, thisof similar Al/Sm,O4/Si structure’! for a comparable slope
structure has functional possibilities of independent interestof the capacitance—voltage characteristic.

This paper reports a study of some electrophysical char-  For the structure with the Sndilm the higher conduc-
acteristics of the metal/oxide/semiconductor structures Alfance of the oxide layer did not permit us to measure the
SnQ,/Si and AI/WG;/SI. In either case the disordered struc- equilibrium capacitance—voltage characteristics.
ture of the oxide film governs their main characteristics, the  The possibility of using these diode structures as gas
surface properties are more important than the bulk properphotg detectors in a manner similar to that of Refs. 12 and
ties, they have a high ionic conductivity, and the mobility 13 will be the object of a separate investigation. Here we
gap has a larger valugor a-WQ,). only note that the W@Si structures can operate as a

The Al/la-WOs/Si heterostructures were prepared by capacitance-type chemical sensor.
vacuum condensation of the thermally evaporated oxide and An a-WO,/Si heterostructure was used in Refs. 4 and 5
metal. The substrates were single-crystal silicon wafersfor studying the properties of the photochromism and elec-
mostly of type KB--4.5 with the(001) orientation. The mi- trochromism in thin films of amorphous tungsten trioxide.
crocrystalline tin dioxide films were deposited by dc and rfThe electrophysical parameters of #&VO5/Si heterostruc-
magnetron sputtering. The thickness of the oxide layers vartures are distinguished by their high sensitivity to the stoichi-
ied between 50 and 500 nm. The area of the upper electrod@metry of the oxide layer. In essence, the change in the
of the test structures was 8.0 mm. The correlation be- capacitance—voltage characteristic in these processes demon-
tween the method of preparation and the local order andtrates the operation of this structure as a chemical sensor of
structure of the films has been discussed in, e. g., Refs. 8 arg/drogen(Fig. 23.

9. The current—voltage characteristics and high-frequency Double injection of electrons and protons from an elec-
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FIG. 2. a — High-frequency capacitance—voltage characteristics of an Al/
a-WO4/n-Si heterostructurél) and its change with the injection of hydro-
gen into the tungsten trioxide in photochromig®) and electrochromism

(3) processesh — high-frequency capacitance—voltage characteristic of an
Al/a-WO4/n-Si heterstructure beforél) and after(2) storage in saturated
ethanol vapor for a day.

FIG. 1. a — Dependence of the short-circuit curregton the reverse bias
V for AI/WO,/n-Si and Al/SnQ/n-Si heterodiodes in the dark and with
illumination (curves1, 1’ and 2, 2', respectively, b — high-frequency
capacitance—voltage characteristics of th@ANO,/p-Si heterostructure in
the dark(1) and with illumination(1'). The frequency of the test signal is 1
MHz, the amplitude is 20 mV.

trolyte or photoinjection of hydrogen by ultraviolet irradia- shows the maximum possible change in the capacitance of
tion results in a partial reduction of WCand places the thea-WO;Si structure in the presence of ethanol vapor.
tungsten ions in the lowest oxidation state5). This causes An important feature of amorphous tungsten trioxide as
an increase in the density of negative effective charge and the active layer for sensors of hydrogen and hydrogen-
corresponding shift of the capacitance—voltage characteristicontaining compounds is the bulk mechanism of the process,
of metal/oxide/semiconductor structure. In the photo-which permits operation over a broad range of concentra-
chromism and electrochromism processes hydrogen is irtions, and the high degree of porosity of the film and the
jected into the structural voids of WiOwhich causes corre- large surface-to-volume ratio, which provides fast operation
sponding energy reorganizatidrisading to the formation of ~ at relatively low temperatures.

hydrogen-tungsten bronZé.This oxidation-reduction reac- The amorphous tungsten trioxide films exhibit more pro-
tion is reversible. nounced electrochromism or sensor properties, but the ther-

It is known thata-WOj; films chemisorb watérand  modynamic instability is the main reason for time-dependent
other hydrogen-containing substances that are photadegradation of its characteristitthe “aging” effecf). This
chromism enhancers — alcohols, aldehydes, and otherproblem may be partly solved by preparing polycrystalline
whose split-off protons lead to consequences similar to thoséims with a specified textur® in which the high ionic con-
due to the direct injection of hydrogdfRig. 2b). ductivity characteristic oh-WO; are preserved.

The capacitance—voltage characteristics were measured The multifunctionality of these structures, which provide
at room temperature, where the kinetics of the adsorptionin principle the possibility of using a single material as the
desorption processes are unsuitable for the practical deteective layer in structures for different applicatioftsanspar-
tion of gases(taking hourg, and therefore Fig. 2b only ent contacts, physical and chemical sensors, information vi-
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Solitons in disperse systems with electric double layers
E. G. Fateev

Institute of Applied Mechanics, Ural Division of the Russian Academy of Sciences, Izhevsk
(Submitted January 17, 1997
Pis’'ma Zh. Tekh. Fiz23, 14—-18(June 26, 1997

An investigation is made of the behavior of disperse systems with electric double layers in
external time-dependent electric fields, taking into account the interaction between the moving
concentrated charges in the shells of the neighboring grains. It is shown that an external
electromagnetic excitation at ultralow frequencies can be transmitted to the bulk of a disperse
system in the form of solitary waves. It is proposed that the real observation of these

waves is possible, for example, in disperse systems with nonconducting spherical inclusions
having thin liquid shells and suspended in a solid insulator. 197 American Institute of
Physics[S1063-78517)01906-X

In disperse systems consisting of a collection of cellsThe potential energy of the interacting charges in this system
with nonconducting spherical inclusiofgraing having thin  is expressed as the relation
liquid or quasiliquid conducting shells, suspended in a solid

+A+
insulator, one can observe giant values of the permittivity at ;. _— _ QR [ . 1 _
ultralow frequencies:? Similar kinds of phenomena are also " 4esemS | [a—Tr(SiN @q_1—Sin @p)]
possible in other types of disperse systems. For the sake of 1
simplicity the theories of this effett* have examined the _ _ . ] _ @)
behavior of charges in external time-dependent fields on no [a=r(sin ¢n—sin ¢n.1)]

more than one cell. In going from a single cell to the bulk yere is the permittivity of the medium between the charges
disperse system in the analysis of the electromagnetic Iyt the shells ane, is the permittivity of free space. If the
sponse to an external interaction, one must take into acCoUgyiations of the charges from their equilibrium positions are

the interaction among the moving concentrated charges i§ssymed to be smdil e., sing~@,), then relation(3) for a
the shells of the neighboring grains. It is clear that electroxnain of oscillators can be written as

magnetic wavegcharge density wavéscan propagate in
such systems of coupled oscillators. An analysis of this
proposition is the subject of the present letter.

We consider a system of one-dimensional oscillators
with uncompensated charges in the shells of disperse pawhereB=(Q")?r/4meeqa’. The local energy of interaction
ticles of radiusr separated by a distaneefrom each other, ©f the oscillating charge® ™ with the surrounding field cre-
as shown in Fig. 1. It is assumed that the ordering in thédted by the concentrated charg@s external to the shells
orientation of the charges is additive when the system iésee Fig. 1is given by the expression
driven out of equilibrium, for example, after an electromag-
netic field pulse on the first particle. Then the positive U|=—AE cos ¢, (5)
chargeswe assume that they are considerably more mobile n
than the negative chargedeviate in particlesl-3 by the  \hereA=Q*Q /4meeya2. The Lagrangian for this system
anglese,_j, @5, ande,.4. Let us consider the interaction g
between the charges and their surroundings in the Coulomb
approximation. The expressions for the kinetic energy of the Z=T—=Uj—U,. (6)
system of charges with massk,=c,m is

Uin= —B; (Ons1t@n1—26¢n), (4)

Let us assume that a time-dependent fdr¢e,t) acts
1 - on the model system. Then, using the Euler-Lagrange equa-
Tk=§§ Jnen D tion (2) including dissipation, we find the following nonlin-

ear equation of motion for the functid) in the continuum

HereJ,=Mr2=c,mur/w is the moment of inertiay is the  approximationna—x, ¢,(t)— ¢(x,t)

velocity, w is the angular frequency of the oscillations, and

C, is the number of uncompensated char@sgions of mass P 25290 2 do

m in the shell of thenth particle. If we assume that the F_V(’%ero sin @+ 7= y(Xb). @)

dissipative forces depend linearly on the velocity of the

charges, then the corresponding dissipative function with the ~ The maximum velocity of propagation of the excitations

dissipation parameters takes the form in this system isvo=(aB/J)"? the plasma frequency is
w?=(A1J)Y? the perturbation isy(x,t)=F(x,t)/J and the
D= 12 ag?. ®) coefficient corresponding to the dissipation level is
24 : n=all.
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FIG. 1. System of oscillators, showing the oscilla-
tions of the charges in the shelithe usual shell
thickness is 10-100 JAaround the particles with
diameters 2, separated by a distanee

Expression7) is the well-known perturbed sine-Gordon sine-Gordon equatioli7) (Refs. 5 and 8 one can find the
equation, which has soliton solutions. The sine-Gordon equasteady-state velocity of the waves as a function of the per-
tion is found everywhere, and can describe wave propagatioturbation amplitudd-, the dissipatiorw, and the plasma fre-
in ferromagnets, Josephson transmission lines, superionguency o, in the form v~ {1+ (4walF7)?} Y2 It fol-
conductors, the behavior of charge density waves,(ste, lows from this relation that for any perturbation power, the
e.g., Refs. 5 and)6lt is clear that in the present case as well, maximum velocity in a system of uncompensated charges
many interesting features of the behavior of solitary waves irQ*~10"1? C and inclusion radius~10 3-10"* m does
disperse systems can be similar to those found in the mosiot exceedrvy,~10°~10* m/s. The characteristic length is
diverse media:®® However, the behavior of solitons in dis- aboutA~1-10 cm if there is no appreciable concentrated
perse systems can exhibit unusual properties, associated withargeQ ™~ near the grain. Thus the solution of the sine-
the possible giant soliton-like excitations. The lithosphereGordon equation can be correct for disperse systems of
can be cited as an example of a giant disperse system satoearly any inclusion size.
rated with fluids? In conclusion, it should be noted that because of the

Let us consider in this discussion the type and the dipossibility of giant ultralow frequency of the permittivity in
mensions of a disperse system in which one may observguch disperse systems, the nature of the soliton-like forma-
these waves. An ideal model would be that of immobiletions in them can be nontrivial. A possible consequence is
spherical inclusions with liquid or quasiliquid shells, sus-also a decrease in the threshold for mechanical stability of
pended in a solid insulator and separated by a distancgehydrating solid compounds in external electric fields of
a~3r. It is assumed that the ions can migrate and diffusaultralow frequency !
freely along the surface of the inclusion in the shell. It is also
assumed that the exchange of charge carriers in the shells
with the dielectric matrix is negligible. The characteristic
frequencies at which this system has a high permittivity iSlS' S. I_Dukh_in and V. N. ShilovDielectric Phenc_)mena z_;md the Double

. L > . . Layer in Disperse Systems and PolyelectrolyfiesRussiar (Naukova
given by the relationn=2D/r< (Ref. 2 and for an inclusion Dumka, Kiev, 1972
size r~10"° cm and ordinary ion diffusion coefficients 2T. L. Chelidze, A. . Derevyanko, and O.D. KurilenkElectrical Spec-
D~10"%-10"% cn?/s this frequency is in the range troscopy of Heterogeneous SysteinsRussia) (Naukova Dumka, Kiev,
1{~1O '-10°° Hz. The solution Of. the sme-G_ordon equ.a- 3\1(?]73 Barkovskaya and V. N. Shilov, Kolloid. Z%4(2), 43.
tion can be correct if the characteristic length in the mediumay, 'y “shilov, 0. A. Shramko, and T. S. Simonova, Kolloid. Z4(4),
is not less than the sizea2of an elementary cell, consisting  20s.
of at least two grains, that i3,=27vy/wy>2a (Ref. 7. To ®Solitons in Actionedited by K. Lonngren and A. Scathcademic Press,
New York, 1978 [Russ. transl., Mir, Moscow, 1981

these characteristic dimensions correspond the plasma fres-R_ K. Dodd, J. C. Eilbeck, J. Gibbon. and H. C. MorrBolitons and

quencies wo< mvo/r~10'~1¢F rad/s for vo~10 2-1C Nonlinear Wave EquationAcademic Press, New York, 198ZRuss.

m/s. This assumption agrees with estimates of the chargetransl., Mir Moscow, 1988

density per unit volume of the shekl;n<1022 chargeS/rﬁ 7J. F. Currie, S. I(E Tr7t)1IIinger, A. R. Bishop, and J. A. Krumhansl, Phys.
: : Rev. B15, 5567(1977).

(Ref. 2. The_ corre_spondln_g3 unco4mpensated charge in tha;A. Ferringno and S. Pace, Phys. Lett142 77 (1985.

shell of a grain of size~10"°-10"" m can be of the order 9g. G. Fateev, Pis'ma zh. Tekh. Fiz9(10), 48 (1993 [Tech. Phys. Lett.

of Q" ~c,q~10"'%-10° C. Hereq~1.6x10 " Cis the 19, 313(1993].

elementary charge. 10E. G. Fateev, Zh. Tekh. Fig6(6), 93(1996 [Tech. Phys41, 571(1996)].

11 i
Using the concept of the balance of power entering into E. G. Fateev, Dokl. Akad. Nauk Ross. Akad. $&ihys. Dokl] (in press.

and dissipated in the system, as described by the perturbaehnslated by J. R. Anderson
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Appearance of molecular hydrogen in the ultraviolet spectra of diamond-like carbon
B. R. Namozov, E. A Smorgonskaya, M. P. Korobkov, and V. I. lvanov-Omskil

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 24, 1996
Pis'ma Zh. Tekh. Fiz.23, 19—24(June 26, 1997

Ultraviolet Raman scattering is used to study the state of hydrogen in diamond-{ikeél.

Scattering lines are observed corresponding to transitions between the rotational states of the
hydrogen molecule. The interaction with theC:H matrix increases the internuclear

distance and perturbs the electronic-vibrational terms of thenblecule, so that resonance

Raman scattering can be observed, excited by 10.04 eV photond99® American Institute of
Physics[S1063-785(017)02006-3

Many of the remarkable properties of diamond-like car-directly at the external window of the cryostat without any
bon (a-C:H) are associated with incorporated hydrogen,preliminary monochromatization. To record the scattered
which can enter into the disordered carbon matrix in varioudight the samples were placed in such a way that the ray
states: chemically bound or free atoms, free molecules, eteeflected specularly from the surface was displaced relative
While the bound hydrogen can be detected by the infraretb the slit in the blackened cavity of the entrance unit of the
vibrational spectra without difficulty,the problem of ob- monochromator.
serving free hydrogen in thin films af-C:H is complicated Figure 1 shows a graph of the light scattered from an
by the inadequate sensitivity of the NMR spectrometer or thex-C:H sample 1um thick, measured at room temperature. It
Raman spectrometer in the visible range the absence of took about 500 seconds to accumulate each point, for a dark
resonance Recently we reported on an investigation of thecount of 1-2 counts per second in the photomultiplier.
equilibrium of the bound and free hydrogen in buikC:H The main result is the observation of two distinct peaks
(Ref. 2, but the state of the free hydrogen was still un-of scattered light in the wings of the excitation line at 1236 A
known. In the present communication we present experimendr) symmetrically disposed about the center by 550 ¢ém
tal results that show that-C:H contains molecular hydro- In addition, weaker lines at 780 and 960 chare observed
gen. in the anti-Stokes spectrum. The resolution in the measure-

The layers ofa-C:H were prepared by magnetron sput- ments was+20 cm . Thus the observed scattering spec-
tering of a graphite target in an argon—hydrogeh: 1)  trum shows one Stokes and three anti-Stokes components.
plasma at a pressure of about 10 mTorr in the work chambelVe note that at room temperature the lowest-energy anti-
The temperature of the substratiised quartz or single- Stokes line at 550 cm' is somewhat elevated compared to
crystal silicon was up to 200 °C. The argon ion energy wasthe corresponding Stokes line. At 80 K the Stokes and anti-
about 100 eV. For primary monitoring of the films we mea- Stokes scattering lines are equal in amplitude.
sured the infrared transmission in the region of the vibra- The scattered lines are about two orders of magnitude
tional frequency of the C—H bond by means of a Specordower in intensity than the excitation line at 1236(&r). A
751IR two-beam spectrometer. A portion of a typical absorp-careful study of the shape of the other excitation line at 1470
tion spectrum in the neighborhood of the C—H stretch fre-A (Xe) did not reveal any such structure on the wings upon
guency is shown in the inset to Fig. 1. The structure of thescattering from the sample. Control measurements of scatter-
bands is very typical of diamond-like carbon, and indicatedng from glass substrates on which the layerste€:H were
the breaking ok p® bonds in the material. subsequently deposited also did not reveal any such features

To study the spectral characteristics of the hydrogen iron the wings, either with krypton or with xenon excitation.
the -C:H films we used the method of resonance Raman To interpret these results, let us note the proximity of the
scattering. The experimental setup included a vacuum crykrypton excitation line (1236 A, photon energy
ostat of the contact type combined with a Seya-Namiokd we,=10.04 eV} to the energy gap between ti‘ﬁg ground
vacuum monochromator with a reflection angle of 70°. Thestate and thé3, excited electron terms of the,Hnolecule,
monochromator employed a novel ruled elliptical diffraction which, with allowance for the zero-point vibrations is
grating with a variable line spacing to reduce astigmatism~10.93 eV(Ref. 3. It may be supposed that because of the
and coma. With a relative aperture of 1:8 and a reciprocalvan der Waals interaction of the molecular hydrogen with the
dispersion of 13.2 A/mm, this grating gives a resolution ofmedium, a change occurs in its electronic terms. As a result
0.25 A in the operating range of the monochromator, 900-it becomes possible at the wavelength 1236 A to observe
3000 A. The measuring channel employed atUFE42 pho-  resonance Raman scattering by the riblecules that inter-
tomultiplier and a photon counting system. The excitationact with the structural elements of the main matrix of the
sources were KsR-2P and KrR-2P xenon and krypton lampsliamond-like carbon. In other words, the hydrogen mol-
The radiation spectra of these lamps contain mainly the inecules entering into the medium become quasifree. The
tense (10 photons/ resonance lines of xenon at 1470 A scales of the “reorganization” of the ground state of the free
and krypton at 1236 A, which allowed us to place the lampsH, molecule ina-C:H can be estimated from a comparison
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Kr 1236 A

FIG. 1. Raman scattering spectra @fC:H films at
room temperaturdfilm thickness 1um). The inset
shows a portion of the infrared absorption spectrum in
the region of the stretch vibrations of the C—H bond.
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of the observed resonance Raman scattering spectrum wittata we can use the simple model of a rigid rotator to esti-
published data on Raman scattering of gaseous moleculafiate the rotational constaBt=%/mr? in the expression for
hydrogen. the rotational energy of a moleculg,=BJ(J+ 1), and con-

~ In the paper of Stoicheffresults were presented of an sequently the internuclear spacing in the electronic-
investigation of Raman scattering in gaseous Fhe reso-  \inrational ground state of the moleculelerem is the mass
nance Raman scattering spectrum observed by us is Iocat%g the hydrogen atoin We find that the values d8 calcu-

principally in the region of the anti-Stokes frequencies. . .
Nonetheless, one can readily see the similarity between thlgted for all three observed frequency shifts agree with good

spectrum from Ref. 4 and that shown in Fig. 1 from thedceuracy and average out B=54.7 cm *. This value is
frequency shifts in the scattered line relative to the excitatior@Pout 10% lower than that for gaseous (80.85 cm *; Ref.

line. The data of Ref. 4 indicate that these shifts foriithe ~ 3). From our estimates, the average internuclear distance in
gas phase are 354, 587, 814, and 1034 tand correspond the H, molecule embedded in the-C:H matrix is 0.782 A.

to the(2-0), (3—-1), (4—2), and(5-3) transitions between the In gaseous Kl this distance ig,=0.7414 A(Ref. 3. This
rotational sublevels of the electronic-vibrational groundappreciable increase incompared ta,, is due to the inter-
state. action of the H molecule with thea-C:H matrix, which

__In the H, molecule the rotational states closest in energyesults in an effective elongation of the molecule, which in-

differ in the total angular momentuthby 2: the parahydro-  ¢eases jts moment of inertia and reduces the rotational fre-
gen molecule has even values bfand the orthohydrogen quency. We note that because of the elongation of the mol-

molecule has odd valugsee, e.g., Ref.)5 In accordance . L .
: . . .. __ecule one might also expect a reduction in its characteristic
with the selection rule for linear molecules, the transitions

with AJ==*2 should appear in the rotational Raman V|brat|on_a| fr_eq“?”c'es- ) .
spectrunf so that in the H molecule transitions between In this situation the energy of the electronic transitions
sublevels with eved (parahydrogenand with oddJ (ortho- ~ @re decreased in the molecule, which, because of the inter-
hydrogen will be observed in the Raman scattering Spec_action with the medium are in an excited state relative to the
trum. completely free molecules in the gas. This means that the
In the present case, the frequency shift with scatteringnergy of the excitation photofiw,= 10.04 eV(Kr) is very
are 550, 780, and 960 cm, i.e., they differ from those listed close to the energy of the corresponding electronic transition
above by about 5%. Th@-0) transition, which corresponds 1Eg(per0—>12u+(pert) between the perturbed terms of mo-
to a Raman scattering frequency 354 cimwas not seen lecylar hydrogen. At the same time, the photon energy
because of the strong Rayleigh broadening of the 1236 4 , _ g 44 eV for the excitation line at 1470 &e) does
excitation line by the inhomogeneous film. From the com- ot suffice for resonance at this transition. This result is evi-

parison one can see that the anti-Stokes frequencies of 55 énce for the correctness of the statement above that at the

780, and 960 cm® we observed correspond to tlig—3), 1236 A line (K b . R
(2—4), and(3-5) transitions between the rotational sublevels: ine(Kr) we are observing resonance Raman scatter-

of the electronic-vibrational ground state of the para- andnd Py the quasifree Hmolecules embedded in the-C:H

orthohydrogen molecules withJ=+2. We naturally at- Mmatrix.

tribute the Stokes line at 550 ¢rhto the(3—1) transition in This work was supported by the Russian Fund for Fun-

the orthohydrogen molecule fdrJ=—2. damental ReseardNo. 96-02-16851and partly by a grant
On the basis of this interpretation of the experimentalfrom Arizona University.
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Energy transitions in Culn(Te,Se) , chalcopyrite films near the fundamental
absorption edge
V. V. Kindyak, A. S. Kindyak, and Ya. I. Latushko

Institute of Solid State and Semiconductor Physics, Belarus Academy of Sciences, Minsk
(Submitted January 10, 1997
Pis'ma Zh. Tekh. Fiz23, 25—-30(June 26, 199y

The structure of the fundamental absorption edge in thin &8¢, chalcopyrite films has

been studied. Identifications are made of the energy transitions due to the splitting of

the valence band by the tetragonal crystal field and the spin-orbit interaction. The concentration
dependences of these transitions are determined. 9@y American Institute of Physics.
[S1063-785(107)02106-X

Thin-film structures based on the chalcogenide comfor R(\) and T(\) taking into account interference in the
pounds CulnSgand CulnTe have high absorption coeffi- film/substrate system, and
cients (@~10'-1° cm ') and optimum band gap&,~1

eV for making efficient solar celfs;> while the solid solu- T14Zﬂ, N
tions of Culn(Te,Seg, (CITS) can be used not only as absorb- 1- RlZR;1
ing layers but as the intermediate layers for improving the 5
mechanical and optical properties of the Mo/CulpSe ~ Raaly
6 : : 1= 7 tRa. 1)
structure’ It would be of considerable interest to study the 1—R12R;

physical properties of thin CITS films, in particular their op-
tical characteristics and the nature of the energy transitions iF

: R — /A RL_R/A-
these materials near the fundamental absorption edge. The S'Snltmat 2t2ek2 ];'ZT_]'_ar'r mtotlagace, Rat;l CIA, Ra= dB{[ A
is little published information on the optical properties of "2 3(N3+k5)/A; Tyq and Ry are the measured trans-

thin CITS films because of the difficulty of preparing sto- mission and reflection coefficients of the film- substrate sys-

ichiometric layers by standard deposition methods. tem
Previously we reported on the preparation of stoichio- A=pr exp(yk,)+ do exp(— yky)+2S cogn,y)
metric thin films of CulnSg CulnTe, and Culn-
(Tey 1556 892 by pulsed laser deposition and a study of the
structure of the absorption edge in these fifm¥.In the B=po exp(yky) + 67 exp(— yk,) +29 cogn,y)
present paper we present the results of an investigation of the ,
photon energy dependence of the edge absorption of sto- —2r sin(nyy),
ichiometric thin films of the chalcogenide CiTre,Seg _,),
(0=x=<1) (the stoichiometry is known with an accuracy of ]
2% from Rutherford backscattering measuremeni&he 1
films were prepared by pulsed laser deposition in a manner
similar to that described previousfy!° It was possible to ]
determine how the transitions associated with direct allowed X : )
electron transitions from the valence band to the conduction ~ 10° === ST B S-205 R
band and transitions resulting from the splitting of the va- _ ] 7 ' ‘
lence band by the tetragonal crystal field and the spin-orbit ‘s ]
interaction depend on the composition of the CITS solid so- °~
lutions. 3
The wavelength dependences of the reflection coefficient %
R and of the transmission of the CITS films on glass sub- 104
strates were measured at room temperature in the visible anc
near infrared (500—1700 nm on Specord-61 NIR and
Specord-UV-VIS spectrophotometers. For the measurements
we used the standard reflection attachment with symmetric
beam paths. The spectral resolution waf.8 meV in the
visible and 0.5 meV in the near infrared. The measurement
error in the reflection coefficient was no more than 2%. The
film thickness was=0.6 um.

The optical constants Of_ thin Cl_TS films were found by Fic. 1. Photon energy dependence of the absorption coefficient of thin films
solving the system of equations using the experimental datef Cuin(TeSe_,),.

ereR;,=(n,—1)?/(n,+1)? is the Fresnel reflection coef-

+2t sin(n,y),

f-/' .

x=0.0
: : - —--x=030 :
L . — - .7': _______ ,V,..: _____ PR x=o.50 \_.~:>..
: : —-—- x=1.00 :

ey |
7/
-

v ! v H ' ' ¥ T
0.5 1.0 1.5 20 25
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FIG. 2. Concentration dependence of the transitiBps Eg,
andEc.
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C=r10 exp(yky) +op exp(— yKp) +2q cogny,y)
+2r sin(n,y),
o=(N,—n3)%+k3, p=(ny+1)%+Kk3,
7=(ny+n3)%+k5, r=2ky(ng—1)(n3+k3+ns),
6=(n,—1)°+k3, t=2ky(ng+1)(n5+k3—ns),
S=(n3+k3)(n3+1)—(n3+k3)>—n3+4ngk3,
a=(n3+k3)(n3+1)—(n3+k3)>—n3—4ngk3,

y=4md,/\.

ear, with a minimum for the equimolar composition of the
solid solution(Fig. 2) and are described by the quadratic
equations

Ea(X)=0.973-0.68%+0.693¢2,
Eg(x)=1.034-0.436¢+ 0.44%?,
Ec(x)=1.206-0.65%+ 0.64x>.

The nonlinearity parameteS,, Cg, andCc are, respec-
tively, 0.693, 0.449, and 0.64, and are determined here for
the first time for CITS films. It might be suggested that the
nonlinear nature of the composition dependenceEgf,

Eg, andE of the CITS solid solutions may be related to the

The system of equationd) were solved by an iteration nonlinear properties of the crystal field of the solid solutions,
method. It was assumed that the refractive index of the initiabut to verify this would require additional investigations by

phase ;) and of the final phasen) is unity, and that of

the pseudopotential method. It should be pointed out that the

the substrate is3=1.5+0.01. The accuracy in the determi- shape of the curve d, versus the composition of the solid
nation ofn, andk, was =0.001. The absorption coefficient solution with a minimum ak=0.5 for the films is in good

a was determined from the relatiap=2wk/\.
An analysis of the curves ok(w) for the CITS films
(Fig. 1) by the quasicubic model gf—d hybridization of the

valence bands in the chalcogenide compothsisowed that
a large contribution to the structure of the edge absorption of

agreement with the data of Ref. 12 for CITS crystal.

In conclusion we should note that the complex structure
of the edge absorption in CITS thin films has been identified
for the first time in this investigation.

The authors wish to thank V. F. Gremenek and I. A.

the CITS films comes from direct allowed transitions, deter-Viktorov for preparing the films and determining their com-

mined from the relationsdﬁw)2=Aﬁ(ﬁw—Egn) in differ-

ent energy intervals€E 4 is the valence band-conduction band

position.
This work was financed by the Russian Fund for Funda-

transition {9-T'g); Eg is the transition associated with the mental ResearctGrant No. F94-28p
splitting of the valence band by the tetragonal crystal field,

(TE-T'§); Ec is the transition associated with the spin-orbit ,
splitting of the valence bandl'¢-I'g). The concentration

dependences of the transitioks, Eg, andE are nonlin-
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Surface light waves on the boundary of a photorefractive crystal with a diffusion-drift
nonlinearity mechanism

V. N. Belyl and N. A. Khilo

Division of Optical Problems in Information Sciences, Belarus Academy of Sciences, Minsk
(Submitted January 15, 1997
Pis'ma Zh. Tekh. Fiz23, 31-36(June 26, 199y

All the possible types of surface light wave that can exist on the boundary of a photorefractive
uniaxial crystal with a diffusion-drift nonlinearity mechanism are identified. It is shown

that by varying the magnitude and direction of an external electric Egldne can control both

the parameters and the type of the surface wave. In the particular case of zei, fighe

diffusion nonlinearity mechanisnthe general solution agrees with the solution obtained in Ref. 5.
© 1997 American Institute of Physid$1063-785(07)02206-4

It has been recently shown that diffractionless light n,=lgg, ko=wlc, k=kgn,
beams or spatial solitons can exist in photorefractive crystals o .
with a nonlocal nonlinear respon$&.An investigation of N iS the refractive index. The parametes, are determined
spatial solitons in photorefractive crystals is important bothPy the nonlocal response function of the photorefractive
for elucidating the mechanisms of the photorefractive reCrystal in the following way
sponse, and_ in a practical sense to develop optical informa- loo=n3rEy/2, 01=1 ool Eo/Cp+ C4/Eo),
tion processing systems. Of interest are the case of bulk pho-
torefractive media, and also the effects of spatial | = —2|00(E(2)/C,2)+ 2Cq4ICy),
boundedness of the crystal on the photorefractive response
and the effects of diffractionless propagation of light. Thewhere r is the effective electrooptical coefficient,
effect of the spatial boundedness of the crystal on the propd=p=(d—0d")E,, C4=E4/(d—q’), g andq’ are the trans-
gation of light is related, as in linear crystal optics, mainly toVerse components of the wave vectors of the pair of interact-
the possibility of a new type of excitation — surface waves.iNg plane wavesE, is the diffusion field,E, is limiting
It should be noted that the solution of Maxwell's equationssPace-charge field, ari}, is the external electric field. If the
in the form of surface waves must follow from the generalfield is applied along the positive axis (see Fig. 1 then
soliton solution by also including the region of divergence ofEo>0, lo¢>0, andl ;;<<0. Therefore by varying the magni-
the latter. The real divergence of the amplitude of the lighttude and direction of the electric field one can control the
wave is eliminated through the finiteness of the crystal. wespatial amplitude distributiofil).
shall use this approach in this work, basing it on the previ-  Let us consider systematically the possible cases of ex-
ously derived solutiohfor a spatial soliton in an unbounded istence of surface waves in photorefractive crystals.
photorefractive crystal with a diffusion-drift nonlinearity 1. We assume thd2>0. This is possible foE,<0 and
mechanism. kol 11<<1/2kqyl 11, Then Eq.(2) implies thatén, <0, P.>0,

Let us consider the propagation geometry shown in Figand therefore in theb geometry (in Fig. 1) a spatially
1. A uniaxial photorefractive crystal such as strontiumbPounded solution will exist regardless of the behavior of the
barium niobate(SBN) or barium titanate(BaTiO,), is ori-  function (1) for x>0. In thea geometry(Fig. 1) the condi-
ented with the optical axis perpendicular to the interface. Thdion PsD>P, must hold for the existence of a surface wave,
optical ¢ axis coincides in direction with the spontaneousfrom which we findéng<0, [dn¢>|én,|. Since the param-
polarization of the photorefractive ferroelectric, and the €teron, has the sense of an electrooptical correction of the
axis of the coordinate system is directed parallel to ¢he refractive index for a plane wave, these inequalities imply
vector. A surface light wave propagates along zhexis and that in this particular case the surface wave has a higher
is polarized in thexz plane. The solution of Maxwell's equa- Phase velocity of propagation than a plane wave in an un-

tions for thex component of the field amplituda(x,z) has  bounded crystal.
the forn?* 2. D<0, Ep>0. In this casesn,>0, P,<0, and the

spatial distribution of the field has the form
a(x,z)=exf ikoonsz+ Pex](sechiPx))P, )
a(x,z) = exf ikodnsz+ Pex](cosh Pex))!P!. (3)
where
Equation(3) implies that a surface wave can exist here in

Pe=Kol 01/(2kol 11— 1/2k), the a geometry. The necessary condition is the inequality
B P¢{D|<|Pg]. We then obtainsns<én,, and thus the

D =(1/K—kol 10)/(2kol 11— 1/2K), value of éng can be positive or negative. If

8ng< 8n, — kol 3,/ (2ko|1 14| + 1/2k), then the parametd? in

Eqg. (2) becomes imaginary. Then from E) we find the

(1/2k— kgl 11), (2)  distribution of the amplitude of the surface wave field

Ps= (Kol 01) 2+ ko( 8N, — 8ng) (2kol 11— 1/2K)/
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tion dng<n, for the existence of surface waves of ty(3.
Then for dng<<én, — kol (2,1/(1/2<— 2kgl11) a surface wave is
of the oscillatory type(Eg. (4)). Let us now determine the
structure of the field at the boundary of this region, i.e., for
2kol 11=1/2k. In this caseD =, and the field distribution
has the form

a(x,z)=exdikgongz+ Px],

®

whereP.= (6hg— 6n,)/2l3;. Sincedn,<0 andly>0, the
field (5) corresponds to a surface wave for the condition
(8ng+|6n,|)<0 in thea geometry and §ng+|on,|)>0 in
theb geometry.

5. Finally, we consider the case whebe=—1. It is
realized in the absence of an external electric field, i.e., for a
photorefractive crystal with a diffusion nonlinearity mecha-
nism. SettingD=—1 in formulas(1) and(2), we obtain

a(x,z)=exg k(i éngz

— 211 gix)]cosh 2k(/ (Kol o) %+ dng2n)x]. (6)

The existence of a surface wave is possible here inathe

geometry if 0>(8ng2n)>—(kolo)2. For (éng2n)

< — (Kol op)? the surface wave becomes oscillatory. This spe-

cial case of the diffusion nonlinearity mechanism has been

studied theoretically in Ref. 5 and experimentally in Ref. 6.
Thus photorefractive crystals with a diffusion-drift non-

linearity mechanism can support surface waves of various

FIG. 1. Orientation of the optical axis relative to the face of the photore- types. By varying the magnitude and also the direction of the

fractive crystal: a—the axis is directed from the face into the photorefractive . s o

crystal: b—the axis directed is towards the face. applied electric field one can cha_n_ge both the_parameters and
the type of surface wave. In addition to studying the surface

waves on one interface, it would be of interest to study them

a(x,z)=exg ikoongz+ Px](cog | Pglx))Pl. (4

This distribution, unlike that of Eqg1) or (3) has damped
oscillations, which is characteristic of the field of a surface
wave or the evanescent field of linear crystal optics. In th
special caséP;=0, we obtain exponential damping of the
field amplitude in the photorefractive crystal.

3.D<0, Ey<0, 1/%k<Kkglq1. In this case the field dis-
tribution is described by expressidi8) in which P.>0.
Consequently a surface wave exists in thgeometry, while
in the b geometry it exists ifP.>P¢D|, that is, for
ong>on, . Here the amplitude distribution is given by the
expression(3). Then for ng> on, + kol 34/ (2Kl 11— 1/2K)
the parameteP in Eq. (2) becomes imaginary and the field
is described by formul&d). The difference between this re-
gime and cas€2) (D<0, E;>0) is that the surface wave
has a lower velocity of propagation than a plane wave.

4. D<O0, E¢<0,1/X=kyl ;. In this caseP.<0 and
surface waves can exist in tllegeometry of Fig. 1 for the
condition |P¢|>P¢|D|. From Egs.(2) we obtain the condi-
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in waveguide layers. On the whole, however, along with the
spatial solitons, surface waves constitute interesting objects
for study, both from the point of view of physics and for the

sake of possible practical applications for optical data pro-
cessing. The importance of studying the properties of non-

qinear surface waves is also linked with the solution of other

interesting problems, such as bistability in the reflection from
the faces of photorefractive crystals.
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Fullerenes as the imaging element of the tip of an atomic force microscope

G. V. Dedkov
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Pis’'ma Zh. Tekh. Fiz23, 37—-43(June 26, 1997

It is proposed that the g molecule be used as the imaging element of the tip of an atomic force
microscope. Test computer images are obtained of portions of a distorted graphite surface
and a graphite surface with vacancies. 1097 American Institute of Physics.

[S1063-785(107)02306-9

Atomic force microscopy is a highly sensitivity method appearance of atomic resolution under high vacuum, or, con-
of measuring ultrasmall forces between the tip of the atomiwersely, the high resolution obtained when the atomic force
force microscope and the sample surface, for studying thenicroscope is operated in diusing exactly the same jip

atomic topography of objects, for studying adhesion, friction,

In this article we propose that thegJullerene molecule

electrical, and magnetic properties, &té.At the present be used as the imaging element on the tip of an atomic force
time, however, there is no reliable theoretical model to allowmicroscope; this molecule has a well-defined structure, a

one to make adequate quantitative calculations of the topog-
raphy of the force interactions between the tip of the atomic
force microscope and the sample, and accordingly interpret
the experimentally obtained images of the surface. Known
theoretical schemes advanced in Ref. 5, by which one can
model the operation of the atomic force microscope in the
contact mode, use a greatly simplified model of the tip,
formed of one or several atoms’ Despite the qualitative
advances in obtaining theoretical images of some model ob-
jects, the theory is still far from perfected, since the images
that are obtained depend strongly on the model of the tip and
the approximations used for the interatomc for¢esually

this potential is of the Lennard—Jones or the Morse type,
whose applicability in the range of interatomic distances
R<0.5 nm is doubtfyl This results in such artifacts as “dip-
ping of the tip below the surface” and unstable scanning the
tip along a line of constant forceFor these and other rea-
sons it has not yet been found possible to find a reliable
connection between the experimental fordgetermined
from the well-known piezoelectric moduli of the cantilever
of the atomic force microscopand the vertical and horizon-
tal coordinates of the tip, or to calculate the forces theoreti-
cally. One must regard as paradoxical even the fact that
atomic resolution can be obtained with tips whose radius of
curvature is 20 nm and mofé€, i.e., much greater than
atomic distances. Computer simulation of images of a sur-
face with tips of this kind do not, of course, reveal any kind
of atomic structure. This result compels us to hypothesize
that the surface of the tip contains small-scale uncontrolled
microscopic roughnesgrotuberances one of which is the
“imaging” element. Such protuberances may be made by,
for example, adsorbed microparticles of water or other ma-
terial. This would explain the experimentally observed dis-

TABLE |. Cg—Cy interaction parameters.

‘ ’iiiif;i;{{@\\

FIG. 1. Theoretical contour image of a nominal square lattice of carbon
atoms(the lattice period isl=0.246 nm, the size of the frame is 8.8 A,

Our work Equilibrium spacing, nm Binding energy, eV ' ortetial :
the dark background corresponds to the interstitial s#tes- image obtained
Ref. 13 0.96 0.34 with Cg (fo=7.07 nN; the maximum variation in height from light to dark
1.006 0.32 is 0.008 nm; b — the “one imaging atom” approximatioff,=2.7 nN,
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height variation is 0.034 nm
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FIG. 2. The same as in Fig. 1 for th@001) graphite surface. a — FIG. 3. Image of a square lattice and a graphite lattice with vacancies. In
f,=12.6 nN, height variation 0.005 nm; b £;=3.82 nN, height variation ~ both cases the imaging element of the atomic force microscope iga C
0.013 nm. molecule: a —f;=13.5 nN, b —f;=9.59 nN, height variation 0.005 nm.

small diameter(0.7 nm, and extremely high mechanical action between g molecules. We used additive summation
stability 1° | believe that all of these properties together makeof the interactions between the carbon atoms belonging to
fullerene a unigque imaging element for the atomic force mi-different molecules. The results of the calculations of the
croscope. Present-day technology for preparing fullerenekinding energy and the equilibrium distance, obtained after
and fullerene coatings is highly advanced. Thg @olecule  averaging over the orientation of the molecules, were found
can be fastened to the tip of the cantilever of an atomic forcén very good agreement with the experimental datZhe
microscope by mechanical pressing or by electrochemicatorresponding data are listed in Table I.
deposition. Figures 1, 2a, and 3a and b show the results of computer
In order to clarify the theoretical side of this question, simulations of the lines of constant forbéx,y)=f, corre-
computer simulations were carried out for several model sursponding to the position of the tip of an atomic force micro-
faces, with Gy used as the imaging element on the tip of thescope, wherex andy are the Cartesian coordinates of its
atomic force microscope. The forces of interation betweeratom closest to the surfagm the plane of the surfageh is
the carbon atoms of theggmolecule and the surface were its distance from the surface, affiglis the level of the force
calculated in the approximation of an electron §a% The in units of 10°° N.
individual components of the force were obtained by direct  In the calculations it was assumed that thg @olecule
differentiation of the integral expressions for the correspondis oriented so that the carbon atom closest to the surface is
ing components of the interaction potentials, and then byituated in the closest to the surface point of its spherical
numerical integration over the volume, as is done in the calframework. The size of the frame is 4&.8 A. The number
culation of the pair potentials. To monitor the accuracy ofof model points in a single frame is 961. Figures la and 2a
this method we first calculated the potential of the pair inter-correspond to the images of a nominal square lattice of car-
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bon atomgwith the side of a square equal 85=0.246 nm  than G can be used for the same purpose: metal carbones
and the unreconstruct€¢@001) graphite plangwith the same  with heavy atoms within, such a$@GCg, this may enhance
period of the orthorhombic lattige The calculations as- the contrast of the image. Good geometrical parameters and
sumed an interaction only with the outermost atom of thestrength are also attributes of single nanotutEspty or
plane of the graphite structure, and therefore the images lackith a filler) as well as graphite fibers.

the contrast in the brightness of neighboring atoms of the

hexagons such as was observed in Ref. 6. Figures 3a and b

show images of the same surface when there is a vacancy af, Binnig, C. F. Quate, and Ch. Gerber, Phys. Rev. Lig930 (1986.

one of the sites. Figures 1b and 2b were obtained with the’p. sarid,Scanning Force Microscopy with Applications to Electric, Mag-
assumption of a single imaging atom, and are shown for netic and Atomic ForcefOxford University Press, New York, 1981

. i 1 for, Oxford U
comparison. The results show that an atomic force m|cro-42 %Z’;eesroggg E”dMGAm:"%pi‘l"i”ffg i:;ﬁ(lzgogszl(lggo

scope tip formed by a fullerene molecule can provide highSB. Brushan, J. N. Israelachvili, and U. Landman, Monthly NatG(4), 63
contrast. A comparison of the numerical values of the forces (1995.

corresponding to the same coordindtegives grounds to 33- A. Gould, K. Burke, and P. K. Hansma, Phys. Revi5363(1989.
assume that the "single maging alom” approimation un- ‘% Y. Se%e% & L. Kinehisieys 1, 8 Loveshen, ond . P
derestimates by a factor of 3—4 the results obtained without 21 121 (1905]. ' ' ' ' T
taking into account all the £ atoms. This result supports the 8pPark Scientific Instruments, Sunnyvale, CA.

conclusion that a quantitative prediction of the force of in- °J. P. Clevelend, M. Radmacher, and P. K. Hansm&airtes in Scanning
teraction in an atomic force microscope is not possible with- :?Srﬁ:fs Mﬁé?ﬁgﬁ:gg:dlgég 3. Gunterodit al. (Kluwer Academic Pub-
out allowing for the real atomic configuration of the apex of 104 v Eletskii and V. M. Smirmov, Usp. Fiz. Naukes, 978 (1995.

the atomic force microscope tip. In the model examined in*'R. G. Gordon and Y. S. Kim, J. Chem. Ph{§, 3122(1972.

this work this is automatically provided by the well-defined EG V. Dedkov, Usp. Fiz. Naui65 919(1995.

structure of the g, molecule. L. A. Girifalco, J. Phys. Chen96, 858 (1992.

In conclusion, it should be noted that fullerenes otherTranslated by J. R. Anderson
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Analytic model for the lowering of the ionization potentials of atoms and ions
in a collisional plasma

S. I. Anisimov and Yu. V. Petrov

L. D. Landau Institute of Theoretical Physics, Russian Academy of Sciences, Moscow District,
Chernogolovka

(Submitted February 10, 1997

Pis’'ma Zh. Tekh. Fiz23, 44—49(June 26, 1997

A model admitting of an analytic solution is developed for the calculation of the level shift and
the reduction of the ionization potentials of atoms and ions due to screening in a collisional
plasma. The application of the derived equations to the plasmas of aluminum, gold, copper and
cesium shows the greatest reduction in the ionization potential occurs for cesiut99®

American Institute of Physic§S1063-785(17)02406-3

The ionization potentials of the neutral atoms and the X" 7% 1 I(1+1) 1 _
ions are of great importance in determining the densities of ——+| ——- + . x=Ex.
the components of a collisional plasfi®®~**In a dense 2)\? Noed-1 2% (e¥-1)°
plasma these potentials are to a great extent renormalized 4

compared to the free atoms and ions because of screening Gbing over to the variabla=e™* and introducing the nota-
the Coulomb interaction. We shall describe the potential ention
ergy of a valence electron of an atom or ion at a distance

2_ 2F 2_
from the nucleus by the function a’=—\E, p°=2Z%1, ®)
U(r)— Z*IN 1
(r=- exp(r/n)—1 @

(the Hulthen potential with a screening length and an ef-
fective chargeZ*). For r <\ this function goes over to the
Coulomb potential.(r)=—2Z*/r, and forr>\ it takes the
form U(r)=—(Z'/\) e "*. Transforming to the variable
x=r/\ and writing the Schrdinger equation for the function
x(X)=R(x)/x, whereR(x) is the radial part of the wave
function, we obtain(in atomic unitg

”n

_X
222

zx 1 +|(|+1)
NoeX—1 2

X=Ex. 3]

The discrete spectrum of this equation is knéwifior the
states with an orbital angular momentumss 0. It is deter-
mined by the principal quantum numbe¢n=1,2,...):

7%2 n2 2
E,=— 1- . 3
" 2n2( 2z2>\>

For the states with nonzero orbital angular momentwwe

proceed in the following way. We replace in E@) the

centrifugal term U,(x)=I(1+1)/2\>x* by the function
Ui(x)=I(I+1)/22%/(e*—1)2. For r<\ the functions
U,(x) andU,(x) coincide, and since~ 1 for a free electron,
for A>1 in a plasmdJ,(x) is a very good approximation to v 1
the functionU,(x). With the centrifugal functiorJ,(x) we 20 30 40 50
can solve the radial equation exactly for arbitr&ryMore-

over, we can improve the result by taking into account the _ , o _
FIG. 1. Relative lowering of the three first ionization potential$,

difference betweety;(x) andU,(x) by perturbation theory. (k=1,2,3) for aluminum and  cesium.  Here Al,/l,
The equation for the functiog now is =(1N) =1 () /1 ().
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we can writey as
x(W)=u*(1-u)"*tw(u),
where the functiorw(u) satisfies the equation
ul-uw’+2a+1—-(2a+21+3)u)w’'—((2a+1)
0

(6)

X(1+1)— B%)w=0.
The final solution fou—1 has the form
w(u)=F(a+1+I+vy,—n,, 2a+1u), (8)
wherey=(a?+ B2+1(1+1))Y2 n,= — (a+1+1+y) is the
radial quantum numbem(¢=0,1,2,...), andF(¢,»n,,u) is
the hypergeometric function

(Om()m u"

©

F(&mLu)= 2

o (Om mb
Here we have introduced the notation
(Hm=&(E+ L) (E+m—1),
(£)o=1.

Introducing the principal quantum number=n,+[+1
(n=1,2,...), we obtain the discrete spectrum in the form

z*z{l n2—1(1+1)\?

Aal 27\ ©

Using the perturbation

oU,(x)=U,(x)—U(x), (10)
we obtain the correction tﬁn,, :
foo , (1 1|,
—— X
_ o+ Jo MMl T (@m1)2
6E, = ~ — (11)
Xﬁ,ldx

For the cases corresponding to the so-called circular Cou-
lomb orbitals fi,=0, |=n—1), this correction is

5En,| :5En,n—1
g [2n , o 2<"2‘1> (—1)™ [2n-2
1141y 2 TV | Garmin@atm = 2 5 m m
= 2n . (12
2\? (=1)™2n
m=0 2a+m m
Here

( [ ) il
j)opa=p!
are the binomial coefficients.

All the sums in expressiofil2) are finite and of low
order and therefore can be easily calculated. The expressi
is also valid for small\, and hence it is possible to determine
the point of the Mott transition, i. e., the valueoffor which
E,,=0. Far from the region of the Mott transition, where
A>1, by calculating the asymptote of expressidd), we
obtain for arbitraryl:

3 al
222

13

n,l

The effective chargg* will be determined from the equality
of the ionization potential of the free atom or ioR-{ )
with the experimental valug,

Z*Z

o (14)

0
lor-
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FIG. 2. Relative lowering of the first three ionization potential for copper
and gold.
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Silicon metal-dielectric-semiconductor varicaps with an yttrium oxide dielectric
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This paper reports an investigation of the electrophysical properties of metal-dielectric-
semiconductor varicaps with an yttrium oxide dielectric, prepared by resistive vacuum evaporation
of the rare-earth metal with subsequent thermal oxidation of the film in air at 500-550 °C.

It is found that the electrical conductivity of the samples follows the Poole-Frenkel law. High-
frequency capacitance-voltage characteristics are used to determine the specific capacitance
of the dielectric,C,=0.027—-0.03uF/cn?, the slope of the capacitance-voltage characteristic,
dC/dV=35-40 pF/V, the fixed charge in the dielectr@;= (1.7-2.7x10 8 C/cn?, and

the density of surface states at the flat-band poteral=(1-2x 10 cm 2 . eV 1. The
capacitance tuning range factor for the metal-dielectric-semiconductor varicaps is 2.5-3.
These structures are shown to be applicable as metal-dielectric-semiconductor varicaps with a
low control voltage and a high quality factor. @997 American Institute of Physics.
[S1063-785(07)02506-9

In this paper we report the investigation of the electro-states at the  flat-band  potential, Ngs=(1-2)
physical properties of silicon metal-dielectric-semiconductorx 10''cm 2 - eV 1. The capacitance tuning range factor in
varicaps with an yttrium oxide dielectric prepared by resis-the metal-dielectric-semiconductor varicaps was 2.5-3.
tive vacuum evaporation of the rare-earth metal and subse- These structures have been found to be applicable as
guent thermal oxidation of the film in air at 500-550 °C.  metal-dielectric-semiconductor varicaps and photovaricaps.

It is found that the electrical conductivity of the samples Nonlinear metal-dielectric-semiconductor capacitors
follows the Poole-Frenkel law. High-frequency capacitance{varicap3, which are widely used in radio engineering and
voltage characteristics were used to determine the specifigptoelectronic devices, have a high quality factor, a wide
capacitance of the dielectricCo=0.027-0.03 uF/cn?, capacitance tuning range, and a high input impedance. To
the slope of the capacitance-voltage characteristicpbtain a wide capacitance tuning range and a high slope of
1/C dC/dV=0.4-0.44 V'1, the fixed charge in the dielec- the capacitance-voltage characteristic it is necessary to use in
tric Q;= (1.7-2.7x 108 C/cn?, and the density of surface the device dielectric materials with a high permittivity, such

(, pFI -

100

FIG. 1. Capacitance-voltage characteristics of AL,®pSi metal-

60 F dielectric-semiconductor structures wiphtype silicon in the dark
(1) and for various levels of illumination2 — 450 Ilux,
B 3 — 2400 lux,4 — 6500 lux;d=0.3 xm.
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as are possessed by oxides of the rare-earth elefiétee  the light from a 150 W incandescent lamp with a tungsten
diverse electrophysical properties of these materials in corfilament. The dc current-voltage characteristics were mea-
junction with their utility as functional devices make the sured by means of anlE05-M electrometer.
rare-earth oxides effective light-transmitting coatings for sili- In Fig. 1 we show typical capacitance-voltage character-
con photoelectric devicés,electrical switches, memory istic of the metal-dielectric-semiconductor in the dark and
devicess metal-dielectric-semiconductor varicaps andfor various levels of illumination. These curves have the
photovaricap$:’ typical high-frequency shape and show no hysteresis. The
We have investigated the electrophysical properties otontrol voltages corresponding to the variation of the capaci-
silicon metal-dielectric-semiconductor structures with dielectance of the metal-dielectric-semiconductor system lies in the
tric films of yttrium oxide and their potential for use as vari- range from—3 to +2 V. The experimental current-voltage
caps and photovaricaps. characteristics have a small shift towards negative voltages
The samples used in the experiments were prepared aelative to the theoretical -V characteristic of ideal metal-
(111 oriented KB-4,5 and(100 oriented KDB-5 single- dielectric-semiconductor structures. This indicates the pres-
crystal silicon substrates. The silicon wafers were cleaneénce of a small positive fixed charge in the dielectric
ultrasonically in acetone and treated in a dilute solution of = The capacitance tuning range factdr= C,.,/Cin iN
hydrofluoric acid to remove the layer of native oxide. Thethe dark for variation of the applied voltage was from 2.5 to
yttrium oxide layers were prepared by deposition of the rare3 for various samples. The parameters of these metal-
earth element on the silicon substrate and thermal oxidatiodielectric-semiconductor systems as determined from the
of this layer in air at 500-550 °C for 30 min. The yttrium capacitance-voltage characteristics have the following val-
film was deposited on the silicon surface by thermal resistivaies: specific capacitance of the dielect@e=0.027-0.03
evaporation from a molybdenum boat in a vacuum of310 uF/cn?, fixed charge in the dielectricQs;= (1.7-2.7
Torr in a VUP-5 apparatus. Electrodes with an area of 0.39< 10" C/cn?, surface state density at the flat-band potential
mm? were deposited on the yttrium oxide layer by vacuumN = (1-2x 10 cm 2. eV™!, and a slope of the
evaporation of aluminum through a mask. A continuous alucapacitance-voltage characteristic at the flat-band potential
minum contact was deposited on the polished reverse side afC dC/dV=0.4—0.44 V' 1. lllumination of the samples in-
the silicon substrate. creased the capacitance by a factor of 1.5 in the range of
The thickness of the rare-earth oxide in thevoltages corresponding to inversion of the semiconductor
Al-Yb,04-Si metal-dielectric-semiconductor structure wassurface. This result is mainly due to the photo-induced gen-
0.3 um. eration of minority carriers in the surface region of the sili-
The capacitance-voltage characteristics, the conductana®n.
G, and the loss tangent ta&rwere measured as functions of The loss tangent tahand the conductanc@ as func-
the applied voltage at a frequency of 1 MHz by means of aions of the voltage at a measuring signal frequency of 1
digital E7-12L CR meter. The samples were illuminated by MHz in the dark and for various illumination levels are
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shown in Fig. 2. Characteristic features of these curves are stable metal-dielectric-semiconductor varicaps and photo-
maximum at the flat-band voltage and a tendency to saturasaricaps.
tion of tand andG in the range of voltages corresponding to )

; ; ; ; ~0. S. Vdovin, Z. |. Kir'yashkina, V. N. Kotelkov, V. V. Novichkov, and
the fla_(r:]cumll’llatlop a;d mr\:erjlorll fsurfac.es of thle Semllcon.duc V. A. Rozhkov, inRare-Earth Oxide Films in MIM and MIS Structures
tor. e value of taa in the dark for V_aI’IOUS voltages ay_ N [in Russiaf (Saratov State University, Saratov, 1983
the range from 0.03 to 0.18, and did not vary appreciably2N. v. Latukhina, V. A. Rozhkov, and N. N. Romanenko, Mikroelek-
with the illumination level. The resistive component of the _tronika23, 59 (1994. _
conductance on the metal-dielectric-semiconductor structure": A- Rozhkov, V. P. Goncharov, and A. Yu. Trusov&EE Fifth Inter-

. . . national Conference on Conduction and Breakdown in Solid Dielectrics

also depended on the |IIum|nat|oq. . . _ (Leicester, England, 1995pp. 552-555.

The current-voltage characteristics plotted in the coordi-*Yu. A. Anoshin, A. I. Petrov, V. A. Rozhkoet al, Pis’'ma Zh. Tekh. Fiz.
nates log versusv*Zare straight lines and follow the Poole- _18(10. 54h(k1993 [dSOV- Tech. Phys. Letﬂ:’ 32& h(19n‘~;3]-
Frenkel law. The rectification coefficient was between 1.1 ¥é3‘1 leﬁys O\L’e"’:alAz'i'ggg;‘]" Pisma Zh. Tekh. FI1, 49(1989 [Sov.
and 1.5. The resistivity of the yttrium oxide films, calculated 6y A Rozhkov. A. Yu. Trusova, I. G. Berezhnet al, Zh. Tekh. Fiz.
from the current-voltage characteristics was %0  65@), 183(1995 [Tech. Phys40, 849 (1995].
10° Q-cm. V. A. Rozhkov, V. P. Goncharov, and A. Yu. Trusova, Pis'ma Zh. Tekh.

In summary, the results obtained in this investigation "2 21(2): 6 (1999 [Tech. Phys. Lett21, 46 (1995

indicate that these structures show promise for application aganslated by J. R. Anderson
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Superheating of YBa ,Cu3;0-_, thin-film microbridges
O. V. Matyunina and A. V. Pogrebnyakov

Belarus State University of Information Sciences and Radio Electronics
(Submitted July 25, 1996
Pis’'ma Zh. Tekh. Fiz23, 56—62(June 26, 1997

It is found that the hysteresis that develops with decreasing temperature in the current-voltage
characteristics of thin-film YBa&Cu;O,_, microbridges is due to superheating of the

bridges by the transport current. The heat transport coefficient is determined to be
a=5500-7500 Wcn?-K) and the thermal resistance of the Y,Ba,O,_,/MgO film-substrate
interface isR;; = (1.3—1.8X10 * (cn?-K)/W. © 1997 American Institute of Physics.
[S1063-785(07)02606-2

The efficacy of heat transfer can have a critical effect orcalculations and experiments with tin microbridges carried
the characteristics of electronic devices. In addition to theout by Skocpol and coworkétfiave shown that because of
bulk heat conduction of the materials, a decisive factor carhe limited rate of dissipation of thermal energy a normal
be the thermal resistance of the film-substrate interfaceegion can be formed in the microbridgés “hot spot”),

R;; , which characterizes the transport of heat into the subwhose temperature i$>T.. With reduced measurement
strate. At low temperatures<(30-40 K R;; is well de- temperature the minimum curreht;, required to maintain
scribed by the model of mismatched acoustic impedahcesthe hot spot becomes lower than the critical curdgnand
However, investigations carried out by various me@gh then hysteresis appears on the current-voltage characteristics.
as creation of a transient diffraction grating by means ofAs shown in Ref. 6, the currehy,, depends on the measure-
optical interference, studies of transient absorption duringnent temperature, the dimensions and the resistivity of the
pulsed irradiation, bolometric measurements, &tee, e.g., material of the microbridge, and also on the heat transfer
Refs. 2—4) have shown that the thermal resistance of thecoefficient from the microbridge into the substrate.

interface between a thin film of YBEu;O, and various sub- In this investigation we have studied the characteristics
strates at temperatures between 80 and 100 K is consideraldy thin-film YBa,Cu;O,_, microbridges. We show that the
higher than predicted by the model of Ref. 1, and lies in thehysteresis that appears on the current-voltage characteristics

range X 10 4-1.3x 1073 (cn?- K)/W. of the microbridges with decreasing temperature is due to
The non-steady-state heat transfer during measurementserheating.
of the current—voltage characteristics of thin-film micro- Epitaxial YBaCu;O,_, films 5000 A thick were

bridges can cause hysteresis, and also be a reason for a dgewn on(100) substrates of MgO by a laser method. Films
crease in the critical current, an increase in the noise temwere also used that were grown by ion-beam sputtering of a
perature , and a decrease in the height of the current stegsoichiometric target. The results of the investigations of the
due to microwave irradiationThe hysteresis in the current- films by Rutherford backscattering in the channeling regime
voltage characteristics of superconducting weak links formedhowed that the axis of the films was oriented perpendicu-
from low-temperature superconductors, specifically microdar to the substrate. The critical temperatdrgof the film
bridges, has been studied on a number of occasions. Theas 86—91 K(at the middle of the resistive superconducting
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transitior), and the width of the transition was from 0.5 to 1 pendence of the resistance of the %Ba;O;_,. The fol-
K (at the 10-90% level of the residual resistgndée mi-  lowing expression was found for the minimum current to
crobridges studied were 5—/m long, formed by electron- maintain the hot spot
beam lithography and irradiation by hydrogen ibirs lines
20 um wide and 25Q.m long. The critical current density of aw?d
the microbridges at 77 K wag,(77 K)=1.2x10° Alcm?. min c
The high values of . and the relatively large width of the
microbridges allowed the formation of hysteresis in thewherea is the heat transfer coefficient per unit area of the
current-voltage characteristics as a result of heating of th&lm surface,w andd are, respectively, the width and thick-
microbridges by the transport current. A current generatoness of the film,c is the slope of the linear temperature
was used for measuring the current-voltage characteristics.dependence of the resistancesro+cT, andT is the tem-

In the measurements of the microbridge characteristicperature at which the measurements were made.
hysteresis appeared in the current-voltage characteristics be- In Fig. 1 we show the dependence of the currgnon
low a specified temperaturg, (hereT, is a characteristic the quantity (1—T2/T§)1’2 for which the current-voltage
temperature specific to each microbridge and depends on tlolaracteristic returns t¥=0 at a lower sweep current for
heat transfer conditions; see the inset to Figwith increas- one of the microbridges studied in these experiments. This
ing current through the microbridge a jump occurred in thefigure shows that the expressi@l) gives a good description
current-voltage characteristic corresponding to higher voltof the experimental datéthe pointg. It was assumed for
ages. With further increase in the current the relation bethese bridges that o« (1—T/T.)*? (Fig. 2), and therefore as
tween the current and the voltage was single-valued. Witlthe measuring temperature is lowered the minimum current
decreasing current the current-voltage characteristic returnegquired for maintaining the hot spot becomes lower than the
to V=0 over a different path. critical current of the microbridge. Therefore the heat trans-

Poulin and coworkefsstudied the switching from the fer from the YBaCu,O,_, microbridge can become insuffi-
superconducting state to the normal state by microbridgesient for maintaining it in the resistive superconducting state.
formed in films of YBaCu;O,_, high-temperature super- In this case, when transport current flows through the region
conductors as the result of formation of a hot spot in them. Irof the microbridge where the order parameter, and hence the
that investigation there was no hysteresis in the current-ritical current, are minimum, vortex motion sets in; i.e.,
voltage characteristics, since a voltage generator was useshergy is dissipated. With further increase in the current
for the measurements. Also analyzed was the equation fahrough the microbridge the voltage jumps to values corre-
the heat flux in the microbridge, similar to those consideredsponding to the linear part of the voltage dependence of the
in Ref. 2, but with allowance for the linear temperature de-current, and a hot spot is formed, whose length is equal to

1/2

. @

T2
T2

479 Tech. Phys. Lett. 23 (6), June 1997 O. V. Matyunina and A. V. Pogrebnyakov 479



the length of the microbridge. If the current is then reducedmined the heat transfer coefficiesat For the samples studied
the dependence of the current on the voltage is lit@ae the  here, we foundv= 5500—7500 Wkn?- K). The resistance
inset to Fig. }, i.e., the dimensions of the hot spot remainR;; = (1.3-1.8X 10" * (cm?-K)/W, the inverse of the heat
nearly unchanged until the current reaches the valuéransfer coefficient, is in agreement with the data obtained by
l;=Imin. The deviation of the experimental data from the other method$.We should point out that since the phonon
theoretical expressiofi) with decreasing measurement tem- wavelength €4A at 100 K; Ref. 9is considerably less than
peraturgwhich corresponds to higher valueslgf,) is prob-  the thickness of the transition layer at the interface, the purity
ably due to heating of the substrate, i.e., the fact that thand perfection of the crystal structure of the transition layer
substrate temperature is raised above the temperature of thall have a large effect on the efficacy of the heat transfer
surrounding medium, since the measurements were carrigtirough the interface.
out in helium vapor. Using the value 0.9 @m*- K) (Ref. 10 and also the

It should be noted that these phenomena in microvalue of R;; obtained in these experiments for a 2000
bridges, described by the heat conduction equati@e A film, we estimate the thermal time constant to be 2—3 ns.
Refs. 6 and B correspond to steady-state conditions. In fact,These data are important for developing sensitive fast bo-
measuring the current—voltage characteristics with a curreribmeters based on YB&u,0O,_, films.
sweep involves transient conditions: a discontinuous increase
in the voltage causes the hot spot to expand to the size of the
microbridge length. At a sufficiently low measurement tem- A Litte, Can. J. Phys37. 334 1950,
peratures the hot spot cannot spread over the entire length qi‘(’:v G Ltleva Sa ”Etemagsand A. Inam, Appl. Phys. L6@, 126 (1992.
the microbridge; instead local heating occurs in the region ofsyy Nahum, s. Verghese, and P. L. Richards, Appl. Phys. Z&t2034
passage of a chain of vortices. The temperature in the heatedlggj)
region becomes so high that the microbridge is “super-“C. D. Marshall, A. Tokmakoff, and I. M. Fishman, J. Appl. Phy8, 850
heated.” A visual analysis of the superheated mlcrobrldgesfgl(\jg?r?nkham M. Octavio, and W. J. Skocpol, J. Appl. Phy&, 1311
showed tht some regions of the film were lighter colored (1977
than the rest of the film, and intersected the width of the®w. J. Skocpol, M. R. Beasley, and M. Tinkham, J. Appl. PH5,.4054
traces. In addition, some samples even showed cracks in th§,(1974>
substrate where the microbridge was superheated. vul:/ N'zog{egzz’fggg Vestsi Akad. Nauk Belarus, Ser. Fiz. Material. Na-

Using data similar to that presented in Fig. 1, and thesg p. poulin, J. Lachapelle, S. H. Moffat al, Appl. Phys. Lett66, 2576
temperature dependence of the microbridge resistéihee (1995.
inset to Fig. 2 shows the temperature dependence of the re.T- Kiitsner and R. O. Pohl, Phys. Rev. B6, 6551(1987).
sistance for the same microbridge whose characteristics are” - Loram, K. A. Mirsa, and P. F. Freeman, Physicaid, 243(1990.

shown in Figs. 1 and)2according to formuldl), we deter-  Translated by J. R. Anderson
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Bolometric properties of silicon thin-film structures fabricated by plasmachemical
vapor-phase deposition

V. Yu. Zerov, Yu. V. Kulikov, V. G. Malyarov, N. A. Feoktistov, and I. A. Khrebtov

S. I. Vavilov State Optics Institute, St. Petersburg

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 20, 1997

Pis'ma Zh. Tekh. Fiz23, 63-68(June 26, 1997

A method of fabricating uncooled thermally sensitive sandwich structures based on amorphous
hydrated silicon films is discussed and experimental results are reported. The structures

have an area of 10 cn?, a resistance of10 k), and a temperature coefficient of resistance
=2%/K. At 30 Hz and a current o1 uA, the excess noise exceeds the thermal

resistance noise by a factor of 1.7. 897 American Institute of Physics.
[S1063-785(07)02706-1

One of the most important factors that determine thethe deposition of thed-Si:H) films with the maximum acti-
high utility of microelements for infrared detectors based onvation energy with a resistivity of 5-30(k-cm and prepa-
uncooled microbolometefs® is the use of semiconductor ration of the highest-quality Ohmic contacts between the
thin films with a temperature coefficient of resistance ofmetal electrodes and the silicon film. The surface resistance
=1%/K at room temperature and a low level of excess noisef the electrode$380 and 2Q1) and thickness of the silicon
as the heat-sensitive materials. For this purpose amorphotitm (0.7 um) were selected in the light of the fact that the
or polycrystalline silicon films prepared by various sandwich structure must have the properties of an optical
method$*® hold out promise. The work we report here in- cavity, tuned to a wavelength ef10 um in order to obtain
volved an investigation of the bolometric and noise propera high degree of absorption of the radiation in the wave-
ties of hydrated amorphous silicom-Si:H) films prepared length range from 8 to 1Zzm (Ref. 3. The required total
by plasmachemical vapor-phase deposition. resistance of the structur€s—20 K1) was obtained by light

The application of plasmachemical vapor-phase deposiphosphorous doping of the-Si:H films by plasmachemical
tion for preparing films of hydrated amorphous silicon to bevapor-phase deposition of silane with an admixture of phos-
used as the thermally sensitive layers of microbolometers iphorous.
attractive for a number of reasons. Films can be produced The current—voltage characteristics, the temperature de-
with a resistivity in the range from #@o 10 Q-cm and an  pendence of the resistance, and the noise spectra were mea-
activation energy in the range from 0.1 to 0.8 eV, whichsured for the films prepared in this way. The temperature
corresponds to a temperature coefficient of resistance atependence of the resistance was measured in dc at 0.1-4
room temperature from 1%/K to 10%/K. However, the maxi- uA in the temperature range from 18 to 40 °C. The noise
mum activation energy is possessed by the film with thewas studied in the frequency range from 10 to 1000 Hz with
highest resistance. The plasmachemical vapor-phase depositrrents from 0.7 to 124A and with no current. The mea-
tion of the films was carried out at low substrate temperasuring circuit included a preamplifier with an intrinsic noise
tures(200—300 °@, with various materials used for the sub- of 9 nV/HZz*? at 12 Hz that decreased monotonically to 1.5
strate. Plasmachemical vapor-phase deposition is entirelyV/Hz? at 1 kHz, and a SK4-56 spectrum analyzer. The
compatible with the modern technology of silicon integratedmeasuring circuit was calibrated by measuring the thermal
circuits. noise of a resistor of known value.

The optimum scheme for fabricating microbolometers  To estimate the quality of the Ohmic contacts, we first
using high-resistance thermally sensitive films with a resisprepared structures of higher resistance, i.e., with lighter
tivity of 10—100 K)-cm is the sandwich methatf In the  doping of the thermally sensitive layer. The resistance of the
sandwich structure the thermally sensitive layer is situatednetal electrodes, 1-2(k had no effect on the current—
between metal film electrodes. This particular method wasoltage characteristics. Moreover, the fairly low conductance
selected for preparing the test structures basedas8iH) of the thermally sensitive layer assured us that only the area
flms. The samples were made using detachable coppecovered by the electrodes, 1 cn? was involved in the
nickel masks in a topology corresponding to the sensing eleperation(that is, just the sandwich structyyevhile the sur-
ements of the microbolometers. The substrates were wafeface conductance of the doped layers in this mask configu-
of glass ceramic 0.wm thick. The area of the sandwich was ration was considerably lower than that of the structures.
100x 100 wm. Chromium films were used as the electrodes,These structures had nonlinear current—voltage characteris-
deposited by dc magnetron sputtering in an argon plasma. tics: when a bias of several volts was applied the current

Preparation of the thermally sensitive Ca-$i:H)—Cr  differed by more than two orders of magnitude for the two
sandwich structures with the requisite characteristics reepposite polarities. The dependence of the resistance on the
quired optimization of the deposition of the Cr layers with apolarity of the applied voltage, the shape of the current—
specified conductance and optimization of the parameters foroltage characteristic, and the temperature dependence of the
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strate for the currents cited in Fig. 2 is two or three orders of
FIG. 1. Temperature dependence of the resistance of sandwich structurd@gnitude lower than the Johnson noise, and has no effect
with n* layers at the contacts. The doping level of the thermally sensitiveon the resultant noise.
Ilayéer, thg Sgigénelsgbﬁd thg 801@2% |evle| of mz?'a)_/efs are, re_SF;‘?C“:/eltﬁ At a current of 1.1uA and a frequency of 30 Hz the
dependeﬁces ?é)l‘ diﬁer’ei? cur-rentl d?rgc?i;nazn—l nlmfj)?li/Io?nZSOI(;] /fazim; ® excess n0|s§ of sampBe-13is a factor of 1.7 higher than the .
3-13 — 0.1%, 400 A, 2%4-3 — 0.3%, 200 A. 2%. Johnson noise. At 1 kHz and the same current the noise is
entirely determined by the Johnson noise. The frequency de-
pendence of the spectral density of the excess noise power
resistance of these samples indicated the presence bfs the formUﬁ « 1/f+% and the current dependenceU§
Schottky barriers at the contacts, and possibly thin oxide<|?.
films*’ The maximum temperature coefficient of resistance
To improve the quality of the contacts between the(2.1%/K) for a resistance of 10—1Akamong the structures
(a-Si:H) films and the electrodes in the subsequent deposiwith good contacts is found in the samples with a doping
tions we introduced layers with enhanced carrier concentradevel of 0.1% in the thermally sensitive layeample2—1 in
tion (n™ layers of various thicknesses and doping level into Fig. 1). Increasing the doping level to 0.3% resulted in a
the sandwich. We also varied the doping level of the thersubstantial drop in the temperature coefficient of resistance
mally sensitive film in order to optimize the resistance and(sample4—3). The ratio of the maximum resistance to the
activation energy. The incorporation of thé layer with a  minimum resistance of samples of one batt sandwiches
doping level of 0.1% and a thickness of 100 A in the high-on a substrate 3048 mm) in the worst case was 1.8, and the
resistance structure with a doping level of 0.008% in thespread in the temperature coefficient of resistance was no
thermally sensitive layers did not produce the desired resulhigher than 30%. This last result is accounted for by the
An example of the temperature dependence of the resistanspread in the electrophysical properties of &8i:H films,
of the high-resistance structure for various measuring curand the reason for the former is also the spread in the dimen-

rents is shown in Fig. 1samplel-5). sions of the detachable masks and how well they were af-
The greatest effect of improving the contacts was ob{ixed to the substrate.
tained for samples with ™ layers 400 A thick and a doping In summary, we have prepared and studied sandwich

level of 2% (sample3—13). This is indicated both by the fact structures with an area of 16 cn? that meet the require-
that the resistance is the same for opposite polarities of thments of the sensing elements of uncooled microbolometers.
applied voltage and by the nature of the noise spd@liqa =~ The method of fabricating the structures is compatible with
2). The main contribution to the noise voltage in samplemodern silicon planar technology and provides a small
3-13 comes from the current noise and the thermal noisespread in the parameters. When the resistances are opti-
(Johnson noigeof the resistance. Calculations using a modelmized, the structures prepared in this manner have a tem-
of a bolometer on a solid substrate showed that the backserature doe of resistance at the level of bolometers of real-
ground noise voltage associated with the exchange of hed@ed uncooled infrared matrices. It is shown possible to
between the sandwich structure with the glass ceramic sulseduce the contact noise of the structures at the operating
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frequencies of the uncooled matrices and at currents bf  “M. H. Unewisse, B. I. Craig, R. J. Watson, and K. C. Liddiard, Proc. SPIE
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Interaction between a ferromagnet and a high-temperature superconductor
at the interface in thin-film heterostructures

C. V. Yakovlev, L. A. Kalyuzhnaya, G. A. Nikolaichuk, T. A. Krylova, and B. M. Lebed’

“DOMEN?”" Scientific Research Center, St. Petersburg
(Submitted January 21, 1997
Pis'ma Zh. Tekh. Fiz23, 69—73(June 26, 199y

The development of high-temperature supercondu¢idiSC)/ferromagnet thin-film

heterostructures is a promising direction in their application to spin-wave electronics. The state
of the HTSC—ferromagnet interface determines the nature of the propagation of the

surface magnetostatic waves in the heterostructure. The formation of the HTSC films in the
heterostructures involves thermal treatment at high temperatures, which results in the diffusion
interaction of the HTSC films and the ferromagnet. The heterostructure consists of a
YBa,Cu;O;_, HTSC film deposited by pyrolysis on ansi¥e;0,, ferromagnetic film grown
epitaxially on a(111)-oriented gadolinum-gallium garnet @éa;0,, substrate. The interdiffusion

is studied from the intensity distribution curves of the x rays of i(Bg), barium(Ba),

copper(Cu), and silver(Ag), the last introduced into the HTSC in the amounts of 5-50 wt.%.

The thin-film heterostructures are studied in the microwave range. A correlation is found
between the state of the interface and the microwave characteristicd99® American Institute

of Physics[S1063-785(07)02806-1

The development of high-temperature superconductodiffusion interaction can take place at the interface between
(HTSO/ferromagnet thin film heterostructures is a promis-the film and the substrate, particularly with ferromagnetic
ing direction in their application to spin-wave electronids.  substrates.
has been shown that the state of the HTSC-ferromagnet in- The work reported in this paper deals with the diffusion
terface in thin-film heterostructures determines the nature gbrocesses at the YBE&u;O;_,—Y3Fe0,, interface and their
the propagation of surface magnetostatic waveke forma-  dependence on the conditions for preparing the HTSC films
tion of the HTSC films in the heterostructures involves ther-in the thin-film heterostructures and the effect of the state of
mal treatment at fairly high temperaturé300 °CQ, where the interface on the conditions of propagation of the magne-

Y¥-Ba~Cu

Fe

um

FIG. 1. X-ray intensity distributions for Fe, Ba, Cu,
and Ag in YIG-HTSC thin-film heterostructures:
a—0 wt.% Ag; b—5 wt.% Ag; c—30 wt.% Ag.
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tostatic waves in these structures. The HTSC films of  ypg-
YBa,Cu;O;_, were prepared by pyrolysis on an yttrium iron

garnet ;Fe;0,, (YIG) surface grown epitaxially on @ 11)-

oriented gadolinium—gallium garnet §éa;0,, (GGG sub-

strate. In preparing the HTSC films in the HTSC-YIG thin- 300-
film heterostructures we used HTSC powder obtained from a
solution of nitrates of yttriun(Y), barium(Ba), and copper
(Cu), doped with silver(Ag).

The silver was added to the mixture in the form of a
finely disperse powder with a grain size of 1.0—2ufn
above the stoichiometric composition in the amount of
5-50 wt.%. A suspension of HTSC powder in an organic Y
binder (triethanolamingwas deposited on the YIG epitaxial 100
film by centrifuging(rotation speed of 2000 rpmThe thin- R *
film heterostructures were first thermally treated at 550 °C in
air, and then were thermally treated in various temperture-
time regimes in an oxygen atmosphere. The thin-film hetero- N L ) P .
structures prepared in this way were studied by x-ray mi- 10 20 30 49 50 Ag, wt.%
croanalysis in an S-570 Hitachi scanning electron

microscope with an X-ray spectrometer from the Link com-FIG- 2. Effect of the silver concentration in the HTSC power of composition
YBa,Cu;0,_, on the broadening of the amplitude-frequency characteristic

N
I
(O]
=2
S
S

2001

pany. . . S(f) in the microwave range.
The measurements were carried out at a potential of 30
kV and a current of X 10~ ° A and the diameter of the probe The thin-film heterostructures that were prepared were

was 200 A. For the thin-film heterostructures with the HTSCstudied in the range of frequencies 3—-5 GHz and at 77 K.
film containing 0, 5, 30, and 50 wt.% silver we measured theThe measurements were made on devices based on the
intensity distribution of the iron, barium, copper, and silver magnet—HTSC structure by the method described in Ref. 1.
X rays. The experiments were carried out by scanning ovestudies were made of the dependence of the measured pass
the end surface of a cleaved-off portion of the GGG-YIG—-bandds(f) of the amplitude—frequency characteristic of mag-
HTSC heterostructures. netostatic waves on the superconducting properties of the

In Fig. 1 we show the x-ray intensity distribution curves film. For this frequency range we show in Fig. 2 curves of
for various concentrations of silver in the HTSC film:— 0  §(f) of the amplitude—frequency characteristics plotted
wt.% Ag, b — 5 wt.% Ag, c — 30 wt.% Ag. This figure against the silver concentration in the HTSC fili®-50
shows that the Fe diffused in all of the thin film structures onwt.%). The maximum value of(f) was found for hetero-
the substratdthe YIG film) into the HTSC film. Without structures with a silver content of 30—40 wt.%. An increase
silver (0 wt.%) the iron propagated nearly over the entirein §(f) is associated with the state of the interface and with
thickness of the HTSC filnjFig. 19. For a 5 wt.% Ag con- the improved characteristics of the HTSC film.
centration the depth of penetration of the iron into the HTSC  In summary, we have studied for the first time the diffu-
film was 15um (Fig. 1b. With increasing silver concentra- sion state of the interface for HTSC—ferromagnet thin-film
tion up to 30-50 wt.% the depth of penetration of the ironheterostructures. It has been determined that the state of the
decreased to &m (Fig. 10. interface is governed by the amount of added silver in the

It has thus been established that the depth of penetratiddTSC film, and a correlation has been observed between the
of iron depends on the concentration of the added silver. state of the interface and the microwave characteristics.

No diffusion of the HTSC elements barium and copper  This work was performed with the support of the Rus-
into the substratdthe YIG film) was observed. From an sian Fund for Fundamental Resear@Project No. 96-02-
x-ray spectral analysis of the distribution patterns of the sil-16297-a.
ver x-ray intensity a nonequilibrium distribution of the silver 1A B. Aftman. B. M. Lebed'. A. V. Nikiforov. S. V. Yakoviev. and L. A
over the HTSC film was found. It should be noted that as the . e, ‘syerkhprovodimostKIAE) 3, 2205(1990 [Superconductv-
silver concentration in the film increases, the silver is mainly ity 3 1638(1990].
concentrated near the film-substrate interféléigs. 1b and  2B. M. Lebed, S. V. Yakovlev, G. A. Nikoighuk, L. A. Kalyuzhnaya,

o). Itis likely that this distribution results in a decrease in the T:A. Krylova, and M. P. Vatnik, Pis'ma Zh. Tekh. Fi22(10), 18 (1999
depth of penetration of iron from the YIG into the HTSC [Tech. Phys. Lett22, 395(1996].
film. Translated by J. R. Anderson
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Superconducting fast detector based on the nonequilibrium inductance response
of a film of niobium nitride

E. M. Men’shchikov, I. G. Gogidze, A. V. Sergeev, A. |. Elant’ev, P. B. Kuminov,
G. N. Gol'tsman, and E. M. Gershenzon

Moscow State Pedagogical University
(Submitted February 5, 1997
Pis'ma Zh. Tekh. Fiz23, 74—-80(June 26, 1997

A new type of fast detector is proposed, whose operation is based on the variation of the kinetic
inductance of a superconducting film caused by nonequilibrium quasiparticles created by

the electromagnetic radiation. The speed of the detector is determined by the rate of multiplication
of photo-excited quasiparticles, and is nearly independent of the temperature, being less than

1 ps for NbN. Models based on the Owen—Scalapino scheme give a good description of the
experimentally determined dependence of the power-voltage sensitivity of the detector on

the modulation frequency. The lifetime of the quasiparticles is determined, and it is shown that
the reabsorption of nonequilibrium phonons by the condensate has a substantial effect

even in ultrathin NbN films 5 nm thick, and results in the maximum possible quantum yield. A
low concentration of equilibrium quasiparticles and a high quantum yield result in a

detectivityD* =10 W~ *.cm- HzY? at a temperatur@=4.2 K andD* =10 W~*. cm- Hz'?
atT=1.6 K. © 1997 American Institute of PhysidsS1063-785(07)02906-4

An important direction in the modern technology of in- tectivity of this detector is much higher than resistive elec-
frared and submillimeter waves is the development of fastetronic bolometers with comparable times. For a concrete
radiation detectors with a characteristic timg in the fem-  realization of the detector based on the kinetic inductance we
tosecond range. A new class of detectors has been developbdve selected thin films of NbN, a material with a high
— superconducting electronic bolometers — whose operathat is also highly recommended for application in resistive
tion is based on the nonlinear response of thin structuredetectorg’
superconductor films in the resistive stati this kind of Niobium nitride films with a thicknesd of 5 and 10 nm
detector a change in the electron temperature due to the ravere prepared by reactive dc magnetron sputtetifigre
diation causes an increase in the resistance of the film nearitical temperature3 . were 12.4 and 14.3 K, respectively,
the critical temperatur&, of the superconductor. Because of and the width of the superconducting transition was
the good acoustic coupling of the film with the substrate theAT.~0.2 K. The samples were formed in a meander shape
phonons remain in equilibrium and serve as a constant tenfthe stripe width wasv=1.5 um), which filled an area of
perature bath for the electrons. The time constant for thi®4xX72 um.
detector is equal to the relaxation time of the electrons via  In the experiment we measured the ac voltadé in-
the phononsz,p,, and its detectivityD* is determined by duced across the sample by modulation of the near-infrared
the fluctuations of the electron temperature. To increase théght when the sample was connected into a circuit with a dc
response speed requires an increase in the electron-phonewrrentl. The source of the radiation was an RLD-78M20
relaxation rate. This, in turn, requires that the phonon subsemiconductor laser diode with a maximum power of 10 mW
system in the film be also heated in addition to the electronsgand a wavelength of 788 nm. The modulated power of the
and a relatively slow bolometric component appears in théadiation of the laser diode was calibrated by an LFDG-70A
dependence of the signal on the modulation frequency of théast detector in the modulation frequency band to 4 GHz.
radiation, the time of which increases with decreasing fre-The laser radiation was focused by an optical system and was
quency, which has a deleterious effect on the detector chaflirected at the sample through an optical fiber with a diam-
acteristics. eter of 50um. The signal from the sample at frequencies to

To overcome these deficiencies in the response speed 8P MHz was recorded by a lock-in amplifier from the EGG
resistive detectors, we propose to use superconducting nofompany(model 5202 and at frequencies up to 4 GHz by an
equilibrium detectors, which operate on the principle of aSK4-60 spectrum analyzer.
variation of the kinetic inductance of the superconducting In Fig. 1 we present the signal voltage for two samples at
condensate under the action of the radiation. We note that @fferent temperatures as functions of the modulation fre-
previously proposed inertia bolometérutilized the tem- quencyf. The signal amplitude is well approximated by the
perature dependence of the kinetic inductance figarwe  function
shall study a fast detector based on the nonequilibrium re-

sponse of thin films operating at a temperature considerably () = Up-2mfr @
lower thanT.. The time constantp of such a detector is 1+ @2nfr)?

defined as the time for the development of an electron ava-
lanche, which is much shorter thag,,. Moreover, the de- The values ofr are shown by the arrows in Fig. 1. For a
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where 7 is the time of development of the electron ava-
lanche.

Let us estimate the numerical values of the characteristic
times that enter into Eq$2) and(3) for the thinnest film The
recombination time at a temperature much lower thgean
be expressed in terms of the electron-phonon relaxation at
the critical temperaturege,i(Tc):

m=(T) ]_(Tc) 12 ;{ A )
————=0.1 =] exp—=]|. 4
repiTa) ONT) TR @
Using the data on the resistive response of NbN thin
films® we find for a sample with a thickness of 5 nm the
times 7= 40 ps andre,(Te) = 5 ps, which for a tempera-
FIG. 1. Dependence of the kinetic inductance sighel on the modulation ~ tureé T=4.2 K gives 7 = 50 ps. The timerg does not

frequency for film thickness 5 nit@) and 10 nm(b). The arrows indicate the depend on the temperature and can be estimated from the
values ofr corresponding to formuléd). relation
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constant reduced temperaturéT ;. the values ofr are pro-
portional to the film thickness. At low temperaturesfor ~ Which gives a valuerg=2 ps. Thusres/ 75~20, which in-
each sample depends exponentially on the temperature. Tlécates strong reabsorption of the nonequilibrium high-
magnitude of the signal on the plateau of the frequency deenergy phonons by the quasiparticles. The lifetime of the
pendence increases slowly, &', with decreasing tem- quasiparticles calculated by formu(@) with the value of
perature. 7r (formula(4)) is in good agreement with the experimental
The experimental results presented here can be a#@lues ofr givenin Fig. 1. We note that the strong reabsorp-
counted for in terms of the following model based on thetion of the phonons improves the characteristics of the detec-
Owen—Scalapino scherfiélhe absorption of photons of en- tor, since in this case, as a result of the electron avalanche,
ergy hv greater than the gapp breaks up the Cooper pairs the maximum value of the multiplication coefficient of qua-
with the formation of quasiparticles, which causes a changéiparticles K=hv/2A is attained.
in the kinetic inductance. of the film, and consequently Let us now consider the parameters of the nonequilib-
gives rise to a voltagédL/dt. The rate of change of the rium inductance detector. We assume that for operation of
inductance is determined by the modulation frequency of théhe detector we will use the plateau of the frequency depen-
radiation and the relaxation processes in the film At first thedence in Fig. 1. Then the detector has an output frequency
photoexcited quasiparticles lose energy and emit phonorgass band\f from the inverse quasiparticle lifetime to the
with an energy higher than2, which in turn break up the inverse time of development of the electron avalanche. The
Cooper pairs and create new quasiparticles. If the quasipatime of development of the avalanche was estimated in op-
ticle energy is below &, then further multiplication of qua- tical experiments on the modulation of the transmission
siparticles is not possible. Then the nonequilibrium quasiparcoefficient) which showed that* was shorter than 0.5 ps.
ticles cool, radiating low-energy phonons, and accumulate at  The power-voltage sensitivity on the plateau is
the level with the energy. At this stage, which takes no LI exp(—A/T)
more than 1 ps, the development of the electron avalanche S= —— "«
terminates, and the subsequent, slower evolution leads to a
decrease in the concentration of nonequilibrium quasipartiwhere nq, is the equilibrium quasiparticle concentration,
cles. In the recombination of two particles a phonon with anyhich decreases exponentially with lowered temperature.
energy A\ is emitted, which can either enter the film in a The main noise source of the detector is the generation-
time 7= 4d/av¢ (herevs is the speed of sound andis the  recombination noise, and the corresponding detectivity, and
film-substrate transmission coefficignor in a timerg can s equal to
break up a Cooper pair. As a result, the effective lifetime of

a quasiparticle is D* — / 7 _ )
4A%ngq,d

Tes
1+ T_) 2 Using an electron concentration10? cm 3, we obtain a

B ; L Lo
concentration of equilibrium quasiparticles at 4.2 K of
Following the work of Sergeeet al.,” we can write the nequ~1017 cm 2 and correspondingly a value &* equal
power-voltage sensitivity as to 102 W~ t.cm- HZY2

-1/2
T ®)

TI: TR 3
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£, Hz is shown in Fig. 2 on the right-hand boundary of the hatched
(1012 101 1010 10° 10° 107 10° 10° 10° 10° 107 10" 10° region. The upper boundary corresponds to the operating

10 temperature of 1 K, and the lower boundary to 4.2 K. For
ol comparison we have chosen the sensitive membrane-type Al
j bolometer with a record value @*, and also a fast non-
1ot equilibrium resistive NbN detector operating near the transi-
N E tion point. As one can see, the nonequilibrium inductance
:E w3 L detector has a high detectivity because of the low concentra-
£ E tion of quasiparticles and a record speed of response. A de-
L oL ficiency of this detector is the low power-voltage sensitivity,
3. .. which demands very stringent requirements on the amplifier
0 ok in the detection system.
f The authors of this paper extend their thanks to B. M.
10" Voronov for making the samples and A. L. Dzardanov for
preparing the low-noise amplifier.
107 Cosna i s sl s —ssol s sl The work was supported by the State Program “Impor-
1071070 107 10 107 10 10 10 107 107 10 100 tant Problems in the Physics of Condensed Media,” “Super-
T S conductivity” section, in the Project No. 96128, “Gorizont

FIG. 2. Comparison of the characteristics of various superconducting bo- '

lometers plotted as the detectivity versus the time condtart Al bolom-

eter,2 — resistive electronic bolometer made of Nb; the dashed line indi-

cates the rel_atlon qf _the detectivity to the time constant used for thelE_ M. Gershenzon, M. E. Gershenzon, G. N. Goltsretal, Zh. Tekh.
superconducting resistive bolometers. The hatched region shows the detec-FiZ 59(2), 111 (1989 [Sov. Phys. Tech. Phy84, 195 (1989]
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Simulation of impact-induced generation of hypersonic phonons and the resonance
principle of activation of the compaction of nanopowders

V. V. PokropivnyT, V. V. Skorokhod, A. V. Pokropivnyi, and Yu. G. Krasnikov

I. N. Frantsevich Institute of Problems in Materials Science, Ukrainian National Academy of Sciences, Kiev
Moscow Physico-Technical Institute, Dolgopruidny

(Submitted January 24, 1997

Pis’'ma Zh. Tekh. Fiz.23, 81-88(June 26, 1997

Computer simulation is used to study the generation of induced hypersonic phonon oscillations at
the instant of impact of-Fe nanoparticles. A principle is proposed for the resonance

amplification of these oscillations and the activation of the compaction of the nanoparticles by
means of selective ultrasonic/hypersonic action or infrared/microwave radiation

synchronous with the impact. @997 American Institute of Physids$$1063-785(17)03006-1

It is well known that mechanical, ultrasonic, and micro- tification for a resonance principle for the ultrahypersonic
wave treatment activates the sintering of powders. In meand complex impact-microwave compaction of a nanopow-
chanical activation in a ball mill the energy of deformation is der.
converted into the energy of surface defects and elastic en- For the simulation of the inelastic impact of nanopar-
ergy, whose increase during sintering promotes local heatindicles by the method of molecular dynamics we used the
accommodation, and joining of the surfaces. More recentySIDEM/ASMIT software® Flexible boundary conditions
explosive technology has been rapidly developed for thevere used, which corresponds to the collision of free nano-
compaction of ultradisperse superhard particles, particularlyparticles. The beam particle is cubic or conical, and the target
diamond particled? It is believed that the union of the par- particle is cubic. The planar cross section of the structure of
ticles in these cases occurs through a mechanism of surfatiee particles was imaged by a visualization program on the
melting. According to the theory of Koenig, after an inelastic
collision of particles in the absence of external forces the
relative motion of the particles of the system ceases, i.e., th

two particles move as a unit, and part of the kinetic energy it o .A . o o ¢ A e o
converted into internal energy. In the real case the particle i * o o . ¢ * o o o o
acted on by both the external deformation force and the| ® ¢ ¢ ¢ o @ 1 .’ e e'e .
variable-sign adhesion force, which depends onthethicknes! ¢ o o o o e ® 9o o o o o
of the gap between the particles. This must generate induce| ¢ ¢ /¢ ¢ . . . o ole * . *

oscillations of both particles. Then® has shown theoreti-
cally that the balance between the surface and elastic enert
results in high-frequency longitudinal vibrations of the two
small contacting particles with a frequeney= (3ES/m)*?,
whereE is Young’s modulusS is the radius of the contact
area, andn is the mass of the particles. These are acoustis
phonon oscillations in the frequency range ® < wp Where

wp is the Debye frequency, which is 7.77 THz for Fe and
38.75 THz for diamond. The vibrational frequency of 30 nm
Ni particles isw=5.7 GHz. However, because of the surface
roughness of the initial particles, the real contact area of th
particles is indeterminate, and therefore it is in practice no
possible to calculate the frequency by this means. High
frequency tip oscillations of this type also occur in the
atomic-force microscop®V. F. Anisichkin first called atten-
tion to the effect of resonance solid-phase coalescence ( T T T
small diamond particles in an explosidrHe calculated
gualitatively the “magic” particle size at which a dip and a 1 9

maximum appear in the particle size distribution in the ex-

pIosion pI’OdUCtS. However, the mechanism for this resogg. 1. Configurations of atomic displacements and radial distribution func-

nance avalanche-like union of the lattices was not estahions of the upper beam particle and the lower target particle at the instant of
lished. impact. The dark circles show the atoms of the plane dfl@0 cross
section. The open circles below the dark circles are the starting position of

In this investigation we have used computer SIml'llatlonthe atom before relaxation. The lines connecting the atoms are the adhesive

to S_tUd_y the_ effec_t of induced acoustic _hypersoni(_: phonom)onds between the two particles. The arrow indicates the direction of the
oscillations in the impact of-Fe nanoparticles and find jus- impact.
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computer monitor, and is shown in Fig. 1. Also shown is theamplitudes of the Fourier spectrum of oscillations at each
radial distribution function, which shows the relative numberinstant of timet, and also the time-averaged spectrum am-
of atomic pairwise bonds as a function of the bond lengthplitude, showing the average density of phonon oscillations
We use the regime of alternate impact and relaxation — aftegy(w) (Fig. 3). This is in fact a new method of computer
the relaxation is completed all the atoms of the beam particlealculation of the phonon spectrum. To reveal the depen-
are displaced along the normal to the target particle with alence of the frequency on the mass we carried out two ex-
stepAy=0.01 A (the quantityA=0.28665 nm is the lattice periments: in the first the projectile and the target contained,
constant ofa-Fe) and an initial velocityp~1430 m/s. At  respectively 192 and 474 atoms; in the second these numbers
eachn-th step the displacement of the center of mass of thgvere 178 and 280.

beam particleAy;, and of the target particledy,, along The results of the simulation are shown in Fig. 1-3,
the y-axis of the impact, and also the sum of the rms dis-where the labels 1 and 2 correspond to the first and second
placements of all the atoms of the crystal,:E\/F are computer experiment, respectively. Before the impact, the
calculated. The interatomic interactions were calculated for @uter surface layer relaxes inwardt the first instant of the
short-range nonlocal surface potentia(r) (Ref. 7. By interaction the atoms of the first, second, third, and fourth
summing the pair-wise bonds between the beam particle surface layers of both particles are displaced so sharply in
and the target particl¢ we calculated the adhesive force opposite directions to one another, that large jumps appear in
Fa=—2d¢(rjj)/dr;; . The variation of the numerical char- the displacements and the displacements of the centers of
acteristics is shown in Fig. 2. For the calculation of the in-mass of the particles in Fig. 2. This is the well-known phe-
duced oscillations of the nanoparticles we have applied fonomenon of cohesive collap$et! It is remarkable that after
the first time a spectral-time analysis with the use of thea short transition period of chaotic oscillations, the oscilla-
VRN software® We calculated the spectral-time diagram tions become strictly periodi¢Fig. 2). Stable oscillatory-
("svan™), which shows the frequency and the relative translational motion of both particles as a unit begins, which
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FIG. 3. Spectral-time diagram and phonon spec-
trum of the induced oscillations of the center of
mass of the target particle. On this “svan” diagram
the dark shadowing corresponds to a large ampli-
tude of the spectrum in relative units. The length of
the darkened bands corresponds to stable oscillatory
modes.

can last for an infinite time by virtue of the external energyfirst harmonic atwy=900 GHz for a cubic particle with an
of the impact pulses. The first coordination sphere in theedge ofdy=6 A, we can obtain an approximating relation
radial distribution function splits. We note that this samefor the dependence of the frequency on the particle size,
effect of generation of induced mechanical oscillations alsaw=wy(dy/d)*? From this relation it follows that for-Fe
appears when the direction of the external momentum is reparticles of dimensiond=100 nm the oscillation frequency
versed, i. e., with impact elongation. We note also that thalecreases and falls in the ultrasonic ramgel GHz.
momentum from the projectile is transferred to the target The effect of impact generation of phonons can be used
particle in the second experiment through a relatively narrowfor activation of the dynamic compaction of ultradisperse
adhesion contact. Consequently the nanoparticles transfeowders. Indeed, the hypersonic or ultrasonic treatment in-
pressure through the contact just as a liquid does, in accocreases the amplitude of the oscillations. These oscillations
dance with Pascal’s law. of the particles cause a reduction in the effective gap be-
In Fig. 3 we show the spectral-time diagram and thetween them, which promotes the formation of intergrain in-
spectrum of the oscillations of the center of mass of thegeratomic adhesive bonds. After contact, the bonds are spon-
target particle. Compared with the spectrum of free oscillataneously strengthened and a strong adhesive contact is
tions of an ideal lattice in the Debye theory, the phononformed. This effect is most conspicuous for resonance con-
spectrum of the induced oscillations on top of the generadlitions, where the frequency of the external ultrasonic inter-
background shows a number of peaks at frequency multiplesction, wg, coincides with the frequency of the induced dy-
In the first experiment these frequencies wefg=0.9 THz  namic oscillations of the particlesys= wy. In the case of
(k=1,2,3,4,5), with the peak split fde=3, and in the sec- non-impact, non-dynamic ultrasonic/hypersonic action, its
ond experimentw,=0.6 THz k=1-8, with the peaksk  frequency must coincide with the frequency of normal vibra-
=4-8 split. The frequency of these oscillations falls in thetions of the particles, which depends on their size,
hypersonic range and below the Debye frequengy Con-  ws=w,(d).
sequently these are induced acoustic phonon oscillations. We This sort of effect can occur also for electromagnetic
note that these oscillations are like surface oscillations, andradiation. Taking into account the ability of dielectric ma-
therefore they are erroneously perceived as surface meltingerials to scatter and absorb electromagnetic radiation, we
The oscillation frequency is determined by the type of matepropose that at the instant of impact the compressed powder
rial and the particle size, and in the present case falls in this a time-dependent dissipative structure, which is capable
hypersonic range. This frequency should decreasevas of resonant absorption in the infrared or the microwave
o 1/mY2 with increasing sizémass of the particle(the dis- range. The resonance frequenay, is dictated by the
perseness of the powdebut also increase with increasing Mandel’'shtam-Brillouin  relation w.= w\c'/2vSIiN(0/2),
real contact area of the particlesag> S*2. Starting with the  wherec’ and v are the speed of light and the speed of
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Effects of nonlocality on the dynamics of streamers in positive corona discharges
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Computer simulation is used to study the effect on the parameters of the streamer plasma due to
the nonlocality of the electron energy distribution near the head of a streamer in air.

Taking into account the nonlocality increases the electron field strength in the head and the
electron density in the channel. The streamer radius decreases, while the streamer velocity and
current as well as the efficiency of generating chemically active particles remain essentially

the same as in the local approach. 1©97 American Institute of Physics.
[S1063-785(17)03106-9

The development of high-pressure gas discharges frewhere p=e(n,—n,—ng) is the volume charge density
quently is accompanied by the formation of ionization waveg(n,,n,, andn. are the densities of positive and negative
in the form of thin plasma channels — streamers. Numericaions and of electrons and the transport equation for the
methods have been widely used to study the dynamics afharged particle density
these streamers. In the simulations, the transport of charged
particles is generally analyzed in the diffusion approxima-gn;/dt+V-(n;V;)=F;+S;, V;=u,E—D;VIn(nj). (2
tion, with the use of a local relation between the kinetic
coefficients and the reduced fidldn. Since the electric field Hereu; andD; are the mobility and the diffusion coefficient
in the region of the ionization frorithe head of the streamer of particles of speciep, the termgzj correspond to the sums
changes rapidly in space and time during the propagation ajf the contributions of local kinetic processes of the forma-
the streamer, it is of interest to take into account nonlocation and loss of particlegionization, attachment, electron
effects. They can be taken into account most correctly by usgnd ion—ion recombinationand the termsS; describe the
of the Monte Carlo method. However, this approach requiresormation of bare charged particles ahead of the streamer
large amounts of computing time, which greatly limits the front through bulk photoionization.
possibilities of its utility. The Monte Carlo method has been Unlike the previous mod&t8in which the rate constants
used? to study the dynamics of streamer formation in aof the processes entering irfg were taken to correspond to
strong uniform fieldiin the plane-parallel gapand in Ref. 3 the local values of the electric field, in the present analysis in
this method was used in analyzing the structure of a streamefalculating the ionization rate constantdepending very
front in a quasi-two-dimensional modelwith a fixed  strongly on the form of the electron energy distribution func-
streamer radiys The results were compared with the calcu-tjon) we used the expressif)?\
lations in the diffusion-drift approximation and also with the
results of a hydrodynamic approximation. The latter includes n
the transport equations for the electron density and also their ~ KiKjo=1+k&-V In ne+k, V- (E/n)
average velocity and energy in the approximation where the
kinetic coefficients are determined by the average electron d In(E/n)
energy. This approach is justified only for a fairly high de- +kse-VIn(E/n)+ky———,
gree of ionization of the gas, where the frequent electron—
electron collisions establish the Maxwellian electron energyynere the ionization rate constamts, correspond to steady-
distribution. For a slightly ionized plasma, in particular, un- gtate uniform conditions, ané = E/E. The coefficients
der typical conditions of a streamer discharge, it is more _k, which depend offE/n, were calculated in Refs. 4 and
correct to use the approximatihbased on taking into ac- 5 for 3 nitrogen plasma. Expressions similar(® also de-
count the corrections to the electron energy distribution, proscribe the corrections to the rate constants for the excitation
portional to the space and time derivatives of the reducegs electron states and dissociation. According to the calcula-
electric field and electron density. This approximation istions of Refs. 4 and 5, the coefficierks—k, for the pro-
used in the present work in the simulation of streamer propacesses with high thresholds are close to the ionization coef-
gation in a positive corona discharge in an air atmosphere ficients. This circumstance, as well as the proximity of the

The model of streamer propagation in the gap between gjectron energy distribution function in air and in nitrogen
spherical anode and a planar cathode along the symmet{yor values of E/n characteristic of streamer propagation
axis (passing through the center of the sphere perpendiculghakes it possible to use the coefficients calculated for nitro-
to the plang is similar to the model used previously’ It gen for simulation of a streamer in air. It might be remarked

()

includes the Poisson equation for the electric potential  that taking into account nonlocality according to expression
(3) does not greatly complicate the calculational scheme
E=-VU, V2U=-4mp, (1)  used previousR® for the local model.
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FIG. 2. Electric field distribution over the streamer radilis-— with, and2
— without nonlocality.

(No/7ne)Y?). The decrease in the streamer radius is also
indicated by a comparisoffrig. 2) between the radial distri-
butions of the electric fieldfor the conditions of Fig. Jlover

the cross section of the streamer chanzet,0.2 cm, ob-

5 11 [ -

3] ) tained with and without allowance for nonlocality.
® 10k The streamer velocity, as shown in Fig. 1, is somewhat
£ g higher when the nonlocal corrections are usaslin Ref. 2,
o 9 r where the authors pointed out the small increase in the
o i streamer velocity calculated by the Monte Carlo method as
% o 4 0'2 —t compared with the results of the local approadihe change

Z,cm in the streamer current due to nonlocality is small. In addi-
tion, the energy coSof producing the chemically active par-
FIG. 1. Electric field distribution and electron density on the streamer axisiicles, nitrogen and oxygen, is scarcely different from that
a — Electric fieldE: 1 — with, and2 — without allowance for nonlocality;  calculated in the nonlocal approach. Hence, one can calculate
b — volume electron density, (1, 2) and linear electron density, (3, 4);  wijth practical accuracy the main characteristics of a streamer
1.3 — with, and2, 4 — without nonlocality. of applied interest within the framework of the local ap-
proach.
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nonlocality is included, the characteristic streamer radius de- 9% PP
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