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The photoelectric properties of heterojunctions fabricated by clamping wafers of ternary
p-ZnGeP2 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 ZnGeP2 wafer, and reaches 150 V/W
at T5300 K. In InSe/ZnGeP2 heterostructures, a window effect is observed in the range
1.2–2 eV, whereas for GaSe/ZnGeP2 structures, the photovoltaic effect has a maximum near
2 eV because of the proximity of the band gaps in the contacting semiconductors. ©1997
American Institute of Physics.@S1063-7850~97!00106-7#

The method of clamping onto a direct optical contact isand on the ZnGeP2 side, they exhibit a photovoltaic effec
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used as an effective method of fabricating energy barriers
semiconductors that retain their conductivity type, whi
now includes bulk single crystals of the ternary compou
ZnGeP2 ~Ref. 1!. In the present paper, we report the fabric
tion of the first photosensitive heterocontacts of this pot
tially useful semiconductor for highly efficient, nonlinear o
tical radiation converters2,3 using layered crystals of variou
direct-gap III–VI semiconductor compounds~InSe,Eg51.2
eV and GaSe,Eg52.0 eV at T5300 K ~Ref. 4!!. For
ZnGeP2 the chosen method of forming the energy barrier
also interesting because the ternary phosphide needs no
ment, and for this reason conditions do not arise for
formation of additional lattice point defects due to changes
the composition of the compound.

Single-crystal wafers ofp-type ZnGeP2 with average di-
mensions of 53530.5 mm were used to fabricate the he
erojunctions. The single crystals were grown by directio
crystallization from stoichiometric and nonstoichiomet
melts.1 The mirror planes were prepared by mechanical tre
ment followed by chemical treatment of the ZnGeP2 surface.
The free hole concentration in these samples varied in
range 109–1012 cm23 at T5300 K.

No surface treatment of the layeredn-type InSe and
GaSe semiconductors was required to obtain perfect pla
and wafers of these compounds, having average dimens
of 53530.5 mm, were prepared by splitting the ingot alo
the cleavage plane. The free electron concentration in th
InSe and GaSe crystals was approximately 1014 cm23 at
T5300 K. Single crystals of the layered semiconduct
were grown by directional crystallization of nearly stoichi
metric phases of the melts without intentionally introduci
any additional chemical impurities.

The heterojunctions were fabricated by bringing in
contact the ‘‘pure’’ surfaces prepared as above and t
clamping them together mechanically in a special holder
ensure that the heterocontact remains stable with time.

As a result of various investigations, it was establish
that when then-InSe/p-ZnGeP2 andn-GaSe/p-ZnGeP2 het-
erocontacts were illuminated by full-spectrum radiation
the side with the narrow-gap component~InSe and GaSe!
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with the positive polarity photovoltage corresponding
p-ZnGeP2. When the energy of the incident photons w
varied over the entire range of photosensitivity of these h
erojunctions, no reversal of the photovoltage polarity w
observed, and the direction of rectification matched the
larity of the photovoltage. In all these heterojunctions, t
photosensitivity is greatest when the structures are illu
nated on the ZnGeP2 side, and for the best structures reach
100–150 V/W atT5300 K. It should also be stressed th
the photosensitivity of these ZnGeP2 heterojunctions fabri-
cated by clamping onto an optical contact does not exh
any degradation.

Figure 1 shows typical spectral dependences of the r
tive photoconversion quantum efficiency, defined as the r
of the short-circuit photocurrent to the number of incide
photons, for heterojunctions made up of the sa
p-ZnGeP2 wafer but different layered semiconductors: InS
or GaSe. Both heterojunctions are illuminated by unpol
ized radiation on the side with the ZnGeP2 wafer.

For the InSe/ZnGeP2 heterojunction, the long-
wavelength exponential edge has a slopes 5 20–50 eV21

for different heterocontacts, which may reflect the influen
of the quality on the separation of the photogenerated pa
The energy position of the step at the end of the lon
wavelength increase in the photosensitivity corresponds
the band gap of InSe~Ref. 4!. For this reason, the long
wavelength edge of the photosensitivity in these heteroju
tions will be associated with interband absorption in t
narrow-gap component of the structures. It can be seen f
Fig. 1 ~curve1! that in the range between the band gaps
InSe and ZnGeP2 ~Refs. 1 and 4!, the photosensitivity re-
mains high, which indicates the appearance of a wind
effect5 in these InSe/ZnGeP2 heterojunctions fabricated b
clamping onto an optical contact. The beginning of the sho
wavelength descending section ofh for \v.2 eV corre-
sponds to the onset of interband absorption in ZnGeP2 and is
a consequence of the optical absorption of radiation in
bulk of the wide-gap component of the heterojunction.

When InSe is replaced by the wider-gap semiconduc
GaSe, the long-wavelength exponential edge ofh is shifted

415415-02$10.00 © 1997 American Institute of Physics
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toward shorter wavelengths in accordance with the incre
in Eg ~Ref. 4!. The slope of the long-wavelength photose
sitivity edge in these heterojunctions varies in the ran
30–40 eV21, which corresponds to the direct interband tra
sitions in GaSe. The maximum photosensitivity of these h
erojunctions is observed near\v52 eV, which is consisten
with the band gap. For GaSe/ZnGeP2 ~curve2!, this behavior

FIG. 1. Spectral dependences of the relative photoconversion quantum
ficiency inn-InSe/p-ZnGeP2 ~1! andn-GaSe/p-ZnGeP2 heterojunctions~2!
at T5300 K ~the inset shows the illumination of the heterojunction!.
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the bulk of the ZnGeP2 with increasing\v.2 eV when the
structure is illuminated on the ZnGeP2 side.

To sum up, these InSe/ZnGeP2 and GaSe/ZnGeP2 het-
erojunctions fabricated by the straight-forward method
clamping onto an optical contact can be used as photode
tors for natural radiation in the 1.2–2 eV spectral range. T
energy position of the long-wavelength exponential edge
the photosensitivity in these detectors can be shif
smoothly in this range by controlling the atomic compositi
of the layered semiconductor, by virtue of the continuo
series of solid solutions in the InSe–GaSe system. It sho
also be noted that the high photosensitivity of InSe/ZnGe2

heterojunctions in the 1.2–2 eV range can also be used
rapid quality control of crystals of the ternary compoun
which is a critical factor for achieving highly efficient con
version of radiation in nonlinear optical elements utilizin
these structures.2,3
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Spatial anisotropy of anomalous acoustic damping and thermal conductivity

in
in La 2MCuO4 high-temperature superconductors
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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 properties. ©1997 American Institute of Physics.
@S1063-7850~97!00206-1#

Anomalous temperature dependences of the low-in glasses. For crystals this anharmonicity can only arise
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temperature specific heat, thermal conductivity, and acou
damping,1 have been observed in high-temperature superc
ductors such as La2MCuO4 and LnBa2Cu3O7. A model of
small-radius polarons, having a double-well interaction p
tential, was proposed in Ref. 2 to explain these propert
The theory of such potentials, developed in Ref. 3 for
low-temperature properties of glasses and generalized
high temperatures in Ref. 4, provides an explanation of
anomalous thermal properties. A configuration containin
copper atom at the center of a square of oxygen atoms, s
metry groupC4v , and a transition to a double-well potenti
with the lower symmetry groupC2v was investigated in Ref
2. In a previous study,5 the authors analyzed the condition
for the existence of a double-well potential in La2MCuO4 for
a configuration formed by a quadrilateral of oxygen ato
without a copper atom at the center, and the correspon
reduction in symmetry fromD4h to D2h . These results ex
plain the anomalous behavior of the specific heat — a struc-
turally independent characteristic. The same cannot be
of the anomalous thermal conductivity and acoustic dam
ing. In the present paper, the spatial characteristics of
thermal conductivity and the acoustic damping are inve
gated.

It was shown in Refs. 3 and 4 that the low-temperat
properties associated with phonon transport, such as
propagation of sound and heat conduction, depend on
asymmetry of the double-well potential. This situation aris
when the interaction potential contains a term with cu
anharmonicity. The ensuing asymmetry determines the
formation potential at which phonon damping occurs. In R
6, the deformation potential is defined as

g51/2~]D/]«1]D0 /]«!, ~1!

where « is the deformation,D is the asymmetry of the
double-well potential, andD0 is the difference between th
levels as a result of tunnel splitting. Then the second term
much smaller than the first and the deformation potentia
determined only by the first term in the equation.

For glasses a similar potential with cubic anharmonic
occurs as a result of fluctuations, and the cubic term of
potential is symmetric because there is no preferred direc
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For the La2MCuO4 high-temperature superconductor u

der study, this condition is satisfied by the superconduct
plane formed by a square of oxygen atoms with a cop
atom at the center. The conditions for the appearance
asymmetry in the double-well potential can easily be de
mined. Let us consider the anharmonic potential forC2v
symmetry

K00Q0
21K11Q1

21K000Q0
31K011Q0Q1

2

1K111Q1
31K0000Q0

41K0011Q0
2Q1

21K1111Q1
4 , ~2!

using the notation from Ref. 5. The form of the potential
determined by the existence of only two normal vibratio
for C2v symmetry:Q0 — completely symmetric andQ1 —
incompletely symmetric. Minimizing with respect toQ0 and
making the transformation

X5Q01K000~4K0000!,
21 ~3!

we can obtain a solution of the cubic equation:

X1,25K1/3~22
11/2~d23/4K2/3!!, ~4!

where

d5$3/16~K000/K0000!
221/2~K00/K0000!

21/2~K011Q1
2/K0000!%, ~5!

k5$1/32~K000/K0000!
311/2~K00K000/K0000

2 !

1K000K0011Q1
2/K0000

2 1K0011Q1
2/K0000% ~6!

for the condition

dk50. ~7!

It can be seen from the solution~4! that in this case the
potential has nonzero asymmetry. For the configuration c
sidered in Ref. 5, corresponding to a layer joining superc
ducting planes, the deformation potential is determined
the substantially lower tunnel splitting or by including th
highest anharmonic terms of the interaction potential.

In this context the following conclusion can be draw
the coefficient of relaxation absorption of sound, which
uniquely determined in Refs. 3 and 4:

417417-02$10.00 © 1997 American Institute of Physics
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in the notation of Ref. 4, withD52Dg/E, depends strongly
on the direction of propagation. Sixth-order anharmo
terms must be taken into account to allow for damping in
layer between superconducting planes.

The low-temperature thermal conductivity can be a
lyzed similarly. It follows from Refs. 7 and 8 that this the
mal conductivity is determined by

¸~T!5~24p!21~rh1/2!~hvG1b
2!21~v l /dl

212v t /dt
2!

3~Ttln~w/T!!2@119G11/b
2GT~ ln n~w/T!!2#21,

~9!

whered5!g@ is the ensemble average over two-level s
tems; i.e., a large anisotropy is again observed in the pro
gation of heat along the superconducting plane and along
layers joining these planes.

To sum up, this investigation has shown for the first tim
that the low-temperature thermal conductivity and acou
damping observed in high-temperature La2MCuO4 super-
conductors exhibit spatial anisotropy. These properties
pend on the profile of the double-well potential, and th
direction of propagation is determined by the symmetry
the propagation plane. The generalization can thus be m
418 Tech. Phys. Lett. 23 (6), June 1997
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necessary condition for the existence of anomalous ther
conductivity and acoustic damping is the lack of a center
symmetry in the propagation plane. This is a necessary
not sufficient condition, since additional conditions of asy
metry of the double-well potential exist in this case, such
condition~7!. It should be noted that this conclusion does n
apply to the anomalous temperature dependence of the
cific heat at low temperatures.

These results may be used to study the thermal
acoustic properties of new superconductors.
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Acceleration of the wall of a conducting cylinder undergoing thermal expansion

in a strong magnetic field
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Pis’ma Zh. Tekh. Fiz.23, 10–16~June 12, 1997!

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 Physics.@S1063-7850~97!00306-6#

The thermal expansion of a conducting medium duringthe azimuthal component of the current densitydw and the
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an electrical explosion in an axial magnetic field is acco
panied by an induced azimuthal current. This causes a
tional heating of the conductor and increases the expan
velocity. Under certain conditions the process tends to b
up, which may result in heating and acceleration of the
plosion products.

Computer modeling has shown that this process may
company the electrical explosion of a wire.1 In the present
paper, another case of independent interest is considere
volving the expansion of a condensed-phase conductor, c
prising a thin-walled cylinder of radiusR0. Let us assume
that the wall thicknessh and the radius incrementDR are
much smaller than the initial radius:h, DR!R0. Simple
estimates show that as the wall is heated, it may be acc
ated to a high velocity in a short time as a result of therm
expansion. For example, even for a temperature increm
DT51000 K this velocity is of the order of 104 m/s if the
initial radius isR0'1022 m and the temperature jump take
place in;1028 s. It is easy to show that a current density
the order of 1012 A/m2 must be induced in the conductor
achieve these conditions. In an ultrastrong magnetic field
wall may be heated by a different mechanism as a resu
‘‘self-excitation’’ of an azimuthal current which is induce
in the wall as the latter moves and increases as the velo
increases.

This model assumes that the azimuthal voltagesw is
related to the increase in the bulk thermal energy den
Dq8 and the radiusDR by:

2sw5G0Dq82E
DR

R0
, ~1!

where G0 is the Grüneisen constant andE is the elastic
modulus. Equation~1! is derived from the two-term equatio
of state of the medium. The equation of motion for the w
is

R0g
d2DR

dt2
52sw1 f r , ~2!

whereg is the density of the medium andf r is the radial
component of the electromagnetic force. If we assume

419 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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axial componentdz are constant over the wall thickness, th
f r5(dwBz2dzBw)h, and in a strong axial field the secon
term is negligible.

The induction law yields an equation for the azimuth
current density

dw52
1

2pRr

d

dt
~pR2Bi !, ~3!

where r is the resistivity of the material~in the model
r5const! and Bi is the magnetic field inside the cylinde
The value ofBi is slightly smaller than the external fiel
Be :

Bi5Be1m0hdw , ~4!

wheredw,0. We transform Eq.~3! to

dw52
1

rSBe

dR

dt
1
R

2

dBe
dt

1
m0h

2R

d

dt
„dwR

2
…D . ~5!

We further assume Be5const and
B02Bi52m0hdw!B0, which allows us to retain only the
first term on the right-hand side of Eq.~5!.

The bulk heat dissipation is determined by both comp
nents of the current density and by the resistivityr of the
conductor:

dDq8

dt
5r~dw

21dz
2!. ~6!

After differentiating Eq.~2! with respect to time, we obtain
the following relation for the azimuthal component of th
current density (dz is assumed to be constant!:

1

r

d2~dwr!

dt2
1
ddw

dt

B0
2

gr
1
Edw

gR2
1

G0B0

gR0
dw
252

G0B0

gR0
dz
2 .

~7!

In its simplest form, the acceleration of the shell a
self-excitation of an azimuthal current can be demonstra
for a liquid-metal cylinder, neglecting electromagnetic r
tarding forces. Under these assumptions, the second
third terms on the left-hand side of Eq.~7! can be neglected
Let us assume that as a result of the passage of a short-

419419-03$10.00 © 1997 American Institute of Physics
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current pulse the cylinder wall instantaneously acquires
initial velocity V0. The right-hand side of Eq.~7! can then be
taken as zero and the conditionsdw(0)52 (B0 /r) V0 and
(ddw /dt)50 can be taken as the initial conditions. Thu
instead of Eq.~7!, we obtain

d2dw

dt2
1

G0B0

gR0
dw
250. ~8!

The solution of Eq.~8! with these boundary conditions ha
the form of a relation linking the dimensionless tim
x5t/t0 and the dimensionless currenty5dw /dw(0). This
relation is given by

x5A3

2 E
1

y dy

Ay321
, ~9!

and the characteristic time ist05B0
21(grR0 /G0V0)

1/2. The
dependencey(x) may be expressed in terms of the Weie
strass function and is plotted in Fig. 1~curve1!, showing an
abrupt increase in the azimuthal current. In this model a
gularity — an unbounded increase in current — is obser
at t152.97t0. Near this time, the variation in current is d
scribed by

dw52
6gR0

G0B0~ t12t !2
. ~10!

The current density and the wall velocity increase fro
2dw(0) and 2V0 to 20dw and 20V0, respectively, over the
time interval between 1.5 and 2.4t0. For aluminum
(r'1027V•m and g'33103 kg/m3), we obtain
t0'0.6ms if R053 cm,B5100 T, andV051 km/s. In this
example, the increase in radius over the time taken to ac
erate the wall to 20V0 is around 2.5 mm. This exampl
shows that the thermal expansion of a shell in a strong fi
is accompanied by the buildup of a particular type of ins
bility: the faster the expansion, the greater the current
duced in the shell and the more intense the Joule hea
causing the expansion. Obviously, when the current
creases without bound near the pointt1, the role of the last
term in Eq.~5! ceases to be small. The influence of this te

FIG. 1. Curves describing the self-excitation of azimuthal current and
tion of the wall of a liquid-metal cylinder undergoing thermal expansion
a strong magnetic field:1 — b50, 2 — b51, 3 — b510, and4 —
b520.

420 Tech. Phys. Lett. 23 (6), June 1997
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needs to be analyzed separately, and gives an asymp
solution describing the limiting caseh→0. It can be shown
that the shell heating comes from the magnetic field ene
this energy decreases, since for a constant external
Be'B0, the region of weaker fieldBi,Be increases. The
action of the electromagnetic retarding force, taken into
count by the second term on the left-hand side of Eq.~7!,
does not eliminate the self-excitation of the azimuthal c
rent but merely shifts this process in time. This is shown
the series of curves2, 3, and4 ~Fig. 1! plotted for different
values of the dimensionless parame
b5B0(R0 /g•r•r 0V0)

1/2, which characterizes the retardin
effect.

The influence of a strong axial magnetic field on t
thermal expansion of a solid conductor may be described
a model which describes the expansion of a cylinder w
exhibiting the properties of an elastic solid~under the as-
sumptionsE 5 const,r 5 const!. In this case, the complet
equation~7! should be used. We confine ourselves to t
case where the currentdz is initiated by a pulse and the
does not change with time. This equation may have a stea
state solution whendw 5 const anddR/dt 5const; it de-
scribes the asymptotic form ofdw(t). This behavior is ob-
served in the steady-state regime after the transient pro
has decayed. In this case, we obtain the equation

dw
21

Edw

B0G0R0
1dz

250, ~11!

whose solution has the form

dw5d`52
E

2B0G0R0
6AS E

2B0G0R0
D 22dz

2. ~12!

Here, only the positive root of the equation is physica
meaningful, since in the limitB0→0, it yields d`50. This
solution shows that for givendz , the azimuthal current den
sity increases with the fieldB0. In the asymptotic regime, the
electromagnetic force compensates for the azimuthal volta
the radius increases with constant veloc

FIG. 2. Time-dependent behavior of the azimuthal current excited du
the heating and expansion of an elastic cylinder in a strong magnetic fie1
—a5(B0 /r)A2R/Eg52, dz /d051, 2 — a52, dz /d051.2, and3 —
dz /d052.

-

420G. A. Shneerson



d(DR)/dt52rd` /B0, and the azimuthal current density
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azimuthal current is interesting because, despite the counter-
ime
n of
a
e
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n-
does not depend on the conductivity. It follows from Eq.~12!
that this regime can only be achieved provided that the a
current density does not exceed

d05
E

2B0G0R0
. ~13!

To determine the value of this parameter is outside
scope of this example. It is characteristic of the accelera
of an elastic cylindrical shell in an axial field. Ifdz.d0, no
asymptotic regime is established and a time-dependent
cess occurs in which the velocity and currentdw increase
without bound within a finite time within the framework o
this model. The final stage of the process is described by
~8! and the solution near the point of discontinuity is d
scribed by formula~10!.

Figure 2 shows three examples of a numerical solut
of the complete equation~7!, one ~curve 1! describing the
asymptotic regime and the other two~curves2 and 3! de-
scribing continuous acceleration. Note that a singularity
pears in this example, as in the previous one, despite
electromagnetic retarding force. The self-excitation of
421 Tech. Phys. Lett. 23 (6), June 1997
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action of the elastic and electromagnetic forces, this reg
can accelerate the shell to a state where the acceleratio
the wall is limited only by the inertia of the material. For
given currentdz this regime, which is a manifestation of th
instability described above, is established if

B.B15
E

2G0R0dz
5

pEh

G0i z
, ~14!

wherei z is the axial current in a metal foil cylinder of thick
nessh. It follows from this condition that for copper foi
(E'231011 Pa,G0'2) of thicknessh50.1 mm with the
current i z'33105 A, we haveB1'100 T. This example
indicates that a very strong magnetic field must be used
achieve self-excitation of the azimuthal current and abr
acceleration of the walls of the cylindrical shell.
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Synthesis of a Bi 2Sr2CaCu2Oy high-temperature superconducting phase with T c
°

he
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 superconductor with the Bi2Sr2CaCu2Oy structure and a superconducting
transition temperatureTc

°5102–107 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 Physics.@S1063-7850~97!00406-0#
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with the properties of superconducting phases in bismu
containing high-temperature superconductors~BSCCO!,
there have been several reports of a highly interesting exp
mental result — a superconducting phase has been syn
sized with Tc

° greater than 100 K and having the crys
structure of the Bi2Sr2CaCu2Oy phase~Bi-2212! ~Refs. 1–3!.
It is fairly difficult to explain these results, first because t
experimental observations were obtained for samples w
different cation ratios and different additives, and seco
because there are too few results. Some authors, who
served an increase inTc to 110–120 K for Bi-2212 super
conductors doped with mercury3 and silver,4 attributed this
observation to a change in the oxidation state of the cop

In the present paper we report the results of a study
the phase composition and superconducting propertie
BiSrCaCu2Oy ~Bi-1112! superconductors, where the cupr
oxide normally used for synthesis is partially replaced
metallic copper. The role of copper atoms in the establi
ment of high-temperature superconductivity has always
tracted the close attention of researchers. According to
5, the maximum value ofTc for oxide superconductor
should be expected for a copper state with a valence clos
12.2. The composition Bi-1112 was chosen because it c
tains an excess of calcium and copper cations relative to
stoichiometry of Bi2Sr2CaCu2Oy , which is conducive to ob-
taining Bi-2212 materials with superior superconducti
-
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samples were SrCO3 and CaCO3 carbonates, Bi2O3 and CuO
oxides, and finely disperse copper. The cupric oxide w
replaced by copper in accordance with the cation ra
Bi31 : Sr21 : Ca21 : Cu21 : Cu 5 1 : 1 : 1 : 2~12x): 2x,
where x 5 0.0, 0.1, 0.2, 0.3, and 0.4. The samples we
synthesized in air in three stages: stage I involved short-t
holding ~1–10 min! at relatively high temperatures~900–
980 °C!, while stages II and III involved annealing at 86
615 °C and 810 °C, respectively, for between one and s
eral days. After each synthesis stage, the samples w
ground up and pressed into pellets 1–2 mm thick and 10
in diameter. The phase composition was studied by x-
diffraction analysis ~DRON-3 diffractometer, CoKa
-radiation! and microstructural analysis. The supercondu
ing phases were identified as in Refs. 12 and 13. The su
conducting transition temperatures were determined from
sistance and magnetic measurements.

Our investigations revealed that the superconduct
properties of the materials thus synthesized depend on
quantity of metallic copper replacing the cupric oxide in t
initial mixture, and on the synthesis conditions. An increa
in temperature and hold time at stage I reduces the effec
partially replacing CuO with Cu. Samples having a sup
conducting transition temperature higher than 100 K a
consisting almost entirely of a single Bi2Sr2CaCu2Oy phase
were obtained under specific synthesis conditions. Figur
nce

e at
FIG. 1. Temperature dependence of the electrical resista
of sample No. 673 (x50.3) with Tc

° (R50)5107 K. The
inset shows the magnetic measurements for this sampl
temperatures of 77.4–120 K.
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FIG. 2. a — Diffraction pattern of ground up sample N
673 (x50.3) with T°c(R50)5107 K ~CoKa radiation!;
b — portions of the diffraction pattern for reflection angle
of 4–9° and 25–32°. Notation:1 — Bi-2212 phase,2 —
Bi-2223 phase, and3— ‘‘yellow phase.’’14,15
shows the temperature dependence of the electrical resis-
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Tc
°(R50)5107 K, it may be presumed that if the Bi-2223

ible
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di-
tanceR(T) for a sample withx50.3 ~sample No. 673! and
Tc
°(R50)5107 K. The inset gives the inductive measur

ments for this sample, which show that the values ofT0
°

determined from the resistance and magnetic measurem
are the same, 107–108 K. For samples in this series con
ing metallic copper withx 5 0.0, 0.1, 0.2, and 0.4, the value
of Tc

° were appreciably lower and did not exceed 77.4 K. T
samples in this series were synthesized under the follow
conditions: stage I — 900 °C, 10 min, stage II — 800 °C
24 h, and stage III — 810 °C, 24 h.

A phase analysis of sample No. 673 revealed that it c
sists of small, light-gray blocks, comprising the superco
ducting Bi2Sr2CaCu2Oy phase, and uniformly distribute
black regions, which are pores. There is also a small quan
of nonsuperconducting ‘‘yellow phase.’’14,15The presence o
the superconducting Bi2Sr2Ca2Cu3Oy ~Bi-2223! phase was
scrutinized with particular care. Figure 2a shows a diffra
tion pattern of the ground up sample No. 673 and Fig.
shows portions of the diffraction pattern in the ranges
reflection angles 2u: 4–8°, 27–28°, and 30–31°, recom
mended for identifying the Bi-2223 phase.13 According to
this analysis of the phase composition of the sample hav
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phase is present in this sample, the amount is very neglig
and is obviously insufficient to induce a superconduct
transition withTc

°(R50) at 107 K~Ref. 16!.
To conclude, we have shown that in a BSCC

system with the cupric oxide partially replaced by metal
copper, superconducting samples withTc

°;110 K and a
Bi2Sr2CaCu2Oy crystal phase structure can be synthesiz
under certain conditions. Disagreement between the cha
teristic superconducting transitions and the phase comp
tion was observed not only for the Bi2Sr2CaCu2Oy phase,

1–3

but also the for Bi2Sr2CuOy phase.
17–19

The authors would like to thank L. A. Kurochkin fo
performing the magnetic measurements.
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Direct photodesorption of ions from the surface of a crystal

ous
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.@S1063-7850~97!00506-5#
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dance of studies dealing with laser-induced inelastic p
cesses in solids. These processes include photodesorpti
impurities and intrinsic atoms from various surfaces, c
photoevaporation, photoablation, and other processes
similar physical nature. Most of the publications have
ported experimental results, while the theoretical descrip
of these processes has so far attracted scant attention. It
very difficult to formulate theoretical models of inelastic pr
cesses at a surface,1 but complete and accurate quantum
mechanical calculations are not generally performed us
these models for two main reasons.

1. The form of the operator describing the interacti
between an ion and a crystal surface is unknown and m
Hamiltonians are unable to provide a unified description
possible diffusion-like processes.

2. It has not been proven that a model Hamiltonian c
be considered to be a small perturbation so as to allow
turbation theory to be applied.

An attempt to overcome some of these difficulties is
follows. Let us assume that the motion of a heavy ion
quasiclassical, i.e., the ion can be viewed as a wave pac
This valuable information can be used to select a trial w
function whose parameters~including not only the variance
of the dimensions but also the energy eigenvalues and
depth of the potential well in which the ion is bound! are
determined using a variational principle.2 However, these pa
rameters need not be calculated, which is a separate m
problem, but rather can be determined experimentally. If
also assume that a packet with minimum indeterminacy
the same form regardless of the type and magnitude of
action on the particle,2,3 the unperturbed ‘‘crystal1 ion’’
problem can be considered to be solved without specify
the ion-crystal interaction operator.

Similar methods are frequently used in solid state ph
ics. In this context, mention may be made of the choice
Bloch functions for quasielectrons, the use of experimen
data on the permittivity, effective mass, band gap, and
forth.

Having the approximate ‘‘variational’’ wave function
of the unperturbed system, we can systematically allow
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diffusion-like processes. A similar method was used in Re
4 and 5.

Let us apply the proposed method to find the probabi
of direct photodesorption of ions in a laser field. We sh
assume that desorption takes place as a result of an ion
sorbing a photon of energy exceeding the binding ene
«b of the ion to the surface, after which the ion is convert
to the free state. The Hamiltonian corresponding to this s
tem has the form

H5H01V11V2 . ~1!

Here,H0 is the kinetic energy operator of an ion having t
massM and effective chargeZe, and the ion momentum
operator is denoted byP̂. The termV1 is the potential energy
operator of the ion, which takes into account all the inter
tions between the ion and the intrinsic atoms of the crys
The magnitude and form ofV1 are unknown, but this opera
tor determines the binding energy or the depth of the pot
tial well in which the ion is bound, as well as the rms spre
an associated with the wave packets, which indicates
dimensions of the ion in various states. These values
determined experimentally so there is no need to specify
form of V1.

The operator describing the interaction between an
and the electric field of a light wave has the usual form6

V2

Ze

Mv
P̂•E0 cosvt, ~2!

where the field is assumed to be nonresonant and acts o
ion as on a structureless particle, andE0 andv are the am-
plitude and frequency of the field.

Photodesorption may be accompanied by intra-ion e
tronic transitions and by charge transfer between ions. H
ever, these processes are described by the leading orde
perturbation theory and are less probable than the direct p
todesorption transition.

The operator~2! can be used to find the probability of
photodesorption transition in the first order of perturbati
theory. As usual,6 we have

425425-02$10.00 © 1997 American Institute of Physics



dw 5
2p U ku

Ze
P̂•E un U2dr~E !, ~3!
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where

dr~En!5
V

~2p\!3
PnMdV. ~4!

Here un& and uk& are the initial~bound! state of the ion and
its final ~free! state,V are the angular variables, andV is the
normalization volume.

The wave function of the initial state allows for motio
of the ion from inside the crystal to the surface with t
momentumPn , so that the packet corresponding to the i
tial state has the form

Cn~R!5~2pan
2!23/4expH i\ Pn•R2

R2

4an
2J . ~5!

The ‘‘incidence’’ of the ion at the surface from inside th
crystal is indicated by the sign of the productPn•R, which
should be taken into account when integrating over
anglesV.

After simple transformations, in fact repeating the calc
lations of the atomic photoionization probability,6 we obtain
the probability

wk5
2p

\

a0
3

~2p\!3

2~2p!5/2~Ze!2Pk
3

3Mv2
E0
2 , ~6!

wherePk is the momentum of the ion in the final state. W
also assume that the dimensions of the ion in different st
are approximately the same and we introduce the ave
variancea0.
426 Tech. Phys. Lett. 23 (6), June 1997
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M>8310 g,Z51, andv>4310 rad/s. If«k>0.5 eV,
thenPk>10217 g• cm/s, which giveswk>107E0

2 s21. In a
laser field with E0>33105 V/cm5103 esu, we have
wk>1013 s21. This high probability shows that this type o
desorption may make a significant contribution to the exp
mentally observed values.

In the fieldE1 corresponding to a single photon per un
volume ~at this frequencyE1>1025 esu!, the probability is
w1>1023 s21. It is useful to compare this value with th
probabilityw2 of the photoeffect from a molecule or dielec
tric, where an electron is localized in a volume;a0

3. Replac-
ing the ion mass by the electron mass in Eq.~6! gives
w2>3.431026. However, the usual calculations of th
atomic photoionization probability2,6 for these conditions
givew3>8.931027 s21. The results forw2 andw3 differ by
approximately a factor of 4, which is quite reasonable if w
bear in mind how much these models differ.

To sum up, the wave packet model gives reasonable
sults and can be used to make a theoretical study of
photodesorption of ions. This model is also suitable for d
scribing other diffusion-like processes.

1T. Y. Chuang, Surf. Sci. Rep.3, 1 ~1983!.
2L. I. Schiff, Quantum Mechanics, 3rd ed. ~McGraw-Hill, New York,
1968! @Russ. transl. of 2nd ed., IL, Moscow, 1957#.

3W. H. Louisell,Radiation and Noise in Quantum Electronics~McGraw-
Hill, New York, 1964! @Russ. transl., Nauka, Moscow, 1972#.

4V. N. Strekalov, Fiz. Tekh. Poluprovodn.20, 1939 ~1986! @Sov. Phys.
Semicond.20 1218 ~1986!#.

5V. N. Strekalov, Poverkhnost’, No. 11, 55~1989!.
6A. S. Davydov,Quantum Mechanics~Pergamon Press, Oxford, 1965!
@Russ. original, Nauka, Moscow, 1963#.
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426V. N. Strekalov



Magnetic hysteresis and dissipative losses in superconducting films

s of
A. A. Elistratov and I. L. Maksimov

Nizhni� Novgorod State University
~Submitted December 23, 1996!
Pis’ma Zh. Tekh. Fiz.23, 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 Physics.@S1063-7850~97!00606-X#

The hysteretic behavior of the magnetization curves ofy5Y/W is a dimensionless coordinate, and the boundarie
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low-dimension type-II superconductors is governed by
combined influence of bulk and edge pinning of Peier
Abrikosov vortices, which is responsible for the establis
ment of metastable magnetic flux structures in these syste
It is known that hysteresis losses caused by bulk pinn
occur in hard superconductors in an arbitrarily weak ac m
netic field.1 At the same time, an edge barrier considera
delaying flux penetration/expulsion, leads to threshold-ty
dissipation in low-dimension superconductors.2 The com-
bined influence of both mechanisms of irreversibility on t
electromagnetic characteristics of bulk superconductors w
studied fairly comprehensively in Refs. 3~using a local
model! and 4~using a nonlocal model of the critical state!.
However, this aspect has not been investigated in lo
dimension superconductors characterized by the formatio
nontrivial magnetic flux structures. An essentially nonloc
intervortex interaction, fundamentally altering the form
the Maxwell-London equations in these systems, make
fairly difficult to analyze the response of the system to an
magnetic field.

In the present paper we consider the response to an
cillating magnetic field by thin-film superconductors wi
edge bulk pinning of the flux. The field strengths for defree
ing Hdf and expulsionHex of the flux are determined. A
hysteresis curve is plotted for the sample over the en
cycle of magnetic field oscillation between1H0 and2H0.
The power of the dissipative losses is determined as a fu
tion of the amplitude of the alternating field.

We consider a superconducting film strip of thickne
d (0<z<d) and width 2W (uYu<W) in a magnetic field
H5(0,0,H) perpendicular to its surface. In fields great
than the penetration fieldH1 of the first vortex~of the order
of a few kilooersted for well-formed edges2!, the flux pen-
etrates from the edges into the bulk of the film and conc
trates in the central region. The long-range nature of
intervortex repulsion combined with a high edge barr
leads to the establishment of a new type of critical sta
whose structure differs substantially from the Bean mode5,6

In this state, the region of flux concentration comprises t
strips, symmetric about the center and oriented along thX
axis.

As the external magnetic field decreases from its ma
mumH0, the vortices will be ‘‘frozen’’ at their initial sites of
attachment — in the regionQ10<uyu<Q20 ~Fig. 1!, where
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the region occupied by the flux were determined in Ref
~the notation from Ref. 5 will be used here and subseque
in the text; the subscript ‘‘0’’ corresponds to the distributio
of the vortices and currents atH5H0). The ‘‘frozen’’ flux
state will persist until the resultant surface current dens
i t5 j td ( j t is the bulk current density! in the region of the
outermost vortices (y'Q20) reaches2 i p ( i p is the depin-
ning current density for Peierl-Abrikosov vortices in a fil
with bulk pinning!. The current distribution in this regime
may be written using the superposition principle:

i t~y,H !5 i t~y,H0!1
H2H0

H
iM~y!, ~1!

where i M(y)5Hy/(2pA12y2) is the Meissner componen
of the total surface current densityi t . An expression for the
latter was derived in Ref. 5 in the weak pinning approxim
tion (H1 / i p@1) and corresponding results for strong flu
pinning will be published.

We find the magnetic fieldHdf for defreezing the mag-
netic flux by using Eq.~1!, equatingi t(Q20,Hdf)52 i p ~a
necessary condition for the displacement of vortices loca
in the regiony'Q20 toward the edge of the film!. Using the
obvious equalityi t(Q20,H0)5 i p , we obtain

Hdf5H024p i pA12Q20
2

Q20
2

. ~2!

Note that this result holds for an arbitrary intensity of bu
vortex pinning. It can also be shown that for a small exc
above the penetration fieldH1 (H02H1!H1), we find
Hdf'H022H1,0 ~Fig. 2!.

As the field decreases further (H<Hdf), the region of
concentration of the frozen flux (Q10<uyu<Q0) becomes
narrower while the region of ‘‘defrozen’’ flux
(Q0,uyu<Q2) expands inside the film and toward the p
riphery (Q2.Q20; Fig. 1!. In the regionQ0,uyu<Q2, we
find i t(y)52 i p , which corresponds to the formation of
critical state of vortex expulsion. ForH5Hex the vortices
reach the edge of the film (Q2'1) and then leave the film a
the field decreases further. Physically, this corresponds
suppression of the flux expulsion barrier. The value ofHex

can be determined from the condition of conservation of
total flux F t

in(H0)5F t(H), for Hex<H<H0, which with
the ‘‘area rule’’ ~Fig. 1! reduces to

427427-03$10.00 © 1997 American Institute of Physics



FIG. 1. Distribution of vortex density over the film
width (y.0) in the range of fieldsHdf,H,H0

~dashed curve! andHex,H,Hdf ~solid curve!.
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decreases abruptly with decreasingH ~Fig. 3!. In the range
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Q0

n0~y!dy5E
Q0

n~y!dy, ~3!

wheren(y) is determined by solving an integral Maxwell
London equation by the method of forming of Cauc
integrals.5 The magnitude of the flux penetrating into the fil
at H5H0, F t

in(H0) was determined in Ref. 5:

F t
in~H0!52m0W$~H014i ptanh

21Q20!@E~Q20!

2~12Q20
2 !K~Q20!#24i pQ20K~Q20!%, ~4!

whereE(z) andK(z) are complete elliptic integrals of th
first and second kinds, respectively, Solving Eq.~3! ~with
Q251), using Eq.~4!, and performing simple but cumbe
some calculations, we can determine the dependenc
Hex on H0 for the case of comparatively weak pinnin
H1/i p

510 ~Fig. 2!.
ForH<Hex , it is obvious thatQ2'1 andQ0 decreases

monotonically until~for H<Hen
(2)) vortices of opposite po-

larity — antivortices — begin to enter the film. As a result
the annihilation of vortices and antivortices, the trapped fl

FIG. 2. Flux defreezing fieldHdf and vortex expulsion fieldHex as func-
tions of the external magnetic fieldH0.

428 Tech. Phys. Lett. 23 (6), June 1997
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of fields Hex,H<H0, the change in the magnetization
obviously reversible and there are no dissipative losses~we
neglect the viscous losses occurring in fiel
Hex,H<Hdf). Thus, as the field decreases, the main c
tribution to the energy dissipation caused by the magn
reversal of the film and annihilation of vortices is made
the region of fields2H0<H < Hex . A similar analysis of the
situation when the field increases fromH52H0 to
H51H0 yields the conclusion that the range of field
Hex
(2)<H<H0 ~whereHex

(2) is the antivortex expulsion field!
makes the dominant contribution to the hysteresis l
power. The behavior of the hysteresis curveF(H) under
cyclic variation of the field in the range2H0<H<H0 is
plotted in Fig. 3. Note that in films, the behavior of the cur
F(H) in the upper half-plane (F.0), resembling an
‘‘airplane-tail’’ feature, differs fundamentally from the be
havior ~resembling a ‘‘whale-tail’’ feature! in
bulk superconductors.3 We stress that this unusual behavi
of the functionF(H) in films is attributable to edge flux
pinning ~see Ref. 2!. Near the vortex expulsion field
Hex (uHex2Hu!Hex), we find dFb /dH'0 ~but
d2Fb /dH

2,0) ~Ref. 3! in bulk samples, whereas in film
with an edge barrier we finddF f /dH'2m0W.0 ~Refs. 2
and 8!.

The energy dissipated per unit length of the film over
entire cycle of quasi-steady-state oscillation of the field
tweenH52H0 andH51H0 is given by

Q~H0!5
1

4p R HdF. ~5!

The dependenceQ(H0) clearly has a threshold, sinc
magnetization-reversal losses only occur whenH0.H1,
which reflects the specific characteristics of edge pinnin2

For H02H1!H1, the curveQ(H0) is almost linear, exhib-
iting asymptotic behaviorQ(H0) } (H02H1)

1 with r'0.7
whenH0>3H1. A comparison between the calculated da
and the results of Ref. 7, which demonstrate nonthresh
behavior ofQ(H0) } H0

q ~whereq54 for H0! i p andq51
for H0@ i p) in films without an edge barrier, reveals a fu
damental difference between the irreversibility mechanis
under discussion.

To sum up, the existence of edge pinning can subs
tially reduce the dissipative losses caused by magnetiza
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FIG. 3. Flux penetrating into film versus the external ma
netic field forH1510i p , H0516i p .
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Long-term relaxation of the photovoltage in a heteroepitaxial structure

r

L. V. Shekhovtsov, G. N. Semenova, E. F. Venger, A. V. Sachenko, and
Yu. G. Sadof’ev

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, Kiev;
Scientific-Research Technological Institute, Ryazan
~Submitted December 17, 1996!
Pis’ma Zh. Tekh. Fiz.23, 34–41~June 12, 1997!

The distribution of the transverse photovoltage has been investigated in samples of a Ge–GaAs
heterostructure with an oxide layer (;15 Å! 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. ©1997 American Institute of Physics.
@S1063-7850~97!00706-4#

1. Studies of the spectral characteristics of the transversesions of 123230.3 mm, similar to those usually used fo
2
ru

ab
ic
lv
rs

on
ra
lu
er
b
ru
e
e
th
pe
sit

or
i
er
o
id
tic
-

t
he
t
e
ra
e
in
.
e

n
be-

een

he
ide
he
ical

x-
the
its
the

and
ge

tri-
the
ut

rly
ht

ned
ith

s
the
x-
d
drift

60
photovoltage observed in a Ge–GaAs heteroepitaxial st
ture exposed to monochromatic light in the fundamental
sorption region of Ge and GaAs, have yielded results wh
have allowed us to take a new look at the processes invo
in forming the properties of thin films and transition laye
grown by various methods.1,2

The most important result was that the dark carrier c
centration gradients in the Ge film and the GaAs subst
are in opposite directions along the interface. This conc
sion was indicated by the spectral characteristics of het
structure samples grown by molecular-beam epitaxy and
vacuum evaporation. It was also observed that heterost
ture samples grown by vacuum evaporation incorporat
system of drift and recombination barriers which are form
by cross doping of the film and the substrate during grow
These barriers are responsible for the nonmonotonic de
dence of the amplitude of the photovoltage on the inten
of the exciting light and its long-term relaxation.

For heterostructure samples grown by vacuum evap
tion and by molecular-beam epitaxy on GaAs substrates w
an arsenic-stabilized surface, the amplitude of the transv
photovoltage was sufficient for reliable recording. F
samples grown by molecular-beam epitaxy with an ox
layer on the substrate, the voltage was small at the op
intensities used (I51014 photon/cm2•s! and its spectral char
acteristics could not be measured.

Studies of the properties of these heterostructures are
most interesting from the technological point of view. T
deposition of a buffer oxide layer on the substrate prior
epitaxy should permit the growth of purer, more homog
neous Ge films, i.e., the relative influence of the subst
and the film will be minimized. In the present paper w
attempt to determine whether this is in fact the case by
vestigating the properties of the transverse photovoltage

2. The samples were heterostructures with linear dim

430 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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photoelectric measurements.As has been noted, a thi
(;15 Å! oxide layer was formed on the GaAs substrate
fore growing ap-type Ge film of thicknessd50.5mm with
a concentration of~5–7!31015 cm23. The technology used
to grow these structures by molecular-beam epitaxy has b
described in detail in Refs. 2 and 3.

Measurements were made of the distribution of t
transverse voltage generated by moving a 0.5 mm-w
modulated monochromatic light probe along the sample. T
use of a narrow light probe allowed us to increase the opt
intensity incident per unit area of the sample to 631015

photons/ cm2•s and thus increase the amplitude of the e
perimentally measured photovoltage. In the experiments
direction of motion of the probe could be reversed and
velocity could be varied between 0.01 and 0.025 mm/s,
wavelength of the modulated (l;) and unmodulated light
(l2) incident on the sample could be varied between 0.4
2.0 mm, and its intensity could also be varied in the ran
231013–131016 photons/cm2•s.

3. A characteristic feature of these photovoltage dis
bution curves is the dependence of their amplitude on
direction of motion of the probe, which is observed witho
any auxiliary unmodulated illumination~curves1 and2, Fig.
1; the optical intensity in the probe was 631015 photons/
cm2

•s!. This dependence can be identified particula
clearly on the distribution of the voltage generated by lig
near the GaAs absorption edge (l50.88mm!. The differ-
ence between the distribution curves of the voltage obtai
for opposite directions of motion of the probe decreases w
decreasing wavelength as far as 0.68mm and with increasing
wavelength up tol>0.38mm. The physical reasons for thi
difference are known and have been described in
literature.4,5 They are associated with the long-term rela
ation of the residual conductivity formed in the illuminate
section of the sample and are caused by recombination

430430-03$10.00 © 1997 American Institute of Physics
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barriers for the nonequilibrium carriers, which may be loc
ized on the surface or in the bulk of the semiconductor.
the present case, the characteristics of the voltage distr
tion described above indicate that the recombination-d
barriers responsible for the long-term relaxation of the vo
age are localized in the GaAs substrate, and, more preci
in the layer immediately adjacent to the Ge film. These ch
acteristics are typically absent for heterostructure sam
grown on substrates without oxides on the surface.

4. Curves3 and4 in Fig. 1 show the distributions of the
photovoltage along a sample illuminated with both mod
lated and unmodulated light from the side with the germ
nium film. The entire sample was exposed tol250.86mm
unmodulated light with an intensityN54.131015 photon/
cm2

•s. An optical probe ofl;50.88 mm modulated light
was moved from one end to the other along a sample w
darkened contacts at a velocity of 0.025 mm/s~curve3, Fig.
1!. The distribution of the voltage remained the same wh
the direction of motion of the optical probe was revers
However, changing the wavelength of the exciting mod
lated radiation tol;50.91mm caused a change in the di
tribution profile of the voltage and in its polarity~curve 4,
Fig. 1!. In addition, the distribution of the voltage did no
depend on the direction of motion of the probe. The volta
described by curve4 is clearly generated in the Ge film be
cause the energy of the exciting photons is less than
GaAs band gap. At the same time, curve1 describes the
distribution of a voltage generated preferentially in t
GaAs, since its amplitude in the Ge is an order of magnitu
lower and its contribution to the total voltage is small.

It has been noted that the mechanism for the genera

FIG. 1. Transverse photovoltage distribution in the sample when the p
is moved in one directions and then the other~the sample is illuminated on
the side with the Ge film!: 1, 2 — l;50.88mm ~no unmodulated illumi-
nation!, 3— l;50.88mm, l250.86mm unmodulated illumination, and4
— l;50.91mm, l250.86mm unmodulated illumination.
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of the photovoltage is associated with the presence of d
resistivity gradients in the film and the substrate. The rev
sal of the polarity of the voltage when the wavelength of t
exciting light passes the GaAs absorption edge is a di
consequence of the fact that these gradients in the film
the substrate are in opposite directions. This conclusion
reached previously in analyses of the spectral characteri
of the transverse photovoltage measured for heterostruc
samples grown by molecular-beam epitaxy on the arse
stabilized surface of a GaAs substrate~without an oxide
layer!, and also for samples grown by vacuum evaporatio

It is interesting to note that asl decreases~and therefore
the energy of the exciting photons and the absorption co
ficient in Ge increase!, the character of the voltage distribu
tion changes, since it is essentially the algebraic sum of
voltages generated in the film and the substrate. In addit
the amplitudes of these voltages are equalized as a result
reduction in the amount of light passing through the Ge fi
and being absorbed by the substrate,I5I 0 exp(2ad), and
their contribution to the measured signal naturally chang

5. Additional data indicating that the barriers are loc
ized was obtained by studying the photovoltage distribut
when the heterostructure sample was illuminated from
side with the GaAs substrate~Fig. 2a!. These investigations
showed that first, the polarity of the voltage is reversed wh
the wavelength of the modulated light changes fro
l;50.88 mm ~curves3 and 4, Fig. 2a! to l;50.91 mm
~curves1 and2, Fig. 2a!, as is observed when the sample
illuminated on the side with the Ge film. Second, the aux
iary illumination also leads to the disappearance of the lo
term relaxation of the voltage and has a selective effect
the measured signal.

Compared with illumination on the film side, the amp
tude of the voltage is five times greater atl50.91mm, while
the voltage generated by thel50.88mm light is reduced by
a factor of 3, mainly because of the increased amoun

be

FIG. 2. Distribution of the transverse photovoltage in the sample~illumi-
nated on the side with the GaAs substrate!: 1, 2— l;50.88mm, 3, 4—
l;50.91mm.

431Shekhovtsov et al.
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V.
GaAs substrate near their interface.It should be stressed
that most of the amplitude of the voltage is formed precis
in this place.

6. The heterostructure samples under study have a l
of oxide between the film and the substrate, which alters
band diagram of the heterojunction. This model assumes
a depletion layer~to the point of inversion! is formed in the
GaAs at the boundary with the oxide layer, and on the ot
side, an accumulation or depletion layer is formed in the
Ref. 9 ~Fig. 2b!. The oxide forms a natural barrier for th
charge carriers between the film and the substrate. The
togenerated electron-hole pairs are spatially separated in
band-bending regions in GaAs and Ge, respectively. The
ide partially impedes the transfer of excess carriers from
substrate into the film. This spatial separation of the none
librium carriers is also responsible for the additional volta
generated in addition to the bulk-gradient voltage, as
light probe moves along the interface. If fairly strong depl
ing band bending occurs in the Ge, this voltage is genera
in the film even at room temperature, as was observed
perimentally~Fig. 2a, curves3 and4!. This voltage will ob-
viously disappear in the presence of auxiliary illuminatio
which generates electron-hole pairs in the band-bending z
in GaAs and Ge, thereby screening it.

Mention should be made of another important charac
istic deduced from a comparison of the amplitudes of cur
1 and2 ~Fig. 1! with curve3 ~Fig. 2!. The amplitude of this
last curve3, describing the distribution of the photovoltag
at each point in the sample, should clearly equal the half-s
of the amplitudes of curves1 and2 ~Fig. 1!. This is because
the amplitude of the voltage associated with the long-te
relaxation of the nonequilibrium conductivity, which is alg
braically added to the bulk-gradient voltage, does not cha
in magnitude but only in sign as the direction of motion
the probe is reversed~provided that its velocity remains con
stant!. However, it can be seen that the amplitude of curv1
~Fig. 2! describing the distribution of the voltage with aux
iary illumination is less than this half-sum.

This difference can be attributed to an additional volta
at the modulation frequency, induced by the photoconduc
ity in the sample. Continuous high-intensity illuminatio
generates a bulk-gradient voltage that is constant in t
~unmodulated! and thus creates an additional static field
the sample. When the sample is exposed to modulated
from the fundamental absorption region of Ge and GaAs
voltage10

E22VRDs ~1!

will be generated in this field, whereV is the voltage from
the continuous illumination,R is the resistance of the illumi
nated part of the sample, andds is the photoconductivity
excited by the modulated radiation.
432 Tech. Phys. Lett. 23 (6), June 1997
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voltage will be smaller and given by

E5E;2VRDs, ~2!

where E; is the bulk-gradient voltage generated in t
sample in the absence of unmodulated auxiliary illuminati

7. Various conclusions can be drawn from these exp
ments and results.

The gradients of the carrier dark concentrations alo
the interface are in opposite directions in the substrate
the film.

The presence of an oxide layer between the film and
substrate leads to spatially separated band bending in th
and GaAs, which is responsible for generating an additio
voltage that relaxes slowly with time and depends on
velocity and direction of motion of the light probe.

It was noted initially that long-term relaxation of th
photovoltage has also been observed in heterostruct
grown by thermal vacuum evaporation. However, this beh
ior was attributed to the presence of recombination-drift b
riers formed in adjacent layers of film as a result of their hi
doping. A similar voltage is observed in heterostructu
samples with an oxide layer between the film and the s
strate, but in this case, the barriers are localized on the
faces of the film and the substrate on either side of the ox

The reason for the low amplitude of the photovoltage
these heterostructures is clear. Although the Ge films
purer than those grown on substrates without an oxide la
the recombination velocity increases at the surface adja
to the oxide, which significantly reduces the amplitude of t
photovoltage in thin samples, even when the coefficients
absorption of light in the Ge are high.

This work was partly financed by the Ukrainian Sta
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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. ©1997 American Institute of Physics.
@S1063-7850~97!00806-9#
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principle modified for electromagnetic waves w
analyzed in Ref. 1. In the present study, integration ove
complex section in the direction of propagation of t
initial wave is introduced to match the amplitude
the final expression with that of a freely propagating pla
wave.

In this study, a modification of the Huygens-Fresn
principle is used to perform similar matching by generalizi
the wave number to a complex value. By this means i
possible to describe the field directly beyond a diffracti
object.

We write the coordinate part of this diffraction integra
also using a representation of the secondary spherical w
in the form (exp2i¸r/2i¸r), used for the first time in
Ref. 2

E¢ ~x,y,z!5kE E
S0

R~ l ,m,n!P~ l ,m,n!M ~x0 ,y0!E¢ 0exp

2 i¸z0
exp2 i x̂r

2 i ¸̂r
dx0dy0 . ~1!

Here,k5 24/p2, ¸5 2p/l, and¸̂5¸81 i¸9 is the complex
wave number associated with the secondary wave. The
ues of the componentş85 2p/l8 and¸95 2p/l9 are de-
termined by solving a matching equation analyzed sub
quently ~see Eq.~4!!, x, y, andz are the coordinates of th
observation point, andx0, y0, andz0 are the coordinates o
the point on the diffracting object. Integration is perform
over the regionS0 occupied by the object,E¢ (x,y,z) is the
three-dimensional Jones vector3 of the diffracted wave,E¢ 0 is
the Jones vector of the illuminating wave~to simplify the
following analysis, the illuminating wave is taken as a pla
wave propagating along thez axis!, M (x0 ,y0) is the Jones
matrix3 of the diffracting object, l5 (x2x0) /r ,
m5 (y2y0) /r , andn5 (z2z0) /r are the direction cosine
of the diffracted beam, andR( l ,m,n) andP( l ,m,n) are the
so-called rotation and projection matrices, whose combi
action describes the evolution of the amplitude and polar
tion of the secondary wave as functions of the direction
diffraction. We write an expression for these matrices in
more compact and corrected form compared with Ref. 1

433 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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RP5S 11n 11n

2
lm

11n
n1

l 2

11n
m

2 l 2m n
D

3S A12 l 2 0 0

0 A12m2 0

0 0 A12n2
D . ~2!

In accordance with the Huygens-Fresnel principle, ea
point on the initial wavefront is a source of a real second
wave. This approach necessarily requires initial matching
tween the amplitudes of the secondary and initial wav
Then the total amplitude of the secondary wave in all dir
tions in the absence of a diffracting object~the corresponding
Jones matrix isM (x0 ,y0)5( 0

1
1
0)! must be equal to the am

plitude at the corresponding point on the initial wavefron

E E E R~ l ,m,n!•P~ l ,m,n!E¢ 0
exp2 i ¸̂r

2 i ¸̂r
dldmdn5E¢ 0 .

~3!

At the front, wherer→0, the real part of the secondary wav
amplitude is Re@(exp2ir̂ )/2i¸̂r#→1 regardless of the value
of the components of the complex wave number¸̂. Under
these conditions, the solution~3! shows that the threefold
integrals of the corresponding elements of the matrix prod
RP are only nonzero for diagonal elements and are equa
p2/24. Thus, it is found that the resultant amplitude of t
secondary wave is not equal to the amplitude of the ini
wave. The coefficientk introduced in Eq.~1! performs the
necessary correction for this mismatch.

We determine the components of the complex wa
number,¸8 and ¸9, by solving Eq.~1! in the asymptotic
approximation for a freely propagating plane wave. Select
the critical pointsx05x and y05y ~Ref. 4! allows us to
calculate the asymptotic approximation in the form

E¢ 5
2pk

¸8¸̂
E¢ 0 exp2 i @¸z01¸̂~z2z0!#. ~18!

433433-02$10.00 © 1997 American Institute of Physics



FIG. 1.
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E¢ 0 exp(2i¸z), which allows us to construct a single comple
equation for both components of the Jones vectorE¢ 0:

2pk exp@¸9~z2z0!#exp2 i @~¸82¸!~z2z0!#

2¸8~¸81 i¸9!50. ~4!

Dividing Eq. ~4! by the real and imaginary parts, for give
¸ andk, we can expresş 8 and¸9 as functions of the dis-
tance (z2z0).

Figure 1 shows the behavior ofl8 as a function of
(z2z0) for l51mm. With increasing distance,l8 rapidly
approachesl and for (z2z0)'102–104 mm, they are accu-
rately matched. It should be noted thatl8 differs substan-
tially from l only in the immediate vicinity of the source, a
distances much less thanl where, strictly speaking, the sec
ondary wave is formed and the concept of wavelength lo
some of its meaning. It is usually difficult to obtain a uniq
and adequate description of this region.5 Generally speaking
it seems to the author that at present, it is questiona
whether any difference betweenl8 andl can be observed
experimentally. However, a suitably designed experimen
obviously required to provide a clear substantiation of t
complex wave number hypothesis. The imaginary part¸9 of
the complex wave number only plays an auxiliary role a
clearly cannot be related to any real wave. In Fig. 1
profile of l9 is indicated by the dashed curve.

We also note that the complex equation~4! is satisfied
by a whole system of other roots, whose meaning and ph
cal content require further analysis.

If the asymptotic approximation is also used to descr
the field at the diffracting object, then replacingE¢ 0 with
M (x0 ,y0)E¢ 0 and setting (z2z0)50, we obtain¸85A2pk
and¸950, which after substituting into Eq.~18), gives

E¢ 5M ~x0 ,y0!E¢ exp2 i¸z, ~188!
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the vector field immediately beyond a diffracting object ha
ing an arbitrary anisotropic gyrotropic structure.

The need to generalize the wave number to a comp
value, demonstrated in this study, is perhaps the only a
native in this scenario. For example, it has been known
some time that the Fresnel diffraction integral for a free
propagating wave gives rise to a factor of dimension len
that prevents it from being assigned any real physical me
ing. Similar reasoning also applies to the Kirchhoff diffra
tion integral if its accurate form, derived uniquely from
Green’s theorem and the wave equation,6 is used rather than
an approximate form. Fundamental difficulties are also
volved in developing Young’s diffraction idea.7

Under these conditions, it should be recognized that
systematic application of the Huygens-Fresnel principle
serts that the secondary wave is a real physical entity w
specific characteristics of nucleation and formation, rat
than as a virtual mathematical transform figuring in t
theory.8

1Sh. D. Kakichashvili, Pis’ma Zh. Tekh. Fiz.22~5!, 66 ~1996! @Tech. Phys.
Lett. 22, 211 ~1996!#.
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3W. A. Shucliff, Polarized Light: Production and Use~Harvard University
Press, Cambridge, Mass., 1962! @Russ. transl., Mir, Moscow, 1965#.

4M. Born and E. WolfPrinciples of Optics, 4th ed. ~Pergamon Press
Oxford, 1969! @Russ. transl., Nauka, Moscow, 1979#.

5H. G. Schmidt-Weinmar, inInverse Source Problems in Optics, edited by
H. P. Baltes~Springer-Verlag, Berlin, 1978! @Russ. transl., Mir, Moscow,
1964#.

6G. Kirchhoff, Theory of Light Rays, in Selected Works of Gustav Robe
Kirchhoff @in Russian#, Nauka, Moscow~1988!.

7A. Rubinovich,Thomas Young and Diffraction Theory. Creators of Phy
cal Optics, edited by V. I. Rodichev@in Russian#, Nauka, Moscow~1973!.

8A. Sommerfeld,Optics, transl. from the German~Academic Press, New
York, 1954! @Russ. transl., IL, Moscow, 1953#.

Translated by R. M. Durham

434Sh. D. Kakichashvili



Influence of the magnetic self-field on the formation of a cathode plasma jet

in steady-state vacuum arcs

I. A. Krinberg and E. A. Zverev

Irkutsk State University
~Submitted July 23, 1996!
Pis’ma Zh. Tekh. Fiz.23, 47–53~June 12, 1997!

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 distancer.103d from the cathode (d is the
diameter of the cathode microspot!. The 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 ceases. ©1997 American
Institute of Physics.@S1063-7850~97!00906-3#

1. It is known that a plasma formed in the cathode mi-velocities. AssumingTe@Ti ~Ref. 10!, we haveP'TeNe
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crospots of a vacuum arc discharge propagates toward
anode in the form of current-carrying plasma jets with
quite clearly defined lateral boundary.1 It is usually
assumed1,2 that the plasma kinetic pressureP5NeTe1NiTi
is equalized at this boundary by transverse pinching of
cathode plasma jet by the magnetic self-field. In this ca
the Bennett equilibrium condition3 b52c2PS/I 251, ob-
tained for an arbitrary distribution of pressure and curren
the cross sectionS5pd2/4 of the plasma cylinder~where

P̄ is the average pressure,I is the current, andc is the ve-
locity of light!, should be approximately satisfied. Howeve
near the cathode, where the diameter of the microjet is of
order of the size of the cathode microspotd.1mm, we find
b>102 ~the kinetic pressure is substantially greater than
magnetic pressure!, since measurements of the electron de
sity and pressure near the cathode giveNe.1021 cm23,
Te' 5–10 eV~Refs. 4–6!, I /d'105 A/cm ~estimated from
the Zeeman effect7!, and the ion parameters~with average
chargeZ) are estimated asNi5Ne /Z andTi,Te .

We show here that magnetic pinching only begins
have an influence after the various microjets have merge
form a single cathode plasma jet at a distancer.103d from
the cathode. Ultimately, the cathode plasma jet acquires
form of a paraboloid of revolution whose surface oscilla
about the equilibrium position (b51) because of the inertia
of the plasma transverse motion. At this point, cooling of
cathode plasma jet ceases, which explains the constant
tron temperature observed at large distances (r 5 5–40 cm!
from the cathode.1,8

2. In the initial section of the jet, whereb@1, transverse
expansion is impeded by friction between the plasma
the neutral gas surrounding the plasma and propag
mainly along the surface of the cathode.9 We shall assume
that whenb.1, the cathode plasma undergoes spher
expansion within a cone with the solid ang
V052p(12cosa0)5const~whose size is determined by th
interaction with the neutral gas! and the cross sectional are
of the jet varies asS(r )5V0r

2. Since the ratio of the elec
tron and ion currents isI e /I i5g'10 ~Ref. 9!, under condi-
tions of steady-state quasineutrality we haveVe5gV and
I'geNeVS, whereVe andV are the electron and ion radia
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andb52c Te /(geVI). It was shown in Refs. 6, 10, and 1
that as a current-carrying plasma undergoes spherical ex
sion, it is accelerated to supersonic veloc
V*5(5ZT* /3m)

1/2 at a distanceDr5r *2r 0.d/4 from the
cathode, and forr.102d, the velocity reaches the limiting
valueV`'5V* ~the asterisk subscript indicates the values
the variables are taken at the critical pointr * , r 0 is the
position of the cathode surface, andm is the ion mass!. Thus,
the parameterb will decrease only as a result of cooling o
the plasma. Sinceb5b*TeV* /(T*V), for b*.102 the
value b.1 is achieved at a distancer 1>103d, where
Te /T*'0.1 ~Ref. 10!. Further cooling of the plasma as
result of expansion causes the magnetic pressure to ex
the kinetic pressure (b,1), and the plasma is accelerate
toward the axis of the jet. The characteristics of this proc
depend to a great extent on the vertex half-anglea0 of the jet
and the parameterb* .

3. We shall take into account the influence of the ma
netic field starting fromr5r 1. We use a one-dimensiona
approximation, considering the cathode plasma jet to be
variable cross sectionS(r ). We shall assume thatTe(r ),
V(r ), and j (r )5I /S are constant over the cross section, b
that the particle densityN[Ni5Ne /Z and the velocity
Vu5r u̇ depend on the polar angleu ~in the spherical coor-
dinate systemr ,u,w), settingN50 at the boundary of the je
(u5a). We shall also assume thatVu!V, i.e., that the lat-
eral surface of the jet is nearly conical with a slowly varyin
vertex half-angle a. In this case, d/dt5Vd/dr and
a5Vda/dr.

Under these assumptions, the system of equati
obtained in Ref. 10 forV(r ), T(r ), and the potential
F(r ) retain their form and should merely be supplemen
by an equation for the cross sectional ar
S(r )52pr 2(12cosa(r)). For this purpose, we consider th
u-projection of the equation of plasma motion

mNV

r

]

]r
~r 2u̇ !52

1

r

]P

]u
2
jB

c
. ~1!

Since the compression rateu̇ has a maximum and is equal t
ȧ at the lateral boundary of the jet andu̇50 on the axis, the

435435-03$10.00 © 1997 American Institute of Physics



a
FIG. 1. Variation of the cross sectional area of
cathode plasma jet with distance along axis:1 —
calculated fora05p/6 and 2 — calculated for
a05p/3.
extremely simple self-similar approximationu̇5ȧu/a may
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be used. Then, multiplying Eq.~1! by 12cosu and integrat-
ing overu between 0 anda, we find

f ~a!mN̄V
d

dr
S r 2 ȧ

a
D 5 P̄5

I 2

2c2S
~2!

where f (a)5*0
aN(u)(12cosu)udu/*0

a(N(u)sinudu,
P̄5ZN̄Te , andN is the average ion density. The last term
Eq. ~2! was obtained using the Maxwell equatio
¹3B54p j /c, where j5 j r5I /S, and it was also assume
that the condition sin2a/2!1 is satisfied fora,p/3. It can
seen from Eq.~2! that the equilibrium condition (ȧ50) for a
conical jet coincides with the Bennett condition (b51) for a
cylinder, but is subject to additional constraints (j5const
and constraints on the anglea).

Converting, as in Refs. 10 and 11, to the dimensionl
variables x5r /r * ~where r *.d) ~Ref. 11!,
s5S/s*5x2(12cosa)/1(12cosa0), v5V/V* , and
t5Te /T* , we obtain

5

3
f ~a!

d

dxS x
2v
a

da

dxD5
t

v
2

1

b*
. ~3!

The function f (a) depends weakly on the relative pa
ticle density distributionN(u) over the cross section of th
jet and is close to the formf'ka2. For N5const when
u,a and N50 when u>a, we have k'1/4. For
N5N0(12u2/a2) or N5N0(12sin2u/sin2a) we obtain
k'1/6, which was used in the following calculations.

Equation~3! is solved jointly with the equations forv
andt ~Ref. 10! subject to the boundary conditionsa5a0 and
da/dx50 for x5x1 ~wherev(x1)/t(x1)5b* ).

4. A solution was first obtained for an elementary ca
ode microjet transporting the currentI. 1–10 A ~Refs. 6, 7,
and 12! with d. 0.3–3 mm ~Refs. 4, 6, and 7! and
b*>102. It was found that magnetic pinching of this jet on
becomes appreciable forr.107 mm.10 m, i.e., at unrealis-
tically large distances. From this we conclude that the m
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vacuum arcs with a total currentI a. 1–30 A.
At high currentsI a , the plasma is emitted from separa

microspots, and at the initial stager<D there aren5I a /I
independent current-carrying microjets~hereD. ~3–30!d is
the distance between the microspots12,13!. It may be assumed
that the microjets merge to form a single cathode plasma
with the currentI a5nI and the total cross sectional are
Sa.nS at the distancer.D, where the plasma velocity is
already close to the limiting supersonic veloci
V`'5V*.104 m/s, and the temperature has decreased o
to T.2/3T* ~Ref. 10!. Sinceb;S/I 2, for the total jet we
haveba.b/n.

By way of example, Figs. 1 and 2 give solutions of E
~3! ~and the equations forv andt) with b*5ba510, which
approximately corresponds ton510 andI a.302100 A. In
the rangex,30, wheret/v@1/b* , the solution gives the
change in the parameters of an individual microjet with t
dimensionless distancex5r /d. The rangex.103, where
t/v'1/b* , corresponds to the solution for the comple
cathode plasma jet. In the transition range ofx values, the
individual microjets merge to form a complete catho
plasma jet, which, naturally, is not described by Eq.~3!.
However, the plasma temperature and velocity vary co
paratively little in this section, so that the overall pattern
variation in the parameters of the cathode plasma jet is c
served in this approximate method of calculation.

Figure 1 shows that magnetic pinching initially reduc
the cross section of the jet, which then shows an aver
increase, which however, is not proportional tor 2 ~spherical
expansion! but to r , i.e., the lateral surface of the cathod
plasma jet acquires the form of a paraboloid of revolution
can be seen from Fig. 2 that a rapid fall in the electr
temperature~corresponding to free spherical expansion! is
replaced by a rise to an approximately constant va
Te'0.4T* . This change in the electron temperature agr
well with the experimental results, since according to e
mates made using the ion composition~which yield values
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FIG. 2. Variation of the electron temperature alon
the axis of a cathode plasma jet~notation as in
Fig. 1!.
for the cathode region whereTe'T 'Tmax) Te'10 eV
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1V. M. Lunev, V. M. Ovcharenko, and V. M. Khoroshikh, Zh. Tekh. Fiz.

.

*
~Mo! and Te'4 eV~Ti! ~Ref. 6!, whereas probe measure
ments far from the cathode giveTe'3 eV ~Mo, r 5 15–40
cm! andT*'1.3 eV ~Ti, r 5 5–40 cm! ~Ref. 8!.

These model calculations have shown that when
magnetic pressure exceeds the gas pressure, the plas
accelerated in the direction of the axis of the cathode pla
jet. The inertia of the transverse motion gives rise to perio
compression and expansion of the plasma, accompanie
temperature fluctuations. This process is similar to the ra
oscillations of a cylindrical plasma in a Z-pinch.14 Unlike the
latter, the cathode plasma jet as a whole remains steady-
and transverse compression and expansion are observed
for individual sections of the plasma as they move along
jet. The electron temperatureTe and the longitudinal ion ve-
locity V remain almost constant, increasing by only a fe
percent when the distance from the cathode varies by sev
orders of magnitude. Magnetic pinching causes appreci
acceleration of the ions only in the case of a non-steady-s
cathode plasma jet with rising currentI a ~Ref. 15!.
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Local polarization reversal in LiNbO 3 crystals

ld
S. O. Fregatov and A. B. Sherman

A. F. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted February 10, 1997!
Pis’ma Zh. Tekh. Fiz.23, 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. ©1997 American Institute of Physics.
@S1063-7850~97!01006-9#

The aim of our investigations was to study local polar- little influence on the structure of the electric field. The fie
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ization reversal in a thin surface layer of a ferroelectric. P
larization reversal was achieved by using a moving poin
electrode, similar to the tip in a scanning tunneling mic
scope. An electric potential is applied to the tip, generatin
local electric field sufficient for polarization reversal in
given region of the ferroelectric surface.

Single-domain lithium niobate crystals were selected
the investigations. Of the various ferroelectrics known to
this uniaxial material has the strongest coercive field ('20
kV/mm! and may incorporate domains with mutually o
posed directions of spontaneous polarization, oriented a
a specified axis (Z axis!.

A single-crystal sample having characteristic dimensio
of 33330.5 mm was placed on the surface of the first el
trode — a conducting chromium film — deposited on t
bottom of a shallow cell. A tungsten tip attached to a mic
manipulator~the radius of curvature of the end of the tip d
not exceed 1mm!, was brought close to the surface of th
crystal. This tip serves as the second electrode and ca
moved horizontally and vertically. To prevent electric
breakdown over the surface of the sample, the cell was fi
with transformer oil.

This setup was used to study local polarization reve
for samples having different orientations of theZ axis. This
was possible because in the immediate vicinity~'10mm! of
the end of the tip, the shape and position of the oppo
electrode, positioned at a distance of hundreds ofmm, have
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lines in this region diverge from the tip in all direction
within the solid angle'2p.

The domain structures were revealed by chemical e
ing of the samples in a hot mixture of nitric and hydrofluor
acids ~2:1!. This method is based on the enhanced rate
etching near the domain wall.

Figure 1 shows one of the results of local polarizati
reversal in the surface region of a lithium niobate sam
with theZ axis parallel to the surface. A uniformly polarize
sample'1.5 mm thick with a polished surface was fir
etched using the above etchant to remove the damaged
face layer. As a result, the thickness of the sample was
duced by 20mm. At room temperature the tip touching th
surface of the sample was used to draw lines'1 mm long,
with a specified spacing between them. The rate of displa
ment of the point of contact over the surface of the sam
was'1 mm/s. Each line drawn corresponded to a particu
potential difference (U) applied between the chromium laye
and the tip. After the sample had been etched again, re
was revealed on the surface and was photographed in
flected light. Figure 1 shows the area of the surface adjac
to the line drawn atU52750 V.

Interference measurements of the depth of the etc
regions indicated that each line drawn by the tip correspo
to a groove. AtU>1550 V it is noticeable that the groov
bottoms are speckled with traces of needle-like domains,
tending in a common direction. These needle-like doma
a
FIG. 1. Etched surface of sample at the point where
line is drawn atU52750 V.
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FIG. 2. Depth (h) of etched grooves versus distance (S) measured
across grooves. Indicated on the diagrams are the values ofU at
which the lines were drawn.
were also recorded in experiments to study polarization re-
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versal of MgO:LiNbO3 in a uniform electric field.1 The do-
mains are oriented parallel to theZ axis. From the point of
contact between the tip and the surface, the domains gro
the direction in which the planar component of the elec
field of the tip induces polarization reversal of the ferroele
tric. When the polarity ofU is reversed, the domains grow i
the opposite direction.

Figure 2 gives the depthh ~in mm! of the etched regions
as a function of the distanceS ~in mm! measured across th
grooves. The origin forh is the level of the crystal surfac
and that forS is the edge of the groove facing the bases
the domains. An abrupt increase in the depth and width
the grooves is observed for potential differences>2400 V.

For these values of the potential difference, the depth
the etched regions did not exceed 0.15mm. Polarization re-
versal evidently took place in a surface layer of around t
thickness. The subsequent etching merely smooths the re
negligibly influencing the depth of the grooves.

Different results were obtained for a lithium nioba
sample with theZ axis perpendicular to the surface. In th
case, local polarization reversal beneath the moving tip p
ceeds from the surface into the crystal. The etched sur
clearly reveals regions of two parallel domain walls bord
ing on each domain formed along the trajectory of the m
ing tip. As the potential difference decreases from 2.75 to
kV, the domain width is reduced from'2 mm to less than 1
mm.

To sum up, these results have shown that by using a
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be achieved even in a ‘‘hard’’ ferroelectric such as lithiu
niobate.

This effect can be as the basis to develop a microsc
device that can write on the surface of ferroelectrics~‘‘mi-
croplotter’’!. It can also be used to create domain structu
in the surface region of a crystal for applications in nonline
optics2,3 ~synchronization of second harmonic generatio!,
acoustics4 ~electric-to-acoustic signal converters!, and in
other fields of solid-state physics.

The displacement of a tip over the surface of a ferroel
tric can also be used for discrete recording of informatio
Unlike ferroelectric thin-film systems designed for use
various memory systems,5 the ferroelectric medium in this
case is homogeneous and its fabrication technology is s
pler.

These results may be used as the basis for further
search on the surface region of ferroelectrics and espec
on the kinetics of domain formation and growth.

1A. Kuroda, S. Kurimura and U. Yosiaki, Appl. Phys. Lett.69, 1565
~1996!.

2A. C. G. Nutt, V. Gopalan, and M. C. Gupta, Appl. Phys. Lett.60, 2828
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3Yong-yuan Zhu, Nai-ben Ming, Wen-hua Jiang, and Yong-an Shui, Ap
Phys. Lett.53, 1381~1988!.

4Shi-ning Zhu, Yong-yuan Zhu, Zhi-yong Zhanget al., J. Appl. Phys.77,
5481 ~1995!.

5J. F. Scott and C. A. Paz de Araujo, Science246, 1400~1989!.
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Hysteresis of the current-voltage characteristics of porous-silicon light-emitting

u-
structures
A. N. Laptev, A. V. Prokaznikov, and N. A. Rud’

Yaroslavl’ State University
~Submitted November 27, 1996!
Pis’ma Zh. Tekh. Fiz.23, 59–65~June 12, 1997!

A new hysteresis effect is described in metal–porous-silicon–p-type silicon structures and a new
model is proposed to describe current flow in these structures. ©1997 American Institute
of Physics.@S1063-7850~97!01106-3#

Porous silicon has come to be regarded as a highlythe conditions of a simple model which neglects the infl
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promising material for optoelectronics following the obse
vation of intense visible photoluminescence1 as well as elec-
troluminescence from porous silicon structures.2 However,
the electroluminescence quantum efficiency of porous sili
structures is still fairly low~no higher than 1023), and thus
in order to enhance this parameter it is important to gai
deeper understanding of the characteristics of the phys
processes involved in current flow in electroluminesc
cells, including metal–porous-silicon–crystalline-silico
~Me–PS–c-Si! structures.

In the present paper we report results of an investiga
of current flow and photosensitivity in the 0.4–1.3mm
wavelength range in light-emitting Pd–PS–p-Si structures at
room temperature.

The porous silicon structures were fabricated fro
~100!-orientedp-Si ~KDB-10! wafers. Layers of porous sili
con severalmm thick were prepared by anodic electrochem
cal treatment in a 50% aqueous solution of HF. The por
silicon surface of the samples then underwent plas
chemical treatment to remove the surface amorphized
before being covered with a semitransparent layer of Pd~20
nm thick!. The Ohmic contacts were formed by an Al lay
severalmm thick, which partially covered the Pd layer an
was deposited on the back side of the crystalline silicon~see
inset to Fig. 1!.

The static current-voltage characteristics of these st
ture exhibited well-defined rectifying behavior. The ratio
the forward and reverse currents~the forward current corre
sponded to the application of a positive potential to
c-Si! at a 2 V bias varied from one sample to another b
tween a few units and 102. Typical current-voltage charac
teristics for our structures are plotted in Fig. 1. It should
noted that no saturation of the reverse current was obse
for any of the structures. Moreover, for most structures
reverse current increased linearly with increasing bias. Li
wise, no saturation of the reverse current was observe
Refs. 3 and 4 in an investigation of the current-voltage ch
acteristics of Al–PS–p-Si structures. The authors of thes
studies analyzed their results in terms of a two-barrier mo
~a Schottky barrier at the Al–porous-silicon contact and
heterojunction at the porous-silicon–p-Si interface! con-
nected in opposition. This model cannot be applied to
structure because it is unclear whether a rectifying conta
established at the Pd–porous-silicon interface. If we ass
that in our structures the porous silicon isp-type, then under
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ence of the electronic states at the interface, the Pd–por
silicon contact is Ohmic whereas the Al–porous-silicon co
tact is rectifying. For this reason we assume that the curr
voltage characteristics of our structures will be determin
by the isotypicp–p heterojunction between the crystallin
p-Si and the wider-gap porous silicon.5 The properties of this
heterojunction have been little studied, but it is known6 that
the energy band diagrams and current-voltage characteri
of isotypic heterojunctions vary substantially depending
the doping level of the initial semiconductors and the pr
ence of charge states at the interface. It was shown in Re
that Ge–Sin–n heterojunctions with donor concentration
of 1014 cm23 and 531015 cm23 in Si and Ge, respectively
exhibit current-voltage characteristics similar to the expe
mental data for our structures. Following Ref. 7, the curr
through an isotypic heterojunction is due to thermionic em
sion of carriers in opposite directions and is determined
the following expression:

J5J0~12VB!@exp~qU/kT!21#, ~1!

whereVB is the barrier potential of the heterojunction an
J0 is given by

J05qA*TVBexp~2qVB /kT!/k. ~2!

In this case, the reverse heterojunction current does
saturate but increases linearly for largeU (qU@kT). The
dependence of the forward current onqU/kT can be ap-
proximated by an exponential function, i.e.,J
}exp(qU/nkT).

An analysis of the current-voltage characteristics of o
structures using the isotypicp–p heterojunction model
shows that the dependence of the reverse current on the
is accurately described by expression~1! for VB50.7–1 V
for various samples. The forward branch of the experimen
current-voltage characteristics at low bias with allowance
the base resistance of the porous silicon layer~600–1000
V) is extrapolated by the exponential functio
J}exp(qU/nkT). An analysis of the logarithmic dependenc
of the forward current on the bias allowed us to determ
VB and the ideality factorn for these structures. For th
effective Richardson constantA*583105 A3m22

•K22

~Ref. 7!, the barrier potentialVB varied in the range 0.6–0.8
V with the ideality factorn58–14. The same values of th
ideality factor for the current-voltage characteristics of Me
PS–p-Si structures were obtained in Refs. 2, 3, 8, and 9. T

440440-03$10.00 © 1997 American Institute of Physics
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authors of these studies attribute this behavior to the h
concentration of localized electronic states at the met
porous-silicon interface. In our model for these structures
assume that the increase in the ideality factorn is strongly
influenced by the high concentration of localized electro
states in the porous silicon and by its inhomogeneity.

The presence of localized electronic states in the por
silicon may influence the establishment of current throu
the structure. In order to determine this influence, we inv
tigated the dynamic current-voltage characteristics of
structures under a periodic linearly varying bias. It was
tablished that the form of the dynamic current-voltage ch
acteristic depends on the rate of change of the bias acros

FIG. 1. Typical static current-voltage characteristic of Pd–PS–p-Si struc-
tures~a! and general view of these structures~b!.
h
–
e
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s
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the

defined hysteresis was observed on the forward and rev
branches of the current-voltage characteristic for all
samples. Figure 2 shows a typical dynamic current-volta
characteristic for our structures, obtained at a bias repeti
frequency of 1023 Hz.

An analysis of the dynamic characteristics revealed t
the establishment of the forward and reverse current thro
the structures is characterized by different times. Our inv
tigations of the relaxation of the current through the struct
under a pulsed bias allowed us to determine the character
times for this relaxation. We found that the times taken
establish the forward and reverse currents are 40 s and
respectively. This is consistent with the results of analyz
the hysteresis of the current-voltage characteristics.
therefore confirmed that the presence of deep electro
states is responsible for the hysteresis of the current-vol
characteristics.

Our model of ap–p heterojunction with deep electroni
states in the porous silicon layer is confirmed by our inv
tigations of the spectral photosensitivity of structures e
posed to steady-state optical excitation without a bias. Fig
3 shows typical behavior of the photosensitivity for the stru
ture whose current-voltage characteristic is illustrated
Figs. 1 and 2. A characteristic feature of all the structu
studied are the heteropolar photoresponses in different p
of the spectrum. The maximum negative response was
served at almost the same wavelength for all the structu
but the shape and ratio of the positive and negative respo
varied slightly from one sample to another. Similar photo
fects in Ge–Sin–n heterojunctions were observed in Ref.
As in that case, the negative photoresponse in our struct
is attributed to photoexcitation in the single-crystal silic
while the long-wavelength positive response is determin
by the photoexcitation from traps in the porous silicon and
its surface. The positive short-wavelength photorespons
–
FIG. 2. Dynamic current-voltage characteristic of Pd–PS
p-Si structure.
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caused by the net photoelectric effect in the porous sili
and the crystalline silicon. The formation of traps in the
structures was observed in studies of photoinduced ch
trapping in porous silicon.10 These traps may be associat
with E8-centers in SiO2 ~Ref. 10! and also with boron elec
tronic states in the presence of quantum-size effects in
porous silicon.

To conclude, our results indicate that the possible form
tion of an isotypic heterojunction and the presence of d

FIG. 3. Spectral dependences of the photoresponse~1!, electroluminescence
~2!, and photoluminescence~3! of a Pd–PS–p-Si structure.
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traps, must be taken into account in analyses of current fl
processes in Me–PS–p-Si structures. It has been shown th
the experimental current-voltage characteristics of Pd–P
p-Si structures are in good agreement with the theoret
curves obtained in the model of an isotypicp–p heterojunc-
tion between the single-crystal silicon and the porous silic
The hysteresis observed in the dynamic current–volt
characteristics is caused by the presence of traps for hole
the porous silicon and this is confirmed by the photorespo
spectra of our structures. Further investigations are neede
identify the nature of these traps and these are planned
the future. Detailed results on photoeffects in porous-silic
structures will be presented in our next report.

The authors would like to thank S. P. Zimin for usef
discussions and N. E. Mokrousov for supplying the samp
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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. Fiz.23, 66–69~June 12, 1997!

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.@S1063-7850~97!01206-8#

Vortices play an important role in magnetic field pen- wm1122wm1wm215I sin wm~62p!,
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etration processes in high-temperature superconductor
the presence of pinning, these vortices form near the sur
and penetrate into the sample with increasing field. The p
etration of the field into the sample is usually calculat
using the Bean model,1 which assumes that all the vortices
the region where the field has penetrated, are in a ‘‘criti
state,’’ i.e., that the force acting on each vortex from all t
other vortices is equal to its maximum pinning force. T
calculate the field profile, we need to know the depende
of this force on the magnetic field. Various mechanisms e
for the pinning of vortices at all possible types of crys
lattice defects acting as pinning centers. The authors of R
2 and 3, for instance, considered the interaction betwee
continuous vortex and discretely distributed pinning cent
for different ratios between the vortex dimensions and
spacing between the pinning centers.

In the present paper an analysis is made of a th
dimensional medium consisting of a cubic lattice in whi
each link of lengthh contains a single Josephson juncti
with a critical currentJc ~Refs. 4 and 5!. In this medium the
vortex is not described by a continuous distribution of t
phase difference but by discrete values thereof at var
junctions. Pinning exists as a result of the cellular struct
of the medium and is determined by the finite energy nee
to displace the center of a vortex to the next cell. We cal
late a system of vortices established in the sample w
monotonically increasing external field and we check the
lidity of the Bean critical-state model.

Let us assume that a sample in the form of a thick pl
is located in a magnetic field parallel to the plane of t
plate. Then, the currents are distributed identically in
planes perpendicular to the external field. Although the f
mation of linear vortices is energetically more favorable, p
nar ~laminar! vortices are considered subsequently~Fig. 1!
because this model can be calculated, all subtleties ca
eliminated, and the main results can be applied qualitativ
to the case of linear vortices.

The conditions of fluxoid quantization in cells4 were
used to derive a system of equations to calculate the p
jumps wm at the Josephson junctions (F0 is the magnetic
flux quantum!
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~ I52pmchJc /F0!, ~1!

where the terms62p may appear on the right-hand side
the cell contains any vortex center.

Equations~1! constitute a recurrence relation to dete
mine wm11 from knownwm andwm21, which allows us to
calculate the distribution ofwm over the entire sample usin
two valuesw1 andw2 at neighboring points. For a monoton
cally increasing magnetic field the vortex furthest from t
boundary is at the surface of motion. To calculate this str
ture, we fixw1 and findw2 such that the neighbor to the righ
of some selected vortex is the greatest possible distance
it ~ideally at infinity!.

Then by varyingw1 we minimize the distance from th
nearest vortex on the left, and then from the next. By repe
ing this procedure many times, narrowing the rangew1 time
after time, we can find the unknown ‘‘critical’’ state of th
vortex lattice. Calculations to fifteen decimal places can
used to find the position of 20–50 vortices. These calcu
tions performed on a computer yielded the following resu

1. The distance between two stationary isolated vorti
of the same orientation can vary between infinity and a c

FIG. 1. Current distribution in a planar vortex in the plane perpendicula
the external field.

443443-02$10.00 © 1997 American Institute of Physics



FIG. 2. Magnetization curves of sample for variousI . The
dashed curves correspond to no pinning.
tain minimum value. This behavior is caused by pinning,
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because in the absence of pinning the interaction between
vortices would separate them by infinity. As the parame
I increases, pinning is enhanced and the repulsion betw
the vortices decreases, so that the minimum distance betw
the vortices is reduced. ForI.2.9 the centers of the vortice
may be located in neighboring cells.

2. To find the magnetization curve of the sample,
analyze a system of vortices formed in a sample with
monotonically increasing external magnetic field. The sho
est distance between the vortex furthest from the bound
and the nearest neighbor is a power function ofI :
d'6.131021.1.

3. For I.1.4, the distance between the vortices is
duced to one cell as the boundary is approached and the
centers of the vortices are located in neighboring cells.
ginning with I53.4, the number of flux quantaF0 in the
vortex increases with increasing proximity to the sam
boundary.

4. For I<1.3, the distance between the vortices does
decrease as the boundary is approached, but remains
444 Tech. Phys. Lett. 23 (6), June 1997
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is independent of the coordinate. The theoretical magnet
tion curve of the sample is typical of type-II superconducto
~Fig. 2!. Pinning leads to an increase in the critical fieldHc

and a steep jump on the curve because the vortex la
cannot have a period greater than that corresponding to
calculated critical state.

To conclude, it follows from these observations that u
der conditions of interacting vortices containing no mo
than one flux quantumF0, the Bean model ceases to hold f
pinning caused by the cellular nature of the medium.
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Electroluminescence and current–voltage characteristics of n -type porous

ed,
silicon structures
É. Yu. Buchin, N. A. Laptev, A. V. Prokaznikov, N. A. Rud’, V. B. Svetovo , 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 ofn-type 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 achieved. ©1997 American Institute of
Physics.@S1063-7850~97!01306-2#

One of the unsolved problems impeding the expansioncent structures involved two important aspects: controll
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of the capabilities of conventional silicon technology is t
development of light-emitting devices with an emission e
ciency sufficient for practical applications. Porous silicon i
promising material for the development of such devic
since it can convert supplied energy into visible radiation
room temperature. Thus, numerous studies have been
voted to the physicochemical properties of this new mate
and to investigations of methods of preparing it.1

Studies of the properties of porous silicon attracted p
ticular interest following the observation of efficient visib
photoluminescence~of the order of 10%! at room
temperature.2 This discovery inspired hopes of developin
light-emitting devices based on silicon technology. These
vices could be integrated monolithically with other silico
structures to fabricate optical interconnections and pla
displays. The most important property for practical applic
tions is the electroluminescence of porous silicon, when li
is emitted under the action of a flowing current. The fi
attempts to fabricate electroluminescent devices reveale
low electroluminescence efficiency~of the order of
1025%!, which was inadequate for practical purposes.3–5

This difficulty caused some loss of interest in this topic b
the publication of the first promising results in 1995 r
kindled interest.6

The electrophysical properties ofp-type porous silicon
structures not exhibiting electroluminescence were studie
Refs. 7–9. Carrier transport in porous silicon layers of va
ing thickness was investigated in Ref. 7, where it was sho
that the problem of injection from the contact could be
solved by fabricating a sufficiently thin layer of porous si
con. It was shown in Ref. 8 that the rectifying properties
porous silicon structures can be attributed to depletion in
single-crystal silicon substrate in the porous silicon–sing
crystal silicon transition zone. The frequency dependenc
the conductivity and permittivity of porous silicon structur
was investigated in Ref. 9. The experimentally observed
havior is explained in terms of hopping conduction on
fractal network.9

In the present paper, we investigate the electrolumin
cence and electrophysical properties of specially prepa
porous silicon structures fabricated on KE´F-20 substrates
The special technology used to fabricate the electrolumin

445 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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reproducible formation of structures with a special poro
structure morphology and the final laser treatment of th
porous silicon layers to produce electroluminescence.

The morphology of the porous structure10–12 was con-
trolled by selecting the operating point on the curren
voltage characteristic of the silicon anodization process
hydrofluoric acid solutions. In particular, structures with
mixed type of porous silicon morphology were fabricated
shifting the current–voltage characteristic during the an
ization process. The resultant structures have reliably re
ducible morphologies and the electroluminescence prope
differ for each type of morphology. The aim was to fabrica
those structures with the highest electroluminescence
ciency. Note that there is no correlation between the pho
luminescence, whose level is always fairly high for o
samples, and the electroluminescence properties of struc
based on these samples. The emitting properties of the
pared samples are influenced not only by the techniques
to fabricate the porous silicon but also by the subsequ
treatment methods used to produce the emitting structu
Our particular aim was to optimize the conditions for r
moval of the insulating film from the surface of the poro
silicon and metal~to enable transmission of output radiatio!
by laser treatment of the surface. Fired Al was used as
lower Ohmic contact with the Si in the metal–porou
silicon–silicon–metal structure while the upper Ohmic co
tact with the porous silicon was formed by Pt, Au, or Al. Th
upper contact was prepared as follows. The natural insula
film formed on the porous silicon layer during anodizati
was used as an interlayer insulator. At those points wh
contact was required between the metal and the porous
con, the film was removed by N2 laser pulses with a con
trolled number of pulses incident at each point. Two types
structure were formed on each sample. ‘‘Point’’ structur
consist of equidistant holes~100mm spacing!, approximately
20 mm in diameter, made in the film. ‘‘Comb’’ structures a
formed by lines 20mm wide and 100mm apart removed
from the insulating film. An approximately 0.2mm layer of
metal was then deposited on the surface. On the point st
tures the metal was removed by laser etching everywh
except for the narrow lines connecting the points. On
comb structures an interdigital structure of narrow me

445445-03$10.00 © 1997 American Institute of Physics
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strips was formed similarly. In the latter case, the curr
flow geometry can be varied, perpendicular or parallel to
surface of the sample, respectively. The different samp
were identified asAN , etc., where the lettersA, B, C, . . .
correspond to a specific morphology of the porous struc
and the subscriptN indicates the laser treatment conditio
used to form the light-emitting structure. Around twenty d
ferent structures were singled out for investigation.

Figure 1 shows the electroluminescence spectra of st
tures using samplesB2 andB3 in which the upper contact is
made of Pt. The point structures begin to emit at the poten
V'20 V and currentI'20 mA and give a bluish white
luminescence, clearly visible in the dark. The luminesce
is only observed under reverse bias, i.e., when a nega
potential is applied to the upper electrode. TheB2 comb
structures begin to emit atV'60 V and I'30 mA. Bright
bursts of red luminescence are clearly visible and begin
dominate as the potential increases. We note that the
luminescence is far brighter and clearly visible in daylig
The bluish white luminescence is evidently attributable
surface levels at the upper interface of the porous silic
The red luminescence is most likely caused by quantum-
effects in the porous silicon. Thus, two types of lumine
cence were observed: stable but weak bluish white lumin
cence and unstable but efficient red luminescence.

Figure 2 shows the current–voltage characteristics
B2 andB3 point structures and aB2 comb structure. It can be
seen that the characteristic exhibits rectifying behavior. H
teresis can be clearly identified and changes its form dep
ing on whether electroluminescence has occurred in
sample. For example, whereas broader hysteresis was

FIG. 1. Electroluminescence spectra obtained for the following structure
— sampleB2, comb structure; b — sampleB2, point structure; c — sample
B3, point structure.
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served on the reverse branch prior to electroluminesce
after the electroluminescence the hysteresis was broade
the forward branch, and conversely. If we follow th
current–voltage characteristic in the directions indicated
the arrows, on the lower forward branch of the characteri
carriers are dumped into the conducting state from surf
states or deep levels, so that on the return section of
forward branch these excess carriers make an additional
tribution to the total current and the return section of t
forward branch is higher. On the reverse branch, the pat
is reversed~apart from the sign!.

This complex characteristic indicates that several ju
tions are operating efficiently in the Pt–porous-silicon
Si–Al system. This conclusion is supported by an investi
tion of the behavior of the photovoltage in the barrier-lay
regime, which changes its sign at a specific illuminati
wavelength.13 These data will be published in detail at a lat
date.

These current–voltage characteristics obtained have
ferent profiles, particularly for samples whose porous lay
are prepared by different methods and for which the sub
quent laser treatments used to produce the electrolumi
cence also differ. Differences are also observed in the typ
hysteresis. This is because the resulting structure is a fa
complex system of junctions between materials with diff
ent physical properties, characterized by a different ba
structure. The experimentally observed behavior sugg
that the Pt–porous-silicon–Si–Al system may be represen
schematically as a system of series-connected devices
sessing rectifying properties. The behavior of the Pt–poro
silicon junction is obviously similar to the diode propertie
of a metal–semiconductor junction and has a negligible
fluence on the current–voltage characteristic. The proper
of the porous-silicon–Si junction are similar to those of
isotypicn–n heterojunction with different band gaps on th
left and right of the junction. The behavior of this junctio

a

FIG. 2. Current–voltage characteristics obtained for the following str
tures:1— sampleB2, comb structure;2— sampleB2, point structure;3—
sampleB3, point structure.
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at the junction. The operation of an isotypic heterojunct
may be modeled, according to Ref. 13, by two diodes c
nected in opposition. The Fermi level in the porous silic
and the impurity levels in the porous silicon are lower
relation to the conduction band than those in ordinary silic
as a result of the quantum-size effect.14 It was shown in Ref.
13 that the operation of an isotypicn–n heterojunction~from
the point of view of the current–voltage characteristic! de-
pends in particular on the position of the Fermi level in t
wider-gap semiconductor, in this case the porous silicon.
position of this level in the porous silicon is determined
the preparation technology, since it is associated with
quantum-size effect~via the transverse pore sizes!.

In conclusion we note that this set of structures has d
onstrated a fairly high electroluminescence quantum e
ciency and the samples have shown no appreciable deg
tion over prolonged operation~several months!. These
experiments have demonstrated that it is a realistic prop
tion to attain operating voltages corresponding to those
standard ceramic–metal-oxide–semiconductor technolog

The authors would like to thank V. F. Bochkarev a
V. V. Naumov for assistance with preparing the structure
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10É. Yu. Buchin, A. V. Postnikov, V. A. Prokaznikov, V. B. Svetovo�, and
A. B. Churilov, Pis’ma Zh. Tekh. Fiz.21~1!, 60 ~1995! @Tech. Phys. Lett.
21, 27 ~1995!#.

11E. Yu. Buchin, A. B. Churilov, A. V. Postnikov, A. V. Prokaznikov, an
V. B. Svetovoy, Phys. Low-Dim. Struct.2/3, 97 ~1995!.

12E. Yu. Buchin, A. B. Churilov, and A. V. Prokaznikov, Appl. Surf. Sc
102, 431 ~1996!.

13A. G. Milnes and D. L. Feucht,Heterojunctions and Metal-Semiconducto
Junctions~Academic Press, New York, 1972! @Russ. transl., Mir, Mos-
cow, 1975#.

14C. Cadet, D. Deresmes, D. Vuillaume, and D. Stievanard, Appl. Ph
Lett. 64, 2827~1994!.

Translated by R. M. Durham
447Buchin et al.



Electronic properties of microporous silicon under illumination and with the adsorption

lec-
of ammonia
Yu. A. Vashpanov

I. I. Mechnikov State University, Odessa
~Submitted January 27, 1997!
Pis’ma Zh. Tekh. Fiz.23, 77–82~June 12, 1997!

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.
@S1063-7850~97!01406-7#

Porous silicon is currently a promising material in semi-adsorption of ammonia vapor led to any change in the e
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conductor electronics whose physical properties are attr
ing attention among many researchers.1–4 Particular interest
is focused on studying the luminescence properties,5,6 be-
cause of the possibility of developing silicon light emitte
Porous silicon has a large surface area, which leads to
chemical activity when this material interacts with an am
ent gas.7,8 Despite a considerable number of studies,
physical properties of porous silicon have not yet been
termined definitively. This particularly applies to the mech
nism of carrier localization and the adsorption sensitivity
the material. The electronic parameters of porous silicon m
vary widely, depending on its preparation conditions. T
search for a techniques to fabricate photosensitive and
sensitive porous-silicon sensors is also relevant.

Porous silicon samples were prepared by electroche
cal etching ofn- andp-type single-crystal silicon in a 48%
aqueous solution of hydrofluoric acid. During the etchi
process the material was subjected to additional illumina
and ultrasound treatment. Aluminum electrical contacts w
deposited on the surface of the material.

The electronic properties of the samples were studie
temperatures between 293 and 573 K in a special measu
chamber in which the semiconductor could be illuminat
the composition of the gaseous atmosphere could be alt
or the system evacuated. The influence of the adsorptio
O2, H2, NO, NO2, CO2, CH4, and NH3 gas on the electronic
parameters of the material was studied. Certified cylinder
these gases and highly pure nitrogen were used.

When studying the electronic properties of these por
silicon samples, we observed that a voltageU appeared at
the contacts of some of the samples. These samples h
porosity higher than 12%. The value ofU was considerably
higher in samples possessing higher porosity and reache
mV in some cases. The magnitude and sign ofU also de-
pended on the geometry of the contacts and their distribu
over the surface of the material.

The greatest effect was observed for a porous sili
sample with an average porosity of 45%. After the samp
had been heated at temperatures above 423 K in
vacuum, the value ofU at room temperature was 3 mV
When the semiconductor was illuminated with white lig
(E5130 lx!, U was observed to increase to127 mV ~Fig. 1,
curve 1!. The spectra of these gases showed that only
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tronic parameters of the material and the value ofU. As a
result of contact with 490 ppm of ammonia in highly pu
nitrogen,U initially decreased and then changed its si
~Fig. 1, curve2!. Under steady-state conditions the value
U reached235 mV. When the sample was subsequen
illuminated,U increased to15 mV~Fig. 1, curve3!.

Figure 2 shows current-voltage characteristics measu
in the dark~curve 1!, under illumination by white light at
130 lx ~curve2!, and after adsorption of 490 ppm of amm
nia vapor~curve3!. It can be deduced from these results th
the material contains an internal electric field whose mag
tude and sign depend on the measurement conditions~illu-
mination or adsorption of ammonia!.

It should be noted that unlike the other gases studied,
ammonia molecule has a high intrinsic dipole moment.9 The
adsorption of oxidizing gases~O2, NO2, CO2) has no influ-
ence because of the fluorine atom content at the surfac
the material while the adsorption of H2 and CH4 has no
effect because of the high hydrogen content incorpora
into the surface region during the anodic etching proces10

In addition, at room temperature these gases undergo
little chemisorption because of the high heats of adsorpt
This means that the physical reason for the change in
electronic parameters of the material is the physical ads
tion of dipolar ammonia molecules.

A decrease in the absolute value ofU with increasing
measurement temperature is observed after the prelimi
adsorption of ammonia. At 423 K in high vacuum,U again
reaches13 mV and cooling to room temperature in vacuu
does not alter this voltage. With subsequent admission
ammonia vapor and illumination of the material theU profile
is repeated~Fig. 1!. This behavior indicates that these poro
silicon samples contain an internal electric field whose m
nitude and polarity depend on the adsorption of polar amm
nia molecules and on the illumination.

A study of the surface morphology of samples with
microporous structure by scanning electron microscopy
vealed that the body of the silicon is permeated with cyl
drical pores. In addition, the surface of the porous silic
samples showing the greatest effect displayed nonunif
regions of enhanced and reduced porosity, pore diame
and relative distribution, i.e., the geometric structure of th
porous silicon samples is nonuniform.

448448-02$10.00 © 1997 American Institute of Physics
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A study of the chemical composition using seconda
ion mass spectroscopy revealed that the material contai
significant number of incorporated hydrogen atoms. T
concentration of hydrogen atoms is highest near the surf
20–46 at.%, and decreases to zero in the interpore sp
Fluorine atoms were also observed at the surface at a
centration of 2–4 at.%.

It is interesting to note that in hydrogenated silicon t
band gap depends on the incorporated hydro
concentration.11 Thus, the electronic structure of porous si
con may be represented as a variable-gap material wi
maximum band width at the surface and a minimum in
interpore space. The nonuniform geometric and electro
properties of the material give rise to a spatially depend
band width and large fluctuations in the potential in the p
rous silicon structure. This leads to spatial localization of
carriers at potential energy minima, and regions of posit
and negative charge are formed. For porous silicon sam
with a porosity of 45% and an average pore diameter of

FIG. 1. Time dependences ofU for illumination of porous silicon~curve1!,
in contact with 490 ppm ammonia vapor in highly pure nitrogen~2!, and
subsequent illumination~curve3!.

FIG. 2. Current–voltage characteristics of porous silicon samples meas
in darkness after heating in vacuum at 423 K~curve1!, illumination with
white light ~curve 2!, and after adsorption of 490 ppm ammonia vap
~curve3!.
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nm. For a localization of the positive and negative charge
the order of 1017q (q is the electron charge! with a spacing
between them of 10 nm, a dipole is formed with a mome
approximately equal to one debye.

In strictly periodic porous silicon structures the volta
at the contacts should be zero since the local fields of
regions are opposed. On account of the asymmetry in
properties of the porous structure in various directions alo
the surface the value ofU will be nonzero. Thus, the value o
U, equal to the sum of the electric fields of the local spa
structures in the material, is nonzero in certain directions

When the surface of the semiconductor is illuminate
the nonequilibrium carriers tend to become localized at s
of minimum potential energy. This will be accompanied
an increase in the charge density localized in these sp
regions, which will increase the internal field and the volta
U.

Conversely, the adsorption of polar ammonia molecu
reduces the internal local field and thus the voltageU on the
contacts because the local field of the ammonia dipoles i
the direction opposite to that of the structure field of t
material. The adsorption of NH3 is intensified by fluorination
of the surface of porous silicon.10 In this case, the adsorbe
ammonia dipoles become aligned perpendicular to the
face of the pores. The dipole moment of ammonia molecu
is 1.46 D which is comparable with that in the porous silic
structures exhibiting the maximum effect. The local elect
fields of the adsorbate may lead to relocalization of
charge in the structure and a change in the sign ofU, as was
observed experimentally.

It is important to note that a voltage was observed
samples having a porosity greater than 12%. This factor s
gests that for lower porosities the internal fields are fai
weak and the voltageU is not recorded experimentally. A
the porosity increases to 45%, the adsorption of polar gas
the greatest influence onU in asymmetric porous silicon
structures.
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Polycrystalline silicon films doped with aluminum during deposition

D. V. Shengurov

Scientific-Research Physicotechnical Institute, Nizhni� Novgorod State University
~Submitted January 10, 1997!
Pis’ma Zh. Tekh. Fiz.23, 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 increases to 1–8mm with
increasing substrate temperature. High Hall mobilities of the carriers were measured, in the range
30–90 cm2/V•s. © 1997 American Institute of Physics.@S1063-7850~97!01506-1#

Polycrystalline silicon films are widely used to fabricate
1 2 3

For films deposited at reduced temperature~300 °C! and
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thin-film transistors,solar cells, sensors,and various other
components of integrated circuits.4 A disadvantage of this
material is that it contains grain boundaries, which are
sponsible for degradation of its electrical and optical prop
ties. Increasing the grain size and hydrogen passivatio
grain boundaries reduces the density of traps at grain bo
aries and thereby improves the quality of the devices.5,6

Among the various methods of obtaining polycrystalli
silicon with a large grain size at low temperature~<600 °C!,
mention should be made of the method of depositing am
phous films, followed by crystallization by prolonged~sev-
eral tens of hours! annealing at;500 °C~Ref. 7!. However,
this process is uneconomical.

It is known that the crystallinity of films deposited o
steel8 or fused quartz9 substrates is improved considerab
when silicon is deposited onto an aluminum sublayer a
near the eutectic temperature of Al–Si.

In the present paper an investigation is made of how
coevaporation of aluminum during the molecular beam de
sition of silicon influences the fabrication of polycrystallin
silicon of large grain size and high carrier mobility.

Polysilicon films were prepared by molecular-bea
deposition using a subliming silicon source doped with a
minum by a procedure described in Ref. 10. The alumin
concentration in the source was;931018 cm23. The sub-
strates were silicon wafers coated with a;0.4mm thick
layer of thermally grown oxide. The films were prepar
under two sets of conditions. In the first, the films were d
posited at a selected temperature between 540 and 600 °
the second, they were deposited at a substrate temperatu
;300 °C and then annealed at a temperature in this ra
immediately after deposition without exposing the films
air.

The influence of the deposition and annealing tempe
ture on the surface morphology of the films was investiga
using electron photomicrographs obtained from carb
platinum replicas. As the deposition temperature of the fi
increases from 540 to 580 °C, the grain size becomes la
~see Figs. 1a, 1b, and 1c!. The films grown at 540° still
exhibit a fine-grained structure, while those grown
Ts5560 °C show fine grains combining to form larger i
lands. As the growth temperature is increased further~to
580 °C!, the grains in these islands merge to form larg
grains whose dimensions may reach several~1–5! microme-
ters.
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then annealed, the dependence of the grain size on the
nealing temperature was similar to the previous case. H
ever, in these films the grains had a flat top~see Figs. 1d, 1e
and 1f! and the grain sizes were;0.8mm.

Table I gives the deposition (Ts) and annealing (Tann)
temperatures, as well as the resistivity (r), concentration
(N), and mobility (m) of the carriers in the films. It can be
seen that as the substrate temperature increases, the re
ity decreases and the carrier concentration increases, re
ing a maximum of 3.631018 cm23 atTs5580 °C. The maxi-
mum carrier mobility in this film was;90 cm2/V•s. When
the temperature was increased further, the resistivity
creased. A nonmonotonic dependence ofr on Tannwas also
observed for films grown in the two-stage regime. At
annealing temperature of 580 °C, the carrier concentratio
the film was almost the same as that in the source and
maximum carrier mobility was 29 cm2/V•s.

The higher carrier concentration in the films grown u
der the second set of conditions, compared with that in fil
grown under the first, may well be attributed to a differen
in the mechanism of dopant~aluminum! capture by the
growing silicon layer. When the polycrystalline film i
grown at elevated temperature~540–600 °C!, as in the
growth of an epitaxial layer, the aluminum segregates at
surface.11 It only begins to penetrate into the crystal after
certain amount has accumulated on the growth surfac12

When the film is deposited at reduced~;300 °C! tempera-
ture, the dopant penetrates into the amorphous film wit
capture coefficient of unity. As a result of subsequent ann
ing, the film recrystallizes and the embedded impurity b
comes electrically active. Increasing the annealing temp
ture above 580 °C probably intensifies the diffusion
aluminum toward grain boundaries. As a result, its conc
tration in the grain decreases and the resistivity increa
Another possible reason for the improved electrical prop
ties of polycrystalline silicon films doped with aluminum
during deposition is the passivation of the grain bounda
caused by the appreciable diffusion of aluminum towa
these boundaries.13

To conclude, the coevaporation of aluminum duri
the molecular-beam deposition of silicon can be used
grow

450450-02$10.00 © 1997 American Institute of Physics



ce
FIG. 1. Photomicrographs of carbon replicas of the surfa
of silicon films grown at: a — 540 °C, b — 560 °C, c —
580 °C, d–f — 300 °C and annealed at: d — 540 °C, e —
560 °C, and f — 580 °C (316 000).
polycrystalline silicon at relatively low temperature
ie
m

1M. K. Hatalis and D. W. Greve, IEEE Electron. Dev. Lett.EDL-8, 361

ys.

ys.

v,

n

~;580 °C! with grain sizes of several micrometers, a carr
concentration close to that in the source, and a carrier
bility of ;30–90 cm2/V•s.

TABLE I. Resistivity (r), carrier concentration (N), and mobility (m) in
aluminum-doped polycrystalline silicon films for different preparation co
ditions.

Ts , °C Tann, °C r, V•cm N, cm23 m, cm2/V•s

540 2 1.53102 1.731015 3.8
560 2 1.2 1.131018 14.4
580 2 1.931022 3.631018 89
600 2 4.6 5.231017 5.9
300 540 7.83101 331016 2.5
300 560 2.73101 131017 4.2
300 580 2.431022 831018 29
300 600 53102 1.731016 7.3
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Method of monitoring the shape of an atomic force (tunneling) microscope tip using

to
backscattering spectrometry
G. V. Dedkov and S. Sh. Rekhviashvili

Kabardino Balkarsk State University, Nal’chik
~Submitted September 24, 1996!
Pis’ma Zh. Tekh. Fiz.23, 88–92~June 12, 1997!

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 beam. ©1997
American Institute of Physics.@S1063-7850~97!01606-6#

The scanning tunneling microscope~STM! and atomic backscattering of ions from the same or a different beam
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force microscope~AFM! are among the most efficient anal
sis tools in surface physics, nanotechnology, and o
fields.1,2 Despite the continuing search for new modific
tions, the systems for scanning and processing an elect
signal in these devices have already attained a high leve
perfection. The least controllable operation in the constr
tion of STMs and ATMs and the least amenable to straig
forward production techniques is the preparation of the se
ing element — the tip. It is particularly important to fabrica
tips of controllable shape with a small radius~around a few
angstroms, or ideally, with a single atom at the apex of
tip!. Real measurements of the radius of curvature of
probe tip and its overall shape have so far presented diffi
ties. Ion beam milling3,4 whereby the tip surface of is etche
with an ion beam has recently been used as a promi
method of sharpening the tip. In the present paper we p
pose a method of combining the operations of ion milli
and monitoring the probe shape by using the intensity of
452 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/060
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monitor the shape. A very important factor is that both p
cesses can be performed in a single vacuum chamber.

We assume that the STM~AFM! tip has a parabolic
profile with radius of curvatureR at the lower section and
height H. A highly collimated ion beam of circular cros
section with initial energyE0 is directed onto the tip, as
shown in Fig. 1. If the projection of the tip onto the plan
perpendicular to the beam has the areaF, the backscattering
yield on reflection of the beam from its surface will be

Y5IFNs
dE

S~E0!
dV, ~1!

where the standard notation is used:I is the flux density of
the incident ions,s is the differential scattering cross se
tion, N is the density of the tip atoms,dE and dV are the
energy and angular resolution of the detector, andS(E)0 is
the initial stopping power. The use of formula~1! presup-
FIG. 1. Design of experiment.
452452-02$10.00 © 1997 American Institute of Physics
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poses that only those ions backscattered near the surfa
the tip with a layer thickness determined bydE/S(E0) are
recorded.

This factor is important because recording the ba
scattering yield in a wider energy range impairs the prop
tionality betweenY and the surface area at the convex tip

Assuming that the beam axis is located at a distanch
from the end of the tip~Fig. 1! and that it has a Gaussia
intensity distribution over the cross section~with standard
deviations), the productIF should be determined by ave
aging over the area of the projection of the tip on thexz
plane:

^IF &5
I 0

ps2E E
s
dxdzexpF2

~z1h!21x2

s2 G , ~2!

whereI 0 is the maximum beam intensity~at its center!. Sub-
sequently, all the linear dimensions and coordinates are
veniently expressed in units ofR. Formula~2! is simplified
by substituting the variablesu5x/s and n5z/s, «5H/R.
For a tip with the surface equationz5(x21y2)/2R, we ob-
tain:

^IF &5I 0R
2f ~«,s,n!, ~3!

f ~«,s,h!

50.5 erfFA2«

s G H erf~«/s1h/s!2erf~h/s!

2
1

Ap
exp~2h2/s2!E

0

«/s

exp~2t2!erf~A2t/s!dtJ ,
~4!

where erf(x) is the error function. By scanning the tip ove
the Z coordinate, we can find out how the yieldY and the
function f (h) depend on the test conditions. The AFM tip
moved by using a standard piezomotor while keeping
beam axis fixed.

FIG. 2. Relative intensity of backscattering from AFM tip for various d
tances h of beam axis from the end of the tip. It is assumed th
H/R5«5400 ands/R51000. Curve1 is plotted for a parabolic tip and
curve2 for a conical tip.
453 Tech. Phys. Lett. 23 (6), June 1997
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Figure 2 shows theoretical dependences off («,s,h) on
the ratioh/s for «5400 ands51000, calculated according
to formula ~4!. Curve 1 corresponds to a tip shaped as
paraboloid of revolution, while curve2 corresponds to a
cone, having the same heightH and the base radiusr . In the
relative units used it is clear thatr5A2«. Figure 3 shows
similar curves forh50 and various values of« and the
ratios«/s. Curves1 and3 refer to a paraboloid and curves2
and4 refer to a cone.

By applying these results, shape of the tip can be relia
monitored using the experimentally measured depende
f («,s,h).

It should be noted that the real diameter of the diagno
beam~actually, the standard deviations) need not necessar
ily be of the same order of magnitude as the tip height, si
it is sufficient to use only part of the beam. This is al
facilitated by the fact that the tip material usually diffe
from that of the AFM apparatus, so that the correspond
energy spectra are shifted relative to each other on the en
scale and are easily identified. Nevertheless, it is obviou
desirable to use submicron beams and low current den
Such parameters have already been achieved in mo
beam technology.

The problem of calculating the tip shape as a function
laser irradiation time and intensity is more complex~even if
the angular dependence of the sputtering coefficient
known!. This issue will be examined at a later date.

1V. S. Édel’man, Prib. Tekh. E´ksp. No. 1, 24~1991!.
2D. Sarid,Scanning Force Microscopy with Applications to Electric, Ma
netic, and Atomic Forces~Oxford University Press, New York, 1991!.

3M. J. Vasile. D. A. Grigg, J. E. Griffithet al., Rev. Sci. Instrum.62, 2167
~1991!.

4L. C. Hopkins, J. E. Griffith, L. R. Harriottet al., J. Vac. Sci. Technol. B
13, 335 ~1995!.

Translated by R. M. Durham
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FIG. 3. The same as Fig. 2 for various values of«/s andh50. Curves1
and3 are plotted for a parabolic tip with«5100 and 200, and curves2 and
4 are plotted for a conical tip.
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Dry etching of aluminum nitride by an ion beam

D. M. Demidov, R. V. Leus, V. P. Chaly 

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 AlN 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 relief~systems of mesa stripes! in AlN layers. It is demonstrated that this
method can be used for smoothing the AlN surface. ©1997 American Institute of
Physics.@S1063-7850~97!01706-0#

One of the important problems in modern optoelectron-AGNK-3 gallium arsenide with the~100! orientation, a layer
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ics related to the production of semiconductor photodio
and heterolasers in the blue-green region is the developm
of methods for forming profiled structures based on
group III nitrides, including AlN. The solution of this prob
lem by the method of standard photolithography, based
the treatment of samples in liquid solutions is difficult b
cause of the high chemical resistance of the nitrides. Th
fore new methods are needed to form structures with a sp
fied geometry.

The present paper reports an investigation of usin
collimated ion beam for dry etching of AlN prepared b
various methods.

For the etching we used a broad, partially neutraliz
collimated argon ion beam with an energy up to 1 keV. T
ion source was mounted on the flange on the work cham
of a multifunctional vacuum apparatus. The distance
tween the emitter mesh of the source and the sample
;80 mm. The sample was placed on a rotating pedestal.
rate of rotation of the pedestal during the etching was 1
rpm. The angle of incidence of the ion beam could be var
from 0 to 90 degrees.

For purposes of comparison we used the following m
terials as test samples for the method: single-cry

FIG. 1. Rate of etching aluminum nitride versus the accelerating voltag

454 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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of aluminum nitride grown on leukosapphire substrates
reactive magnetron sputtering at 600 °C, and by vapor-ph
deposition in a chloride system at 1100 °C. The AlN laye
prepared by magnetron sputtering were polycrystalline w
a great deal of surface roughness, as much as 3000 Å.
layers grown by vapor-phase epitaxy were highly textur
An x-ray structural analysis of these layers, carried out o
DRON-2 diffractometer~Cua radiation! revealed reflections
only from the surfaces perpendicular to the^0001& direction.

First, we investigated how the dry etching of crysta
depended on the parameters of the process. In all sample
etching depth increased linearly with time, which indicat
that the etching rate is constant. The etching rate of Ga
and of polycrystalline and highly textured layers of AlN as
function of the accelerating voltage for a constant ion curr
of 14 mA was measured. One of these curves taken for p
crystalline AlN is shown in Fig. 1. As one can see from th
figure, the etching rate varies linearly with the accelerat
voltage in the range 300–1000 V, and as the voltage is lo
ered below 300 V, the etching rate falls off sharply, going
zero atU'50–70 V. This dependence agrees with the th
oretical notions of the cascade mechanism of sputtering

.
FIG. 2. Rate of etching gallium arsenide and aluminum nitride prepared
different methods versus the ion beam current.

454454-02$10.00 © 1997 American Institute of Physics
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surface, characteristic of this range of incident ion energy2,3

In turn, this result implies that there are very few hig
energy ions in the beam.

In Fig. 2 we show the etching rate of GaAs and A
layers versus the ion beam current and a constant acce
ing potential of 600 V. In the entire range of current w
observed a linear increase in the etch rate. The etching r
of these materials for identical beam characteristics are n
rally quite different, and for a current of 10 mA are;330
Å/min for GaAs,;100 Å/min for polycrystalline AlN, and
;75 Å/min for textured AlN.

We have tested the possibility of smoothing the A
surface by ion beam etching. For this purpose we used
AlN film grown by magnetron reactive sputtering, with
great deal of surface roughness. The etching was carried
through a photoresist mask. In Fig. 3 we show the profi
meter curve of the AlN surface after etching~the left-hand
part! and the part covered by the mask during the etch
~the right-hand part!. This figure shows that the characteris
surface roughness size after the etching had diminished f
; 0.3mm to tens of angstroms.

This method of ion etching was used for creating rel
on the surface of a layer of textured AlN. For this purpo
we used a photoresist mask with dimension 5mm every 3
mm, through which the AlN layer was dry-etched to a dep

FIG. 3. Profilometer curve of the surface layer of aluminum nitride a
etching~left side! and the unetched part~the right side!.
455 Tech. Phys. Lett. 23 (6), June 1997
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of ;2 mm to form a system of mesa stripes. Figure 4 sho
a photomicrograph of the cleaved structure after etching
removal of the photoresist mask.

The following conclusions can be drawn on the basis
these investigations:

— The method of etching permits us to form relief o
the AlN surface and smooth the roughness of the surfac

— The etching rate depends on the method used to
posit AlN and the degree of its crystallization.

This work was performed with the support of the Ru
sian Fund for Fundamental Research~Grant No. 96-02-
17203!.

1H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burn
J. Appl. Phys.76, 1363~1994!.

2P. G. Glöersen, J. Vac. Sci. Technol.12, 28 ~1975!.
3G. F. Ivanovski� and V. I. Petrov,Ion-Plasma Treatment of Materials@in
Russian# ~Radio i Svyaz’, Moscow, 1986!.
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FIG. 4. Photomicrograph of the cleaved section of a structure with m
stripes formed in a layer of aluminum nitride.
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Functional properties of silicon/non-native-oxide heterostructures

the
E. A. Tutov, S. V. Ryabtsev, and E. N. Bormontov

Voronezh State University
~Submitted December 27, 1996!
Pis’ma Zh. Tekh. Fiz.23, 7–13~June 26, 1997!

It is shown possible to use Al/SnO2/Si and Al/WO3/Si metal–oxide–semiconductor structures as
photodiodes with a large-area heterojunction. For structures with a film of amorphous
tungsten trioxide (a-WO3) they show promise for applications associated with the development
of varicaps and photovaricaps and also chemical sensors of the capacitance type. ©1997
American Institute of Physics.@S1063-7850~97!01806-5#

In addition to the general trend to miniaturization of the capacitance–voltage characteristics were measured by

d
, a

ct
d
d
if

or
T
ie

th
s
e

o
sm
te
e
th
e
his
es
a
A
c-
th
pe
ity

by
a
er

r
va
ro
-
an
a
nc

the

-
t–
sti-
he
to-
e

the
in-
r,
ing
a

ge.
t
n,
r a
cy

tics

the

gas
nd
we
a

5
ec-
e.

hi-
the
mon-
or of

c-

60
elements used in electronics, there exists a steady nee
large-area structures, such as photodetectors, displays
sensors for ‘‘artificial smelling.’’

The unique qualities ofc-Si/SiO2 heteroboundaries
make this system the basis of modern semicondu
microelectronics.1 The combination of the highly develope
silicon technology plus the use of other oxide layers, inclu
ing nonideal insulators, makes it possible to greatly divers
the functional properties of these structures.

Films of tin dioxide are used as transparent conduct
the functional layers of heaters, and chemical sensors.
high sensitivity of the electrophysical and optical propert
of tungsten trioxide to the stoichiometry~deficiency in the
anion sublattice and the presence of interstitial cations in
structural interstitial sites! is the prerequisite for using thi
material as the active layer in sensors, indicating devic
and photoelectrochemical devices.

Silicon heterostructures with thina-WO3 films have
been previously studied,2–7where the main problems were t
determine the various properties of the electrochromi
photochromism, and thermochroism in amorphous tungs
trioxide, and for which purpose the investigators exploit
the high sensitivity of the electrophysical parameters of
heteroboundaries to the electronic processes taking plac
the oxide layer. Besides providing basic information, t
structure has functional possibilities of independent inter

This paper reports a study of some electrophysical ch
acteristics of the metal/oxide/semiconductor structures
SnO2/Si and Al/WO3/Si. In either case the disordered stru
ture of the oxide film governs their main characteristics,
surface properties are more important than the bulk pro
ties, they have a high ionic conductivity, and the mobil
gap has a larger value~for a-WO3).

The Al/a-WO3/Si heterostructures were prepared
vacuum condensation of the thermally evaporated oxide
metal. The substrates were single-crystal silicon waf
mostly of type KÉF-4.5 with the~001! orientation. The mi-
crocrystalline tin dioxide films were deposited by dc and
magnetron sputtering. The thickness of the oxide layers
ied between 50 and 500 nm. The area of the upper elect
of the test structures was 0.531.0 mm. The correlation be
tween the method of preparation and the local order
structure of the films has been discussed in, e. g., Refs. 8
9. The current–voltage characteristics and high-freque
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usual methods, as described in Refs. 4 and 10.
In Fig. 1a we present the reverse branches of

current–voltage characteristics of the WO3/Si and the
SnO2/Si structures. Illumination with white light with a spe
cific power of 0.01 W/cm2 causes changes in the curren
voltage characteristics, as is usual for photodiodes. Inve
gation of their spectral sensitivity showed that t
photovoltaic effect is mainly due to the generation of pho
carriers in the silicon~the peak of the photocurrent lies in th
near infrared!.

Because of the high resistance of the oxide layers,
absolute values of the photocurrent in both structures is
sufficient for practical utilization for solar energy. Howeve
for special-purpose photodiodes the possibility of obtain
large-area heterojunctions and its illumination through
transparent oxide layer is regarded as a definite advanta10

The capacitance of the WO3/Si structure also varies no
only with the applied voltage, but also with the illuminatio
which is the physical basis for its operation as a varicap o
photovaricap. In Fig. 1b we show the high-frequen
capacitance–voltage characteristics for the case of ap-Si
substrate. We note that the capacitance tuning ratio~in the
present case;5) can be even higher than 10~Refs. 2 and 5!,
which is much higher than, for example, the characteris
of similar Al/Sm2O3/Si structures

11 for a comparable slope
of the capacitance–voltage characteristic.

For the structure with the SnO2 film the higher conduc-
tance of the oxide layer did not permit us to measure
equilibrium capacitance–voltage characteristics.

The possibility of using these diode structures as
~photo! detectors in a manner similar to that of Refs. 12 a
13 will be the object of a separate investigation. Here
only note that the WO3/Si structures can operate as
capacitance-type chemical sensor.

An a-WO3/Si heterostructure was used in Refs. 4 and
for studying the properties of the photochromism and el
trochromism in thin films of amorphous tungsten trioxid
The electrophysical parameters of thea-WO3/Si heterostruc-
tures are distinguished by their high sensitivity to the stoic
ometry of the oxide layer. In essence, the change in
capacitance–voltage characteristic in these processes de
strates the operation of this structure as a chemical sens
hydrogen~Fig. 2a!.

Double injection of electrons and protons from an ele

456456-03$10.00 © 1997 American Institute of Physics
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trolyte or photoinjection of hydrogen by ultraviolet irradia
tion results in a partial reduction of WO3 and places the
tungsten ions in the lowest oxidation state~15!. This causes
an increase in the density of negative effective charge an
corresponding shift of the capacitance–voltage character
of metal/oxide/semiconductor structure. In the pho
chromism and electrochromism processes hydrogen is
jected into the structural voids of WO3, which causes corre
sponding energy reorganizations5 leading to the formation of
hydrogen-tungsten bronze.14 This oxidation-reduction reac
tion is reversible.

It is known that a-WO3 films chemisorb water8 and
other hydrogen-containing substances that are ph
chromism enhancers — alcohols, aldehydes, and oth
whose split-off protons lead to consequences similar to th
due to the direct injection of hydrogen~Fig. 2b!.

The capacitance–voltage characteristics were meas
at room temperature, where the kinetics of the adsorpt
desorption processes are unsuitable for the practical de
tion of gases~taking hours!, and therefore Fig. 2b only

FIG. 1. a — Dependence of the short-circuit currentI sc on the reverse bias
V for Al/WO3/n-Si and Al/SnO2/n-Si heterodiodes in the dark and wit
illumination ~curves1, 18 and 2, 28, respectively!; b — high-frequency
capacitance–voltage characteristics of the Al/a-WO3/p-Si heterostructure in
the dark~1! and with illumination~18). The frequency of the test signal is
MHz, the amplitude is 20 mV.
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shows the maximum possible change in the capacitanc
thea-WO3Si structure in the presence of ethanol vapor.

An important feature of amorphous tungsten trioxide
the active layer for sensors of hydrogen and hydrog
containing compounds is the bulk mechanism of the proc
which permits operation over a broad range of concen
tions, and the high degree of porosity of the film and t
large surface-to-volume ratio, which provides fast operat
at relatively low temperatures.

The amorphous tungsten trioxide films exhibit more p
nounced electrochromism or sensor properties, but the t
modynamic instability is the main reason for time-depend
degradation of its characteristics~the ‘‘aging’’ effect8!. This
problem may be partly solved by preparing polycrystalli
films with a specified texture,14 in which the high ionic con-
ductivity characteristic ofa-WO3 are preserved.

The multifunctionality of these structures, which provid
in principle the possibility of using a single material as t
active layer in structures for different applications~transpar-
ent contacts, physical and chemical sensors, information

FIG. 2. a — High-frequency capacitance–voltage characteristics of an
a-WO3/n-Si heterostructure~1! and its change with the injection of hydro
gen into the tungsten trioxide in photochromism~2! and electrochromism
~3! processes; b — high-frequency capacitance–voltage characteristic of
Al/a-WO3/n-Si heterstructure before~1! and after~2! storage in saturated
ethanol vapor for a day.
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the solution of the problem of their integration and combin
technology.
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Solitons in disperse systems with electric double layers

tem
E. G. Fateev

Institute of Applied Mechanics, Ural Division of the Russian Academy of Sciences, Izhevsk
~Submitted January 17, 1997!
Pis’ma Zh. Tekh. Fiz.23, 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. ©1997 American Institute of
Physics.@S1063-7850~97!01906-X#
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with nonconducting spherical inclusions~grains! having thin
liquid or quasiliquid conducting shells, suspended in a so
insulator, one can observe giant values of the permittivity
ultralow frequencies.1,2 Similar kinds of phenomena are als
possible in other types of disperse systems. For the sak
simplicity the theories of this effect1–4 have examined the
behavior of charges in external time-dependent fields on
more than one cell. In going from a single cell to the bu
disperse system in the analysis of the electromagnetic
sponse to an external interaction, one must take into acc
the interaction among the moving concentrated charge
the shells of the neighboring grains. It is clear that elect
magnetic waves~charge density waves! can propagate in
such systems of coupled oscillators. An analysis of t
proposition is the subject of the present letter.

We consider a system of one-dimensional oscillat
with uncompensated charges in the shells of disperse
ticles of radiusr separated by a distancea from each other,
as shown in Fig. 1. It is assumed that the ordering in
orientation of the charges is additive when the system
driven out of equilibrium, for example, after an electroma
netic field pulse on the first particle. Then the positi
charges~we assume that they are considerably more mo
than the negative charges! deviate in particles1–3 by the
angleswn21, wn , andwn11. Let us consider the interactio
between the charges and their surroundings in the Coul
approximation. The expressions for the kinetic energy of
system of charges with massesMn5cnm is

Tk5
1

2(n Jnẇn
2 . ~1!

HereJn5Mnr
25cnmur/v is the moment of inertia,u is the

velocity, v is the angular frequency of the oscillations, a
cn is the number of uncompensated charges~cations! of mass
m in the shell of thenth particle. If we assume that th
dissipative forces depend linearly on the velocity of t
charges, then the corresponding dissipative function with
dissipation parametersa takes the form

D5
1

2(n aẇn
2 . ~2!
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U int52
Q1Q1

4««0p
(
n

H 1

@a2r ~sin wn212sin wn!#

2
1

@a2r ~sin wn2sin wn11!#
J . ~3!

Here« is the permittivity of the medium between the charg
with the shells and«0 is the permittivity of free space. If the
deviations of the charges from their equilibrium positions a
assumed to be small~i. e., sinwn'wn), then relation~3! for a
chain of oscillators can be written as

U int52B(
n

~wn111wn2122wn!, ~4!

whereB5(Q1)2r /4p««0a
2. The local energy of interaction

of the oscillating chargesQ1 with the surrounding field cre-
ated by the concentrated chargesQ2 external to the shells
~see Fig. 1! is given by the expression

Ul52A(
n

coswn , ~5!

whereA5Q1Q2/4p««0a
2. The Lagrangian for this system

is

Z5Tk2U int2Ul . ~6!

Let us assume that a time-dependent forceF(x,t) acts
on the model system. Then, using the Euler-Lagrange eq
tion ~2! including dissipation, we find the following nonlin
ear equation of motion for the function~6! in the continuum
approximationna→x, wn(t)→w(x,t)

]2w

]t2
2n0

2 ]2w

]x2
1v0

2 sin w1h
]w

]t
5g~x,t !. ~7!

The maximum velocity of propagation of the excitatio
in this system isn05(aB/J)1/2 the plasma frequency is
v25(A/J)1/2, the perturbation isg(x,t)5F(x,t)/J and the
coefficient corresponding to the dissipation level
h5a/J.

459459-02$10.00 © 1997 American Institute of Physics
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FIG. 1. System of oscillators, showing the oscilla
tions of the charges in the shells~the usual shell
thickness is 10–100 Å! around the particles with
diameters 2r , separated by a distancea.
Expression~7! is the well-known perturbed sine-Gordon
u
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equation, which has soliton solutions. The sine-Gordon eq
tion is found everywhere, and can describe wave propaga
in ferromagnets, Josephson transmission lines, superi
conductors, the behavior of charge density waves, etc.~see,
e.g., Refs. 5 and 6!. It is clear that in the present case as we
many interesting features of the behavior of solitary wave
disperse systems can be similar to those found in the m
diverse media.5,6 However, the behavior of solitons in dis
perse systems can exhibit unusual properties, associated
the possible giant soliton-like excitations. The lithosphe
can be cited as an example of a giant disperse system
rated with fluids.2

Let us consider in this discussion the type and the
mensions of a disperse system in which one may obs
these waves. An ideal model would be that of immob
spherical inclusions with liquid or quasiliquid shells, su
pended in a solid insulator and separated by a dista
a;3r . It is assumed that the ions can migrate and diffu
freely along the surface of the inclusion in the shell. It is a
assumed that the exchange of charge carriers in the s
with the dielectric matrix is negligible. The characteris
frequencies at which this system has a high permittivity
given by the relationn52D/r 2 ~Ref. 2! and for an inclusion
size r;1025 cm and ordinary ion diffusion coefficient
D;1024–1026 cm2/s this frequency is in the rang
n;1024–1026 Hz. The solution of the sine-Gordon equ
tion can be correct if the characteristic length in the medi
is not less than the size 2a of an elementary cell, consistin
of at least two grains, that is,l52pn0 /v0.2a ~Ref. 7!. To
these characteristic dimensions correspond the plasma
quencies v0,pn0 /r;101–106 rad/s for n0;1022–103

m/s. This assumption agrees with estimates of the cha
density per unit volume of the shell,cn,1022 charges/m3

~Ref. 2!. The corresponding uncompensated charge in
shell of a grain of sizer;1023–1024 m can be of the orde
of Q1'cnq;10212–1029 C. Hereq;1.6310219 C is the
elementary charge.

Using the concept of the balance of power entering i
and dissipated in the system, as described by the pertu
460 Tech. Phys. Lett. 23 (6), June 1997
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steady-state velocity of the waves as a function of the p
turbation amplitudeF, the dissipationa, and the plasma fre-
quencyv0 in the form n'n0$11(4va/Fp)2%21/2. It fol-
lows from this relation that for any perturbation power, t
maximum velocity in a system of uncompensated char
Q1;10212 C and inclusion radiusr;1023–1024 m does
not exceedn0;103–104 m/s. The characteristic length i
aboutl;1–10 cm if there is no appreciable concentrat
chargeQ2 near the grain. Thus the solution of the sin
Gordon equation can be correct for disperse systems
nearly any inclusion size.

In conclusion, it should be noted that because of
possibility of giant ultralow frequency of the permittivity in
such disperse systems, the nature of the soliton-like for
tions in them can be nontrivial. A possible consequence
also a decrease in the threshold for mechanical stability
dehydrating solid compounds in external electric fields
ultralow frequency.9–11
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Appearance of molecular hydrogen in the ultraviolet spectra of diamond-like carbon

ny
B. R. Namozov, É. A. Smorgonskaya, M. P. Korobkov, and V. I. Ivanov-Omski 

A. F. Ioffe 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-likea-C:H.
Scattering lines are observed corresponding to transitions between the rotational states of the
hydrogen molecule. The interaction with thea-C:H matrix increases the internuclear
distance and perturbs the electronic-vibrational terms of the H2 molecule, so that resonance
Raman scattering can be observed, excited by 10.04 eV photons. ©1997 American Institute of
Physics.@S1063-7850~97!02006-5#

Many of the remarkable properties of diamond-like car-directly at the external window of the cryostat without a
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bon (a-C:H! are associated with incorporated hydroge
which can enter into the disordered carbon matrix in vario
states: chemically bound or free atoms, free molecules,
While the bound hydrogen can be detected by the infra
vibrational spectra without difficulty,1 the problem of ob-
serving free hydrogen in thin films ofa-C:H is complicated
by the inadequate sensitivity of the NMR spectrometer or
Raman spectrometer in the visible range~in the absence o
resonance!. Recently we reported on an investigation of t
equilibrium of the bound and free hydrogen in bulka-C:H
~Ref. 2!, but the state of the free hydrogen was still u
known. In the present communication we present experim
tal results that show thata-C:H contains molecular hydro
gen.

The layers ofa-C:H were prepared by magnetron spu
tering of a graphite target in an argon–hydrogen~4 : 1!
plasma at a pressure of about 10 mTorr in the work cham
The temperature of the substrate~fused quartz or single
crystal silicon! was up to 200 °C. The argon ion energy w
about 100 eV. For primary monitoring of the films we me
sured the infrared transmission in the region of the vib
tional frequency of the C–H bond by means of a Spec
751IR two-beam spectrometer. A portion of a typical abso
tion spectrum in the neighborhood of the C–H stretch f
quency is shown in the inset to Fig. 1. The structure of
bands is very typical of diamond-like carbon, and indica
the breaking ofsp3 bonds in the material.

To study the spectral characteristics of the hydrogen
the a-C:H films we used the method of resonance Ram
scattering. The experimental setup included a vacuum
ostat of the contact type combined with a Seya-Namio
vacuum monochromator with a reflection angle of 70°. T
monochromator employed a novel ruled elliptical diffracti
grating with a variable line spacing to reduce astigmati
and coma. With a relative aperture of 1:8 and a recipro
dispersion of 13.2 Å/mm, this grating gives a resolution
0.25 Å in the operating range of the monochromator, 90
3000 Å. The measuring channel employed an FE´U-142 pho-
tomultiplier and a photon counting system. The excitat
sources were KsR-2P and KrR-2P xenon and krypton lam
The radiation spectra of these lamps contain mainly the
tense (;1014 photons/s! resonance lines of xenon at 1470
and krypton at 1236 Å, which allowed us to place the lam
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preliminary monochromatization. To record the scatte
light the samples were placed in such a way that the
reflected specularly from the surface was displaced rela
to the slit in the blackened cavity of the entrance unit of t
monochromator.

Figure 1 shows a graph of the light scattered from
a-C:H sample 1mm thick, measured at room temperature.
took about 500 seconds to accumulate each point, for a d
count of 1–2 counts per second in the photomultiplier.

The main result is the observation of two distinct pea
of scattered light in the wings of the excitation line at 1236
~Kr! symmetrically disposed about the center by 550 cm21.
In addition, weaker lines at 780 and 960 cm21 are observed
in the anti-Stokes spectrum. The resolution in the meas
ments was620 cm21. Thus the observed scattering spe
trum shows one Stokes and three anti-Stokes compone
We note that at room temperature the lowest-energy a
Stokes line at 550 cm21 is somewhat elevated compared
the corresponding Stokes line. At 80 K the Stokes and a
Stokes scattering lines are equal in amplitude.

The scattered lines are about two orders of magnit
lower in intensity than the excitation line at 1236 Å~Kr!. A
careful study of the shape of the other excitation line at 14
Å ~Xe! did not reveal any such structure on the wings up
scattering from the sample. Control measurements of sca
ing from glass substrates on which the layers ofa-C:H were
subsequently deposited also did not reveal any such feat
on the wings, either with krypton or with xenon excitation

To interpret these results, let us note the proximity of t
krypton excitation line ~1236 Å, photon energy
\vex510.04 eV! to the energy gap between the1Sg

1 ground
state and the1Su

1 excited electron terms of the H2 molecule,
which, with allowance for the zero-point vibrations
;10.93 eV~Ref. 3!. It may be supposed that because of t
van der Waals interaction of the molecular hydrogen with
medium, a change occurs in its electronic terms. As a re
it becomes possible at the wavelength 1236 Å to obse
resonance Raman scattering by the H2 molecules that inter-
act with the structural elements of the main matrix of t
diamond-like carbon. In other words, the hydrogen m
ecules entering into the medium become quasifree.
scales of the ‘‘reorganization’’ of the ground state of the fr
H2 molecule ina-C:H can be estimated from a compariso

461461-03$10.00 © 1997 American Institute of Physics
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FIG. 1. Raman scattering spectra ofa-C:H films at
room temperature~film thickness 1mm!. The inset
shows a portion of the infrared absorption spectrum
the region of the stretch vibrations of the C–H bond
of the observed resonance Raman scattering spectrum with
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published data on Raman scattering of gaseous molec
hydrogen.

In the paper of Stoicheff4 results were presented of a
investigation of Raman scattering in gaseous H2. The reso-
nance Raman scattering spectrum observed by us is loc
principally in the region of the anti-Stokes frequencie
Nonetheless, one can readily see the similarity between
spectrum from Ref. 4 and that shown in Fig. 1 from t
frequency shifts in the scattered line relative to the excitat
line. The data of Ref. 4 indicate that these shifts for H2 in the
gas phase are 354, 587, 814, and 1034 cm21 and correspond
to the~2–0!, ~3–1!, ~4–2!, and~5–3! transitions between the
rotational sublevels of the electronic-vibrational grou
state.

In the H2 molecule the rotational states closest in ene
differ in the total angular momentumJ by 2: the parahydro-
gen molecule has even values ofJ and the orthohydrogen
molecule has odd values~see, e.g., Ref. 5!. In accordance
with the selection rule for linear molecules, the transitio
with DJ562 should appear in the rotational Ram
spectrum,6 so that in the H2 molecule transitions betwee
sublevels with evenJ ~parahydrogen! and with oddJ ~ortho-
hydrogen! will be observed in the Raman scattering spe
trum.

In the present case, the frequency shift with scatter
are 550, 780, and 960 cm21, i.e., they differ from those listed
above by about 5%. The~2–0! transition, which correspond
to a Raman scattering frequency 354 cm21, was not seen
because of the strong Rayleigh broadening of the 123
excitation line by the inhomogeneous film. From the co
parison one can see that the anti-Stokes frequencies of
780, and 960 cm21 we observed correspond to the~1–3!,
~2–4!, and~3–5! transitions between the rotational subleve
of the electronic-vibrational ground state of the para- a
orthohydrogen molecules withDJ512. We naturally at-
tribute the Stokes line at 550 cm21 to the~3–1! transition in
the orthohydrogen molecule forDJ522.

On the basis of this interpretation of the experimen
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mate the rotational constantB5\/mr2 in the expression for
the rotational energy of a molecule,Er5BJ(J11), and con-
sequently the internuclear spacingr in the electronic-
vibrational ground state of the molecule.~Herem is the mass
of the hydrogen atom!. We find that the values ofB calcu-
lated for all three observed frequency shifts agree with go
accuracy and average out toB554.7 cm21. This value is
about 10% lower than that for gaseous H2 ~60.85 cm21; Ref.
3!. From our estimates, the average internuclear distanc
the H2 molecule embedded in thea-C:H matrix is 0.782 Å.
In gaseous H2 this distance isr e50.7414 Å ~Ref. 3!. This
appreciable increase inr compared tor e is due to the inter-
action of the H2 molecule with thea-C:H matrix, which
results in an effective elongation of the molecule, which
creases its moment of inertia and reduces the rotational
quency. We note that because of the elongation of the m
ecule one might also expect a reduction in its characteri
vibrational frequencies.

In this situation the energy of the electronic transitio
are decreased in the molecule, which, because of the in
action with the medium are in an excited state relative to
completely free molecules in the gas. This means that
energy of the excitation photon,\vex510.04 eV~Kr! is very
close to the energy of the corresponding electronic transi
1Sg

1~pert!→1Su
1~pert! between the perturbed terms of m

lecular hydrogen. At the same time, the photon ene
\vex 5 8.44 eV for the excitation line at 1470 Å~Xe! does
not suffice for resonance at this transition. This result is e
dence for the correctness of the statement above that a
1236 Å line~Kr! we are observing resonance Raman scat
ing by the quasifree H2 molecules embedded in thea-C:H
matrix.

This work was supported by the Russian Fund for Fu
damental Research~No. 96-02-16851! and partly by a grant
from Arizona University.
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Energy transitions in CuIn(Te,Se) 2 chalcopyrite films near the fundamental

e

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. Fiz.23, 25–30~June 26, 1997!

The structure of the fundamental absorption edge in thin CuIn~Te,Se!2 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 ©1997 American Institute of Physics.
@S1063-7850~97!02106-X#

Thin-film structures based on the chalcogenide com-for R(l) and T(l) taking into account interference in th
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pounds CuInSe2 and CuInTe2 have high absorption coeffi
cients (a'104–105 cm21) and optimum band gapsEg'1
eV for making efficient solar cells,1–5 while the solid solu-
tions of CuIn~Te,Se!2 ~CITS! can be used not only as absor
ing layers but as the intermediate layers for improving
mechanical and optical properties of the Mo/CuInS2
structure.6 It would be of considerable interest to study t
physical properties of thin CITS films, in particular their o
tical characteristics and the nature of the energy transition
these materials near the fundamental absorption edge. T
is little published information on the optical properties
thin CITS films because of the difficulty of preparing st
ichiometric layers by standard deposition methods.

Previously we reported on the preparation of stoich
metric thin films of CuInSe2, CuInTe2, and CuIn-
~Te0.15Se0.85)2 by pulsed laser deposition and a study of t
structure of the absorption edge in these films.7–10 In the
present paper we present the results of an investigation o
photon energy dependence of the edge absorption of
ichiometric thin films of the chalcogenide CuIn~TexSe12x)2
(0<x<1) ~the stoichiometry is known with an accuracy
2% from Rutherford backscattering measurements!. The
films were prepared by pulsed laser deposition in a man
similar to that described previously.7–10 It was possible to
determine how the transitions associated with direct allow
electron transitions from the valence band to the conduc
band and transitions resulting from the splitting of the v
lence band by the tetragonal crystal field and the spin-o
interaction depend on the composition of the CITS solid
lutions.

The wavelength dependences of the reflection coeffic
R and of the transmissionT of the CITS films on glass sub
strates were measured at room temperature in the visible
near infrared ~500–1700 nm! on Specord-61 NIR and
Specord-UV-VIS spectrophotometers. For the measurem
we used the standard reflection attachment with symme
beam paths. The spectral resolution was'0.8 meV in the
visible and 0.5 meV in the near infrared. The measurem
error in the reflection coefficient was no more than 2%. T
film thickness was'0.6mm.

The optical constants of thin CITS films were found
solving the system of equations using the experimental d
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T145
12R12

12R12Ra
1
•Ta ,

R145
R12Ta

2

12R12Ra
1

1Ra . ~1!

HereR125(n221)2/(n211)2 is the Fresnel reflection coef
ficient at the film-air interface,Ra5C/A; Ra

15B/A;
Ta516n3(n2

21k2
2)/A; T14 andR14 are the measured trans

mission and reflection coefficients of the film- substrate s
tem

A5rt exp~gk2!1ds exp~2gk2!12S cos~n2g!

12t sin~n2g!,

B5rs exp~gk2!1dt exp~2gk2!12q cos~n2g!

22r sin~n2g!,

FIG. 1. Photon energy dependence of the absorption coefficient of thin fi
of CuIn~TexSe12x)2.
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FIG. 2. Concentration dependence of the transitionsEA , EB ,
andEC .
C5ts exp~gk2!1sr exp~2gk2!12q cos~n2g!
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12r sin~n2g!,

s5~n22n3!
21k2

2 , r5~n211!21k2
2 ,

t5~n21n3!
21k2

2 , r52k2~n321!~n2
21k2

21n3!,

d5~n221!21k2
2 , t52k2~n311!~n2

21k2
22n3!,

S5~n2
21k2

2!~n3
211!2~n2

21k2
2!22n3

214n3k2
2 ,

q5~n2
21k2

2!~n3
211!2~n2

21k2
2!22n3

224n3k2
2 ,

g54pd2 /l.

The system of equations~1! were solved by an iteration
method. It was assumed that the refractive index of the in
phase (n1) and of the final phase (n4) is unity, and that of
the substrate isn351.560.01. The accuracy in the determ
nation ofn2 andk2 was60.001. The absorption coefficien
a was determined from the relationa52pk/l.

An analysis of the curves ofa(v) for the CITS films
~Fig. 1! by the quasicubic model ofp–d hybridization of the
valence bands in the chalcogenide compounds11 showed that
a large contribution to the structure of the edge absorptio
the CITS films comes from direct allowed transitions, det
mined from the relations (a\v)25An

2(\v2Egn) in differ-
ent energy intervals:EA is the valence band-conduction ban
transition (G7

v–G6
c); EB is the transition associated with th

splitting of the valence band by the tetragonal crystal fie
(G6

v–G6
c); EC is the transition associated with the spin-or

splitting of the valence band (G7
v–G6

c). The concentration
dependences of the transitionsEA , EB , andEC are nonlin-
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l

of
-

,

solid solution ~Fig. 2! and are described by the quadra
equations

EA~x!50.97320.689x10.693x2,

EB~x!51.03420.436x10.449x2,

EC~x!51.20620.653x10.64x2.

The nonlinearity parametersCA , CB , andCC are, respec-
tively, 0.693, 0.449, and 0.64, and are determined here
the first time for CITS films. It might be suggested that t
nonlinear nature of the composition dependence ofEA ,
EB , andEC of the CITS solid solutions may be related to th
nonlinear properties of the crystal field of the solid solution
but to verify this would require additional investigations b
the pseudopotential method. It should be pointed out that
shape of the curve ofEA versus the composition of the soli
solution with a minimum atx50.5 for the films is in good
agreement with the data of Ref. 12 for CITS crystal.

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

The authors wish to thank V. F. Gremenek and I.
Viktorov for preparing the films and determining their com
position.

This work was financed by the Russian Fund for Fun
mental Research~Grant No. F94-289!.
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Surface light waves on the boundary of a photorefractive crystal with a diffusion-drift

nonlinearity mechanism

V. N. Bely  and N. A. Khilo

Division of Optical Problems in Information Sciences, Belarus Academy of Sciences, Minsk
~Submitted January 15, 1997!
Pis’ma Zh. Tekh. Fiz.23, 31–36~June 26, 1997!

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 fieldE0 one can control both
the parameters and the type of the surface wave. In the particular case of zero fieldE0 ~the
diffusion nonlinearity mechanism! the general solution agrees with the solution obtained in Ref. 5.
© 1997 American Institute of Physics.@S1063-7850~97!02206-4#
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beams or spatial solitons can exist in photorefractive crys
with a nonlocal nonlinear response.1,2 An investigation of
spatial solitons in photorefractive crystals is important b
for elucidating the mechanisms of the photorefractive
sponse, and in a practical sense to develop optical infor
tion processing systems. Of interest are the case of bulk p
torefractive media, and also the effects of spa
boundedness of the crystal on the photorefractive respo
and the effects of diffractionless propagation of light. T
effect of the spatial boundedness of the crystal on the pro
gation of light is related, as in linear crystal optics, mainly
the possibility of a new type of excitation — surface wave
It should be noted that the solution of Maxwell’s equatio
in the form of surface waves must follow from the gene
soliton solution by also including the region of divergence
the latter. The real divergence of the amplitude of the lig
wave is eliminated through the finiteness of the crystal.
shall use this approach in this work, basing it on the pre
ously derived solution3 for a spatial soliton in an unbounde
photorefractive crystal with a diffusion-drift nonlinearit
mechanism.

Let us consider the propagation geometry shown in F
1. A uniaxial photorefractive crystal such as strontiu
barium niobate~SBN! or barium titanate~BaTiO3), is ori-
ented with the optical axis perpendicular to the interface. T
optical c axis coincides in direction with the spontaneo
polarization of the photorefractive ferroelectric, and thex
axis of the coordinate system is directed parallel to thc
vector. A surface light wave propagates along thez axis and
is polarized in thexz plane. The solution of Maxwell’s equa
tions for thex component of the field amplitude,a(x,z) has
the form3,4

a~x,z!5exp@ ik0dnsz1Pex#~sech~Psx!!D, ~1!

where

Pe5k0I 01/~2k0I 1121/2k!,

D5~1/2k2k0I 11!/~2k0I 1121/2k!,

Ps5A~k0I 01!
21k0~dnv2dns!~2k0I 1121/2k!/

~1/2k2k0I 11!, ~2!
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n is the refractive index. The parametersI mn are determined
by the nonlocal response function of the photorefract
crystal in the following way

I 005n3rE0/2, I 015I 00~E0 /Cp1Cd /E0!,

I 11522I 00~E0
2/Cp

212Cd /Cp!,

where r is the effective electrooptical coefficien
Cp5(q2q8)Ep , Cd5Ed /(q2q8), q andq8 are the trans-
verse components of the wave vectors of the pair of inter
ing plane waves,Ed is the diffusion field,Ep is limiting
space-charge field, andE0 is the external electric field. If the
field is applied along the positivex axis ~see Fig. 1! then
E0.0, I 00.0, andI 11,0. Therefore by varying the magni
tude and direction of the electric field one can control t
spatial amplitude distribution~1!.

Let us consider systematically the possible cases of
istence of surface waves in photorefractive crystals.

1. We assume thatD.0. This is possible forE0,0 and
k0I 11,1/2k0I 11, Then Eq.~2! implies thatdnv,0, Pe.0,
and therefore in theb geometry ~in Fig. 1! a spatially
bounded solution will exist regardless of the behavior of
function ~1! for x.0. In thea geometry~Fig. 1! the condi-
tion PsD.Pe must hold for the existence of a surface wav
from which we finddns,0, udnsu.udnvu. Since the param-
eterdnv has the sense of an electrooptical correction of
refractive index for a plane wave, these inequalities im
that in this particular case the surface wave has a hig
phase velocity of propagation than a plane wave in an
bounded crystal.

2. D,0, E0.0. In this casednv.0, Ps,0, and the
spatial distribution of the field has the form

a~x,z!5exp@ ik0dnsz1Pex#~cosh~Psx!! uDu. ~3!

Equation~3! implies that a surface wave can exist here
the a geometry. The necessary condition is the inequa
PsuDu,uPeu. We then obtaindns,dnv , and thus the
value of dns can be positive or negative. I
dns,dnv2k0I 01

2 /(2k0uI 11u11/2k), then the parameterPs in
Eq. ~2! becomes imaginary. Then from Eq.~3! we find the
distribution of the amplitude of the surface wave field

467467-02$10.00 © 1997 American Institute of Physics
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a~x,z!5exp@ ik0dnsz1Pex#~cos~ uPsux!! uDu. ~4!

This distribution, unlike that of Eqs.~1! or ~3! has damped
oscillations, which is characteristic of the field of a surfa
wave or the evanescent field of linear crystal optics. In
special casePs50, we obtain exponential damping of th
field amplitude in the photorefractive crystal.

3. D,0, E0,0, 1/2k,k0I 11. In this case the field dis
tribution is described by expression~3! in which Pe.0.
Consequently a surface wave exists in thea geometry, while
in the b geometry it exists ifPe.PsuDu, that is, for
dns.dnv . Here the amplitude distribution is given by th
expression~3!. Then for dns.dnv1k0I 11

2 /(2k0I 1121/2k)
the parameterPs in Eq. ~2! becomes imaginary and the fie
is described by formula~4!. The difference between this re
gime and case~2! (D,0, E0.0) is that the surface wav
has a lower velocity of propagation than a plane wave.

4. D,0, E0,0,1/2k>k0I 11. In this casePe,0 and
surface waves can exist in thea geometry of Fig. 1 for the
condition uPeu.PsuDu. From Eqs.~2! we obtain the condi-

FIG. 1. Orientation of the opticalc axis relative to the face of the photore
fractive crystal: a—the axis is directed from the face into the photorefrac
crystal; b—the axis directed is towards the face.
468 Tech. Phys. Lett. 23 (6), June 1997
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Then fordns,dnv2k0I 01/(1/2k22k0I 11) a surface wave is
of the oscillatory type~Eq. ~4!!. Let us now determine the
structure of the field at the boundary of this region, i.e.,
2k0I 1151/2k. In this caseD5`, and the field distribution
has the form

a~x,z!5exp@ ik0dnsz1Pex#, ~5!

wherePe5(dns2dnv)/2I 01. Sincednv,0 and I 01.0, the
field ~5! corresponds to a surface wave for the conditi
(dns1udnvu),0 in thea geometry and (dns1udnvu).0 in
theb geometry.

5. Finally, we consider the case whereD521. It is
realized in the absence of an external electric field, i.e., fo
photorefractive crystal with a diffusion nonlinearity mech
nism. SettingD521 in formulas~1! and ~2!, we obtain

a~x,z!5exp@k0~ idnsz

22l I 01x!#cosh@2k~A~k0I 01!
21dns/2n!x#. ~6!

The existence of a surface wave is possible here in tha
geometry if 0.(dns/2n).2(k0I 01)

2. For (dns/2n)
,2 (k0I 01)

2 the surface wave becomes oscillatory. This sp
cial case of the diffusion nonlinearity mechanism has be
studied theoretically in Ref. 5 and experimentally in Ref.

Thus photorefractive crystals with a diffusion-drift non
linearity mechanism can support surface waves of vari
types. By varying the magnitude and also the direction of
applied electric field one can change both the parameters
the type of surface wave. In addition to studying the surfa
waves on one interface, it would be of interest to study th
in waveguide layers. On the whole, however, along with
spatial solitons, surface waves constitute interesting obj
for study, both from the point of view of physics and for th
sake of possible practical applications for optical data p
cessing. The importance of studying the properties of n
linear surface waves is also linked with the solution of oth
interesting problems, such as bistability in the reflection fro
the faces of photorefractive crystals.7

1B. Crosignani, M. Segev, D. Englin, P. Porto, A. Yariv, and G. Salam
J. Opt. Soc. Amer. B10, 446 ~1993!.

2G. S. Duree, J. L. Shultz, Jr., G. J. Salamo, M. Segev, A. Ya
B. Crosignani, P. Porto, E. J. Sharp, and R. R. Neurgaonkar, Phys.
Lett. 71, 533 ~1993!.

3V. N. Bely� and N. A. Khilo, Pis’ma Zh. Tekh. Fiz.20~18!, 40 ~1994!
@Tech. Phys. Lett.20, 740 ~1994!#.

4V. N Belyi, N. S. Kazak, V. K. Pavlenko, and N. A. Khilo, Proc. SPI
2800, 179 ~1996!.

5G. S. Garcia-Quirino, J. J. Sanchez-Mondragon, and S. Stepanov, P
Rev. A 51, 1571~1995!.

6M. Cronin-Golomb, Opt. Lett.20, 2075~1995!.
7R. Daisy and B. Fisher J. Opt. Soc. Amer. B11, 1059~1994!.

Translated by J. R. Anderson

e

468V. N. Bely  and N. A. Khilo



Fullerenes as the imaging element of the tip of an atomic force microscope

on-
G. V. Dedkov

Kabardino–Balkarsk State University, Nal’chik
~Submitted January 29, 1997!
Pis’ma Zh. Tekh. Fiz.23, 37–43~June 26, 1997!

It is proposed that the C60 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. ©1997 American Institute of Physics.
@S1063-7850~97!02306-9#

Atomic force microscopy is a highly sensitivity method appearance of atomic resolution under high vacuum, or, c
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of measuring ultrasmall forces between the tip of the ato
force microscope and the sample surface, for studying
atomic topography of objects, for studying adhesion, frictio
electrical, and magnetic properties, etc.1–4 At the present
time, however, there is no reliable theoretical model to all
one to make adequate quantitative calculations of the top
raphy of the force interactions between the tip of the atom
force microscope and the sample, and accordingly inter
the experimentally obtained images of the surface. Kno
theoretical schemes advanced in Ref. 5, by which one
model the operation of the atomic force microscope in
contact mode, use a greatly simplified model of the
formed of one or several atoms.5–7 Despite the qualitative
advances in obtaining theoretical images of some model
jects, the theory is still far from perfected, since the imag
that are obtained depend strongly on the model of the tip
the approximations used for the interatomc forces~usually
this potential is of the Lennard–Jones or the Morse ty
whose applicability in the range of interatomic distanc
R,0.5 nm is doubtful!. This results in such artifacts as ‘‘dip
ping of the tip below the surface’’ and unstable scanning
tip along a line of constant force.7 For these and other rea
sons it has not yet been found possible to find a relia
connection between the experimental forces~determined
from the well-known piezoelectric moduli of the cantilev
of the atomic force microscope! and the vertical and horizon
tal coordinates of the tip, or to calculate the forces theor
cally. One must regard as paradoxical even the fact
atomic resolution can be obtained with tips whose radius
curvature is 20 nm and more,8,9 i.e., much greater than
atomic distances. Computer simulation of images of a s
face with tips of this kind do not, of course, reveal any ki
of atomic structure. This result compels us to hypothes
that the surface of the tip contains small-scale uncontro
microscopic roughness~protuberances!, one of which is the
‘‘imaging’’ element. Such protuberances may be made
for example, adsorbed microparticles of water or other m
terial. This would explain the experimentally observed d

TABLE I. C60–C60 interaction parameters.

Our work Equilibrium spacing, nm Binding energy, e

Ref. 13 0.96 0.34
1.006 0.32
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versely, the high resolution obtained when the atomic fo
microscope is operated in air~using exactly the same tip!.

In this article we propose that the C60 fullerene molecule
be used as the imaging element on the tip of an atomic fo
microscope; this molecule has a well-defined structure

FIG. 1. Theoretical contour image of a nominal square lattice of car
atoms~the lattice period isd50.246 nm, the size of the frame is 4.834.8 Å,
the dark background corresponds to the interstitial sites: a — image obtained
with C60 ( f 057.07 nN; the maximum variation in height from light to dar
is 0.008 nm!; b — the ‘‘one imaging atom’’ approximation~f 052.7 nN,
height variation is 0.034 nm!.

469469-03$10.00 © 1997 American Institute of Physics
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small diameter~0.7 nm!, and extremely high mechanica
stability.10 I believe that all of these properties together ma
fullerene a unique imaging element for the atomic force m
croscope. Present-day technology for preparing fullere
and fullerene coatings is highly advanced. The C60 molecule
can be fastened to the tip of the cantilever of an atomic fo
microscope by mechanical pressing or by electrochem
deposition.

In order to clarify the theoretical side of this questio
computer simulations were carried out for several model s
faces, with C60 used as the imaging element on the tip of t
atomic force microscope. The forces of interation betwe
the carbon atoms of the C60 molecule and the surface wer
calculated in the approximation of an electron gas.11,12 The
individual components of the force were obtained by dir
differentiation of the integral expressions for the correspo
ing components of the interaction potentials, and then
numerical integration over the volume, as is done in the c
culation of the pair potentials. To monitor the accuracy
this method we first calculated the potential of the pair int

FIG. 2. The same as in Fig. 1 for the~0001! graphite surface. a —
f 0512.6 nN, height variation 0.005 nm; b —f 053.82 nN, height variation
0.013 nm.

470 Tech. Phys. Lett. 23 (6), June 1997
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action between C60 molecules. We used additive summatio
of the interactions between the carbon atoms belonging
different molecules. The results of the calculations of t
binding energy and the equilibrium distance, obtained a
averaging over the orientation of the molecules, were fou
in very good agreement with the experimental data.13 The
corresponding data are listed in Table I.

Figures 1, 2a, and 3a and b show the results of comp
simulations of the lines of constant forceh(x,y)5 f 0 corre-
sponding to the position of the tip of an atomic force micr
scope, wherex and y are the Cartesian coordinates of i
atom closest to the surface~in the plane of the surface!, h is
its distance from the surface, andf 0 is the level of the force
in units of 1029 N.

In the calculations it was assumed that the C60 molecule
is oriented so that the carbon atom closest to the surfac
situated in the closest to the surface point of its spher
framework. The size of the frame is 4.834.8 Å. The number
of model points in a single frame is 961. Figures 1a and
correspond to the images of a nominal square lattice of

FIG. 3. Image of a square lattice and a graphite lattice with vacancies
both cases the imaging element of the atomic force microscope is a60

molecule: a —f 0513.5 nN, b —f 059.59 nN, height variation 0.005 nm.

470G. V. Dedkov



bon atoms~with the side of a square equal tod50.246 nm!
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and the unreconstructed~0001! graphite plane~with the same
period of the orthorhombic lattice!. The calculations as
sumed an interaction only with the outermost atom of
plane of the graphite structure, and therefore the images
the contrast in the brightness of neighboring atoms of
hexagons such as was observed in Ref. 6. Figures 3a a
show images of the same surface when there is a vacan
one of the sites. Figures 1b and 2b were obtained with
assumption of a single imaging atom, and are shown
comparison. The results show that an atomic force mic
scope tip formed by a fullerene molecule can provide h
contrast. A comparison of the numerical values of the for
corresponding to the same coordinateh gives grounds to
assume that the ‘‘single imaging atom’’ approximation u
derestimates by a factor of 3–4 the results obtained with
taking into account all the C60 atoms. This result supports th
conclusion that a quantitative prediction of the force of
teraction in an atomic force microscope is not possible w
out allowing for the real atomic configuration of the apex
the atomic force microscope tip. In the model examined
this work this is automatically provided by the well-define
structure of the C60 molecule.

In conclusion, it should be noted that fullerenes oth
471 Tech. Phys. Lett. 23 (6), June 1997
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with heavy atoms within, such asU@C60, this may enhance
the contrast of the image. Good geometrical parameters
strength are also attributes of single nanotubes~empty or
with a filler! as well as graphite fibers.
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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. Fiz.23, 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 cesium. ©1997
American Institute of Physics.@S1063-7850~97!02406-3#

The ionization potentials of the neutral atoms and the x9 Z* 1 l ~ l11! 1
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ions are of great importance in determining the densities
the components of a collisional plasma.3,4,6–14 In a dense
plasma these potentials are to a great extent renorma
compared to the free atoms and ions because of screeni
the Coulomb interaction. We shall describe the potential
ergy of a valence electron of an atom or ion at a distancr
from the nucleus by the function

U~r !52
Z* /l

exp~r /l!21
~1!

~the Hulthén potential with a screening lengthl and an ef-
fective chargeZ* ). For r!l this function goes over to the
Coulomb potentialUc(r )52Z* /r , and forr@l it takes the
form U(r )52(Z8/l) e2r /l. Transforming to the variable
x5r /l and writing the Schro¨dinger equation for the function
x(x)5R(x)/x, whereR(x) is the radial part of the wave
function, we obtain~in atomic units!

2
x9

2l2
1S 2

Z*

l
•

1

ex21
1
l ~ l11!

2l2x2
D x5Ex. ~2!

The discrete spectrum of this equation is known2,5 for the
states with an orbital angular momentuml50. It is deter-
mined by the principal quantum numbern(n51,2, . . . ):

En52
Z* 2

2n2
S 12

n2

2Z2l
D 2. ~3!

For the states with nonzero orbital angular momentuml we
proceed in the following way. We replace in Eq.~2! the
centrifugal term Ul(x)5 l ( l11)/2l2x2 by the function
Ũ l(x)5 l ( l11)/2l2/(ex21)2. For r!l the functions
Ul(x) andŨ l(x) coincide, and sincer;1 for a free electron,
for l@1 in a plasmaŨ l(x) is a very good approximation to
the functionUl(x). With the centrifugal functionŨ l(x) we
can solve the radial equation exactly for arbitraryl . More-
over, we can improve the result by taking into account
difference betweenUl(x) andŨ l(x) by perturbation theory.
The equation for the functionx now is

472 Tech. Phys. Lett. 23 (6), June 1997 1063-7850/97/0
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2
2l2

1S 2
l
•

ex21
1

2l2
•

~ex21!2
D x5Ex.

~4!

Going over to the variableu5e2x and introducing the nota
tion

a252l2Ẽ, b252Z* l, ~5!

FIG. 1. Relative lowering of the three first ionization potentialsDI k
(k51,2,3) for aluminum and cesium. Here DI k /I k
5(I k(l)2I k(`))/I k(`).

472472-03$10.00 © 1997 American Institute of Physics



we can writex as
˜

Z* 2 n22 l ~ l11!
2

ou-
x~u!5ua~12u! l11w~u!, ~6!

where the functionw(u) satisfies the equation

u~12u!w91~2a112~2a12l13!u!w82~~2a11!

3~ l11!2b2!w50. ~7!

The final solution foru→1 has the form

w~u!5F~a111 l1g,2nr , 2a11,u!, ~8!

whereg5(a21b21 l ( l11))1/2, nr52(a111 l1g) is the
radial quantum number (nr50,1,2,. . . ), andF(j,h,z,u) is
the hypergeometric function

F~j,h,z,u!5 (
m50

`
~j!m~h!m

~z!m
•

um

m!
.

Here we have introduced the notation

~j!m5j~j11!~j1m21!,

~j!051.

Introducing the principal quantum numbern5nr1 l11
~n51,2, . . .!, we obtain the discrete spectrum in the form
Here
En,l52
2n2

S 12
2Z* l

D . ~9!

Using the perturbation

dUl~x!5Ul~x!2Ũ l~x!, ~10!

we obtain the correction toẼn,l :

dẼn,l5
l ~ l11!

2l2

E
0

`

xn,l
2 S 1

x2
2

1

~ex21!2
D dx

E
0

`

xn,l
2 dx

. ~11!

For the cases corresponding to the so-called circular C
lomb orbitals (nr50, l5n21), this correction is
dẼn,l 5dẼn,n21

5
l ~ l11!

2l2

(
m50

2n

~21!mS 2nm D ~2a1m!ln~2a1m!2 (
m50

2~n21!
~21!m

2a121mS 2n22

m D
(
m50

2n
~21!m

2a1mS 2nm D . ~12!
er
S ij D 5
i !

j ! ~ i2 j !!

are the binomial coefficients.
All the sums in expression~12! are finite and of low

order and therefore can be easily calculated. The express
is also valid for smalll, and hence it is possible to determine
the point of the Mott transition, i. e., the value ofl for which
En,l50. Far from the region of the Mott transition, where
l@1, by calculating the asymptote of expression~11!, we
obtain for arbitraryl :

dẼn,l5
a l

2l2
. ~13!

The effective chargeZ* will be determined from the equality
of the ionization potential of the free atom or ion (l→`)
with the experimental valueI nl

0

Z* 2

2n2
5I nl

0 . ~14!
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FIG. 2. Relative lowering of the first three ionization potential for copp
and gold.
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Then the ionization potential taking into account the screen-
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2S. Flügge, Practical Quantum Mechanics, transl. from the German
~Springer-Verlag, Berlin, 1971! @Russ. transl., Mir, Moscow, 1974#.
ing for largel is

I nl52Enl5I nl
0 S 12

n22 l ~ l11!

2nl
A 1

2I nl
0 D 2S 12

l

l
A 1

I nl
0 D .
~15!

The relative lowering of the first three ionization pote
tials of aluminum and cesium as functions of the screen
length is shown in Fig. 1. Similar curves for the first thr
ionization potentials for gold and copper are shown in Fig
One should notice that the ionization potential of cesium
lowered to a considerably greater degree than those of
other elements.
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Silicon metal-dielectric-semiconductor varicaps with an yttrium oxide dielectric

V. A. Rozhkov and A. Yu. Trusova

Samara State University
~Submitted October 10, 1996!
Pis’ma Zh. Tekh. Fiz.23, 50–55~June 26, 1997!

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,C050.027–0.03mF/cm2, the slope of the capacitance-voltage characteristic,
dC/dV535–40 pF/V, the fixed charge in the dielectric,Qf5 ~1.7–2.7!31028 C/cm2, and
the density of surface states at the flat-band potential,Nss5~1–2!31011 cm22

• eV21. 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. ©1997 American Institute of Physics.
@S1063-7850~97!02506-8#

In this paper we report the investigation of the electro-states at the flat-band potential, Nss5~1–2!
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physical properties of silicon metal-dielectric-semiconduc
varicaps with an yttrium oxide dielectric prepared by res
tive vacuum evaporation of the rare-earth metal and su
quent thermal oxidation of the film in air at 500–550 °C.

It is found that the electrical conductivity of the sampl
follows the Poole-Frenkel law. High-frequency capacitan
voltage characteristics were used to determine the spe
capacitance of the dielectric,C050.027–0.03 mF/cm2,
the slope of the capacitance-voltage characteris
1/C dC/dV50.4–0.44 V21, the fixed charge in the dielec
tric Qf5 ~1.7–2.7!31028 C/cm2, and the density of surfac
r
-
e-

-
fic

c,

310 cm • eV . The capacitance tuning range factor
the metal-dielectric-semiconductor varicaps was 2.5–3.

These structures have been found to be applicable
metal-dielectric-semiconductor varicaps and photovaricap

Nonlinear metal-dielectric-semiconductor capacito
~varicaps!, which are widely used in radio engineering an
optoelectronic devices, have a high quality factor, a w
capacitance tuning range, and a high input impedance.
obtain a wide capacitance tuning range and a high slop
the capacitance-voltage characteristic it is necessary to u
the device dielectric materials with a high permittivity, su
FIG. 1. Capacitance-voltage characteristics of Al-Yb2O3-Si metal-
dielectric-semiconductor structures withp-type silicon in the dark
~1! and for various levels of illumination:2 — 450 lux,
3— 2400 lux,4— 6500 lux;d50.3mm.
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FIG. 2. ConductanceG ~1–4! and tand ~5,6! versus the voltage
in the dark~1, 5! and for various levels of illumination: 450 lux
~2!; 2400 lux ~3! and 6500 lux~4, 6!.
as are possessed by oxides of the rare-earth elements.1–3 The
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diverse electrophysical properties of these materials in c
junction with their utility as functional devices make th
rare-earth oxides effective light-transmitting coatings for s
con photoelectric devices,4 electrical switches, memory
devices,5 metal-dielectric-semiconductor varicaps a
photovaricaps.6,7

We have investigated the electrophysical properties
silicon metal-dielectric-semiconductor structures with diel
tric films of yttrium oxide and their potential for use as va
caps and photovaricaps.

The samples used in the experiments were prepare
~111! oriented KÉB-4,5 and~100! oriented KDB-5 single-
crystal silicon substrates. The silicon wafers were clea
ultrasonically in acetone and treated in a dilute solution
hydrofluoric acid to remove the layer of native oxide. T
yttrium oxide layers were prepared by deposition of the ra
earth element on the silicon substrate and thermal oxida
of this layer in air at 500–550 °C for 30 min. The yttrium
film was deposited on the silicon surface by thermal resis
evaporation from a molybdenum boat in a vacuum of 1025

Torr in a VUP-5 apparatus. Electrodes with an area of 0
mm2 were deposited on the yttrium oxide layer by vacuu
evaporation of aluminum through a mask. A continuous a
minum contact was deposited on the polished reverse sid
the silicon substrate.

The thickness of the rare-earth oxide in t
Al-Yb2O3-Si metal-dielectric-semiconductor structure w
0.3mm.

The capacitance-voltage characteristics, the conducta
G, and the loss tangent tand were measured as functions
the applied voltage at a frequency of 1 MHz by means o
digital E7-12LCR meter. The samples were illuminated b
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filament. The dc current-voltage characteristics were m
sured by means of an E´D-05-M electrometer.

In Fig. 1 we show typical capacitance-voltage charact
istic of the metal-dielectric-semiconductor in the dark a
for various levels of illumination. These curves have t
typical high-frequency shape and show no hysteresis.
control voltages corresponding to the variation of the capa
tance of the metal-dielectric-semiconductor system lies in
range from23 to 12 V. The experimental current-voltag
characteristics have a small shift towards negative volta
relative to the theoreticalC–V characteristic of ideal metal
dielectric-semiconductor structures. This indicates the p
ence of a small positive fixed charge in the dielectric

The capacitance tuning range factorK5Cmax/Cmin in
the dark for variation of the applied voltage was from 2.5
3 for various samples. The parameters of these me
dielectric-semiconductor systems as determined from
capacitance-voltage characteristics have the following v
ues: specific capacitance of the dielectricC50.027–0.03
mF/cm2, fixed charge in the dielectric,Qf5 ~1.7–2.7!
31028 C/cm2, surface state density at the flat-band poten
Nss5 ~1–2!31011 cm22

• eV21, and a slope of the
capacitance-voltage characteristic at the flat-band pote
1/C dC/dV50.4–0.44 V21. Illumination of the samples in-
creased the capacitance by a factor of 1.5 in the rang
voltages corresponding to inversion of the semiconduc
surface. This result is mainly due to the photo-induced g
eration of minority carriers in the surface region of the s
con.

The loss tangent tand and the conductanceG as func-
tions of the voltage at a measuring signal frequency o
MHz in the dark and for various illumination levels ar
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shown in Fig. 2. Characteristic features of these curves are a
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maximum at the flat-band voltage and a tendency to sat
tion of tand andG in the range of voltages corresponding
the accumulation and inversion surfaces of the semicond
tor. The value of tand in the dark for various voltages lay i
the range from 0.03 to 0.18, and did not vary apprecia
with the illumination level. The resistive component of th
conductance on the metal-dielectric-semiconductor struc
also depended on the illumination.

The current-voltage characteristics plotted in the coo
nates logI versusV1/2 are straight lines and follow the Poole
Frenkel law. The rectification coefficient was between
and 1.5. The resistivity of the yttrium oxide films, calculat
from the current-voltage characteristics was 1014–
1015 V•cm.

In summary, the results obtained in this investigati
indicate that these structures show promise for applicatio
477 Tech. Phys. Lett. 23 (6), June 1997
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Superheating of YBa 2Cu3O72x thin-film microbridges

ied
O. V. Matyunina and A. V. Pogrebnyakov

Belarus State University of Information Sciences and Radio Electronics
~Submitted July 25, 1996!
Pis’ma Zh. Tekh. Fiz.23, 56–62~June 26, 1997!

It is found that the hysteresis that develops with decreasing temperature in the current-voltage
characteristics of thin-film YBa2Cu3O72x microbridges is due to superheating of the
bridges by the transport current. The heat transport coefficient is determined to be
a55500–7500 V/~cm2

•K! and the thermal resistance of the YBa2Cu3O72x/MgO film-substrate
interface isRi f 5 ~1.3–1.8!31024 ~cm2

•K!/W. © 1997 American Institute of Physics.
@S1063-7850~97!02606-2#

The efficacy of heat transfer can have a critical effect oncalculations and experiments with tin microbridges carr
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the characteristics of electronic devices. In addition to
bulk heat conduction of the materials, a decisive factor
be the thermal resistance of the film-substrate interfa
Ri f , which characterizes the transport of heat into the s
strate. At low temperatures (<30–40 K! Ri f is well de-
scribed by the model of mismatched acoustic impedanc1

However, investigations carried out by various means~such
as creation of a transient diffraction grating by means
optical interference, studies of transient absorption dur
pulsed irradiation, bolometric measurements, etc.~see, e.g.,
Refs. 2–4!! have shown that the thermal resistance of
interface between a thin film of YBa2Cu3Ox and various sub-
strates at temperatures between 80 and 100 K is conside
higher than predicted by the model of Ref. 1, and lies in
range 131024–1.331023 ~cm2

•K!/W.
The non-steady-state heat transfer during measurem

of the current–voltage characteristics of thin-film micr
bridges can cause hysteresis, and also be a reason for
crease in the critical current, an increase in the noise t
perature , and a decrease in the height of the current s
due to microwave irradiation.5 The hysteresis in the curren
voltage characteristics of superconducting weak links form
from low-temperature superconductors, specifically mic
bridges, has been studied on a number of occasions.
e
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out by Skocpol and coworkershave shown that because o
the limited rate of dissipation of thermal energy a norm
region can be formed in the microbridges~a ‘‘hot spot’’!,
whose temperature isT.Tc . With reduced measuremen
temperature the minimum currentImin required to maintain
the hot spot becomes lower than the critical currentI c and
then hysteresis appears on the current-voltage characteri
As shown in Ref. 6, the currentImin depends on the measure
ment temperature, the dimensions and the resistivity of
material of the microbridge, and also on the heat trans
coefficient from the microbridge into the substrate.

In this investigation we have studied the characteris
of thin-film YBa2Cu3O72x microbridges. We show that th
hysteresis that appears on the current-voltage character
of the microbridges with decreasing temperature is due
overheating.

Epitaxial YBa2Cu3O72x films 5000 Å thick were
grown on~100! substrates of MgO by a laser method. Film
were also used that were grown by ion-beam sputtering
stoichiometric target. The results of the investigations of
films by Rutherford backscattering in the channeling regi
showed that thec axis of the films was oriented perpendic
lar to the substrate. The critical temperatureTc of the film
was 86–91 K~at the middle of the resistive superconducti
rent
ns
p-
rre-

re-
FIG. 1. Reduced-temperature dependence of the cur
Imin at which the current-voltage characteristic retur
to V50 with decreasing sweep current. The points re
resent the experimental data, the dashed line co
sponds to the formula~1! in the text. The inset shows
the hysteresis of the current-voltage characteristic
corded at 85.2 K.
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FIG. 2. Temperature dependence of the critical currentI c
of the microbridge andI c

2/3 ~the points show the experimen
tal data!. The inset shows the temperature dependence
the resistance of the microbridge.
transition!, and the width of the transition was from 0.5 to 1
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K ~at the 10–90% level of the residual resistance!. The mi-
crobridges studied were 5–7mm long, formed by electron-
beam lithography and irradiation by hydrogen ions7 in lines
20mm wide and 250mm long. The critical current density o
the microbridges at 77 K wasj c(77 K!51.23106 A/cm2.
The high values ofj c and the relatively large width of the
microbridges allowed the formation of hysteresis in t
current-voltage characteristics as a result of heating of
microbridges by the transport current. A current genera
was used for measuring the current-voltage characteristi

In the measurements of the microbridge characteris
hysteresis appeared in the current-voltage characteristics
low a specified temperatureT0 ~hereT0 is a characteristic
temperature specific to each microbridge and depends on
heat transfer conditions; see the inset to Fig. 1!: with increas-
ing current through the microbridge a jump occurred in
current-voltage characteristic corresponding to higher v
ages. With further increase in the current the relation
tween the current and the voltage was single-valued. W
decreasing current the current-voltage characteristic retu
to V50 over a different path.

Poulin and coworkers8 studied the switching from the
superconducting state to the normal state by microbrid
formed in films of YBa2Cu3O72x high-temperature super
conductors as the result of formation of a hot spot in them
that investigation there was no hysteresis in the curre
voltage characteristics, since a voltage generator was
for the measurements. Also analyzed was the equation
the heat flux in the microbridge, similar to those conside
in Ref. 2, but with allowance for the linear temperature d

479 Tech. Phys. Lett. 23 (6), June 1997
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lowing expression was found for the minimum current
maintain the hot spot

Imin5Aaw2d

c F12
T2

Tc
2G 1/2, ~1!

wherea is the heat transfer coefficient per unit area of t
film surface,w andd are, respectively, the width and thick
ness of the film,c is the slope of the linear temperatu
dependence of the resistance,r5r 01cT, andT is the tem-
perature at which the measurements were made.

In Fig. 1 we show the dependence of the currentI 1 on
the quantity (12T2/Tc

2)1/2 for which the current-voltage
characteristic returns toV50 at a lower sweep current fo
one of the microbridges studied in these experiments. T
figure shows that the expression~1! gives a good description
of the experimental data~the points!. It was assumed for
these bridges thatI c } (12T/Tc)

3/2 ~Fig. 2!, and therefore as
the measuring temperature is lowered the minimum curr
required for maintaining the hot spot becomes lower than
critical current of the microbridge. Therefore the heat tra
fer from the YBa2Cu3O72x microbridge can become insuffi
cient for maintaining it in the resistive superconducting sta
In this case, when transport current flows through the reg
of the microbridge where the order parameter, and hence
critical current, are minimum, vortex motion sets in; i.e
energy is dissipated. With further increase in the curr
through the microbridge the voltage jumps to values cor
sponding to the linear part of the voltage dependence of
current, and a hot spot is formed, whose length is equa

479O. V. Matyunina and A. V. Pogrebnyakov



the length of the microbridge. If the current is then reduced,
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the dependence of the current on the voltage is linear~see the
inset to Fig. 1!, i.e., the dimensions of the hot spot rema
nearly unchanged until the current reaches the va
I 15Imin . The deviation of the experimental data from t
theoretical expression~1! with decreasing measurement tem
perature~which corresponds to higher values ofImin) is prob-
ably due to heating of the substrate, i.e., the fact that
substrate temperature is raised above the temperature o
surrounding medium, since the measurements were ca
out in helium vapor.

It should be noted that these phenomena in mic
bridges, described by the heat conduction equations~see
Refs. 6 and 8!, correspond to steady-state conditions. In fa
measuring the current–voltage characteristics with a cur
sweep involves transient conditions: a discontinuous incre
in the voltage causes the hot spot to expand to the size o
microbridge length. At a sufficiently low measurement te
peratures the hot spot cannot spread over the entire leng
the microbridge; instead local heating occurs in the region
passage of a chain of vortices. The temperature in the he
region becomes so high that the microbridge is ‘‘sup
heated.’’ A visual analysis of the superheated microbrid
showed tht some regions of the film were lighter color
than the rest of the film, and intersected the width of
traces. In addition, some samples even showed cracks in
substrate where the microbridge was superheated.

Using data similar to that presented in Fig. 1, and
temperature dependence of the microbridge resistance~the
inset to Fig. 2 shows the temperature dependence of the
sistance for the same microbridge whose characteristics
shown in Figs. 1 and 2!, according to formula~1!, we deter-
480 Tech. Phys. Lett. 23 (6), June 1997
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here, we founda5 5500–7500 W/~cm •K!. The resistance
Ri f 5 ~1.3–1.8!31024 ~cm2

•K!/W, the inverse of the hea
transfer coefficient, is in agreement with the data obtained
other methods.4 We should point out that since the phono
wavelength ('4Å at 100 K; Ref. 9! is considerably less than
the thickness of the transition layer at the interface, the pu
and perfection of the crystal structure of the transition la
will have a large effect on the efficacy of the heat trans
through the interface.

Using the value 0.9 J/~cm3
• K! ~Ref. 10! and also the

value of Ri f obtained in these experiments for a 20
Å film, we estimate the thermal time constant to be 2–3
These data are important for developing sensitive fast
lometers based on YBa2Cu3O72x films.
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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. Ioffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
~Submitted January 20, 1997!
Pis’ma Zh. Tekh. Fiz.23, 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 1024 cm2, a resistance of>10 kV, and a temperature coefficient of resistance
.2%/K. At 30 Hz and a current of.1 mA, the excess noise exceeds the thermal
resistance noise by a factor of 1.7. ©1997 American Institute of Physics.
@S1063-7850~97!02706-7#

One of the most important factors that determine thethe deposition of the (a-Si:H! films with the maximum acti-
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high utility of microelements for infrared detectors based
uncooled microbolometers1–5 is the use of semiconducto
thin films with a temperature coefficient of resistance
.1%/K at room temperature and a low level of excess no
as the heat-sensitive materials. For this purpose amorp
or polycrystalline silicon films prepared by variou
methods3,4,6 hold out promise. The work we report here i
volved an investigation of the bolometric and noise prop
ties of hydrated amorphous silicon (a-Si:H! films prepared
by plasmachemical vapor-phase deposition.

The application of plasmachemical vapor-phase dep
tion for preparing films of hydrated amorphous silicon to
used as the thermally sensitive layers of microbolometer
attractive for a number of reasons. Films can be produ
with a resistivity in the range from 102 to 1011 V•cm and an
activation energy in the range from 0.1 to 0.8 eV, whi
corresponds to a temperature coefficient of resistance
room temperature from 1%/K to 10%/K. However, the ma
mum activation energy is possessed by the film with
highest resistance. The plasmachemical vapor-phase de
tion of the films was carried out at low substrate tempe
tures~200–300 °C!, with various materials used for the su
strate. Plasmachemical vapor-phase deposition is ent
compatible with the modern technology of silicon integrat
circuits.

The optimum scheme for fabricating microbolomete
using high-resistance thermally sensitive films with a res
tivity of 10–100 kV•cm is the sandwich method.3,6 In the
sandwich structure the thermally sensitive layer is situa
between metal film electrodes. This particular method w
selected for preparing the test structures based on (a-Si:H!
films. The samples were made using detachable cop
nickel masks in a topology corresponding to the sensing
ements of the microbolometers. The substrates were wa
of glass ceramic 0.5mm thick. The area of the sandwich wa
1003100mm. Chromium films were used as the electrod
deposited by dc magnetron sputtering in an argon plasm

Preparation of the thermally sensitive Cr–(a-Si:H!–Cr
sandwich structures with the requisite characteristics
quired optimization of the deposition of the Cr layers with
specified conductance and optimization of the parameters
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vation energy with a resistivity of 5–30 kV•cm and prepa-
ration of the highest-quality Ohmic contacts between
metal electrodes and the silicon film. The surface resista
of the electrodes~380 and 20V) and thickness of the silicon
film ~0.7 mm! were selected in the light of the fact that th
sandwich structure must have the properties of an opt
cavity, tuned to a wavelength of.10mm in order to obtain
a high degree of absorption of the radiation in the wa
length range from 8 to 12mm ~Ref. 3!. The required total
resistance of the structures~5–20 kV) was obtained by light
phosphorous doping of thea-Si:H films by plasmachemica
vapor-phase deposition of silane with an admixture of ph
phorous.

The current–voltage characteristics, the temperature
pendence of the resistance, and the noise spectra were
sured for the films prepared in this way. The temperat
dependence of the resistance was measured in dc at 0
mA in the temperature range from 18 to 40 °C. The no
was studied in the frequency range from 10 to 1000 Hz w
currents from 0.7 to 12mA and with no current. The mea
suring circuit included a preamplifier with an intrinsic nois
of 9 nV/Hz1/2 at 12 Hz that decreased monotonically to 1
nV/Hz1/2 at 1 kHz, and a SK4-56 spectrum analyzer. T
measuring circuit was calibrated by measuring the ther
noise of a resistor of known value.

To estimate the quality of the Ohmic contacts, we fi
prepared structures of higher resistance, i.e., with ligh
doping of the thermally sensitive layer. The resistance of
metal electrodes, 1–2 kV, had no effect on the current–
voltage characteristics. Moreover, the fairly low conductan
of the thermally sensitive layer assured us that only the a
covered by the electrodes, 1024 cm2 was involved in the
operation~that is, just the sandwich structure!, while the sur-
face conductance of the doped layers in this mask confi
ration was considerably lower than that of the structur
These structures had nonlinear current–voltage charact
tics: when a bias of several volts was applied the curr
differed by more than two orders of magnitude for the tw
opposite polarities. The dependence of the resistance on
polarity of the applied voltage, the shape of the curren
voltage characteristic, and the temperature dependence o

481481-03$10.00 © 1997 American Institute of Physics
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resistance of these samples indicated the presence
Schottky barriers at the contacts, and possibly thin ox
films.4,7

To improve the quality of the contacts between t
(a-Si:H! films and the electrodes in the subsequent dep
tions we introduced layers with enhanced carrier concen
tion (n1 layers! of various thicknesses and doping level in
the sandwich. We also varied the doping level of the th
mally sensitive film in order to optimize the resistance a
activation energy. The incorporation of then1 layer with a
doping level of 0.1% and a thickness of 100 Å in the hig
resistance structure with a doping level of 0.008% in
thermally sensitive layers did not produce the desired res
An example of the temperature dependence of the resist
of the high-resistance structure for various measuring c
rents is shown in Fig. 1~sample1–5!.

The greatest effect of improving the contacts was
tained for samples withn1 layers 400 Å thick and a doping
level of 2%~sample3–13!. This is indicated both by the fac
that the resistance is the same for opposite polarities of
applied voltage and by the nature of the noise spectra~Fig.
2!. The main contribution to the noise voltage in samp
3–13 comes from the current noise and the thermal no
~Johnson noise! of the resistance. Calculations using a mod
of a bolometer on a solid substrate showed that the ba
ground noise voltage associated with the exchange of
between the sandwich structure with the glass ceramic

FIG. 1. Temperature dependence of the resistance of sandwich struc
with n1 layers at the contacts. The doping level of the thermally sensi
layer, the thickness, and the doping level of then1 layers are, respectively
1–5 — 0.008%, 100 Å, and 0.1%;~the plus and minus signs indicate th
dependences for different current directions!; 2–1 — 0.1%, 200 Å, 2%;
3–13— 0.1%, 400 Å, 2%;4–3— 0.3%, 200 Å, 2%.
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strate for the currents cited in Fig. 2 is two or three orders
magnitude lower than the Johnson noise, and has no e
on the resultant noise.

At a current of 1.1mA and a frequency of 30 Hz the
excess noise of sample3–13 is a factor of 1.7 higher than the
Johnson noise. At 1 kHz and the same current the nois
entirely determined by the Johnson noise. The frequency
pendence of the spectral density of the excess noise po
has the formUn

2 } 1/f 1.0 and the current dependence isUn
2

}I 2.
The maximum temperature coefficient of resistan

~2.1%/K! for a resistance of 10–17 kV among the structures
with good contacts is found in the samples with a dop
level of 0.1% in the thermally sensitive layer~sample2–1 in
Fig. 1!. Increasing the doping level to 0.3% resulted in
substantial drop in the temperature coefficient of resista
~sample4–3!. The ratio of the maximum resistance to th
minimum resistance of samples of one batch~16 sandwiches
on a substrate 30348 mm! in the worst case was 1.8, and th
spread in the temperature coefficient of resistance was
higher than 30%. This last result is accounted for by
spread in the electrophysical properties of thea-Si:H films,
and the reason for the former is also the spread in the dim
sions of the detachable masks and how well they were
fixed to the substrate.

In summary, we have prepared and studied sandw
structures with an area of 1024 cm2 that meet the require
ments of the sensing elements of uncooled microbolomet
The method of fabricating the structures is compatible w
modern silicon planar technology and provides a sm
spread in the parameters. When the resistances are
mized, the structures prepared in this manner have a t
perature doe of resistance at the level of bolometers of r
ized uncooled infrared matrices. It is shown possible
reduce the contact noise of the structures at the opera

res
e

FIG. 2. Frequency dependence of the resultant noise voltage of sa
3–13 for various currents:1 — 1.1 mA, 2 — 2.2 mA, 3 — 4.5 mA,
4— 11.4mA.
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frequencies of the uncooled matrices and at currents of;1
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iz.
mA and obtain a resultant noise voltage at the level of
Johnson noise.
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Interaction between a ferromagnet and a high-temperature superconductor

een
at the interface in thin-film heterostructures
C. V. Yakovlev, L. A. Kalyuzhnaya, G. A. Nikola chuk, T. A. Krylova, and B. M. Lebed’

‘‘DOMEN’’ Scientific Research Center, St. Petersburg
~Submitted January 21, 1997!
Pis’ma Zh. Tekh. Fiz.23, 69–73~June 26, 1997!

The development of high-temperature superconductor~HTSC!/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
YBa2Cu3O72x HTSC film deposited by pyrolysis on an Y3Fe5O12 ferromagnetic film grown
epitaxially on a~111!-oriented gadolinum-gallium garnet Gd3Ga5O12 substrate. The interdiffusion
is studied from the intensity distribution curves of the x rays of iron~Fe!, 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 characteristics. ©1997 American Institute
of Physics.@S1063-7850~97!02806-1#

The development of high-temperature superconductordiffusion interaction can take place at the interface betw
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~HTSC!/ferromagnet thin film heterostructures is a prom
ing direction in their application to spin-wave electronics.1 It
has been shown that the state of the HTSC-ferromagne
terface in thin-film heterostructures determines the natur
the propagation of surface magnetostatic waves.2 The forma-
tion of the HTSC films in the heterostructures involves th
mal treatment at fairly high temperatures~900 °C!, where
-

n-
of

-

the film and the substrate, particularly with ferromagne
substrates.

The work reported in this paper deals with the diffusi
processes at the YBa2Cu3O72x–Y3Fe5O12 interface and their
dependence on the conditions for preparing the HTSC fi
in the thin-film heterostructures and the effect of the state
the interface on the conditions of propagation of the mag
,
:

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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YBa2Cu3O72x were prepared by pyrolysis on an yttrium iro
garnet Y3Fe5O12 ~YIG! surface grown epitaxially on a~111!-
oriented gadolinium–gallium garnet Gd3Ga5O12 ~GGG! sub-
strate. In preparing the HTSC films in the HTSC–YIG thi
film heterostructures we used HTSC powder obtained fro
solution of nitrates of yttrium~Y!, barium~Ba!, and copper
~Cu!, doped with silver~Ag!.

The silver was added to the mixture in the form of
finely disperse powder with a grain size of 1.0–2.0mm
above the stoichiometric composition in the amount
5–50 wt.%. A suspension of HTSC powder in an orga
binder ~triethanolamine! was deposited on the YIG epitaxia
film by centrifuging~rotation speed of 2000 rpm!. The thin-
film heterostructures were first thermally treated at 550 °C
air, and then were thermally treated in various tempertu
time regimes in an oxygen atmosphere. The thin-film hete
structures prepared in this way were studied by x-ray
croanalysis in an S-570 Hitachi scanning electr
microscope with an x-ray spectrometer from the Link co
pany.

The measurements were carried out at a potential o
kV and a current of 131029 A and the diameter of the prob
was 200 Å. For the thin-film heterostructures with the HTS
film containing 0, 5, 30, and 50 wt.% silver we measured
intensity distribution of the iron, barium, copper, and silv
x rays. The experiments were carried out by scanning o
the end surface of a cleaved-off portion of the GGG–YIG
HTSC heterostructures.

In Fig. 1 we show the x-ray intensity distribution curve
for various concentrations of silver in the HTSC film:a— 0
wt.% Ag, b — 5 wt.% Ag, c — 30 wt.% Ag. This figure
shows that the Fe diffused in all of the thin film structures
the substrate~the YIG film! into the HTSC film. Without
silver ~0 wt.%! the iron propagated nearly over the ent
thickness of the HTSC film~Fig. 1a!. For a 5 wt.% Ag con-
centration the depth of penetration of the iron into the HT
film was 15mm ~Fig. 1b!. With increasing silver concentra
tion up to 30–50 wt.% the depth of penetration of the ir
decreased to 3mm ~Fig. 1c!.

It has thus been established that the depth of penetra
of iron depends on the concentration of the added silver

No diffusion of the HTSC elements barium and copp
into the substrate~the YIG film! was observed. From a
x-ray spectral analysis of the distribution patterns of the
ver x-ray intensity a nonequilibrium distribution of the silv
over the HTSC film was found. It should be noted that as
silver concentration in the film increases, the silver is mai
concentrated near the film-substrate interface~Figs. 1b and
c!. It is likely that this distribution results in a decrease in t
depth of penetration of iron from the YIG into the HTS
film.
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The thin-film heterostructures that were prepared w
studied in the range of frequencies 3–5 GHz and at 77
The measurements were made on devices based on
magnet–HTSC structure by the method described in Re
Studies were made of the dependence of the measured
bandd( f ) of the amplitude–frequency characteristic of ma
netostatic waves on the superconducting properties of
film. For this frequency range we show in Fig. 2 curves
d( f ) of the amplitude–frequency characteristics plott
against the silver concentration in the HTSC film~0–50
wt.%!. The maximum value ofd( f ) was found for hetero-
structures with a silver content of 30–40 wt.%. An increa
in d( f ) is associated with the state of the interface and w
the improved characteristics of the HTSC film.

In summary, we have studied for the first time the diff
sion state of the interface for HTSC–ferromagnet thin-fi
heterostructures. It has been determined that the state o
interface is governed by the amount of added silver in
HTSC film, and a correlation has been observed between
state of the interface and the microwave characteristics.

This work was performed with the support of the Ru
sian Fund for Fundamental Research~Project No. 96-02-
16297-a!.
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FIG. 2. Effect of the silver concentration in the HTSC power of composit
YBa2Cu3O72x on the broadening of the amplitude-frequency characteri
d( f ) in the microwave range.
485Yakovlev et al.



Superconducting fast detector based on the nonequilibrium inductance response

c-
of a film of niobium nitride
E. M. Men’shchikov, I. G. Gogidze, A. V. Sergeev, A. I. 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. Fiz.23, 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*51012 W21

•cm•Hz1/2 at a temperatureT54.2 K andD*51016 W21
• cm• Hz1/2

at T51.6 K. © 1997 American Institute of Physics.@S1063-7850~97!02906-6#

An important direction in the modern technology of in- tectivity of this detector is much higher than resistive ele
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frared and submillimeter waves is the development of fa
radiation detectors with a characteristic timetD in the fem-
tosecond range. A new class of detectors has been devel
— superconducting electronic bolometers — whose ope
tion is based on the nonlinear response of thin structu
superconductor films in the resistive state.1 In this kind of
detector a change in the electron temperature due to th
diation causes an increase in the resistance of the film
the critical temperatureTc of the superconductor. Because
the good acoustic coupling of the film with the substrate
phonons remain in equilibrium and serve as a constant t
perature bath for the electrons. The time constant for
detector is equal to the relaxation time of the electrons
the phonons,teph, and its detectivityD* is determined by
the fluctuations of the electron temperature. To increase
response speed requires an increase in the electron-ph
relaxation rate. This, in turn, requires that the phonon s
system in the film be also heated in addition to the electro
and a relatively slow bolometric component appears in
dependence of the signal on the modulation frequency of
radiation, the time of which increases with decreasing f
quency, which has a deleterious effect on the detector c
acteristics.

To overcome these deficiencies in the response spee
resistive detectors, we propose to use superconducting
equilibrium detectors, which operate on the principle o
variation of the kinetic inductance of the superconduct
condensate under the action of the radiation. We note th
previously proposed inertia bolometer2,3 utilized the tem-
perature dependence of the kinetic inductance nearTc . We
shall study a fast detector based on the nonequilibrium
sponse of thin films operating at a temperature consider
lower thanTc . The time constanttD of such a detector is
defined as the time for the development of an electron a
lanche, which is much shorter thanteph. Moreover, the de-
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tronic bolometers with comparable timestD . For a concrete
realization of the detector based on the kinetic inductance
have selected thin films of NbN, a material with a highTc
that is also highly recommended for application in resist
detectors.4

Niobium nitride films with a thicknessd of 5 and 10 nm
were prepared by reactive dc magnetron sputtering.5 The
critical temperaturesTc were 12.4 and 14.3 K, respectively
and the width of the superconducting transition w
DTc;0.2 K. The samples were formed in a meander sh
~the stripe width wasv51.5 mm!, which filled an area of
54372 mm.

In the experiment we measured the ac voltageDU in-
duced across the sample by modulation of the near-infra
light when the sample was connected into a circuit with a
current I . The source of the radiation was an RLD-78M2
semiconductor laser diode with a maximum power of 10 m
and a wavelength of 788 nm. The modulated power of
radiation of the laser diode was calibrated by an LFDG-7
fast detector in the modulation frequency band to 4 GH
The laser radiation was focused by an optical system and
directed at the sample through an optical fiber with a dia
eter of 50mm. The signal from the sample at frequencies
50 MHz was recorded by a lock-in amplifier from the EG
company~model 5202! and at frequencies up to 4 GHz by a
SK4-60 spectrum analyzer.

In Fig. 1 we present the signal voltage for two samples
different temperatures as functions of the modulation f
quencyf . The signal amplitude is well approximated by th
function

DU~ f !5
U0•2p f t

A11~2p f t!2
. ~1!

The values oft are shown by the arrows in Fig. 1. For

486486-03$10.00 © 1997 American Institute of Physics



T
d

a
he
-
s
ng

th
th
o

pa

a
e
o
c
to
r
a
a

o

LI exp~2D/kBT! 2p f t l 1

a-

stic

n at

hin
e
-

the

h-
the

al
rp-
tec-
che,
a-

lib-
of
en-
ncy
e
he
op-
ion
.

n,
.
ion-
and

of
constant reduced temperatureT/Tc the values oft are pro-
portional to the film thickness. At low temperatures,t for
each sample depends exponentially on the temperature.
magnitude of the signal on the plateau of the frequency
pendence increases slowly, asT21/2, with decreasing tem-
perature.

The experimental results presented here can be
counted for in terms of the following model based on t
Owen–Scalapino scheme.6 The absorption of photons of en
ergy hn greater than the gapD breaks up the Cooper pair
with the formation of quasiparticles, which causes a cha
in the kinetic inductanceL of the film, and consequently
gives rise to a voltageIdL/dt. The rate of change of the
inductance is determined by the modulation frequency of
radiation and the relaxation processes in the film At first
photoexcited quasiparticles lose energy and emit phon
with an energy higher than 2D, which in turn break up the
Cooper pairs and create new quasiparticles. If the quasi
ticle energy is below 3D, then further multiplication of qua-
siparticles is not possible. Then the nonequilibrium quasip
ticles cool, radiating low-energy phonons, and accumulat
the level with the energyD. At this stage, which takes n
more than 1 ps, the development of the electron avalan
terminates, and the subsequent, slower evolution leads
decrease in the concentration of nonequilibrium quasipa
cles. In the recombination of two particles a phonon with
energy 2D is emitted, which can either enter the film in
time tes54d/avs ~herevs is the speed of sound anda is the
film-substrate transmission coefficient!, or in a timetB can
break up a Cooper pair. As a result, the effective lifetime
a quasiparticle is

t l5tRS 11
tes
tB

D . ~2!

Following the work of Sergeevet al.,7 we can write the
power-voltage sensitivity as

FIG. 1. Dependence of the kinetic inductance signalDU on the modulation
frequency for film thickness 5 nm~a! and 10 nm~b!. The arrows indicate the
values oft corresponding to formula~1!.
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S5
neqvVD A11~2p f t l !

2 A11~2p f t* !2
,

~3!

where t* is the time of development of the electron av
lanche.

Let us estimate the numerical values of the characteri
times that enter into Eqs.~2! and~3! for the thinnest film The
recombination time at a temperature much lower thanTc can
be expressed in terms of the electron-phonon relaxatio
the critical temperature,teph(Tc):

tR~T!

teph~Te!
50.1S TcT D 1/2expS D

kBT
D . ~4!

Using the data on the resistive response of NbN t
films8 we find for a sample with a thickness of 5 nm th
timestes540 ps andteph(Tc) 5 5 ps, which for a tempera
ture T54.2 K gives tR 5 50 ps. The timetB does not
depend on the temperature and can be estimated from
relation

tB5
vs
vF

h

2pD
, ~5!

which gives a valuetB52 ps. Thustes/tB'20, which in-
dicates strong reabsorption of the nonequilibrium hig
energy phonons by the quasiparticles. The lifetime of
quasiparticles calculated by formula~2! with the value of
tR ~formula ~4!! is in good agreement with the experiment
values oft given in Fig. 1. We note that the strong reabso
tion of the phonons improves the characteristics of the de
tor, since in this case, as a result of the electron avalan
the maximum value of the multiplication coefficient of qu
siparticles,K5hn/2D is attained.

Let us now consider the parameters of the nonequi
rium inductance detector. We assume that for operation
the detector we will use the plateau of the frequency dep
dence in Fig. 1. Then the detector has an output freque
pass bandD f from the inverse quasiparticle lifetime to th
inverse time of development of the electron avalanche. T
time of development of the avalanche was estimated in
tical experiments on the modulation of the transmiss
coefficient,9 which showed thatt* was shorter than 0.5 ps

The power-voltage sensitivity on the plateau is

S5
LI exp~2D/T!

Dneqv
}T21/2, ~6!

where neqv is the equilibrium quasiparticle concentratio
which decreases exponentially with lowered temperature

The main noise source of the detector is the generat
recombination noise, and the corresponding detectivity,
is equal to

D*5A t l

4D2neqvd
. ~7!

Using an electron concentration;1022 cm23, we obtain a
concentration of equilibrium quasiparticles at 4.2 K
neqv'1017 cm23 and correspondingly a value ofD* equal
to 1012 W21

•cm•Hz1/2.
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A comparison of the inductance detector with other
perconducting detectors is shown in Fig. 2. For an ind
tance detector the time constant is equal to the time of
velopment of an avalanche, which is nearly independen
the temperature. The detectivity increases with decrea
temperature~formula ~7!! and isD*51012 W21

•cm•Hz1/2

at T54.2 K andD*51016 W21
•cm•Hz1/2 at T51.6 K. In

Fig. 2 the left-hand boundary of the hatched region cor
sponds to this increase inD* . In addition, for a fixed tem-
perature the output frequency band is bounded from be
by the quantityt l

21 , which depends on the temperature a

FIG. 2. Comparison of the characteristics of various superconducting
lometers plotted as the detectivity versus the time constant1— Al bolom-
eter,2 — resistive electronic bolometer made of Nb; the dashed line in
cates the relation of the detectivity to the time constant used for
superconducting resistive bolometers. The hatched region shows the d
tivity and the output frequency pass band of a NbN detector based on
kinetic inductance for various temperatures~the upper boundary corre
sponds toT51.6 K and the lower boundary toT54.2 K.
488 Tech. Phys. Lett. 23 (6), June 1997
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region. The upper boundary corresponds to the opera
temperature of 1 K, and the lower boundary to 4.2 K. F
comparison we have chosen the sensitive membrane-typ
bolometer with a record value ofD* , and also a fast non
equilibrium resistive NbN detector operating near the tran
tion point. As one can see, the nonequilibrium inductan
detector has a high detectivity because of the low concen
tion of quasiparticles and a record speed of response. A
ficiency of this detector is the low power-voltage sensitivi
which demands very stringent requirements on the ampl
in the detection system.

The authors of this paper extend their thanks to B.
Voronov for making the samples and A. L. Dzardanov f
preparing the low-noise amplifier.
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III.’’
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Simulation of impact-induced generation of hypersonic phonons and the resonance

ic
principle of activation of the compaction of nanopowders
V. V. Pokropivny , V. V. Skorokhod, A. V. Pokropivny , and Yu. G. Krasnikov

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

~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 ofa-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. ©1997 American Institute of Physics.@S1063-7850~97!03006-1#

It is well known that mechanical, ultrasonic, and micro- tification for a resonance principle for the ultrahyperson
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wave treatment activates the sintering of powders. In m
chanical activation in a ball mill the energy of deformation
converted into the energy of surface defects and elastic
ergy, whose increase during sintering promotes local hea
accommodation, and joining of the surfaces. More rece
explosive technology has been rapidly developed for
compaction of ultradisperse superhard particles, particul
diamond particles.1,2 It is believed that the union of the pa
ticles in these cases occurs through a mechanism of su
melting. According to the theory of Koenig, after an inelas
collision of particles in the absence of external forces
relative motion of the particles of the system ceases, i.e.,
two particles move as a unit, and part of the kinetic energ
converted into internal energy. In the real case the particl
acted on by both the external deformation force and
variable-sign adhesion force, which depends on the thickn
of the gap between the particles. This must generate indu
oscillations of both particles. Tho¨len3 has shown theoreti
cally that the balance between the surface and elastic en
results in high-frequency longitudinal vibrations of the tw
small contacting particles with a frequencyv5(3ES/m)1/2,
whereE is Young’s modulus,S is the radius of the contac
area, andm is the mass of the particles. These are acou
phonon oscillations in the frequency range 0<v<vD where
vD is the Debye frequency, which is 7.77 THz for Fe a
38.75 THz for diamond. The vibrational frequency of 30 n
Ni particles isv55.7 GHz. However, because of the surfa
roughness of the initial particles, the real contact area of
particles is indeterminate, and therefore it is in practice
possible to calculate the frequency by this means. Hi
frequency tip oscillations of this type also occur in t
atomic-force microscope.4 V. F. Anisichkin first called atten-
tion to the effect of resonance solid-phase coalescenc
small diamond particles in an explosion.5 He calculated
qualitatively the ‘‘magic’’ particle size at which a dip and
maximum appear in the particle size distribution in the e
plosion products. However, the mechanism for this re
nance avalanche-like union of the lattices was not es
lished.

In this investigation we have used computer simulat
to study the effect of induced acoustic hypersonic phon
oscillations in the impact ofa-Fe nanoparticles and find jus
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and complex impact-microwave compaction of a nanopow
der.

For the simulation of the inelastic impact of nanopar
ticles by the method of molecular dynamics we used th
SIDEM/ASMIT software.6 Flexible boundary conditions
were used, which corresponds to the collision of free nan
particles. The beam particle is cubic or conical, and the targ
particle is cubic. The planar cross section of the structure
the particles was imaged by a visualization program on th

FIG. 1. Configurations of atomic displacements and radial distribution func
tions of the upper beam particle and the lower target particle at the instant
impact. The dark circles show the atoms of the plane of a~100! cross
section. The open circles below the dark circles are the starting position
the atom before relaxation. The lines connecting the atoms are the adhes
bonds between the two particles. The arrow indicates the direction of th
impact.

489489-04$10.00 © 1997 American Institute of Physics



m
FIG. 2. Oscillations of the center of mass of the bea
particle,Dyc1, and the target particle,Dyc2, the sum
of the rms displacementsu of all the atoms, and the
adhesive forceFa at the nth step of the impact 1 Å
5 10210 m, 1 eV/Å5 1.602 nN.
computer monitor, and is shown in Fig. 1. Also shown is the
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radial distribution function, which shows the relative numb
of atomic pairwise bonds as a function of the bond leng
We use the regime of alternate impact and relaxation — a
the relaxation is completed all the atoms of the beam part
are displaced along the normal to the target particle wit
stepDy50.01 A ~the quantityA50.28665 nm is the lattice
constant ofa-Fe! and an initial velocityv;1430 m/s. At
eachn-th step the displacement of the center of mass of
beam particle,Dyc1, and of the target particle,Dyc2, along
the y-axis of the impact, and also the sum of the rms d

placements of all the atoms of the crystal,ū5SAū2 are
calculated. The interatomic interactions were calculated f
short-range nonlocal surface potentialw(r ) ~Ref. 7!. By
summing the pair-wise bonds between the beam partici
and the target particlej we calculated the adhesive forc
Fa52Sdw(r i j )/dri j . The variation of the numerical char
acteristics is shown in Fig. 2. For the calculation of the
duced oscillations of the nanoparticles we have applied
the first time a spectral-time analysis with the use of
VRN software.8 We calculated the spectral-time diagra
~‘‘svan’’ !, which shows the frequencyv and the relative
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instant of timet, and also the time-averaged spectrum a
plitude, showing the average density of phonon oscillatio
g(v) ~Fig. 3!. This is in fact a new method of compute
calculation of the phonon spectrum. To reveal the dep
dence of the frequency on the mass we carried out two
periments: in the first the projectile and the target contain
respectively 192 and 474 atoms; in the second these num
were 178 and 280.

The results of the simulation are shown in Fig. 1–
where the labels 1 and 2 correspond to the first and sec
computer experiment, respectively. Before the impact,
outer surface layer relaxes inward.7 At the first instant of the
interaction the atoms of the first, second, third, and fou
surface layers of both particles are displaced so sharpl
opposite directions to one another, that large jumps appe
the displacements and the displacements of the center
mass of the particles in Fig. 2. This is the well-known ph
nomenon of cohesive collapse.9–11 It is remarkable that after
a short transition period of chaotic oscillations, the oscil
tions become strictly periodic~Fig. 2!. Stable oscillatory-
translational motion of both particles as a unit begins, wh
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FIG. 3. Spectral-time diagram and phonon spe
trum of the induced oscillations of the center o
mass of the target particle. On this ‘‘svan’’ diagram
the dark shadowing corresponds to a large amp
tude of the spectrum in relative units. The length
the darkened bands corresponds to stable oscillat
modes.
can last for an infinite time by virtue of the external energy
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of the impact pulses. The first coordination sphere in
radial distribution function splits. We note that this sam
effect of generation of induced mechanical oscillations a
appears when the direction of the external momentum is
versed, i. e., with impact elongation. We note also that
momentum from the projectile is transferred to the tar
particle in the second experiment through a relatively narr
adhesion contact. Consequently the nanoparticles tran
pressure through the contact just as a liquid does, in ac
dance with Pascal’s law.

In Fig. 3 we show the spectral-time diagram and t
spectrum of the oscillations of the center of mass of
target particle. Compared with the spectrum of free osci
tions of an ideal lattice in the Debye theory, the phon
spectrum of the induced oscillations on top of the gene
background shows a number of peaks at frequency multip
In the first experiment these frequencies werevk.0.9 THz
(k51,2,3,4,5), with the peak split fork53, and in the sec-
ond experimentvk.0.6 THz (k51–8!, with the peaksk
54–8 split. The frequency of these oscillations falls in t
hypersonic range and below the Debye frequencyvD . Con-
sequently these are induced acoustic phonon oscillations
note that these oscillations are like surface oscillations,
therefore they are erroneously perceived as surface mel
The oscillation frequency is determined by the type of ma
rial and the particle size, and in the present case falls in
hypersonic range. This frequency should decrease asvk

} 1/m1/2 with increasing size~mass! of the particle~the dis-
perseness of the powder!, but also increase with increasin
real contact area of the particles asvk } S1/2. Starting with the
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edge ofd0.6 A, we can obtain an approximating relatio
for the dependence of the frequency on the particle s
v.v0(d0 /d)

3/2. From this relation it follows that fora-Fe
particles of dimensionsd>100 nm the oscillation frequenc
decreases and falls in the ultrasonic rangev<1 GHz.

The effect of impact generation of phonons can be u
for activation of the dynamic compaction of ultradisper
powders. Indeed, the hypersonic or ultrasonic treatment
creases the amplitude of the oscillations. These oscillati
of the particles cause a reduction in the effective gap
tween them, which promotes the formation of intergrain
teratomic adhesive bonds. After contact, the bonds are s
taneously strengthened and a strong adhesive conta
formed. This effect is most conspicuous for resonance c
ditions, where the frequency of the external ultrasonic int
action,vs , coincides with the frequency of the induced d
namic oscillations of the particles,vs5vk . In the case of
non-impact, non-dynamic ultrasonic/hypersonic action,
frequency must coincide with the frequency of normal vib
tions of the particles, which depends on their siz
vs5vn(d).

This sort of effect can occur also for electromagne
irradiation. Taking into account the ability of dielectric ma
terials to scatter and absorb electromagnetic radiation,
propose that at the instant of impact the compressed pow
is a time-dependent dissipative structure, which is capa
of resonant absorption in the infrared or the microwa
range. The resonance frequencyve is dictated by the
Mandel’shtam-Brillouin relation ve5vkc8/2vssin(u/2),
where c8 and vs are the speed of light and the speed
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sound, respectively, andu is the scattering angle. As Townes
12
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Processes, edited by I. L. Singer and H. M. Pollock~Kluwer Academic
Publisher, 1992!, pp. 95–110.

the

.

and others have shown,stimulated Mandel’shtam-Brillouin
scattering and coherent generation of hypersonic wave
possible because of electrostriction. Therefore, selective l
or magnetron radiation synchronous with the impact actio
able to amplify the oscillation amplitude of the particle
decrease the effective gap, and ultimately activate the
namic compaction of the powder. As sources we can
various devices, from gas lasers for nanoparticles of dim
sions}10 nm to magnetrons for particles}1 mm in size,
and rf generators for particles}1 mm in size. The practica
realization of this principle requires further systematic inv
tigations.
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Effects of nonlocality on the dynamics of streamers in positive corona discharges

y
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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. ©1997 American Institute of Physics.
@S1063-7850~97!03106-6#

The development of high-pressure gas discharges fre-where r5e(np2nn2ne) is the volume charge densit
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quently is accompanied by the formation of ionization wav
in the form of thin plasma channels — streamers. Numer
methods have been widely used to study the dynamic
these streamers. In the simulations, the transport of cha
particles is generally analyzed in the diffusion approxim
tion, with the use of a local relation between the kine
coefficients and the reduced fieldE/n. Since the electric field
in the region of the ionization front~the head of the streame!
changes rapidly in space and time during the propagatio
the streamer, it is of interest to take into account nonlo
effects. They can be taken into account most correctly by
of the Monte Carlo method. However, this approach requ
large amounts of computing time, which greatly limits t
possibilities of its utility. The Monte Carlo method has be
used1,2 to study the dynamics of streamer formation in
strong uniform field~in the plane-parallel gap!, and in Ref. 3
this method was used in analyzing the structure of a strea
front in a quasi-two-dimensional model~with a fixed
streamer radius!. The results were compared with the calc
lations in the diffusion-drift approximation and also with th
results of a hydrodynamic approximation. The latter includ
the transport equations for the electron density and also t
average velocity and energy in the approximation where
kinetic coefficients are determined by the average elec
energy. This approach is justified only for a fairly high d
gree of ionization of the gas, where the frequent electro
electron collisions establish the Maxwellian electron ene
distribution. For a slightly ionized plasma, in particular, u
der typical conditions of a streamer discharge, it is m
correct to use the approximation4,5 based on taking into ac
count the corrections to the electron energy distribution, p
portional to the space and time derivatives of the redu
electric field and electron density. This approximation
used in the present work in the simulation of streamer pro
gation in a positive corona discharge in an air atmosphe

The model of streamer propagation in the gap betwee
spherical anode and a planar cathode along the symm
axis ~passing through the center of the sphere perpendic
to the plane! is similar to the model used previously.6–8 It
includes the Poisson equation for the electric potential

E52¹U, ¹2U524pr, ~1!
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(np ,nn , and ne are the densities of positive and negati
ions and of electrons!, and the transport equation for th
charged particle density

]nj /]t1¹•~njV j !5F j1Sj , V j5m jE2Dj¹ ln~nj !. ~2!

Herem j andDj are the mobility and the diffusion coefficien
of particles of speciesj , the termsF j correspond to the sum
of the contributions of local kinetic processes of the form
tion and loss of particles~ionization, attachment, electro
and ion–ion recombination!, and the termsSj describe the
formation of bare charged particles ahead of the strea
front through bulk photoionization.

Unlike the previous model6–8 in which the rate constant
of the processes entering intoF j were taken to correspond t
the local values of the electric field, in the present analysi
calculating the ionization rate constants~depending very
strongly on the form of the electron energy distribution fun
tion! we used the expression4,5

KiKi0511k1e–¹ ln ne1k2
n

E
¹•~E/n!

1k3e–¹ ln~E/n!1k4
] ln~E/n!

]t
, ~3!

where the ionization rate constantsKi0 correspond to steady
state uniform conditions, ande 5 E/E. The coefficients
k1–k4, which depend onE/n, were calculated in Refs. 4 an
5 for a nitrogen plasma. Expressions similar to~3! also de-
scribe the corrections to the rate constants for the excita
of electron states and dissociation. According to the calcu
tions of Refs. 4 and 5, the coefficientsk1–k4 for the pro-
cesses with high thresholds are close to the ionization c
ficients. This circumstance, as well as the proximity of t
electron energy distribution function in air and in nitroge
~for values ofE/n characteristic of streamer propagatio!
makes it possible to use the coefficients calculated for ni
gen for simulation of a streamer in air. It might be remark
that taking into account nonlocality according to express
~3! does not greatly complicate the calculational sche
used previously6–8 for the local model.

493493-02$10.00 © 1997 American Institute of Physics
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In Fig. 1 we present the distribution of the plasma p
rameters on the streamer axis~calculated with and withou
the correction~3! for nonlocality!, corresponding to the an
ode radiusRsp50.05 cm, an electrode spacingd50.5 cm,
and an applied voltageU56 kV for the timet55.6 ns after
the start of the streamer. It can be seen that the fieldE at the
streamer head and the electron densityne in the channel,
calculated with allowance for nonlocality, lie above the co
responding values calculated in the local approximati
However, the linear electron densityNe ~the integral of the
density over the cross section of the streamer! in which non-
locality is taken into account is nearly unchanged compa
to the results of the local approach. This means that w
nonlocality is included, the characteristic streamer radius
creases~the decrease can be estimated, for example,

FIG. 1. Electric field distribution and electron density on the streamer a
a — Electric fieldE: 1— with, and2— without allowance for nonlocality;
b — volume electron densityne ~1, 2! and linear electron densityNe ~3, 4!;
1, 3— with, and2, 4— without nonlocality.
494 Tech. Phys. Lett. 23 (6), June 1997
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(Ne /pne)
1/2). The decrease in the streamer radius is a

indicated by a comparison~Fig. 2! between the radial distri-
butions of the electric field~for the conditions of Fig. 1! over
the cross section of the streamer channel,z50.2 cm, ob-
tained with and without allowance for nonlocality.

The streamer velocity, as shown in Fig. 1, is somew
higher when the nonlocal corrections are used~as in Ref. 2,
where the authors pointed out the small increase in
streamer velocity calculated by the Monte Carlo method
compared with the results of the local approach!. The change
in the streamer current due to nonlocality is small. In ad
tion, the energy cost9 of producing the chemically active par
ticles, nitrogen and oxygen, is scarcely different from th
calculated in the nonlocal approach. Hence, one can calcu
with practical accuracy the main characteristics of a strea
of applied interest within the framework of the local a
proach.
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6G. V. Na�dis, Zh. Éksp. Teor. Fiz.109, 1288 ~1996! @JETP 82, 694
~1996!#.

7N. Yu. Babaeva and G. V. Naidis, Phys. Lett. A215187 ~1996!.
8N. Yu. Babaeva and G. V. Naidis, J. Phys. D29, 2423~1996!.
9G. V. Naidis,Proceedings of the 13th European Conference on Atom
and Molecular Phenomena and Ionization of Gases, Poprad, Slovakia,
1996, pp. 127–128.

Translated by J. R. Anderson

s;

FIG. 2. Electric field distribution over the streamer radius:1— with, and2
— without nonlocality.
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